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Abstract

Macrophages are leukocytes of the innate immune system that display great phenotypic
plasticity to mediate diverse functions. The ontogeny of tissue resident macrophages has
been debated in recent decades. It is now recognised that tissue macrophages can be
replenished from embryonically-derived precursors, and/or monocyte intermediates in a

tissue specific manner.

Interferon Regulatory Factor 5 (IRF5) is a transcription factor that promotes a pro-
inflammatory phenotype in macrophages in vitro and in vivo. Indeed, IRF5 contributes to
the pathogenesis of experimental inflammatory arthritis, lupus, and obesity via recruitment

and activation of effector cells.

Research described here as part of this thesis, involves the profiling of the intestinal
Mononuclear Phagocyte system to investigate the role of IRF5 in the development of
monocyte-derived macrophages in the Colonic Lamina Propria (cLP) which are exclusively
replenished by adult Ly6C" monocytes. Using Mixed Bone Marrow Chimaeras (MBMCs)
we showed that in shared environment Wild-Type (WT) cLP macrophages dominated
IRF5-deficient (Irf5) cLP macrophages in both steady state and inflammation. The
development of in vitro bone marrow derived macrophages, and the reconstitution of the
haematopoietic compartment in bone marrow of MBMCs were not significantly affected by
IRF5 deficiency. IRF5 promoted the accumulation of WT monocytes in the cLP of MBMCs
in a process possibly dependent on the CCL2/CCR2 axis. Furthermore, IRF5 expression
committed Ly6C" monocytes to a pro-inflammatory macrophage fate in the inflamed cLP,
characterised by protein expression of the cytokines IL1[3, and TNFa, and the expression
of Ccl4 and Ccl8 transcripts, whilst loss of IRF5 favoured accumulation of CD11b* IRF4-
dependent Dendritic Cells. Of significance, IRF5 expression might have prevented further
differentiation of inflammatory macrophages into tissue-resident macrophages, thus

supporting an inflammatory state.

Irf5 mice were protected from Helicobacter hepaticus + alL10R colitis. Intriguingly,
protection from colitis may also be conferred by the presence of Irf5” haematopoietic cells,
evidenced by WT:Irf5 MBMCs . Modulation of IRF5 activity may therefore be a viable
therapeutic strategy. RNA sequencing identified that Clg, Cd81, and Ccl8 were

upregulated in WT macrophages from MBMC, which may prove therapeutic targets.
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1 Introduction

1.1 The immune system

The immune system evolved to protect the host from harmful pathogenic invasion and
tissue damage. To achieve this function, the immune system must detect and eliminate
invasive non-self-antigens belonging to parasites, fungi, viruses, and bacteria. As
pathogens evolved more complex mechanisms to evade the host defences, the vertebrate
immune system has evolved highly complex mechanisms to provide both short and long
term immunity, termed innate and adaptive immunity respectively. In conjunction with anti-
pathogen immunity, the host must restore damaged tissues through the clearance of
cellular debris and somatic proliferation to maintain homeostasis [1]. The failure to clear
damaged tissue can lead to the exposure of self-antigens, the continuation of inflammation,
and autoimmunity [2]. In order to successfully bring about immune responses, the host
must recognise foreign antigens, bring effector mechanisms to bear to clear the insult, and
then dampen the immune response. Immunological memory is then generated to prevent

future infections by the same pathogen [3].

1.1.1 Theinnate immune system

The body is constantly exposed to trillions of micro-organisms, but relatively rarely suffers
from disease [4]. Therefore, most barrier breaches are detected and eliminated rapidly.
The initial contact with pathogens normally occurs at barrier sites such as the skin and
mucosal surfaces. Barrier sites display physical (mucous) and chemical (e.g. AMPs and
anti-microbial enzymes) methods to prevent pathogen translocation [5]. If these defences
are breached, cellular immunity is initiated, leading to the release of effector molecules
such as complement, perforins, major basic protein, granzymes and cytokines that expel

pathogens [5, 6].

The immune system must first recognise non-self in order to initiate immunity. All innate

recognition and response molecules are directly encoded by the germline. These are
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termed Pattern Recognition Receptors, and recognise conserved traits, also known as
Pathogen Associated Molecular Patterns (PAMPS) in micro-organisms. Nucleotide
Oligomerisation Domain-Like Receptors (NLRs) and Toll-Like Receptors (TLRs) are
canonical Pattern Recognition Receptors (PRRs). Activation of PRRs leads to downstream

signalling events that shape the immune response.

1.1.1.1 Granulocytes
The term Granulocyte encompasses mast cells, basophils, eosinophils, and neutrophils.
They are so called because of the highly vacuolar cytoplasm which appears granular under

a light microscope [7].

1.1.1.2 Mast Cells
Mast cells are most abundant in connective and mucosal tissues, are associated with
allergic immunity, are able to produce large quantities of IL4, and release granules that

contain histamine and heparin upon IgE stimulation [8].

1.1.1.3 Basophils

Basophils play a role in the defence against parasites, and are also associated with allergic
immunity. Similar to Mast cells, Basophil granules contain histamine and heparin. Their
name derives from the fact that they stain positive for basic dyes such as Haematoxylin.
Basophils arise from separate haematopoietic progenitors to mast cells, and circulate in

the blood [7].

1.1.1.4 Eosinophils
Eosinophils stain positive for acidic dyes such as eosin, and display a multi-lobed nucleus.
Eosinophil granules contain many cytotoxic molecules, such as eosinophil peroxidase,

proteases, and DNA- and RNA-nucleases, along with Major Basic Protein [9].

1.1.1.5 Neutrophils
Neutrophils are particularly abundant granulocytes in blood, and are rapidly mobilised to

sites of inflammation. Neutrophils are highly motile and avidly phagocytic, making them
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specialised to eliminate invading pathogens [10]. Like other granulocytes, neutrophil
granules contain cytotoxic molecules, including myeloperoxidase, neutrophil elastase, and
AMPs [10]. In addition to these functions, neutrophils are also able to release Neutrophil
Extracellular Traps (NETs) upon neutrophil death by NETosis, which releases DNA that

binds and ensnares pathogens [11].

1.1.1.6 NKcellsand ILCs

Natural Killer (NK) cells, Innate Lymphoid Cells (ILCs), derive from the Common Lymphoid
progenitor, but lack the T- or B- cell antigen-specific receptors. NK cells are specialised at
eliminating virus-infected cells once activated due to their high expression of cytokines,
granzyme, and perforins [12]. ILCs are specialised to produce cytokines, and fall into three
classes based on the expression of transcription factors analogous to the T cell subsets of
adaptive immunity [13]. ILC1s express T-bet (Tul), ILC2s express GATA-3 (Tu2), and
ILC3s express RORyt (Tw17) [14]. The cytokines expressed by the respective ILC subsets

mirror those of their respective T cell subsets (See Chapter.1.1.2) [15].

1.1.1.7 Phagocytes

Phagocytes are the largest subset of the innate immune system numerically. The term
Phagocyte encompasses neutrophils, monocytes, macrophages and DCs. These cells are
able to engulf particles and micro-organisms that have been opsonised with antibodies,
complement proteins, or pentraxins, collectins and ficolins, and digest them in intracellular
vacuoles (e.g. lysosomal compartments). Monocytes, macrophages, and dendritic cells are
considered professional Antigen Presenting Cells (APCs). The professional APCs bridge
innate and adaptive immunity as they present antigens that have been processed in
endosomal compartments after phagocytosis on Major Histocompatibility Complex (MHC)
class Il molecules to naive T cells to generate specific immune responses. APCs are

discussed in greater detail in Chapter.1.2, 1.4, and 1.6
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1.1.2 The adaptive immune system

The adaptive immune system provides memory response to pathogens through the
generation of antibodies. The effector cells of the adaptive immune sytem are T
lymphocytes (T cells) and B lymphocytes (B cells). Immune memory is provided by the

expansion of memory lymphocytes that proliferate more rapidly than naive lymphocytes.

1.1.2.1 Tcells

T cell precursors arise from Common Lymphoid Progenitors (CLPs) in the bone marrow
which migrate to the Thymus [16]. T cell precursors undergo maturation via positive and
negative selection in the Thymus [17]. The T cell Receptor (TCR) gene fragments undergo
V(D)J recombination to generate TCRs with unique specificities [18]. TCRs must display
weak affinity for MHC-bound self-antigen and therefore no self-reactivity upon maturation
[19]. T cells may commit to either CD4* CD8 T Helper (Tw) or CD4 CD8" cytotoxic T cell
lineages. After pathogen recognition, CD4* and CD8" T cells face a fate choice, and can
become memory T cells that are able to rapidly proliferate upon secondary encounter a

specific antigen [20]. This mechanism allows for rapid pathogen clearance upon reinfection.

CD4* Ty cells support immune responses through the production of high quantities of
cytokines that direct specific immune responses to different classes of pathogen [21, 22].
To generate Ty responses, naive T cells must receive three signals: 1) TCR stimulation by
MHC ll-bound antigen, 2) costimulation of CD28 by either CD80 or CD86 on DCs or
Macrophages, 3) cytokine receptor signalling to drive Ty polarising transcription factor

expression (e.g. T-bet, GATA-3, RORyt) [19, 23, 24].

Twl cells are dependent on the transcription factor T-bet, which is induced by Interleukin
12 (IL12) and Tumour Necrosis Factor alpha (TNFa) [25]. Twl cells participate in the
response to intracellular pathogens, such as Mycobacterium sp., by producing Interferon y
(IFNy) [26]. Th2 cell development is dependent on GATA-3. T2 cells produce the cytokines
IL4, IL5, and IL13 and are important mediators of anti-parasite immunity [27]. Dysregulation

of Tu2 immunity leads to allergic responses. The cytokines IL1B, IL6, and IL23 promote
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Tul7 development by activating RORyt [28, 29]. Tul7 cells are specialised to clear
extracellular pathogens such as Fungi, but are also associated with autoimmunity. In order
to resolve inflammatory responses, naive T cells can also become inducible T regulatory

cells (Tregs) under the control of FoxP3 [30].

CD8* T cells are specialised cytotoxic T cells that eliminate viruses, and tumours [31]. CD8*
T cells recognise MHC I-bound antigens, allowing the recognition of ‘altered self’, and

therefore directed cytotoxicity [32].

1.1.2.2 Bcells

B cells are specialised antibody producing cells of the adaptive immune system, but can
also act as professional APCs to present antigen to Ty cells. B cells also arise from CLPs
in the bone marrow. Before migration to B cell follicles present in Secondary Lymphoid
Organs, B cells undergo two developmental checkpoints similar to T cell maturation in the
Thymus [33]. Self-reactive B cells either undergo receptor editing, die, or become anergic

[34].

To facilitate antigen recognition, the B cells expresses B Cell Receptors (BCRS). In
common with TCRs, BCRs also arise through VDJ recombination. B cells can be activated
in two manners: 1) thymus-dependent, and 2) thymus-independent. In thymus-dependent
activation, B cells first act as APCs. Once antigen is encountered by the BCR and
phagocytosed, it is processed, loaded onto MHC I, and presented to T cells [35]. Upon
Tw:MHC 1l interaction, Ty cells produce cytokines that stimulate the activation and
proliferation of B cells [36]. Similar to T cells, activation of B cells also requires co-
stimulation with can derive from Thymus-dependent antigens, CD40L on Ty cells binding
to CD40, or TLR ligation alongside the BCR. B cells can also be activated independently
of the Thymus, where antigen ligation must be coupled with strong PRR signalling to elicit
a response. Activated B cells either differentiate into antibody-secreting plasma cells, or

memory B cells in the germinal centres of SLOs. Plasma cells are specialised antibody
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producing cells that are short lived [37]. B cells activated independently of the Thymus
typically give rise to antibodies with lower affinity for their cognate antigen than Thymus-
dependent B cell activation [38]. Before antibody production begins, B cells, undergo
antibody class-switching [39]. Meanwhile, somatic hypermutation in memory B cells results
in high affinity antibodies. The antibodies produced by B cells are the secreted form of the
BCR. Secreted antibodies bind to their cognate ligands, neutralising and opsonising

pathogens.

1.2 The mononuclear phagocyte system

1.2.1 Nomenclature and function

llya Metchnikoff first described phagocytes, a term that encompasses neutrophils,
macrophages and DCs, in Starfish larvae over one century ago, as mobile cells with the
capacity to engulf and dispose of pathogens, debris, and dead cells [40]. The term
mononuclear phagocyte (MNP) is now used to describe monocytes, macrophages, and
dendritic cells [41]. MNPs are highly phagocytic, professional antigen presenting cells that

are critical for bridging innate and adaptive immunity [42, 43].

Monocytes are ~15 ym diameter MNPs with a bean shaped nucleus. In mice, monocytes
exist in two major subtypes in the blood, Ly6C" and Ly6C", which are analogous to CD14*
CD16" (classical), and CD14  CD16" (non-classical) monocytes respectively in man [44].
Although similar, human and mouse monocytes display species-specific gene expression
profiles [45]. At steady state, upon leaving the bone marrow, Ly6C" monocytes enter the
blood and circulate with a ti» of approximately 2 days before entering tissues, such as the
spleen or intestine, or differentiating into Ly6C'°® monocytes [46-49]. Ly6C' monocytes
patrol blood vessel walls and facilitate their repair, but their presence in peripheral tissues
at steady state has been questioned [50-53]. During inflammation, Ly6C" monocytes are
mobilised to inflamed tissues from the spleen and bone marrow via the blood [54]. Newly
recruited Ly6C" monocytes then differentiate into inflammatory macrophages, and possibly

dendritic cells upon encountering polarising stimuli [54, 55].
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Macrophages are large, avidly phagocytic MNPs with a highly granular cytoplasm that can
be found in peripheral tissues and in abundance at mucosal tissues such as the lung and
gut [56, 57]. Their functions include clearance of apoptotic debris, modulation of tissue
repair, engulfment and neutralisation of microbes, directing the recruitment of leukocytes
in response to infection, and potentiating primed-T cell responses [43]. Because of these
diverse functions, macrophages display great plasticity in their response and thus are
exceptionally responsive to microenvironmental cues [58]. To achieve these varied
responses, macrophages express a wide repertoire of cell surface receptors, such as
integrins, lectins, PRRs, Fc receptors, and cytokine and chemokine receptors [59-61].
Tissue macrophages do not migrate to lymph nodes to stimulate naive T cells, in contrast

to classical Dendritic Cells (cDCs) [62].

DCs are the final constituent of the MNP system, divided into two major classes,
Plasmacytoid DCs (pDCs), and cDCs. cDCs display stellate morphology, reside in both
lymphoid and non-lymphoid tissue and are also highly phagocytic professional APCs [63,
64]. cDCs are specialised in priming naive T cells and can migrate from non-lymphoid to
lymphoid tissue to carry out this function in a CCR7-dependent process [62]. cDCs are
present in non-lymphoid tissues in an immature state, and mature into T cell-stimulating,
migratory DCs upon PRR engagement [65]. pDCs are specialised in the production of Type

| interferons in response to viral infection, may prime naive T cells during infection [66].
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1.2.2 Development of mononuclear phagocytes

In the adult mouse, the classical model of haematopoiesis posits that MNPs arise through
the step-wise differentiation of haematopoietic precursors (Fig.1.1) [67]. In steady state
adults, haematopoiesis occurs in the bone marrow, but in exceptional circumstances, such
inflammation or myelofibrosis, extramedullary myelopoiesis can occur in the spleen or liver
[68, 69]. Self-renewing Haematopoietic Stem Cells (HSCs) undergo multiple differentiation
stages, during which HSCs lose self-renewal capacity in a process dependent on the
reduced expression of the transcription factor, p64 [70]. HSCs differentiate into progenitor
cells which can expand in situ to greatly amplify the pool of lineage-restricted progenitors

[71, 72].

1.2.3 Lineage-determining transcription factors

Regulation of gene expression is a non-linear process: interplay between chromatin
modifications, Trascription Factors (TFs), and signalling molecules as cells develop results
in the formation of cell identity, and functional plasticity [73]. TFs are recognised to bind
specific DNA maotifs, the availability of which is regulated by epigenetic modifications such
as DNA methylation and histone acetylation [46]. TF motifs are organised into promoters
and enhancers in sequences approximately 200 bp long, which co-ordinate the recruited
TFs, and therefore the genes transcribed [74]. Pioneer TFs, of which PU.1 is an example,
can bind partially obscured motifs and displace nucleosomes to facilitate further TF binding

and transcription, and are therefore key in lineage commitment [75].

It was previously believed that TFs regulate small sets of genes at fate decision points
during differentiation, e.g. CSF1R, to determine lineage commitment [76]. It iS now
recognised that lineage-determining TFs construct a framework of active or poised gene
regulatory elements which regulate the housekeeping genes critical for cell identity [73].
Stimulus-activated TFs operate within these confines to regulate contextual responses [73].

The process of myelopoiesis, outlined below, highlights these processes.
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1.3 Myelopoiesis

In the classical model of haematopoiesis, Common Myeloerythroid Progenitors (CMPSs)
arise at the first branch of lineage restricted progenitors, distinct from CLPs [67]. The ETS
family TF, PU.1, is a critical determinant of myeloid fate, as loss of PU.1 function resulted
in ablation of the macrophage compartment [77, 78]. Not only did PU.1 directly regulate
genes, but it regulated the chromatin landscape, acting as a pioneer TF to facilitate the
recruitment of lineage-determining TFs [79-81]. Granulocyte-Macrophage Progenitors
(GMPs) are the next stage of myelopoiesis. GMPs generate the granulocytes, neutrophils
and eosinophils via separate progenitors not discussed further. Expression of the TFs
PU.1, IRF8, EGR1 and EGR2 restrict GMP fate to the Monocyte-macrophage and DC
lineage via Monocyte-Dendritic cell Progenitors (MDPs) [82]. IRF8 was shown to control
DC fate at the GMP stage, as loss of IRF8 led to increased numbers of granulocytes,
particularly neutrophils, and an almost complete loss of DC subsets, including pDCs. [83,
84]. Meanwhile, regulation of EGR1 and EGR2 by PU.1 prevented granulocyte fate of
GMPs [85]. Single-cell RNA sequencing (scRNAseq) of MDPs, Common Dendritic cell
Progenitors (CDPs), and pre-DCs showed that lineage commitment of cDCs became
evident at CDP stage, with Siglec H Ly6C" CDPs giving rise to BATF3-dependent CD11b
cDCl1s, and Siglec H Ly6C* CDPs generating IRF4-dependent CD11b* cDC2s [86]. MDPs
develop into either CDPs, or common Monocyte Progenitors (cMoPs), identified by an

MDP-monocyte intermediate phenotype which exclusively gave rise to monocytes [49].

The classical haematopoietic model was challenged in a study by Sathe et al., (2014), who
found that MDPs isolated using a strategy described by Fogg et al., (2006) predominantly
gave rise to cells of monocyte-macrophage lineage, and very few resident cDCs in clonal

culture systems or when adoptively transferred [87].

The current view, is that tissue cDC1s arise through a migratory pre-DC intermediate,
derived from the CDP, whereas cDC2s are seeded by both pre-DCs and moDCs.

Meanwhile, pDCs are generated from the CDP and migrate to peripheral tissues via the
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blood [86]. cMoPs generate the monocyte lineage and can differentiate into Ly6CM
monocytes, or Ly6C'° monocytes [46, 49]. Ly6C" monocytes then migrate into the blood
where they can be recruited to peripheral tissues, or convert into Ly6C'° monocytes after a

period of approximately 2 days [48, 50].

The classical model of haematopoiesis has been challenged by recent studies that
identified heterogeneity and non-canonical lineage commitment in HSPCs [88-92].
Therefore, a new model incorporating recent advances postulates that the developmental
stages defined in the classical haematopoietic model are bridged by transient progenitor
states that are susceptible to major environmental perturbations, allowing re-commitment
to other lineages within the confines of the enhancer landscape generated by pioneer TFs

[92].
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Fig.1.1: The classical model of myelopoiesis

Post-natal haematopoiesis predominantly occurs in the bone marrow at steady state. Self-
renewing Haematopoietic Stem Cells (HSCs) give rise to Common Lymphoid Progenitors (CLPSs)
or Common Myeloerythroid Progenitors (CMPs). CMPs in turn generate Granulocyte-
Macrophage Progenitors (GMPs). GMPs generate neutrophil and eosinophil granulocytes via
progenitors not displayed in this figure. Monocyte-Dendritic cell Progenitors (MDPs) may also
generate granulocytes, but predominantly develop into either Common Dendritic cell Progenitors
(CDPs) or common Monocyte Progenitors (cMoPs). CDPs may also arise from CLPs, but the
factors that define this process are unknown. CDPs develop into the Dendritic Cell (DC) lineage,
giving rise to plasmacytoid DCs (pDCs), and classical DCs (cDCs) via a pre-DC intermediate.
cMoPs generate the monocyte lineage and can differentiate into Ly6C" monocytes. Ly6CM
monocytes then migrate into the blood where they can be recruited to peripheral tissues and
differentiate into macrophages of myeloid-derived DCs, or convert into Ly6C'® monocytes.
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1.4 The ontogeny of tissue-resident macrophages

The topic of the origin of MNPs has seen much debate over the century since their
discovery by Metchnikoff. In 1968, van Furth and Cohn proposed that tissue macrophages
were derived from circulating monocytes [93]. This hypothesis was adapted based on the
results of chimaeric, parabiotic, and adoptive transfer studies to include self-renewal as a
source of tissue macrophages [94-97]. Newer studies then identified that tissue resident
macrophages are present in the mammalian embryo at Embryonic day 7.5 (E7.5), before
monocytes [98], and HSCs, highlighting their developmental importance, and opening the

avenue of embryonic development as a source of macrophages [99].

Mammalian embryonic haematopoiesis occurs in three waves [100]. The first wave occurs
in the primitive Yolk Sac, beginning at E7.25, and is termed “Primitive Haematopoiesis”.
Primitive haematopoiesis gives rise to erythroblasts, megakaryocytes, and macrophages
[100, 101]. These cells derive from poorly defined progenitors that are CSF1R* cMybr,
designated “Erythro-Meyeloid Progenitors” (EMPs), and colonise most tissues. However,
EMP-derived macrophages do not persist in great numbers in adults, except as microglial
cells of the brain [102, 103]. From E8.5, a second wave of EMPs emerges [104]. This EMP
wave is designated the “Transient Definitive Wave”, which itself comprises two stages. The
first transient definitive wave generates macrophages, and the second has monocyte,
macrophage, and granulocyte potential [105]. The third embryonic haematopoietic wave
occurs almost simultaneously with the Transient Definitive Wave, and generates HSCs that
colonise the foetal liver and foetal bone marrow [106]. EMPs migrate through the primitive
circulation to the foetal liver where they expand to produce monocytes, granulocytes, and
megakaryocytes. The foetal liver and foetal bone marrow HSCs generate adult HSCs,
which then generate the immune system. In the foetal liver, CSF1R" cMyb* EMP produce
the foetal liver monocytes which are considered to contribute the most to the adult tissue-
resident macrophage pool [102, 103, 105]. Foetal liver monocytes were first described by

Naito et al., (1990) [98], and arise at E12.5. Foetal liver monocytes are released into blood
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at E13.5, and at E14.5 were described to colonise all organs except the brain [105, 107,
108]. In contrast to adult monocytes, foetal liver monocytes are highly proliferative, and do
not express many genes related to pathogen responsiveness [105, 109]. The contribution
of various embryonic sources to adult tissue-resident macrophage populations is debated
(Fig.1.2), due to the limited resolution of fate mapping studies at the early embryonic stages

[110].

Embryonic macrophages persist in adult brain (microglia), skin (Langerhans cells), lung
(alveolar macrophages), and liver (Kupffer cells) as parabiotic studies confirmed that
renewal was largely independent of CCR2* Ly6C" blood monocytes at steady state [111].
However, dermal, cardiac, and colonic macrophages in adult mice were demonstrated to

also be replenished from the blood by Ly6C" monocytes [57, 61, 112-115].
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Fig.1.2: Foetal macrophage ontogeny

Figure depicting modes of macrophage ontogeny in the foetus. Arrows depict major route of origin.
Cell ontogeny is coded by colour. Early CSF1R* EMPs can give rise to adult microglia, and
possibly contribute to adult tissue macrophages. Late Myb* EMPs seed the embryo, and may also
give rise to some tissue macrophage directly. Late EMPs also give rise to FL monocytes, which
then seed tissues later in development. HSCs arising at E10.5 give rise to FL monocytes that can
then seed tissue macrophages.

EMP: Erythro-Myeloid Progenitor, FL: Foetal Liver, HSC: Haematopoietic Stem Cell, Mo:
Monocyte, Mph: Macrophage
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1.5 The architecture of the colonic lamina propria

The intestine is a highly specialised mucosal organ that facilitates the absorption of
nutrients and water from the diet. To achieve this function, the intestinal LP has the largest
surface area of any organ in the body. Because of the nutrient rich environment, the
intestine is host to antigens and immunomodulatory factors, such as Short Chain Fatty
Acids (SCFASs), generated by trillions of bacteria, both commensal, and pathogenic [116,
117]. To maintain homeostasis, the intestine is therefore hosts a complex immune network.
As this thesis focusses on the adaptation of colonic monocytes and macrophages, this

section will address the anatomy of the colon.

The large intestine begins at the caecum and is followed by the proximal, mid, and distal
colon, ending at the rectum. The intestinal lumen is lined by columnar epithelial cells that
are renewed by multipotent stem cells located at the base of the Crypts of Lieberkihn
(Crypts) which push newly differentiated epithelial cells towards the lumen as epithelial
cells are sloughed off. Crypt multipotent stem cells also generate Paneth cells, mucus-
producing goblet cells, and neuroendocrine cells. The goblet cells secrete mucins that form
a thick layer of mucus when combined with water that is difficult for bacteria to penetrate,
which helps to maintain the sterility of the LP. The mucosa, comprising the epithelium, LP,
and muscularis mucosa, contains most of the intestinal immune cells (Fig.1.3) [118]. The
submucosa lies beneath the muscularis mucosa, is highly innervated with parasympathetic
neurones, and perfused with blood vessels. The submucosa is also densely packed with
connective tissue to support the structure of the intestine, and lies on top of a layer of
smooth muscle which aids the passage of faeces by peristaltic contraction. Finally, the
serosa is a fibrous band surrounding the intestine, and separates the intestines from the

peritoneal cavity.
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Fig.1.3: Structure of the colonic lamina propria

The colon is specialised for the reabsorption of water from faeces. Intestinal epithelial cells (IECs)
are constantly sloughed off by the passage of faeces. To replace the lost IECs, stem cells located
at the base of the Crypts of Lieberkiihn (Crypts) proliferate. IECs are pushed up the Lamina
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Propria (LP) as the space below them is occupied by newly differentiated IECs. Crypt stem cells
also give rise to mucus producing goblet cells, and anti-microbial peptide producing Paneth cells,
which are rare in the colon. Unlike the small intestine, the colon lacks villi, with a broad epithelial
surface between the Crypts. Underneath the LP lies the muscularis mucosae, a layer of smooth
muscle that aids the expulsion of Crypt secretions, which separates the LP from the submucosa.
The submucosa contains connective tissue which supports the lamina propria, and is perfused by
blood vessels and nerves. The submucosa is separated from the serosa by a layer of smooth
muscle that aids the passage of faeces by peristalsis. A) Cartoon of the colonic LP (cLP). B)
Representative micrograph of the mouse cLP (40 X magnification)

* = Crypt of Lieberkiihn
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1.6 The murine intestinal mononuclear phagocyte system

MNPs, including monocytes, macrophages, and cDCs, are present in large numbers in the
cLP, and carry out diverse, overlapping functions summarised below and in Table.1.1.
MNPs are critical to the maintenance of intestinal homeostasis, as dysregulation of the
intestinal MNP system leads to infection and inflammation [62, 119-125]. Inconsistent
nomenclature has proved a barrier to understanding the precise roles of intestinal MNPs.
Previously, markers such as CD11b, CD11lc, and MHC Il were used to discriminate
macrophages from DCs [126, 127]. It is now appreciated that intestinal macrophages and
DCs can co-express these markers and CX3;CR1 [61]. Similarly, CD103 was unable to
clearly distinguish macrophages from DCs, as some CD11b* DCs were negative for CD103
[128]. Therefore, F4/80, and CD64 are used as discrete macrophage markers in the steady
state murine cLP [57, 61]. F4/80 is also expressed on intestinal eosinophils, and so Siglec
F* SSC" cells must be excluded from analysis [69, 129]. The structure and functions of the

intestinal MNP compartment are outlined below.

Three major subpopulations comprise intestinal cDCs: CD11b* CD103*, CD11b* CD103,,
and CD11b  CD103*. These cDCs can be derived from FLT3L-dependent common
dendritic cell progenitors in the bone marrow, and possibly from CCR2" monocytes from
the circulation [86, 130]. cLP CD11b- CD103* DCs were derived from CDPs, demonstrated
by genetic mapping of DNGR1* progenitors using fluorescent proteins under the control of
Clec9a®" (encoding DNGR1) [131]. The ontogeny of CD11b* DCs in the cLP is less clear:
In vitro cultured monocytes were not labelled using the DNGR1 system, and likewise,
CD11b* Gri1* cells, phenotypically resembling DCs were not labelled using the DNGR1
system during intestinal inflammation, possibly indicating that DCs could be derived from
monocytes [131]. However, the CD11b* GR1" gating strategy used to define these cells
could in fact represent inflammatory monocyte-derived macrophages [57, 113]. More
recently however, a subset of blood monocytes identified by the expression of Cd209a was

described to preferentially give rise to DCs, and these may represent the precursors to
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intestinal CD11b* DCs, but their contribution to the intestinal DC pool is yet to be formally
proved [46, 132]. Interestingly, a recent study using single cell clonal assays indicated that
multipotent lymphoid progenitors had the capacity to generate both CD11b" and CD11b*

DCs, challenging the step-wise classical model of haematopoiesis [133].

cDCs display heterogeneous distribution along the length of the intestine with high numbers
of CD11b* CD103" DCs in the small intestine that diminish towards the colon [43]. CD11b"
CD103* DCs are the dominant population in the colonic Lamina Propria (cLP), express
CCR?7, and migrate to the Mesenteric Lymph Nodes (MLN) to prime naive T cells and
induce pathogenic and T regulatory cell (Treg) development [62, 122]. Despite their ability
to induce Ty development, CD11b- CD103" DCs can be pro-inflammatory during

inflammation [134].

Plasmacytoid DCs (pDCs) are very rare in the cLP, but can be recruited in larger numbers
during inflammation [135]. This thesis will primarily focus on the contribution of cDCs,
monocytes and macrophages to intestinal homeostasis and inflammation, therefore pDCs

will not be discussed further.
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Table.1.1: Mononuclear phagocyte subsets in the colonic lamina propria

Phenotype Ontogeny Function
Common  Subset-Specific  Progenitor TF Unique
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0 0]
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The origin of tissue macrophages has been a source of contention in recent years.
Macrophages were originally thought to derive from monocytes [41]. However, recent
studies indicated that most tissue macrophages were derived and maintained by self-
renewal from embryonic precursors [136]. In contrast to this view, Bain and colleagues
demonstrated that macrophages in the adult mouse cLP were exclusively derived from
monocytes using fate mapping of embryonic macrophages, and haematopoietic
progenitors [57]. Monocytes have not been shown to proliferate in tissues or blood, but
macrophages replenished by monocytes may self-renew [50, 137]. To date, only TGF and
IL10 have been described as specifically required for the development of cLP tissue-
resident macrophages (Fig.1.4) [138, 139]. CX3CR1'%? mice exhibited heightened
inflammation which held macrophages in a pro-inflammatory state, preventing their full
differentiation and initiating spontaneous colitis [139]. Loss of TGFB-Receptor on
macrophages resulted in only a minor impairment of macrophage differentiation, defined
by transcriptional profiling of monocyte to macrophage transition in the cLP [138]. Therefore
the molecules that promote monocyte to macrophage transition in the colon remain poorly

characterised.

The highest frequencies of intestinal macrophages are in the colon in both human and
mouse [140, 141]. Macrophages appear to be equally distributed along colon, localised

close to epithelium [113, 142-144], and deep within the lamina propria [145].

Macrophages in the cLP express the markers CD11b, Ly6C, MHC I, F4/80, CD64, and
CX3CR1 (Table.1.1) [61, 113]. Intestinal macrophages, in contrast to cDCs, do not migrate
to the MLN [122]. cLP macrophages are spread throughout the lamina propria, and can
sample luminal antigens, engulf apoptotic debris, and mediate tissue repair [43, 141, 146,
147]. At steady state, macrophages are considered to be anti-inflammatory, express high
levels of CX3CR1 and are anergic when stimulated with PRR agonists [57, 59]. IL10R
signalling on macrophages appears critical for this phenotype, as selective loss of IL10R,

but not IL10, on CX3CR1°™ mice resulted in spontaneous colitis [139].
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Fig.1.4: Intestinal macrophages at steady state and during inflammation

In the adult mouse at homeostasis, blood Ly6CM monocytes are recruited in a CCR2-
dependent manner to the colonic Lamina Propria (cLP). A) Upon arrival, Ly6C" (P1)
monocytes respond to microenvironmental cues and begin the process of differentiation into
macrophages. They pass through what is known as the “monocyte waterfall”, gradually
losing expression of Ly6C, and upregulating mature macrophage markers such as MHC I,
F4/80, CD64, and CX3CR1 progressing through Ly6C* MHC II* F4/80'° CXsCR1nt (P2
monocyte), and Ly6C'> MHC II* F4/80* CX3CR1i" (P3 macrophage), before finally adopting
aLy6C- MHC II* F4/80* CX3CR1M (P4 macrophage) resident macrophage phenotype. In this
thesis, CXsCR1CGFP* mice were not used, therefore discrimination between P3 and P4
macrophages was not possible. Resident macrophages carry out diverse functions, such as
the transfer of luminal antigens to dendritic cells, production of IL10, clearance of apoptotic
material, and promotion of intestinal barrier function via IL1 and PGE2-mediated control of
ILC3 function which occur without an inflammatory response being initiated. B) Inflammatory
response of cLP macrophages. Inflammatory stimuli leads to the recruitment of P1
monocytes which differentiate into inflammatory effector monocyte/macrophages. These
monocyte/macrophages express inflammatory cytokines such as Nitric Oxide, TNFa, IL1j3,
IL6, IL12, and IL23, and the chemokines CCL2, CCL3, and CCL11 that recruit other
inflammatory effector cells, and modulate the immune response. The mediators that prevent
differentiation into P4 resident macrophages are unknown at present.
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The Helicobacter hepaticus model of colitis

Helicobacter hepaticus (Hh) is a helical, bipolar-flagellated, Gram negative bacterium of
the Helicobacteraceae family, first isolated from the livers of mice with active hepatitis [148].
Hh is a commensal bacterium that colonises the crypts of the colon and caecum in mice
[148, 149]. Hh is considered a pathobiont, in that it may cause inflammation of the large
bowel under certain circumstances, such as in the intestines of IL10-deficient mice, but
normally forms a symbiotic relationship with the host [150, 151]. Infection with Hh in WT
mice results in tolerogenic Ty responses that prevent intestinal inflammation in an IL10-
dependent process [152]. Intestinal inflammation in response to Hh can be induced in Wild-
Type (WT) mice by the concomitant administration of the anti-Interleukin 10 Receptor
(alL10R) blocking antibody [153]. Multiple studies have demonstrated the importance of
the IL10-IL10R pathway in mediating intestinal inflammation, and defects in the IL10R
pathway in intestinal macrophages are sufficient to induce spontaneous colitis in mice [139,
154-156]. However, some studies reported that Hh infection of IL10-deficient mice did not
induce disease in Specified Pathogen Free (SPF) or germ-free mice, indicating that the
host microbiota plays a key role in the progression of intestinal inflammation in response

to Hh [157].

The Hh + alL10R model of colitis is also dependent on intestinal CD11¢c* MNP-derived
IL23, also shown to be critical in the induction of pathogenic Tul/Tw17 and ILC3 responses
in IBD patients [124, 153, 158]. Infection with Hh alone induces IL23 expression, but does
not result in colitis, highlighting the importance of the IL10 axis in this model [153]. A recent
study by Danne et al., (2017) demonstrated that Hh infection in the absence of alL10R
resulted in CREB activation and adoption of a tolerogenic phenotype in macrophages in a
process dependent on the secretion of an unidentified polysaccharide TLR2 ligand by the

Hh bacterium [159].

Administration of alL10R blocking antibody alone does not induce pathology in the

Kennedy Institute of Rheumatology or John Radcliffe Hospital animal facilities, which are
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free of Helicobacter species (unpublished data). Therefore, the native microbiota in these

facilities is insufficient to induce colitis.

Pathology in the Hh + alL10R model is driven by innate and Ty1/Tu17 processes that result
in the production of high quantities of IFNy, IL17A, IL17F, and IL22, that help to shape the

inflammatory evironment [160, 161].

The Hh + alL10R model mimics the aberrant host response against commensal microbiota,
and reflects aspects of human IBD, such as the accumulation of pathogenic MNPs and

altered cytokine milieu, Ty1/Tw17-driven pathology, improper Treg induction.

The intestinal immune system, and the Hh + alL10R model are therefore useful to study
the effects of IRF5 on monocyte-macrophage transition and polarisation in the intestine
because cLP macrophages are constantly replenished by blood monocytes, and IRF5

requires a stimulus to exert significant phenotypic effects in vitro and in vivo [57, 162, 163].

1.8 Inflammatory bowel disease

IBD is a group of debilitating inflammatory conditions of the intestinal tract that affect ~0.5-
1% of western populations [21]. Patients with IBD present with a wasting disease,
abdominal pain and diarrhoea. The aetiology of IBD is unknown, but interplay between host
genetics, and environmental factors, including the diet and microbiota, contribute to

disease pathogenesis [21].

Crohn’s Disease (CD), and Ulcerative Colitis (UC) are the two principal forms of IBD, but
have differing pathologies. CD can affect the entire gastrointestinal (Gl) tract, and patients
present with skip lesions that can penetrate the entire depth of the intestinal wall, leading
to the formation of fistulae [164]. Inflammation is restricted to the colon and rectum in UC
patients, and inflamed sites are contiguous and ulcerations are restricted to the mucosa, in

contrast to CD [165-167].
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CD and UC pathology is accompanied by marked changes in the leukocyte milieu in the
colon [21]. A network of cytokines and chemokines (including, but not limited to IFNy, TNFa,
IL1B, IL6, IL12p70, IL17A, IL17F, IL18, IL22, I1L23, CCL2-6, CCL20, CXCL8, CXCL10,
CXCL11) are released to recruit and activate cells [22, 168]. Neutrophil numbers, and levels
of faecal calprotectin (S100A8 and S100A9), are positively correlated with disease severity
[169]. Lesions display increased numbers of monocytes and macrophages, and many

pathways associated with IBD are shared with macrophage function [143, 170, 171].

Traditional therapeutic strategies use small molecule inhibitors to block inflammation via
anti-inflammatory medications such as glucocorticosteroids, and aminosalicylates, or
suppress the immune system using azathioprine, cyclosporine or methotrexate [172].
Current gold-standard therapy utilises anti-TNF (aTNF) biologics which have seen great
efficacy in the clinic [172]. However, 40% of patients treated are not responsive to aTNF,
and 40% of those treated become refractory therapy [173]. Recently, strategies to block
other cytokines were tested, however, many of these such as alL6, and alL17A failed
clinical trials due to adverse effects [165, 172, 174]. Targeting IL23, a Tul/Tu17 polarising
cytokine that is highly produced by intestinal macrophages has shown promise in clinical
trials [175]. Nevertheless, there is unmet clinical need for novel IBD therapies, and targeting

macrophage pathways may prove a viable strategy to achieve remission.

1.9 Novel genomic techniques offer insights into tissue

mononuclear phagocyte identity and function

In order to generate next generation therapies for disease, better understanding of immune
regulation is required. Regulation of gene expression in immune cells is controlled by a
network of TFs, co-regulatory proteins, and chromatin modifications, which regulate cell
differentiation and functional adaptations [73]. The section below outlines how

technological advances in functional genomics, specifically in single-cell genome-wide
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sequencing, have aided the deconvolution of the molecular basis of myeloid cell

differentiation and functional specification.

RNA sequencing

Traditional molecular biology techniques such as gPCR, and microarrays, have proved
reliable techniques for the study of gene regulation and cell function. gPCR allows
fluorescent quantification of single cell mMRNA levels without library preparation or deep
sequencing, and is therefore rapid and quantitative [176-178]. Throughput of gPCR can be
increased through multiplex setups utilising up to 96 probes, however, because the probes
are preselected, little room is left for the discovery of novel genes of interest [179, 180].
Microarrays were the first attempt at quantifying the expression of large numbers of genes,
but suffered due to bias introduced by probe selection, photobleeding, and cross-
hybridisation [181-184]. To overcome these issues, RNA sequencing technologies were
developed but required millions of cells (> 1 yg mRNA input), limiting analysis to common,
homogenous populations [184, 185]. In order to study rare populations of biological
interest, lower limits of detection were required to facilitate lower input RNA quantities. The
lllumina body map expression atlas, Differentiation Map Project, and ImmGen projects
utilised these advances to improve the understanding of differential gene expression

across tissues and immune cells [186-188].

Next Generation Sequencing technologies

Current analysis of cell types using flow cytometry grouped cells into clusters based on the
expression of up to 17 markers (for the most advanced analysers, typically 8-14 markers),
followed by sorting and transcriptional/epigenetic profiling. Subsequently, this approach
requires a priori knowledge or inference to determine relevant parameters to study.
Coexpression of markers, and heterogeneity within cell populations defined by traditional
gating strategies result in difficulty interpreting the diversity of cell states identified in this
manner. Furthermore, the unambiguous detection and functional attribution of distinct

lineages is impaired by indirect associations of function with cell surface marker expression

43



that may not capture the true nature of immune responses. Unsupervised sampling,
followed by modelling of transcriptional states in single cells, avoids these pitfalls as they
can be used to distinguish stochastic transcriptional variation in resting cells from bona fide
stimulus responses [92, 130, 189]. Despite this, single cell RNA sequencing (ScCRNAseq)
analyses are limited by amplification bias and labelling error which must be corrected using
statistical methods. Recent advances in single cell RNAseq technologies have constantly
increased the throughput and sensitivity, and reduced the cost of operation [190]. RNAseq
approaches require reverse transcription of cells followed by library preparation and

sequencing leading to lengthy protocols.

Single cell RNA sequencing techniques

The advent of scRNAseq technologies began with plate based approaches, where isolated
single cells were placed in wells of a gPCR plate containing lysis buffer. Examples of this
pioneering technology include STRT, and SmartSeq. Cells could be isolated by
microdissection or by Fluorescence-Activated Cell Sorting (FACS) directly into lysis buffer.
Plate based technologies suffered from the length of time required to complete the protocol,
but this was mitigated by the ability to store the cells before processing and at discrete
stages of processing. The SmartSeq2 protocol improved the efficiency of reverse
transcription, template switching and pre-amplification over SmartSeq resulting in high

sensitivity using this method, with up to 5000-10000 genes detected per cell [191].

The next advance in scRNAseq technologies arose from pooled approaches which
barcoded cells at the point of reverse transcription. Barcoding of samples facilitated the
pooling of sample to reduce costs and increase throughput. A notable example of this
approach is MARSseq described by Jaitin et al., (2014), which combined FACS 384 well

cell capture with barcoding to increase throughput and lower costs. [92]

Massively parallel approaches allowed the profiling of tens of thousands of single cells, but
reduced the sensitivity of the assay: only 3-10% of transcripts were detected, compared to

10-20% for plate based methods [189]. Massively parallel RNAseq facilitated unbiased cell
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capture of single cells into droplets containing lysis buffer and unique barcodes using
microfluidics and reverse emulsion technologies, described in DropSeq, inDrop, and 10X

[192-194].

The main drawback of RNAseq is that it fails to capture non-poly-A RNAs, including
microRNAs (miRNA), long non-coding RNA, circular RNA, and bacterial RNAs which are
discarded by poly-T priming of reverse transcription. High-throughput multiplexed samples
are also limited in that they only sequence the 3 prime end of transcripts and thus cannot
recover splicing patterns or sequence variants. All RNAseq technologies also struggle to

detect low abundance transcripts [189].

TFs as key regulators of both myeloid lineage fate and function

Tissue macrophages have diverse functions: microglia prune synapses, red pulp
macrophages recycle haem, and peritoneal macrophages regulate Ig production [195-198].
Most tissue macrophages are embryonically-derived, and self-renew in situ, however, it is
recognised that environmental factors and TFs shape the function of tissue-resident
macrophages. For example, the TF Spi-C is critical for haem metabolism in splenic red
pulp macrophages [197, 199, 200]. Retinoic Acid induces GATAG6 in peritoneal cavity
macrophages, and TGF( regulates microglia phenotype through SMADs, and is partially
required for terminal intestinal mph differentiation [138, 198, 201, 202]. Furthermore,
epigenetic modification can influence macrophage identity by regulating availability of TF
motifs [73]. The pioneer TF, PU.1, is necessary for maintaining Histone 3 Lysine 4
monomethylation (H3K4me1) to open TF motifs to facilitate the binding of other TFs [80,
81, 203]. Cobinding of lineage-specific TFs leads to cell specification by establishing the
chromatin landscape [81, 85]. Cell-specific responses to stimuli are co-ordinated by
stimulus-specific TFs that bind poised enhancers marked by H3K4mel, and active

enhancers marked by Histone 3 Lysine 27 acetylation (H3K27ac) [204-206].

Heterogeneity within defined cell populations can be uncovered by unsupervised clustering

of cell surface molecules (flow cytometry and CyTOF), and RNA transcripts [191, 207].
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Combining RNA-Seq with other genomic approaches detecting (1) areas of open chromatin
(Assay for Transposase Accessible Chromatin (ATAC)-seq [208]) and (2) the regulatory
proteins bound to specific regions of the genome (Chromatin Immuno-Precipitation (ChlIP)-
Seq [39]), Lavin et al., (2014) profiled the expression patterns and chromatin landscape of
seven tissue macrophage populations to determine tissue-macrophage specific signatures

(Fig.1.5) [58].

Integration of ATACseq with H3K4mel marks revealed that open regions of chromatin
correlated with poised enhancers and gene expression profiles, allowing the identification
of putative enhancer signatures to identify candidate regulators for each tissue
macrophage cluster [58]. RUNX3 was specifically highly enriched for small and large
intestinal macrophages whilst GATA6 was specifically enriched in peritoneal macrophages.
This lead Lavin et al., to hypothesise that GATA6 was a likely regulator of peritoneal-

specific macrophage enhancers [209, 210].

Lavin et al., then demonstrated that macrophages derived from transplanted adult bone
marrow after lethal irradiation of host mice acquired enhancers specific to the reconstituted
niche [58]. Fully differentiated macrophages from the peritoneal cavity could be adoptively
transferred intratracheally into the alveoli of host mice, and subsequently adopted a
resident alveolar macrophage phenotype. The data suggest that some macrophage can
retain phenotypic plasticity even after transfer, and that tissue specific signals are the key

determinant of macrophage function.

46



Transcription Factor

Transcription Factor

Cellular

Expression Binding Sites Heterogeneity
RNAseq ATACseq ]
) - Single Cell RNAse
RNA Expre Lg@wﬁ» Open Chromatin < E

T

855
= | 009809

AAT

g
i’i‘ﬁn

-~ P

Identify Regulators of Cell States

Fig.1.5: Novel genomic techniques for analysis of cell function and ontogeny

Workflow of how next-generation techniques can be utilised to understand molecular
biology. Isolated cells can be streamlined into discrete analytical techniques. Bulk RNA
sequencing can be used to profile differences in gene expression between conditions.
Single cell RNA sequencing can define the heterogeneity of a defined pool of cells.
ATACseq profiles regions of open chromatin to identify candidate transcription factors.

Integration of these techniques can be used to probe cell-subset specific regulators.
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Dissecting cell fate branching points

Developmental processes can be represented as a continuum of transitional cell states.
Capturing cells in an unbiased manner across multiple developmental stages and
reconstructing the progression allows a method to study cell decision making and
differentiation. Bendall et al., created the program, Wanderlust, to reconstruct B cell
development from CyTOF data at one timepoint [211]. Meanwhile, Trapnell et al.,
developed the “monocle” package for the trajectory reconstruction of scRNAseq data, and
demonstrated the process on muscle development [212]. Schlitzer et al., analysed the
control of DC progenitor fate decisions that committed to either cDC1 or cDC2 phenotype.
Using a pool of only 250 cells, including MDP, CDP, and pre-DC, Schlitzer et al., were able
to identify the bifurcation point of progenitors marked by differential expression of Siglec H
and Ly6C [86]. Siglec H and Ly6C CDPs gave rise to for cDC1 committed pre-DCs,
whereas Siglec H Ly6C* generated cDC2 primed pre-DCs, which were validated in vitro
[86]. scRNAseq is also useful for the deconvolution of haematopoietic cell states. Paul et
al., applied scRNAseq to 2730 haematopoietic progenitor cells. In contrast to the classical
model of haematopoiesis, Paul et al., identified 19 cell clusters representing distinct or
transitional cell states. In this study, the data suggested that CMPs defaulted to myeloid
fate, whilst C/EBPa and C/EBPe¢ were required to specify Granulocyte-monocyte and
Neutrophil fate of CMPs.[213]. The findings of the above studies therefore suggest a model
whereby a continuum of cell states bridges discrete progenitor stages to generate mature

myeloid populations.

Unbiased genomic profiling and deep epigenetic profiling approaches therefore represent
powerful tools to appreciate the variety of states present in a pool of defined cells, to

delineate haematopoietic hierarchies, and to discover novel gene regulatory elements.
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1.10 IRF5 as a regulator of inflammatory macrophage state

The transcription factor, IRF5, is a member of the Interferon Regulatory Factor (IRF) family,
first described as a regulator of IFN | response resulting in the activation of distinct IFNa
genes [214, 215]. The human IRF5 gene is located on chromosome 7932, and comprises
nine exons [216]. IRF5 transcription is known to be induced by GM-CSFR, IFNyR, and
LPS:TLR4 signalling (Fig.1.6) [162, 217] via yet to be explored transcriptional mechanisms,
which may include the transcription factors, SP.1, and IRF4 [218]. IRF5 protein has two
Nuclear Localisation Signals (NLS), a weakly active C-terminal NLS in the DNA-binding
domain, and a phosphorylation-inducible N-terminal NLS. IRF5 also contains a dominant,
constitutively active Nuclear Export Signal (NES) [219]. Post-translationally, IRF5 is
activated by interaction with MyD88, TRAF6, and IRAKL1. IRF5 is also a substrate of IKKe
and TBK1, which results in the phosphorylation of the NES and the nuclear retention of
IRF5 [220, 221]. However, this phosphorylation event does not result in gene transcription,
indicating that other co-factors or post-translational modifications are required for full

activation of IRF5.

IRF5 is activated by multiple PRRs, including NOD1, NOD2, TLR2, TLR4, TLR5, and
TLR7/9, leading to phosphorylation, ubiquitination, dimerisation, translocation to the
nucleus, binding to gene promoters and activation of inflammatory gene transcription [221].
Thus, highlighting the importance of IRF5 in the response to pathogens. One of the
cofactors identified is RelA (NFkBp65), of critical importance in inflammatory gene

transcription [163].

Another member of the IRF family, IRF4, polarises macrophages in vitro to M2 phenotype,
whilst IRF5 polarises towards M1 [162]. Contrary to the scientific consensus, a paper from
the Hamilton lab (2012) proposed that M-CSF induced IRF5 and GM-CSF induced IRF4,
and that IRF4 promoted inflammatory cytokine production [222]. However, differences in
GM-CSF concentration used in Hamilton’s studies may account for the differences, as in

the context of intestinal inflammation differential GM-CSF abundance mediates both pro-
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and anti-inflammatory effects [129, 158, 222-225]. IRF5 and IRF4 appear to have an
antagonistic relationship, as IRF4 occupies the IRF5 promoter to prevent transcription of
the IRF5 gene [226], and is also activated via direct interaction with MyD88, therefore
competing for MyD88 binding with IRF5. In this manner, IRF4 is proposed to negatively

regulate IRF5 signalling and promote M2 phenotype in macrophages.
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Fig.1.6: Regulation of IRF5 activation

Signalling via the GM-CSF-Receptor (GM-CSFR) promotes IRF5 transcription via the
transcription factor, SP.1. Ligation of the Interferon gamma Receptor (IFNyYR), or pattern
recognition receptors, such as Toll Like Receptor (TLR) 4 by their cognate ligands results in Post-
Translational Modification (PTM) of IRF5. PTMs such as ubiquitination or phosphorylation of
specific residues allow the dimerisation and nuclear translocation of IRF5. Nuclear IRF5 is then
able to promote pro-inflammatory cytokine production (Tnf, 1112b, 1123a), and directly repress the
transcription of the anti-inflammatory cytokine, 1110. IRF4 is able to compete with IRF5 for
promoter binding.

P: Phosphorylation, IRF: Interferon Regulatory Factor
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IRF5 was demonstrated to regulate macrophage activation status in murine bone marrow
cultures, whilst ectopic expression in human monocyte-derived macrophages also
promoted this status [162]. IRF5 expressing macrophages were able to elicit Thl and Tn17
responses in vitro and expressed inflammatory cytokines (lI1b, Tnf, 1112b, 1123a) to a greater
degree than IRF5-deficient (Irf57) macrophages [162]. IRF5 was shown to directly regulate
these inflammatory cytokines using ChlPseq [163]. More recently, IRF5 was shown to

promote a glycolytic state in macrophages, which supports M1 polarisation [227].

In addition to these Thwl/Tnl7 polarising effects, IRF5 is also reported to act as a tumour
suppressor. Irf57 fibroblasts were protected from apoptosis [228], and IRF5 was described
as a target of the prototypical tumour suppressor, p53 [229]. IRF5 induced the expression
of p21 and Bax in response to DNA damage independently of p53 [230]. Furthermore,
TRAIL induced nuclear localisation of IRF5 resulting in the apoptosis of tumour cells [231].
Meanwhile, Fas signalling activated IRF5 upstream of Caspase-8 to promote apoptosis
[232]. Consistent with these effects, loss of IRF5 function is associated with many cancers,

including Chronic Myeloid Leukaemia, gastric, and breast cancer [233-236].

Gain of function mutations in the IRF5 gene and promoter region increased the risk for a
host of inflammatory conditions, including Rheumatoid Arthritis, Systemic Lupus
Erythematosus (SLE), atherosclerosis, and Inflammatory Bowel Disease (IBD) [237, 238].
Conversely, loss of IRF5 function resulted in increased predisposition to the Type 2 immune

disorder, asthma [56].

IRF5 transcript expression has been described at high levels in pDCs, monocyte-derived
DCs, NK cells, and B cells, but notin T cells [162, 239-241]. Taken together, the actions of
IRF5 to promote Tuwl and Twl7 responses, produce inflammatory cytokines and
chemokines, and the cells that express IRF5 help to partially explain why gain of function
mutations in IRF5 predispose to these diseases. Nevertheless, the role of IRF5 in IBD has

not been characterised, and the cell intrinsic functions of IRF5 are poorly defined.
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1.11Hypothesis and Aims

Previous work in the IRF5 field has focussed on the macrophage-polarising effect of IRF5
[162, 217, 242]. The contribution of IRF5 to the pathogenesis of various inflammatory
disorders, including models of inflammatory arthritis, lupus, asthma and obesity, via
recruitment and activation of other effector cells has been characterised [56, 217, 239, 243,
244]. However the intrinsic function of IRF5 within MNP system development has not yet
been addressed. The intestine provides a model system to investigate the intrinsic role of
IRF5 within a macrophage system that is continually replenished by adult Ly6C" monocytes
[57, 112]. In addition, gain of function mutations in the IRF5 promoter were associated with
increased incidence of IBD across multiple populations [237, 238, 245]. But the
mechanisms responsible for this association have not been characterised. We
hypothesised that IRF5 plays a key role in defining macrophage signature in intestinal

inflammation. Therefore, the purpose of this thesis was to:

1. Characterise the role of IRF5 in the mononuclear phagocytes development during

haematopoiesis

2. Examine the contribution of IRF5 in the mononuclear phagocytes development in

the colonic lamina propria during the steady state and inflammation

3. Identify IRF5-controlled molecular mediators of the intestinal inflammation
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2 Materials and Methods

2.1 Mice
Table.2.1 Mouse strains used across DPhil project
Mouse identifier Strain name Source Notes

WT C57BI/6 PtprcP In house
In house or

C57BI6 SJL CD45.1  C57BI/6 SJL Ptprca University of Oxford
Biomedical
Services
Takaoka et al.,

Irf5-+- C57BI/6 Irf5tmiPer (2005), bred in DOCK2 mutant null
house
Jackson

i GFP/+ mi

CXsCR19P C57BI/6.Cx3cr1tmtits Laboratories, MO e
maintained in used in experimetns
house

R mLi C57BI/6 IrfstmiPer
C57BI/6.Cx3critmtit
CXACRLPE IS § X In house crossed to

tm1Ppr |
© C57BI/6.Cx3cr1tmtittJ

Mice were bred and maintained under SPF conditions in accredited animal facilities at the
University of Oxford. All procedures were conducted according to the Operations of
Animals in Scientific Procedures Act (ASPA) of 1986 and approved by the Kennedy
Institute of Rheumatology Ethics Committee. Animals were housed in individually ventilated
cages at a constant temperature with food and water ad libitum. Mice were free of known
intestinal pathogens and negative for Helicobacter species. Mice used in this thesis are

detailed in Table.2.1.

Equal numbers of male and female mice were used in WT vs Irf57 experimental groups.
Male mice were exclusively used as donors and recipients in mixed and whole bone

marrow chimaeras.

2.2 Generation of chimaeric mice

= 20 g male C57BI/6SJL (CD45.1%) mice were selected as bone marrow recipients. 2 days
before irradiation, mice were fed antibiotic-treated water (Co-trimoxazole, Aspen Pharma)

which was maintained until 2 weeks post-irratiation (Pl). Recipients were lethally irradiated
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by exposure to 10 Gy split into 2 equal doses 6 hours apart in an X-ray irradiator (Gulmay).
6 hours Pl on the second day, 4 x10° freshly isolated wild-type or Irf5" (CD45.2%) bone
marrow cells in 200 uL sterile PBS (Lonza) were injected intravenously (i.v.) into the tail
vein of CD45.1* wild-type hosts for chimaeras. For mixed chimaeras, 4 x108 freshly isolated
bone marrow cells at a 1:1 ratio (CD45.1* wild-type:CD45.2* Irf57) were injected i.v. into

the tail vein of CD45.1* wild-type hosts.

6 weeks PI, reconstitution was assessed by collecting blood leukocytes by tail vein bleed,
and labelling cells with aCD45.1 or aCD45.2 antibodies to identify recipient and donor cells

respectively.

2.3 Culture of Helicobacter hepaticus

Helicobacter hepaticus (Hh) NCI-Frederick isolate 1A (Hhla; strain 51449; American Type
Culture Collection) was grown at 37°C on blood agar plates containing Campylobacter-
Selective Supplement (skirrow) (CSS, Oxoid) under microaerophilic conditions (10% CO-,

10% Ha, balance N) in a vented CampyPak jar (Oxoid).

After 2 days of incubation on blood agar plates, cultures were harvested using cotton swabs
and transferred to liquid culture media (tryptan soya broth (Sigma Aldrich) dissolved in 1000
mL MilliQ H20, and autoclaved) + 10% FCS + CSS (Oxoid). Hh culture was inoculated at
0.05 ODego in @ 500 mL vented Erlenmeyer flasks (Corning). Liquid culture was maintained
at 37°C shaking at 140 rpm under microaerophilic conditions (outlined above), and split

every 24 hours to 0.05 ODsgo to maintain stable growth.

Hh viability was assessed by labelling with a fluorescent live/dead assay kit (Molecular
probes/Life Technologies) according to the manufacturer’s protocol using an Olympus

CKX41 microscope (Olympus).

2.4 Assessment of Helicobacter hepaticus colonisation

Presence of H. hepaticus in faeces were quantified using the following primers: Fwd; ATG
GGT AAG AAA ATA GCA AAA AGA TTG CAA, Rev; CTATTT CAT ATC CAT AAG CTC
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TTG AGA ATC. The thermal cycling was performed on a C1000 Touch (BioRad). Thermal

cycling parameters are described in Table.2.2.

Table.2.2: Helicobacter hepaticus PCR protocol

# cycles Time (s) Temperature (°C)
1 30 94
30 94
30 45 58
60 72
1 600 72
i = 4

PCR product was run for 45 min - 1 hr at 120 V on a 2% agarose gel stained with RedSafe

(Chembio). Gels were visualised using a GelDoc XR System (BioRad).

Caecal contents were collected after mice were sacrificed. DNA was isolated from faeces

using Stool DNA extraction kit (Qiagen) as per manufacturer’s instructions. qPCR was

performed with primers against the Hh cdtB gene (Table.2.3) using a Viia7 Real-Time PCR

system (Applied Biosystems) as described by Maloy et al., (2003) [160]. In order to

construct standard curves, DNA was extracted from Hh cultures using a DNeasy Kit

(Qiagen). 10 ng Caecal DNA extract was added to PrecisionFAST qPCR Master Mix

(Primerdesign).

Table.2.3: Helicobacter hepaticus Tagman probes

Primer Seqguence

cdtB Reverse TCG TCC AAAATG CACAGG TG

cdtB Forward CCG CAAATT GCAGCAATACTT

cdtB Probe AAT ATA CGC GCA CAC CTC TCATCT GAC CAT
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2.5 Helicobacter hepaticus + alL10R colitis

Mice were infected with 1x108 colony forming units (cfu) Helicobacter hepaticus in 200 uL
sterile PBS on days 0 and 1 by oral gavage with a 22G curved, blunted needle (Popper &
Sons). Mice were injected intraperitoneally once weekly starting on day 0 with 1 mg anti-
IL10R blocking antibody (clone 1B1.2) in a volume of 200 uL. Infected mice were monitored
weekly for colitis symptoms. Mice were culled by a schedule 1 method on day 20 and

organs were harvested for analysis.

2.6 Histological assessment of disease

Post-sacrifice, 0.5 cm pieces of caecum, and proximal, mid and distal colon were fixed in
4% formalin (Sigma Aldrich) diluted in PBS. Fixed tissue was embedded in paraffin blocks,
sectioned using a microtome, and subsequently stained with Haematoxylin and Eosin
(H&E) by the Kennedy Institute of Rheumatology Histology Facility (Kennedy Institute of

Rheumatology, University of Oxford).

Sections were scored in a blinded manner by two researchers according to Izcue et al.,

(2008) set out in Table.2.4 [246].
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Table.2.4: Scoring system for Helicobacter hepaticus + alL10R colitis

Epithelium Hyperplasia and/or Goblet Cell Depletion
0 None None
1 Mild (1.5x) Mild (25%)
2 Moderate (2-3x) Marked (25-50%)
3 Severe (>3x) Substantial (>50%)

Inflammation in the
Lamina Propria

0 None - few leukocytes

1 Mild - some increase in leukocytes at tips of crypts of many
lymphoid follicles

2 Moderate - marked infiltrate (notable broadening of crypts)

3 Severe - dense infiltrate throughout

Area affected (% of section)

0 None

1 <25

2 25-50

3 >50

Markers of severe
inflammation

0 None

1 Submucosal inflammation OR Few crypt abscesses (<5)

2 Submucosal inflammation AND Few crypt abscesses (<5)

5 Many crypt abscesses (>5) OR Extensive submucosal
inflammation OR Crypt branching

3 Many crypt abscesses (>5) AND Extensive submucosal
inflammation / Crypt branching

3 Ulceration OR Extensive fibrosis

2.7 Cell isolation protocols

2.7.1 lIsolation of intestinal lamina propria leukocytes

Colons and/or caeca were harvested from mice, washed in PBS/BSA and contents were
flushed with forceps. Intestines were then opened longitudinally and washed once more
before blotting to remove mucus. Gut tissue was then cut into 1 cm long pieces and placed
in 50 mL centrifuge tube (Greiner) in ice cold PBS + 0.1% BSA. Sections were allowed to

sediment before the supernatant was aspirated. Colons were incubated sideways with
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shaking at 200 rpm in 40 mL HBSS + 0.1% BSA + 1% Penicillin-Streptomycin (PS, Lonza)
+ 5mM EDTA (Sigma-Aldrich) at 37 °C for 10 min before the supernatant was aspirated.
This was repeated twice. Tissue was placed in 40 mL PBS + 0.1% BSA + 1% PS for 5 min
to dilute EDTA. Intestines were then incubated with 20 mL RPMI + 10% FCS +1% PS +
2.5 U/mL Collagenase VIl (Sigma-Aldrich) + 2 U/mL DNAse | (Roche) sideways with
shaking at 200 rpm for 45 mins - 1 hour at 37 °C. Supernatant was filtered through a 70
pgm cell strainer to which 30 mL of ice cold PBS + 0.1% BSA + 1% PS + 5 mM EDTA was
added to chelate divalent cations and ablate collagenase/DNase activity. Cells were
washed in 30 mL PBS/BSA before filtering once more through a 40 um cell strainer. The

cells were then pelleted by centrifugation at 400 g for 10 minutes at 4 °C.

LPLs were isolated by resuspending cells in 4 mL P80 percoll in a 15 mL centrifuge tube
(Greiner) before overlaying 4 mL P40 layer. Cells were spun at 3000 rpm for 20 min at
room temperature, slow acceleration with no brake applied. Mucus and cellular debris were
aspirated from the surface of the P40 layer with a Pasteur pipette and ~7 mL of percoll/LPL
mixture was recovered and washed in 40 mL of cold PBS + 0.1% BSA. Cells were pelleted
by centrifugation at 400 g for 10 min and resuspended in 1 mL RPMI + 10% FCS + 1% PS

before counting.

2.7.2 Isolation of blood leukocytes

Blood was harvested by either tail vein bleed or cardiac puncture. Mice were culled by
Schedule 1 method in accordance with the project licence. Prior to cardiac puncture a 1
mL syringe was coated with PBS + 2 mM EDTA. Cardiac puncture was performed with a

29G needle attached to the aforementioned 1 mL syringe.

Tail vein bleeds were performed using a #24 blade scalpel (Swann-Morton Ltd.)

Collected blood was placed in 1 mL of sterile 2 mM EDTA/PBS solution to prevent
coagulation in a 15 mL centrifuge tube (Greiner). Tubes were topped up with ice-cold PBS
+ 0.1% BSA. Cells were pelleted by centrifugation at 400 g for 10 mins at 4 °C and the

supernatant discarded. Erythrocytes were then lysed using 10x the blood sample volume
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of ACK lysis buffer (Gibco) for 3 mins. Tubes were then topped up to 15 mL with ice cold
PBS + 0.1% BSA to quench the lysis buffer. Cells were washed in PBS/BSA, resuspended

in PBS/BSA to the desired cell concentration, and stored at 4 °C until required.

2.7.3 Bone marrow isolation

Whole hind legs of mice were harvested and stored at 4 °C until processing. Processing
was carried out in a class Il lamina flow hood. Femurs and tibia muscle tissue was removed
using scissors, followed by dessication in 70% ethanol solution for 3 mins to sterilise bones

and for ease of cleaining. Remaining muscle was cleaned using a lint-free tissue.

Scissors were used to cut the ends of bones. A 26G needle was inserted into the opening,
and marrow was flushed into a 50 mL centrifuge tube using 10 mL of sterile, ice cold PBS.
Cells were then filtered through a 70 um cell strainer (Greiner). Red blood cells were lysed

as described above, using ACK. Cells were resuspended in PBS/BSA at 4 °C until required.

2.7.4 Splenocyte isolation

Spleens were harvested from mice and stored in RPMI + 2% FCS at 4 °C until required.
Spleens were then mashed through a 70 uym strainer, and washed through with 10 mL ice
cold PBS + 1 mM EDTA. Cells were pelleted by centrifugation for 10 mins at 400 xg at 4
°C and the supernatant was discarded. Erythrocytes were lysed as described above. Cells

were resuspended in ice cold PBS/BSA until required.

2.7.5 Monocyte enrichment

Splenocytes or bone marrow leukocytes were prepared as described above. Monocytes
were enriched by negative selection using an EasySep™ Mouse Monocyte Isolation Kit
(StemCell) according to the manufacturer’s instructions. Cells were then resuspended in

ice cold PBS + 0.1% BSA for counting and downstream processing.

Cell purity was assessed after each isolation by flow cytometry.
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2.7.6 Invitro differentiation of bone marrow cells

Bone marrow cells were isolated as described above, counted and 5x10° cells in 20mL BM
media (RPMI + 10% FCS + 1% Pen/Strep + 0.001 M B-mercaptoethanol) were seeded in
10 cm bacterial dishes (Falcon, UK). Macrophages were generated either by addition of 20
ng/mL murine GM-CSF (Peprotech). On day 3, 10ml of BM media supplemented with 20
ng/mL GM-CSF was added to the cultures. On day 6, 10 mL of media was collected and
floating cells were pelleted by centrifugation at 400 g for 5 min. Pellets were resuspended
in 10 ml of BM media supplemented with 20 ng/mL GM-CSF and transferred back to the
original culture dishes. Cells were harvested on day 8, resuspended in fresh BM media

(without GM-CSF) to a density of 108 cells/ml and seeded appropriately.

2.8 Analysis of cytokines in supernatant

2.8.1 Sample preparation

5 mm length segments of colon were excised and placed in 500 yL Bone marrow medium
in flat-bottomed 48 well plates (Corning) for 24 hours at 37 °C. After incubation, supernatant
was aspirated and placed in 1.5 mL Eppendorf tubes (Eppendorf), spun at 750 g for 5 min

at room temperature, and stored at -20 °C.

2.8.2 CCL8ELISA

Levels of CCL8 in explant culture supernatants was quantified using the Mouse
CCL8/MCP-2 DuoSet ELISA (#DY790, R&D systems). Clear 96 well plates (ThermoFisher)
were coated with Capture Antibody in PBS and incubated at 4 °C overnight. The next day,
plates were washed three times with PBS + 0.05% Tween 20 (Sigma) (PBS/T). Plates were
blotted onto paper towel to remove residual liquid after the final wash step. Plates were
blocked with 300 uL Reagent Diluent (DY995, R&D) overnight. A standard curve (2000
pg/mL - 15.6 pg/mL was generated by 1:1 serial dilution of purified CCL8 with Reagent
Diluent. After blocking, plates were washed again with PBS/T three times. 50 uL of sample
(diluted appropriately in Reagent Diluent) was added to each well and incubated overnight

at 4 °C. Analysis was performed in duplicate. 100 uL of Detection Antibody, diluted in
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Reagent Diluent was added to each well and incubated for 2 hrs at room temperature.
Plates were again washed three times in PBS/T and blotted. Next, 100 pL of Streptavidin-
Horse Radish Peroxidase (HRP, DY998, R&D) at the working concentration was added to
each well. The plate was then covered with a plate sealer and incubated for 20 min at room
temperature in the dark. The wash step was then repeated three times. 100 uL of HRP
Substrate Solution (DY999, R&D) was then added to each well and incubated for a further
20 minutes at room temperature in the dark. Next, 50 uL of Stop Solution (DY994, R&D)
was added to each well and mixed by gentle agitation. Immediately following the addition
of Stop Solution, the optical density of each well was quantified at 450 nm wavelength on
a SPECTROstar nano spectrophotometric Plate Reader (BMG Labtech), and analysed by

MARS Data Analysis software (BMG Labtech)
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2.9 Quantitative Polymerase Chain Reaction

Tissue Collection

1 mm sections of proximal, mid, and distal colon were cut using a scalpel, placed in a 2 mL
threaded cryovial (Corning) and snap frozen on dry ice. Cryovials were stored at -80°C until

required.
Tissue Dissociation

Tissue was placed in a Precellys 2 mL homogenisation tube containing ceramic beads
(Precellys) with 300 pL buffer RLT (Qiagen) containing B-mercaptoethanol as per

manufacturer’s instructions.

Tissue was dissociated by vigorous oscillation (6500 rpm x 20 s followed by 30 s pause,

then 6500 rpm x 20 s) in a Precellys 24 homogeniser (Precellys).
RNA extraction

RNA was extracted from tissue homogenate using a Qiagen RNeasy (Qiagen) kit according
to manufacturer's instructions. RNA was quantified using a NanoDrop 1000

(ThermoFisher).
cDNA Synthesis

cDNA synthesis was performed using a High Capacity cDNA Reverse Transcription Kit

(Applied Biosystems) according to manufacturer’s instructions.
Tagman gPCR

For each reaction, 10 ng cDNA was added to 2.5 pL 2X gPCR FAST mastermix
(Primerdesign). 0.1 yL primer + Tagman probe mix (Table.2.6) was added to each sample,

and the reaction volume was topped up to 5 pL with RNase/DNase-free H,O (Promega).

Thermal cycling was carried out using a Viia7 real time PCR system (Applied Biosystems).

The following protocol was followed for thermal cycling (Table.2.5)
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Table.2.5: Thermal cycling parameters for whole colon tissue gPCR

# cycles Time (s) Temperature (°C)
1 120 95
5 95
40
20 60
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Table.2.6: Tagman probes

Target Assay ID Supplier
Ccl2 Mm00441242_m1l ThermoFisher
Ccl4 MmO00443111 ml ThermoFisher
Ccl5 Mm01302427 _m1l ThermoFisher
Csf2 Mm01290062_m1 ThermoFisher

Cxcll MmO00433859 m1l ThermoFisher
Cxcl3 MmO01701838 m1l ThermoFisher
Cxcl5 MmO00436451 gl ThermoFisher
I11b Mm00434228 m1l ThermoFisher
1110 Mm00439614 m1l ThermoFisher
112b MmQ01288990 m1l ThermoFisher
15 Mm01290072_g1 ThermoFisher
116 MmO00446190 m1 ThermoFisher
Tnf MmO00443258 m1 ThermoFisher

2.10Restimulation of T cells for intracellular cytokine labelling

A minimum of 1 x10° freshly isolated LPLs were incubated in V-bottomed 96 well plates
(Corning) in 250 L Iscove’s Modified Dulbecco’s Medium (Gibco) supplemented with 10%
FCS + 1% P/S + 0.1 uyM phorbol 12-myristate 13-acetate (PMA, Sigma Aldrich) + 1uM
lonomycin (Sigma Alrich) + 10 yg/mL GolgiPlug (BD) for 4 hrs at 37 °C. Cells were washed

3 xin 150 yL FACS buffer before extracellular and intracellular staining.
Macrophage culture for intracellular cytokine labelling

A minimum of 1 x10° freshly isolated LPLs were incubated in U-bottomed 96 well plates

(Corning) in 250 L RMPI (Lonza) supplemented with 10% FCS + 1% P/S + 0.1 + 10 yg/mL
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GolgiPlug (BD) for 4 hrs at 37 °C. Cells were washed 3 x in 150 uyL FACS buffer before

extracellular and intracellular staining.

2.11Flow cytometry

2.11.1 Extracellular labelling of cells

5x10° - 2x10° cells were plated on either V-bottomed or U-bottomed 96 well plates. The
cells were washed twice with 150 uyL FACS buffer (PBS + 0.1 % BSA + 1 mM EDTA +
0.01% Sodium Azide) at 400 g for 3 min 4°C. Cells were then Fc blocked for 10 min with
aCD16/CD32 (BD) 1/100 in 20 pL FACS buffer at room temperature (RT) followed by
washing once in 150 uL FACS buffer. Fixable Viability Dye eFluor®780 (ThermoFisher)
and primary extracellular antibodies (Table.2.7) were added at indicated concentrations for
20 min at 4 °C in 20 yL FACS buffer in the dark. Labelled cells were then washed twice
with 150 yL FACS buffer. Cells were then fixed for 30 mins in 50 yL Cytofix (BD), washed

twice with 150 pL FACS buffer, and resuspended in 200 uL FACS buffer before acquisition.

2.11.2 Intracellular labelling of cytokines

Surface markers were labelled as described above. For Cytokine labelling, cells were fixed
in 50 uL Cytofix/Cytoperm (BD), washed twice in 150 yL Perm/Wash buffer (BD) at 600 g,
4 °C. Intracellular antibodies were incubated in 20 yL Perm/Wash at the indicated
concentrations (Table.2.7) for 20 mins at 4 °C in the dark, after which samples were washed
twice in 150 yL Perm/Wash, and once in 150 yL FACS buffer before resuspension in 200

ML FACS buffer for acquisition.

2.11.3 Intracellular labelling of transcription factors

Surface markers were labelled as described above. For nuclear staining, cells were fixed
in 50 yL Fix/Perm (eBioscience) according to manufacturer’s instructions, washed twice in
150 yL Perm buffer (eBioscience) at 600 g, 4 °C. Intracellular antibodies were incubated in

20 uL Perm at the indicated concentrations (Table.2.7) for 20 mins at 4 °C, protected from
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light. Next, samples were washed twice in 150 uL Perm, and once in 150 uL FACS buffer

before resuspension in 200 uL FACS buffer for acquisition.

Table.2.7: Flow cytometry antibodies

Epitope Colour Clone Manufacturer Cat # DiI;Jtio
Annexin V APC N/A Biolegend 640919 1/20
B220 PerCP Cy5.5 RA3-6B2 eBio 45-0452-82  1/200
CD3 PerCP Cy5.5 145-2C11 Biolegend 100328 1/200
CD4 BV605 RM4-5 Biolegend 100547 1/400
CD11b V500 M1/70 BD 562128 1/200
CD11b BVv510 M1/70 Biolegend 101245 1/200
CDl1lc BV605 N418 Biolegend 117333 1/200
CDllc BV785 N418 Biolegend 117335 1/200
CD11c PerCP-Cy5.5 N418 ThermoFisher 45-0114-82  1/200
CD16/32 APC 93 eBioscience 17-0161-82  1/200
CD24 Bv711 M1/69 BD 563450 1/200
CD45 V500 e BD 561487  1/400

-F11
CD45 BV650 Sguo BD 563410 1/200
CD45.1 APC A20 eBioscience 17-0453-82  1/200
CD45.1 BV650 A20 Biolegend 110735 1/200
CD45.1 PE A20 eBio 12-0453-82  1/200
CD45.1 PE Cy7 A20 eBioscience 25-0453-82  1/200
CD45.2 AF700 104 Biolegend 109822 1/200
CD45.2 FITC 104 BD Pharmingen 553772 1/200
CD45.2 PE 104 eBio 12-0454-83  1/200
CD45.2 PE Cy7 104 Biolegend 109830 1/200
CD45.2 PerCP Cy5.5 104 eBio 45-0454-82  1/200
CD64 PE X54-5/7.1 Biolegend 139303 1/100
CD81 APC Eat-2 Biolegend 104909 1/200
CD81 PE Eat-2 Biolegend 104905 1/200
CD103 PE 2.00E+07 eBioscience 12-1031-82  1/100
CD115 PE AFS98 eBio 25-1152-82  1/200
CD115 PE/Dazzle 594 AFS98 Biolegend 135527 1/200
CD135 Bv421 A2F10 Biolegend 135313 1/200
CD135 PE A2F10.1 BD Pharmingen 553842 1/200
CD206 APC coe68C2 Biolegend 141708 1/100
cKit PB 2B8 Biolegend 105820 1/200
F4/80 APC BM8 eBio 17-4801-82  1/200
F4/80 PerCP-Cy5.5 BM8 eBioscience 45-4801-82  1/100
F4/80 PE BMS8 Biolegend 123109 1/200
F4/80 PE/Dazzle 594 BM8 Biolegend 123145 1/200
IL-7Ra PerCP Cy5.5 A7R34 Biolegend 135021 1/200
Ly6C PE-Cy7 HK1.4 Biolegend 128017 1/200
Ly6C BV785 HK1.4 Biolegend 128041 1/300
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Ly6G PerCP Cy5.5 1A8 Biolegend 127615 1/200
Ly6G PE-CF594 1A8 BD 562700 1/200
MHC Il AF700 M5/114.15.2 eBioscience 56-5321-80  1/200
NK1.1 PerCP Cy5.5 PK136 eBioscience 45-5941-82  1/200
Scal AF700 D7 eBio 56-5981-82  1/200
Siglec F Bv421 E50-2440 BD 562681 1/200
Siglec F PE E50-2440 BD 552126 1/200
Streptavidin BV605 N/A Biolegend 405229 1/300
TCRb PerCP-Cy5.5 H57-597 eBioscience 45-5961-82  1/200
TCRb AF700 H57-597 Biolegend 109223 1/400
Terll9 PerCP-Cy5.5 TER-119 Biolegend 116227 1/200
Intracellular

Anti-rabbit AF488 Polyclonal Life Technologies A-11008 1/300
Foxp3 PE-eFluor 610 FJK-15S ThermoFisher 61-5773-82  1/200
IL-17A FITC 17B7 eBioscience 11-7177-81  1/200
IFNg APC XMG1.2 eBioscience 17-7311-81  1/200
IRF5 N/A poT;ctiggal abcam 21689  1/100
Live/Dead eF780 N/A ThermoFisher 65-0865-14 1/1000
Pro-IL-1b PE NJTENS ebioscience 12F114-80 1/100

2.11.4 Flow cytometry acquisition and analysis

CompBeads (BD) were used to prepare single stained controls as per manufacter’s
instructions to set up fluorophore compensation. Fluorescence minus one (FMO) controls
were used to set gates for cell populations. Labelled cells were acquired using either an
LSR Il (BD), or Fortessa X20 (BD) flow cytometer using FACSDiva (BD). Data were
analysed using Flowjo (Treestar, Inc.), or ViISNE for clustering and dimensionality reduction

in Cytobank [247].

2.11.5 FACS
Cells were stained with extracellular cytokines as described above, except no fixation step
was performed. Cells were then sorted using a FACSAria™ Il (BD) at the Kennedy Institute

of Rheumatology FACS facility by Jonathan Webber (University of Oxford).
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2.11.5.1 Single cell collection
Single cells were sorted through a 100 yum diameter nozzle into 2 pyL of Smart-seq Il lysis

buffer [191].

2.11.5.2 “Mini-bulk” collection
100 cell “mini bulk” samples were collected for sequencing as described for single cell
collection. Samples were processed by the Bowden group (Wellcome Trust Center for

Human Genetics, University of Oxford)

2.12RNAseq Analysis

2.12.1.1 Sequencing of single cells

RNA libraries were prepared using Nextera XT kits (lllumina) followed by Illumina
sequencing was carried out according to the protocol described by Picelli et al., (2014) on
a Hiseq2000v4 sequencer (lllumina) [191]. This work was carried out in collaboration with
the Teichmann group (Wellcome Trust Sanger Institute). Library concentration was

assessed by 2100 BioAnalyzer (Agilent).

2.12.1.2 Sequencing of “mini bulks”

RNA libraries were prepared using Nextera XT kits (lllumina) followed by lllumina
sequencing was carried out according to the protocol described by Picelli et al., (2014) on
a Hiseq2000v4 sequencer (lllumina) [191]. This work was carried out by the Bowden High-
Throughput Genomics group at the Wellcome Trust Centre for Human Genetics (University

of Oxford).

2.12.1.3 Sequencing data analysis
Data analysis was performed in collaboration with Dr Stephen Sansom (Kennedy Institute

of Rheumatology, University of Oxford).

Before in depth analysis of sequencing data was conducted, stringent quality control (QC)

parameters were applied using FastQC (Andrews S. (2010)
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FastQC: a quality control tool for high throughput sequence data. Available online at:

http://www.bioinformatics.babraham.ac.uk/projects/fastqc). FastQC was able to generate

per-base read quality (Phred score), per-sequence quality score, per base sequence
content (GC, N), and analyse sequence length distribution, sequence duplication, over-

representation of sequences, adapter content and Kmer content.

Data were mapped to the mm10 genome by hisat2 using a two-pass strategy [248].
featureCounts was used to generate read counts used for downstream statistical analysis
[249]. Cufflinks generated per-gene length-normalised frequency per kilobase million
mapped reads (FPKMs) for direct comparison of gene expression levels between samples

[250].

Post-mapping QC was performed using the Picard Tools developed at the Broad Institute

(Broad Institute, http://broadinstitute.github.io/picard), or bespoke functions developed by

Dr Stephen Sansom (University of Oxford).

Data normalisation, transformation, and differential expression analysis were carried out

with the DEseg2 package in R by Dr S. Sansom [251].

2.12.2 10X single cell RNA sequencing
Analysis of 10X data was performed by Dr. S Sansom (University of Oxford). Single cells

were captured and barcoded using the 10X protocol (https://www.10xgenomics.com).

Indexed cells were sequenced by Hiseq4000. Fastqc files were generated and passed
through the Cellranger pipeline (10X Genomics). Read alignment was performed using
STAR (10X Genomics) which allowed identification of single cells using Unique Molecular
Identifiers (UMIs). Cellranger was then used to perform preprocessing and downsampling
of reads. Downsampled reads was passed through the Seurat package in R [252]. Cells
expressing fewer than 500 genes were discarded, as were cells with a fraction of
mitochondrial reads over 0.05. Genes expressed in fewer than three cells were removed
from the data before analysis. A linear model was used to regress out the latent variables:

(nUMI,percent.mito), before further analysis. Regression was performed to remove highly
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variable samples before Principle Component Analysis (PCA) was performed where a
standard deviation threshold of 0.5 was used to identify variable genes. The top 25 principle
components were analysed using the tSNE algorithm to visualise the data in two
dimensions. Clustering of tSNE was performed using the “Original Louvain” algorithm with
resolution set to 0.6. Differential expression testing was performed with the

“negbinom.cluster.dir” function.

2.12.3 Pseudotime analysis of colonic lamina propria mononuclear phagocytes
Pseudotime analysis was performed using the R package “monocle” to order cells in terms
of differentiation state [212]. Analysis was performed by Dr. Stephen Sansom (Kennedy

Institute of Rheumatology, University of Oxford).

2.12.4 ChlPseq peak calling

ChlPseq was performed on in vitro differentiated GM-BMDMs [163]. Peaks were called by
Dr. Stephen Sansom (Kennedy Institute of Rheumatology, University of Oxford). Reads
(50bp paired-end) were quality trimmed with Trimmomatic (options=LEADING:5) [253].
Trimmed reads were then mapped to the mouse genome (mm10) with Bowtie2 [254].
Mapped reads were filtered to remove those with a mapping quality < 10. Peaks were called
2hrs after LPS stimulation (against IRF KO control pulldowns) using MACS2

(https://github.com/tacliu/MACS).

Reproducibility was assessed (n=2 replicates) using the Irreproducibility Discovery Rate

(IDR: https://sites.google.com/site/anshulkundaje/projects/idr). 1409 peaks (with an IDR <

10%) were found to be associated to 810 genes using default GREAT promoter definitions
[255]
2.13Boyden chamber migration assay

Easysep-enriched monocytes were seeded at 20,000 cells/well in 80 uL on, Wells of a 96
well ChemoTX disposable chemotaxis system (Neuro Probe) were filled with 300 pL

Boyden Media (RPMI + 0.1% BSA + 25 mM HEPES) with or without chemotaxis stimuli at
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desired concentrations. A 96 well, 8 um pore size mesh was placed on top of filled wells.
80 pL of enriched monocytes at a concentration of 250 cells/uL in Boyden Media was
overlaid on each membrane well. Cells were incubated for 90 mins at 37 °C, 5% CO in a

humidified HeraCell 150 incubator (ThermoFisher).

After incubation, the media were discarded, and the membrane was rinsed briefly with PBS
+ 0.1% BSA to remove loosely, and non-adherent monocytes. The membrane was then
fixed for 3 hours - overnight in 4% paraformaldehyde/PBS solution, rinsed with PBS, and
again incubated for 3 hrs — overnight in 30% sucrose/PBS. The membrane was rinsed in
PBS one final time, before air drying. Air-dried membranes were excised from the frame,
and experimental groups were mounted on positively charged polysine slides in Glycerol
Mounting Medium with DAPI + DABCO (ab188804, Abcam). Slides were coverslipped, and
covers were painted around the edges with nail polish to seal. Slides were kept overnight

in the dark at room temperature to air dry.

Slides were then imaged using a BX51 fluorescent microscope (Olympus). Four
images/well were acquired at 10 x magnification and resolution of 1240 x 1024 pixels.
Numbers of cells/field were counted using ImageJ [256]. For counting, images were
converted into 16 bit format. Cells were defined as having a circularity coefficient = 0.8 and

between 25 and 400 pixels in diameter.

2.14 Statistical analysis

Data were analysed using Prism V.7 (GraphPad). Statistical tests were performed as
indicated in figure legends. Cell numbers and percentages identified by flow cytometry, and
histological scoring are represented by dot plots. Mean Fluorescence intensity (MFI),

protein abundance, and relative RNA abundance are displayed as bar plots.

Pooling of experimental repeats was accepted when Bias < 1 and all data points fell within

95% CI after data were plotted using the Bland-Altman method. Where experiments did not
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show concordant results, alternatively shaded symbols are shown to distinguish separate

experiments.

Statistical analysis of RNA sequencing data was performed by Dr. Stephen Sansom

(Kennedy Institute of Rheumatology, University of Oxford).

Differences were considered statistically significant when p < 0.05.
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3 IRF5in the homeostatic colon lamina propria

3.1 Introduction

The intestinal lamina propria is a mucosal organ that facilitates the selective absorption of
nutrients and water from the diet [257]. Because of this nutrient-rich environment, the
intestine is host to trillions of microorganisms which engage in a symbiotic relationship with
the host to facilitate nutrient digestion and absorption [117, 257]. However, some of the
microflora are pathogenic and invade the host tissues resulting in inflammation as with
Clostridium difficile infections [258]. In some patients, the host mounts aberrant immune
responses against the commensal microbiota, leading to Inflammatory Bowel Disease
(IBD) [21]. The balancing act of maintaining intestinal homeostasis is carried out by a

network of immune and non-immune cells that reside in the intestinal mucosa [21].

Genome-Wide Association Studies (GWAS) have identified many defects in human
immune pathways that increase the risk of IBD [22, 259, 260]. Many of the affected
pathways are present in macrophages, highlighting a central role for macrophages in IBD
pathogenesis [171]. One such factor is Interferon Regulatory Factor (IRF) 5, which is highly
expressed in macrophages, but thus far has not been characterised in the intestine [162,

237, 261].

Macrophages are highly plastic cells, able to respond and adapt to environmental cues
[262, 263]. Intestinal macrophages are critical effector cells in the establishment of
intestinal inflammation and return to homeostasis [264]. The scientific consensus is that
colonic Lamina Propria (cLP) macrophages are exclusively derived from circulating
monocytes that enter the tissue, but the factors that promote macrophage fate have not
been identified [43, 57]. The replenishment of intestinal macrophages by monocytes adds
another layer of regulation to macrophage effector functions; the ability to rapidly modulate
the number of effectors within the cLP, and facilitating their phenotypic adaptation to

fluctuating environmental cues upon entry [198, 210, 265].
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Monocytes arise through the stepwise differentiation of haematopoietic stem and
progenitor cells (HSPCs) [49]. In the bone marrow, Haematopoietic stem cells give rise to
Common Myeloerythroid Progenitors (CMPs) that can differentiate into either
Megakaryocyte-Erythroid Progenitors (MEPS), or Granulocyte-Macrophage Progenitors
(GMPs). GMPs may produce granulocytes, including neutrophils and eosinophils, or
myeloid progenitors, which are committed to the production of monocytes, macrophages
and Dendritic Cells (DCs) via Monocyte-Macrophage Dendritic cell progenitors (MDPS).
MDPs bifurcate into common Monocyte Progenitors (cMoPs) or common Dendritic Cell
Progenitors. cMoPs preferentially give rise to Ly6C" monocytes, but are also able to
differentiate directly into patrolling Ly6C'" monocytes [46]. cMoPs are defined: Lin" cKit*

CD135 CD115* Ly6C™ CD11b- CD11c MHC II,, but also express CX3CR1 [49].

PU.1 (Spil) is a lineage defining transcription factor for macrophages in mice and humans
[266, 267]. Expression of PU.1 in HSPCs is induced by M-CSF receptor signalling, which
is able to ensure commitment of CMP to the monocyte lineage via upregulation of Kruppel-
Like Factor 4 (KLF4) [268, 269]. PU.1 also promotes EGR1 and EGR2 expression, and
interacts with C/EBPa to repress neutrophil fate of GMPs via activation of macrophage-
specific genes [85, 270, 271]. IRF8, another lineage defining transcription factor, is
expressed from GMP stage onwards, and also represses neutrophil development [83, 84,

272].

Griseri et al., (2012) demonstrated a skewing of haematopoiesis towards increased
numbers of CMPs and GMPs in mouse models of colitis, driven by GM-CSF, a growth
factor that also promotes a colitis-driving pathogenic eosinophil phenotype in the cLP [69,
129]. Resetting the immune system by radiation depletion of leukocytes followed by
transplantation of haematopoietic progenitors may be a therapeutic option for IBD [273,

274]

GM-CSF is a well characterised growth factor that supports the differentiation of GMPs into

macrophage/DCs, and the survival of neutrophils, monocytes, macrophages and DCs via
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binding to the heterodimeric GM-CSF Receptor (GM-CSFR). Interferon gamma (IFNy)
signalling is able to modulate haematopoiesis, reducing the CFU activity of Haematopoietic
Stem Cells (HSCs), and promoting the production of monocytes from GMPs via reduction

of STATS signalling [275].

IRF5 was described to be important in the development of AIA in mice, and has been
characterised in the response of GM-CSF-differentiated Bone Marrow Derived
Macrophages (GM-BMDMS) to Lipopolysaccharide (LPS) [162, 217, 261]. The paradigm of
macrophage ontogeny has been subject to multiple shifts since their discovery;
macrophages were originally believed to be derived purely from monocytes, then
macrophages were derived only from the yolk sac or foetal liver [57, 136, 199]. It was then
accepted than in inflammation macrophages could derive from monocytes. Only recently,
have monocyte-derived macrophages been described in steady state colon [57]. The colon
represents a shift in the paradigm, in that it is the only organ described where macrophages

in the adult mouse are currently believe to be derived exclusively from monocytes [264].

The role of IRF5 in the polarisation of tissue macrophages has been characterised, and
tissue macrophage development did not appear to be affected [162, 239, 261]. The colon
represents a revisited paradigm in macrophage development because cLP macrophages
were shown to be exclusively derived from blood Ly6C™ monocytes, in a process that is
partially dependent on the microbiota [57]. Irf5" monocytes experienced defective
accumulation in a pristane-lupus model indicating that activation of IRF5 by extrinsic
signals may be required for phenotypes to manifest [239]. The colon presents an excellent
system to test the hypothesis that monocyte to macrophage replenishment and
development may be defective in IRF5 deficiency due to the continued stimulation of PRRs
by the microbiota [276]. This chapter therefore examines the impact of IRF5 deficiency on
the homeostatic cLP and haematopoietic system Using global IRF5 knockout mice (Irf57),
mixed bone marrow chimaeras, and in vitro culture approaches, IRF5 expression and

myelopoiesis are investigated in steady state (uninfected) mice.
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3.2 Results

3.2.1 Phenotypic characterisation of Irf5" mice at steady state

Here, we use the mouse cLP as a model system of macrophage development and function.
IRF5 expression in the colonic Lamina Propria (cLP) has not been described, nor the
effects of IRF5 deficiency. To better understand the role of IRF5 in the colon, Irf57 mice

were profiled at steady state.

The cLP of Irf5" mice were largely similar to WT in their phenotype. Colons (Fig.3.1), and
caeca (Fig.3.2) of WT and Irf5” were comparable in morphology, and did not display

obvious signs of inflammation (colitis score < 3).

The immune compartment of the cLP was then profiled by flow cytometry. The numbers of

leukocytes in the colon (Live CD45%) were comparable between WT and Irf57 (Fig.3.3).

77



M

e Wt Uninfected

=
T

® |rf57Uninfected

(o]
1

Histopathology
(e}

44

2-

oL %% B
Colon

Fig.3.1: Colon morphology is unchanged by IRF5 deficiency at steady state

Segments of mouse colon were excised upon sacrifice and fixed in neutral buffered formalin for
24 hrs. Specimens were dehydrated in Xylene and mounted in paraffin blocks for sectioning.
Sections were stained with haematoxylin and eosin and imaged. Photomicrographs depict: steady
state A) Wild Type (WT), and B) Irf57 colon at x4 magnification. Steady state C) WT, and D) Irf5-
I~ colon at x20 magnification. No gross morphological changes were observed in the absence of
inflammation. E) Sections were scored for signs of inflammation according to the defined strategy
(Table.2.4). Briefly, epithelial dysplasia, nucleated cell infiltrate, area affected, and submucosal
oedema were subjectively measured. WT and Irf5- colons did not display signs of inflammation
(score < 3). No Histological differences were detected between WT and Irf5+,

Statistics:
Data presented are representative of two independent experiments WT n = 3, Irf5* n=3

Mean + SEM. Unpaired t test.
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Fig.3.2: Caecum morphology is unchanged by IRF5 deficiency at steady state

Segments of mouse caecum were excised upon sacrifice and fixed in neutral buffered formalin
for 24 hrs. Specimens were dehydrated in Xylene and mounted in paraffin blocks for sectioning.
Sections were stained with haematoxylin and eosin and imaged. Photomicrographs depict: steady
state A) Wild Type (WT), and B) Irf57- caeca at x4 magnification. Steady state C) WT, and D) Irf5
I- caeca at x20 magnification. No gross morphological changes were observed in the absence of
inflammation. E) Sections of steady state WT and Irf57” caeca were scored for signs of
inflammation according to the defined strategy (Table.2.4). Epithelial dysplasia, nucleated cell
infiltrate, area affected, and submucosal oedema were subjectively measured. WT and Irf5
caeca displayed mild signs of inflammation, but no significant difference was detected between
genotypes.

Statistics:

Data presented are representative of two independent experiment. WT n = 3 Irf57 n = 3.
Mean + SEM. Unpaired t test.
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Fig.3.3: The number of leukocytes isolated from mouse colons is unaffected by IRF5-
deficiency.

cLP cells were isolated from WT or Irf5- mice and counted. The percentage of cLP leukocytes
was determined by flow cytometry. The number of leukocytes per colon was determined by
multiplying the number of isolated cells by the percentage of leukocytes in each colon. No
difference was detected between WT and Irf57 in the number of cLP leukocytes.

Statistics:

Data are representative of two independent experiments, WT n =6, Irf5/- n = 3 Mean + SEM
Unpaired t test; ns = not significant

A

FSC-H
SSC-A
MHC Il

Ly6G

¥ SSC-A

Siglec F FSC-A

Fig.3.4: Granulocyte gating strategy
cLP leukocytes were isolated from the colons of WT and Irf5-- mice and profiled by flow cytometry.

Gating strategies for delineating: A) myeloid cells B) granulocytes; (N) neutrophils, (E) eosinophils
Flow cytometry tiles are representative of steady state WT mice.
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Fig.3.5: Mononuclear phagocyte gating strategy

cLP leukocytes were isolated from the colons of WT and Irf57- mice and profiled by flow cytometry.
Gating strategies for: A) Gated Live CD45*, CD11b- CD103* DCs, B) Gated Live CD45* CD11b*,
(P1) Ly6Ch MHC II- monocytes, (P2) Ly6Ch MHC II* monocytes, (P4) macrophages, C) CD206*
macrophages, CD11b* CD103- DCs, CD11b* CD103* DCs

Flow cytometry tiles are representative of steady state WT mice.
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3.2.2 Characterisation of IRF5 expression in the steady state colonic laminapropria
Macrophages are known to express IRF5 in many tissues, but the profile of IRF5
expression in the cLP was not described at the time of writing. Expression of IRF5 in the
cLP was therefore measured by flow cytometry. Granulocytes (Fig.3.4), and mononuclear
phagocytes (MNPs, Fig.3.5) were identified using the defined gating strategies. Neutrophils
did not express IRF5 at steady state, and a low percentage of eosinophils expressed IRF5
to a low level (Fig.3.6A, Fig.3.6B). High percentages of monocytes, macrophages and DCs
expressed IRF5, and these populations expressed IRF5 to a high level, but IRF5
expression was not significantly different amongst MNPs at steady state (Fig.3AB, Fig.3B).
Very few CD45 (Stroma and epithelia), and CD11b™ cells expressed IRF5, and the level of

IRF5 expression was very low in these cells (Fig.3.7)
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Fig.3.6: IRF5 expression in the steady state colonic lamina propria

cLP leukocytes were isolated from the colons of steady state WT and Irf57- mice and profiled by
flow cytometry. The expression of IRF5 was assessed and normalised to the autofluorescent
signal from Irf57~. Neutrophils and eosinophils expressed low levels of IRF5. P1 monocytes, P2
monocytes, macrophages, CD11b* DCs, and CD11b- DCs expressed high levels of IRF5.

Data shown are n = 3 of WT normalised to n = 3 Irf57 are representative of two independent
experiments
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Fig.3.7: Expression of IRF5 in stroma and lymphoid compartments.

Expression of IRF5 in non-myeloid cells was quantified by flow cytometry. A) Stroma (defined
Live CD45%), and B) CD11b- leukocytes (Live CD45* CD11b") expressed low levels of IRF5 C)
compared with macrophages at steady state.

Data presented are representative of two independent experiments. WT n = 3, Irf57- n = 3 (for MFI
normalisation)
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3.2.3 Tul and Tul7 cells in the steady state colonic lamina propria of Irf5" mice

IRF5 expressing macrophages are known to drive Tyl and Tu17 responses in vitro, and in
a model of Rheumatoid Arthritis (RA), and to repress transcription of the anti-inflammatory
cytokine, IL10, which may impact the development of T-regulatory cells (Tregs) [162, 261,
277]. T cells in the cLP were therefore profiled by flow cytometry (Fig.3.8); Tul, Twl7, and
Tul/Tul7 cells were not affected by IRF5 deficiency at steady state (Fig.3.8A, Fig.3.8B,

Fig.3.8C). Tegs Were also present in equal proportions at steady state (Fig.3.8D).
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Fig.3.8: WT and Irf57 mice have similar percentages of Tyl, Ty17, and T-regulatory cells
at steady state

cLP leukocytes were isolated from steady state WT or Irf57 mice and cultured in the presence of
PMA:lonomycin + protein transport inhibitor for 4 hrs. Proportions of T cells expressing IL17A,
IFNy, or FoxP3 were analysed by flow cytometry. No difference in the percentages of A) Tul, B)
Tul7, or C) Tul/TH17 cells were detected between WT and Irf57-. D) FoxP3* T cells (Tregs) in the
cLP were not significantly affected between steady state WT and Irf57- mice.

Statistics:

Results are representative of two independent experiments. WT: n =6, Irf57:n =3

Mean + SEM. A-C) Unpaired t test; ns = not significant D) Mann-Whitney U-test: ns = not
significant
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3.2.4 Irf5" mice display reduced frequencies of macrophages within the
mononuclear phagocyte compartment at steady state

The myeloid compartment of the cLP was then profiled to assess whether there were any

defects in Irf5. Granulocytes were defined according to the gating strategy (Fig.3.4).

Neutrophils are CD45* CD11b* Ly6G*/Gr1". Eosinophils were defined CD45* CD11b*

Siglec F* SSCM. Neither the proportion of neutrophils (Fig.3.9A), nor eosinophils (Fig.3.9B)

was significantly affected by IRF5 deficiency at steady state in the cLP.

Next, the percentage of DCs in the cLP were assessed. In the cLP, there are three major
populations of DCs: CD11b" CD103*, CD11b* CD103*, and CD11b* CD103. CD11b
CD103* DCs were defined in Fig.3.5A and were not found to be affected by Irf5"
(Fig.3.10A). CD11b* DCs were defined in accordance with the gating strategy (Fig.3.5B),
and could be split into two populations based on the expression of the integrin CD103
(integrin og). No difference was detected in CD11b* CD103* (Fig.3.10B), or CD103

(Fig.3.10C) DCs.

Macrophages of the cLP are exclusively derived from blood Ly6C" monocytes,
progressively losing monocyte markers, such as Ly6C, and upregulating macrophage
markers, including MHC Il, CD64, and F4/80 [217, 261]. In this thesis, newly entered
monocytes are designated CD45* CD11b* Ly6G" Siglec F Ly6C", MHC II-, referred to
hereafter as P1 monocytes (Fig.3.5B). P2 monocytes are directly derived from P1
monocytes and express Ly6C and MHC Il (Fig.3.5B). Macrophages (P4) have lost Ly6C

expression and express F4/80 (Fig.3.5C).
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Fig.3.9: The composition of the granulocyte compartment in the colonic lamina propria is
not affected by IRF5 deficiency

cLP leukocytes were isolated from the colons of WT and Irf5-- mice and profiled by flow cytometry.
The proportion of A) neutrophils, and B) eosinophils was unchanged between WT and Irf57- mice.

Statistics:
Results are representative of two independent experiments. WT: n =6, Irf57:n =3

Mean + SEM. Unpaired t test.
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Fig.3.10: Dendritic cells are present at equal proportions in WT and Irf57 steady state
mice
cLP leukocytes were isolated from the colons of steady state WT and Irf57- mice and profiled by

flow cytometry. The proportions of A) CD11b- CD103* B) CD11lb* CD103*, and C) CD11b*
CD103- was unaffected by IRF5-deficiency.

Statistics:
Data are representative of two independent experiments. WT n =6, Irf5/"'n =3

Mean + SEM. Unpaired t-test; ns = not significant

As a percentage of total leukocytes, P1 and P2 monocyte frequencies appeared to be

unchanged at steady state (Fig.311A, Fig.3.11B), but a trend towards more WT

macrophage was observed (p = 0.0952, Fig.3.11C).

This trend towards more WT macrophage warranted closer inspection of the MNP
compartment. The composition of the cLP MNP compartment (CD45* CD11b* Ly6G" Siglec
F) were profiled. Within MNPs, Macrophages represented a greater frequency of MNPs in
WT mice than in Irf5" mice (p < 0.001), which was compensated by an increase in the

frequency of P1 monocoytes in Irf57 relative to WT mice (Fig.3.12, p < 0.001.)
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Fig.3.11: At steady state, mononuclear phagocytes as a proportion of total leukocytes are
not significantly affected by IRF5 deficiency

cLP leukocytes were isolated from the colons of steady state WT and Irf57- mice and profiled by
flow cytometry. The proportion of A) P1 monocytes, and B) P2 monocytes, was unchanged
between WT and Irf57- mice. C) Macrophages displayed a trend towards an increased proportion
of WT, but this was not statistically significant (p = 0.0952).

Statistics:
Data are representative of two independent experiments. WT n =6, Irf5/"'n =3
Mean + SEM, A-C) Mann-Whitney U test: ns = not significant
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Fig.3.12: Macrophages represent a higher proportion of MNPs in WT than in Irf5"

cLP leukocytes were isolated from the colons of steady state WT and Irf57- mice and profiled by
flow cytometry. The frequencies of P1 monocytes, P2 monocytes, and macrophages were
assessed relative to the MNP pool. Irf57- P1 monocytes were more abundant in Irf57- mice than in
WT mice (mean difference = 16.6 £3.12, p = 0.0005). The frequency of P2 monocytes was not
affected by IRF5-deficiency. In WT mice, macrophages represented a greater fraction of MNPs
than macrophages in Irf57- mice (median difference = 15.43, p = 0.0002).

Statistics:
Data are representative of three independent experiments, WT n = 7, Irf5- n = 7. Mean + SEM.
2-Way ANOVA with Tukey correction: ns = not significant, *** p < 0.001

3.2.5 CDl1c* macrophages express high levels of IRF5

Because IRF5 expression is associated with an inflammatory macrophage state, the
expression of the macrophage markers, CD11c and CD206 were assessed. CD11c was
reported to be expressed on inflammatory macrophages in atherosclerosis, and is directly
regulated by IRF5 [278]. CD11c was expressed on high percentages of P2 monocytes and
macrophages, but not on P1 monocytes (Fig.3.13A). Expression of CD11c increased as
MNPs differentiated into macrophages (Fig.3.13B). The MFI of CD11c was highest in Irf5
" macrophages at steady state (p < 0.05), in contrast to the literature [278]. P2 monocytes
also express CD11c. A greater frequency of CD11c* P2 monocytes expressed IRF5, and
exhibited a trend towards increased IRF5 expression in CD11c* P2 monocytes (Fig.3.14A
p <0.01, Fig.3.14B p = 0.0614). More CD11c* macrophages expressed IRF5 than CD11c
(p=0.01, Fig.3.14C), and the level of IRF5 expression was higher in CD11c" macrophages

(p =0.01, Fig.3.14D). CD206 is considered a marker of anti-inflammatory macrophages in
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the cLP [264]. An equal percentage of WT and Irf5” macrophages expressed CD206
(Fig.3.15A), and per-cell expression of CD206 was unchanged in Irf5" macrophages

(Fig.3.15B).
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Fig.3.13: CD11c expression on steady state MNPs

Expression of CD11lc on monocyte-derived MNPs was analysed by flow cytometry. A) The
percentage of respective MNPs expressing CD11c was not altered by IRF5 status. B) The MFI of
CD11c was higher in Irf57- relative to WT macrophages at steady state (p = 0.0279).

Statistics:

Data are representative of two independent experiments. Steady state WT n =6, Irf57- n =3
Mean + SEM

2-Way ANOVA with Sidak correction; * p < 0.05
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Fig.3.14: CD11c* P2 monocytes and macrophages express higher levels of IRF5 than
CD11c P2 monocytes and macrophages

The expression of IRF5 in CD11c* vs CD11c P2 monocytes and macrophages was quantified by
flow cytometry. A) A higher percentage of CD11c* P2 monocytes expressed IRF5 than CD11c,
(p = 0.0013), B) CD11c* P2 monocytes did not express higher levels of IRF5 than CD11c P2
monocytes. C) Significantly more CD11c* macrophages expressed IRF5 (p = 0.0093), and D)
expression of IRF5 was higher in CD11c* macrophages than CD11c- macrophages (p = 0.0054).

Statistics:

Data are representative of two independent experiments. WT n = 3, Irf5” n = 3 (for MFI
normalisation). Paired t test: ** p < 0.01
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Fig.3.15: Macrophage CD206 expression is unaffected by IRF5 deficiency at steady state

cLP leukocytes were isolated from the colons of steady state WT and Irf57- mice and profiled by
flow cytometry. The expression of CD206 on macrophages was assessed. A) Equal frequencies
of macrophages expressed CD206 in WT and Irf57. B) The level of CD206 expression was
unchanged by Irf57 deficiency.

Statistics:

Data are representative of two independent experiments. A) Mann-Whitney U-test: WT n =6, Irf5-
-n =3, ns = not significant, B) Unpaired t-test: WT n = 6, Irf57- n = 3., ns = not significant
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3.2.6 IRF5 Does Not Control Bone Marrow-Derived Macrophage Differentiation in
Response to GM-CSF
WT macrophages in the cLP were found to be present at higher frequencies in the MNP
compartment compared to Irf5” (Fig.3.12). In order to investigate whether IRF5 affected
the ability of haematopoietic progenitor cells to generate monocytes and macrophages,
macrophages were differentiated from mouse bone marrow using GM-CSF referred to
henceforth as GM-BMDMs. The differentiation process was tracked using flow cytometry
to assess the cellular composition of the culture using the gating strategies outlined below
(Fig.3.16A, Fig. 3.16B). Haematopoietic Stem and Progenitor Cells (HSPCs), including
Long Term Haematopoietic Stem Cells (LT-HSCs), Short Term Haematopoietic Stem Cells
(ST-HSCs), Megakaryocyte-Erythroid Progenitors (MEPs), Common Myeloerythroid
Progenitors (CMPs) and Granulocyte-Monocyte Progenitors (GMPs) were defined
according to the gating strategy described (Fig. 3.16A). The percentage of CMPs, GMPs,
and MEPs in culture remained steady until day four (between 1-5% of cells for each
population), after which they were undetectable (Fig.13.7A-C). cMoPs, however, increased
to 15% of total cells after day 3, implying lineage commitment to support monocyte and
macrophage generation (Fig.3.17D). No differences were detected between WT and Irf5”

cells in the composition of progenitors during GM-CSF culture (Fig.3.17, Fig.3.19).
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Fig.3.16: Gating strategy for haematopoietic stem and progenitor cells

Bone marrow was isolated from tibias and femurs of mixed bone marrow chimaeras and analysed
by flow cytometry. All samples were gated to exclude doublets and dead cells. A) Identification of
LT-HSCs, ST-HSCs, CMPs, GMPs, and MEPs. B) Identification of cMoPs pre-gated on lin- cKiti

LSK: Lin~ Sca-1* cKit°, ST-HSC: Short term haematopoietic stem cells, LT-HSC: long term

haematopoietic stem cells, MEP: megakaryocyte-erythroid progenitors, GMP: granulocyte-
macrophage progenitor, CMP: common myeloid progenitor, cMoP: common monocyte progenitor
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Fig.3.17: IRF5 does not affect the frequency of progenitor cells in culture

Bone marrow cells were cultured in the presence of GM-CSF for four days. At each day of culture,
cells were harvested and profiled by flow cytometry for changes in progenitor cell composition.
No differences in progenitor composition were noted across four days of GM-CSF culture. The
percentage of MEPs decreased to less than 1% of live cells after d1. GMPs and CMPs increased
marginally as a percentage of live cells between d2-d3, but decreased to undetectable levels by
d4. cMoPs remained a low percentage of cells from d1-d3, before peaking at d4.

Mean + SEM data are compiled from four independent experiments with n = 2 per group for each
experiment. WT n = 8, Irf57 n =8.

MEP: Megakaryocyte-erythroid progenitor, GMP: Granulocyte-macrophage progenitor, CMP:
Common myeloid progenitor, cMoP: common monocyte progenitor.
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3.2.7 IRF5 expression in Haematopoietic Stem and Progenitor Cells

Until now, the expression of IRF5 in HSPCs was undefined. Bone marrow cells from steady
state mixed bone marrow chimaeras were isolated, and labelled for flow cytometry as
previously described (Chapter.2.7.3, and Chapter.2.11). Intracellular staining for IRF5 was
performed, and the geometric mean fluorescence intensity of IRF5 in WT HSPCs was
normalised to the corresponding Irf5” in each chimaera (Fig.3.18). LT-HSCs, ST-HSCs,
and CMPs express low levels of IRF5 (mean MFI ~200), GMPs (MFI ~500) and MEPs (MFI
~700) express moderate levels, whilst bone marrow Ly6C" monocytes (MFI ~1600)

express the highest levels of IRF5 in the tested populations (Fig.3.18).
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Fig.3.18: IRF5 expression in haematopoietic stem and progenitor cells

Bone marrow cells were isolated from tibias and femurs of WT:Irf57 mixed bone marrow
chimaeras. Haematopoietic stem and progenitor cells, and mature leukocytes were identified by
flow cytometry, and geometric mean fluorescence intensities of IRF5 were normalised to the
autofluoresence of corresponding Irf57 populations. No IRF5 was detected in mature bone
marrow neutrophils. LT-HSCs, ST-HSCs, CMPs, GMPs, and Eosinophils expressed low amounts
of IRF5. Ly6CM monocytes expressed the highest levels of IRF5 of the cells tested.

Data are representative of two independent experiments Where n = 3.
LT-HSC: Long term haematopoietic stem cell, ST-HSC: Short term haematopoietic stem cell,
CMP: Common myeloid progenitor, GMP: Granulocyte-macrophage progenitor, MEP:

Megakaryocyte-erythroid progenitor, Neutros: Neutrophils, Eos: Eosinophils, Ly6C" Monos:
Ly6C" Monocytes.
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The total number of cells in culture decreased between d1-d2, but increased steadily in a
linear fashion thereafter, with no differences in the number of cells between WT and Irf5”

cultures (Fig.3.19A).

At the beginning of the culture period, neutrophils were the dominant cell population,
totalling ~40% of cells in culture from d1-d4 (Fig.19B). However, the percentage of
neutrophils declined after d4 to ~15% of total cells by day nine in both WT and Irf5"
(Fig.3.19B). Concordant with the cMoP peak, the percentage of Ly6C" monocytes peaked
around 25% on d4 (Fig.3.19C). Again, no differences were detected between WT and Irf5
"cultures. Macrophages represented a tiny fraction of naive GM-CSF bone marrow cultures
from d1-d3. On d4, the percentage of macrophages increased to ~20% of cultured cells,
and increased rapidly to 80% of the culture by d9 in both WT and Irf5" cells (Fig.3.19D).
On d9 of culture, the expression of mature macrophage markers on GM-BMDMs was
assessed by flow cytometry to test for phenotypic differences (Fig.3.20). No significant
difference was found between WT and Irf5” cells on the markers assayed, although GM-

BMDMs displayed a trend of lower expression of CD64, and CD81.
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Fig.3.19: IRF5 does not affect generation of macrophages in bone marrow cultures

Bone marrow isolated from wild-type or Irf57 mice was cultured with GM-CSF for 9 days. Cells
were harvested from the culture periodically, and cellular heterogeneity was assessed by flow
cytometry. A) Number of cells retrieved/mL of culture medium B) % of Neutrophils C) % of
Monocytes and % of Macrophages in culture.

Mean + SEM, n = 4 mice per timepoint from two independent experiments.
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Fig.3.20: Expression of mature macrophage markers on GM-CSF bone marrow-derived
macrophages

Bone marrow cells isolated from WT or Irf57- mice were cultured for nine days in the presence of
GM-CSF. Protein expression of F4/80, CD64, and CD81 on macrophages (CD11b* CD11c* MHC
II") was quantified by flow cytometry. No significant difference in the expression of the three
markers was detected between genotypes. However, Irf57 displayed a trend towards lower
expression of mature macrophage markers.

Statistics:

Data presented are the results pooled from four independent experiments with a two biological
replicates per genotype per experiment. 2-Way ANOVA with Sidak correction. WT n =8 Irf57- n =
8.
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3.3 Discussion

Irf57 mice did not display any gross morphological discrepancies compared to WT mice,
and did not react aberrantly to the homeostatic commensal microbiota, indicated by
histopathological scoring (Fig.3.1, Fig.3.2). The expression of IRF5 within the cLP was
profiled, and it was discovered that myeloid populations expressed the highest levels of
IRF5, with a negligible expression of IRF5 in the stromal and lymphoid cells at steady state
(Figs.3.6, Fig.3.7), which fit with the understanding of IRF5 expression thus far [162]. The
distribution of myeloid populations was largely unaffected by IRF5 deficiency, except for
the MNP compartment (Fig.3.12). Macrophages were less abundant in the MNP
compartment of Irf5” mice than in WT mice, with a corresponding increase in the
percentage of P1 monocytes in Irf57. This effect may be due to increased conversion of
monocytes to macrophages within the cLP, as the accumulation of P1 monocytes did not
appear to be deficient, in fact, P1 monocyte accumulation was greater in Irf57 than in WT.
Investigation into this effect would require psuedotime analysis of WT and Irf5" cLP
monocytes and macrophages sharing the same environment to enumerate transcriptional
and cell surface marker expression differences and monocytes differentiated to

macrophages.

To investigate a possible intrinsic effect of IRF5 on myelopoiesis, Bone Marrow Derived
Macrophages (GM-BMDMs) were differentiated in vitro using GM-CSF, and profiled over
the course of nine days (Fig.3.17, Fig.3.19). No effect of IRF5 deficiency on the generation
of mature macrophages could be detected (Fig.3.19D), no effect was detected on the
expression of the mature macrophage markers, CD64, and F4/80, and the tetraspanin,

CD81 (Fig.3.20).

Irf5” macrophages have previously been described to have an “M2” phenotype after GM-
CSF differentiation, demonstrating that effector function is affected [162, 217]. However,
most of the differences between WT and Irf5"° GM-BMDMs are observed when

macrophages were stimulated, for example with LPS (unpublished observations), and that
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subtle differences in macrophage phenotype may be missed in the absence of
inflammation. If IRF5 activation is important for the differentiation of macrophages in the
cLP, this may help to explain the reduced frequencies of macrophages in Irf5 mice at
steady state. The cLP is not sterile; microbial factors have been detected in the lamina
propria even during steady state [279, 280]. As Ly6C" monocytes enter the cLP, they
become exposed to PRR agonists, which could then activate IRF5 and stimulate
macrophage fate. In addition to the psuedotime analysis mentioned earlier, intestinal
barrier function would need to be tested, possibly using in vitro macrophage-epithelial cell
culture systems combined with in vivo imaging of colonic epithelial tight junctions in Irf5"

mice.

We found that IRF5 is highly expressed in steady state bone marrow Ly6C" monocytes,
but its expression is also detected in GMPs and MEPs (Fig.17). MEPs give rise to
Megakaryocytes, which produce platelets. Platelets were first described to be critical for
haemostasis, yet more recently platelets have been shown to interact with both monocytes
and neutrophils to amplify innate immune responses [281, 282]. However, MEPs are not
known to contribute to disease pathology directly, although a study has shown MEPs to be
able to promote a lupus phenotype in antigen presenting cell-depleted mice [283].
Additionally, a 2015 study identified human MEPs as MHC Il-expressing antigen presenting
cells that were able to support Tw1/Tul7 expansion. This study also detected IRF5 mRNA
in these cells, a result confirmed by intracellular labelling of IRF5 (Fig.3.18), and that MEPs
produced cytokines that supported Tyl and Tul7 expansion, including IL1, IL6, and 1L23
[284]. It may be possible that MEPs contribute to host defence where extramedullary
haematopoiesis is required, such as IBD. During T cell transfer colitis, however, the
proportion of GMPs in the bone marrow increased at the expense of MEPs [69]. The same
study also noted that cLP GMPs were proliferating more rapidly than cLP MEPs based on
the expression of Ki67 [69]. As MEPs represent a tiny fraction of the cLP milieu, it is unlikely
that they play a major role in host defence during experimental colitis. Nevertheless, the

role of IRF5 in MEPs is unclear, and warrants further investigation. Future study could
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investigate the ability of IRF5 deficient MEPs to produce megakaryocytes and therefore
platelets, and their ability to support Tyl and Tu17 cell proliferation [284]. Activated platelets
complexed with neutrophils and monocytes have been detected in IBD patients, which may
indicate augmented host defence, whilst depletion of platelets reduced leukocyte rolling

and adhesion, therefore justifying further investigation of IRF5 in this area [285, 286].

GMPs express lower levels of IRF5 than MEPs at steady state. Despite this, a clearer role
for GMPs in colitis has been defined [69]. GMPs can respond to PAMPs, via PRRs, and
are also responsive to IFNy and IL17 signalling [287-289]. GMPs are highly proliferative
and may give rise to neutrophils, eosinophils, and monocytes in support of homeostasis
and inflammatory responses [69]. GMPs are dependent on PU.1, and IRF8 [82]. As MDP
progress to cMoP, and then to Ly6C" monocytes, IRF5 expression was upregulated [49].
Because IRF5 is inducible, activation may prime monocytes for function in tissues: systemic
IL12p70 was shown to induce the release of bone marrow IFNy, which may provide a
mechanism for long distance programming of monocytes for inflammatory responses as
they develop [290]. The data presented in this chapter suggest that in the absence of
inflammatory stimulation, IRF5 may not be important for lineage commitment of GMPs.
Future studies conducted should test the dependence on Irf57 GMPs via extra signals, for

example, IFNy or bacterial components such as LPS to mimic inflammatory conditions.

The data presented here suggest that loss of IRF5 does not affect the ability of progenitors
to produce mature macrophages in response to GM-CSF (Fig.16, Fig.19). However, the
proliferative capacity of progenitors may be affected by IRF5 deficiency in inflammation: In
vivo, the haematopoietic niche is radically different, and IRF5 transcription-inducing factors
other than GM-CSF, IFNy and LPS have not been defined. Investigation of HSPC
proliferation should be investigated by Ki67 labelling or cfu assays using Methocult
protocols of HSPCs sorted from WT:Irf5" uninfected and Hh + alL10R mixed bone marrow

chimaeras.
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Supplementing in vitro BMDM cultures with other growth factors, such as M-CSF, and
known haematopoietic-skewing factors, such as IFNy, could also be tested to further probe
IRF5 dependence. A 2012 study investigated the effects of combined GM-CSF and M-CSF
treatment and found that M-CSF largely suppressed the inflammatory effects of GM-CSF
[222]. However, concentrations of GM-CSF and M-CSF differed to those routinely used by
the Udalova lab, which may explain some of the differences in GM-BMDM phenotype seen

in the study [162, 261].

Next generation sequencing of progenitors from mixed bone marrow chimaeras may also
provide vital clues to the role of IRF5 in haematopoiesis should upstream methods
demonstrate an effect of IRF5 deficiency. In addition it is likely to shed light on the question
of whether the expression of IRF5 is heterogeneously distributed throughout the
populations. The expression of IRF5 in MEPs indicates that platelet level and function

should be investigated in Irf57 mice.

These studies did not involve investigating the impact of IRF5 on extramedullary
haematopoiesis, which may be impacted by loss of IRF5 due to the unique inflammatory

environment in which extramedullary haematopoiesis takes place.

3.4 Conclusion

Here, we have characterised the colonic lamina propria (cLP) of IRF5-deficient mice. Irf5”
mice did not display any morphological defects of the colonic lamina propria, and only the
cLP mononuclear phagocyte system of Irf5 mice displayed perturbation; macrophages
comprised a lower frequency of MNPs in the cLP of Irf5" mice. Therefore bone marrow
myelopoiesis was investigated in vitro. The roles of PU.1, KLF4, and IRF8 as lineage
defining transcription factors has been defined [84, 266, 269, 272]. The data presented
here indicates that IRF5 is not a macrophage lineage-defining transcription factor in the
bone marrow in spite of its polarising effects [261]. The literature suggests that IRF5 may
play a role in modulating MNP phenotype to contribute to autoimmune disease, supported
by the observation of decreased CD64 and F4/80 expression in Irf5”", whereas the role of
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IRF5 in HSPCs is unclear and requires investigation. Extramedullary haematopoiesis
should also be investigated, as both proliferation and recruitment of leukocytes to the tissue

may be affected by loss of IRF5.

From these data, IRF5 does not appear to affect haematopoiesis, however, the in vivo
environment is complex, and thus IRF5 may yet impact myelopoiesis in a manner outlined

by proposed future experimentation.
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4 IRF5 controls the tissue adaptation of
mononuclear phagocytes in the colonic lamina
propria

4.1 Introduction

Mononuclear Phagocytes (MNPs), encompassing monocytes, macrophages and dendritic
cells (DCs) are critical effector cells in the maintenance of homeostasis in the intestinal
mucosa [124, 139, 264]. Intestinal MNPs sample luminal antigens, clear cellular debris,
destroy invading microorganisms, and mediate tissue homeostasis and repair [59, 60, 113,
123, 291, 292]. The intestinal lumen is host to trillions of bacteria and other microorganisms
[293]. At steady state, Pathogen-Associated Molecular Pattern (PAMP) ligation of Pattern
Recognition Receptors (PRRs) leads to bacterial clearance, but does not result in full MNP

activation, and thus maintains homeostasis [59, 113].

MNP ontogeny in the intestine has been the focus of much investigation in recent years
[57, 213, 294]. Three major subsets of classical Dendritic Cells (cDCs) reside in the colonic
Lamina Propria (cLP): CD11b  CD103*, CD11b* CD103*, and CD11b* CD103 [295]. cDCs
are believed to be derived from Common Dendritic cell Progenitors (CDPs), in contrast to
adult intestinal macrophages, which are thought to derive from monocytes [57, 296, 297].
However, the factors that promote macrophage fate have not been defined [43]. Irf57 mice
displayed altered MNP compartment composition, with decreased percentages of
macrophages, and a compensatory increase in the frequency of P1 monocytes, whilst
myelopoiesis did not appear to be affected (Fig.3.12, Fig.3.15, Fig.3.17). Therefore it was

hypothesised that IRF5 may play a role in directing MNP fate in the cLP.

Macrophage function in the cLP was shown to be essential for the development of colitis:
loss of IL10R signalling on macrophages resulted in spontaneous colitis, whilst CD11c¢"-

mediated deletion of [123a was sufficient to protect mice from colitis [124, 139].
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Macrophages and monocytes were also demonstrated to have beneficial roles in other
models of intestinal inflammation, promoting tissue repair via ILC3-derived GM-CSF or
through the production of prostaglandin E2 in response to Toxoplasma gondii infection
[147, 223]. Inflammatory cytokine and chemokine release is important for the appropriate
recruitment of effector leukocytes to the site of inflammation [146, 224, 298]. Intestinal
insults result in the accumulation of Ly6C" MHC II* (P2) monocytes, derived from blood
Ly6C" monocytes [299]. P2 monocytes are highly inflammatory, IL23-expressing CD11c*
MNPs [124]. In vitro, IRF5 boosts the transcription of many of the cytokines and
chemokines that are integral components of inflammatory cascades, including 1123a by
direct regulation of transcriptional activity, and promotes pathogenic Tuwl and Twl7
responses [162, 163, 300]. Decreased expression of inflammatory mediators and lowered
Twl/Tu17 activation may provide an explanation for the protection from Hh + alL10R colitis

observed in Irf5™.

Mixed bone marrow chimaeric approaches allow the direct comparison of cells derived from
different haematopoietic sources, as cells in this setting share the same environment.
WT:Irf5” Mixed Bone Marrow Chimaeras (MBMCs) have previously been used to
investigate IRF5 in the context of pristane-induced Lupus and identified increased
accumulation of WT monocytes in the blood at steady state, and this was heightened in the
blood and peritoneal exudate after pristane challenge [239]. However, the steady state

peritoneum, and reconstitution in other organs were not measured.

WT mice displayed a higher percentage of macrophages in the MNP pool at steady state
compared to Irf57 but no defect in the GM-CSF-directed development of bone marrow
macrophages was detected (Fig.3.12). Due to this observation, it was hypothesised that
IRF5 may play a role in directing MNP fate within the cLP. In this chapter, MBMCs were
utilised to uncover intrinsic defects in Irf5” haematopoietic cells. Therefore, MNPs from the

MBMC cLP were profiled at day (d) 21 of the Helicobacter hepaticus + anti-Interleukin 10
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Receptor (Hh + alL10R) model of colitis to assess reconstitution, cell fate, and activation

status.

4.2 Results

4.2.1 IRF5does not affect the reconstitution of haematopoietic stem and progenitor
cells in mixed bone marrow chimaera
In Chapter.3, we demonstrated that IRF5 did not affect myelopoiesis in response to GM-
CSF. However, the bone marrow nice in WT:Irf5”- MBMC has not been characterised, and
to accurately interpret finding in the colon and blood, the reconstitution efficiency in the
bone marrow must be characterised. Haematopoietic stem and progenitor cells (HSPCs),
and “mature” bone marrow populations were identified (Fig.4.1, Fig.4.3), and assessed for
donor origin by expression of either CD45.1 (WT) or CD45.2 (Irf5") (Fig.4.1B).
Reconstitution of LT- and ST-HSCs were not affected (data not shown). Progenitor
reconstitution was not significantly affected in uninfected animals (Fig.4.2A). However,
MEPs displayed greater reconstitution by WT in Hh + alL10R treated mice (p < 0.05,

Fig.4.2B).
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Fig.4.1: Gating strategy for haematopoietic stem and progenitor cells

Bone marrow was isolated from tibias and femurs of mixed bone marrow chimaeras and analysed
by flow cytometry. All samples were gated to exclude doublets and dead cells. A) identification of
LT-HSCs, ST-HSCs, CMPs, GMPs, and MEPs B) identification of, donor-derived cells were
identified on the basis of CD45.1 or CD45.2 expression.

LSK: Lin~ Sca-1* cKit°, ST-HSC: Short term haematopoietic stem cells, LT-HSC: long term

haematopoietic stem cells, MEP: megakaryocyte-erythroid progenitors, GMP: granulocyte-
macrophage progenitor, CMP: common myeloid progenitor
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Fig.4.2: Reconstitution of haematopoietic progenitors in mixed bone marrow chimaera

WT CD45.1* mice were reconstituted with an equal mix of CD45.1* WT and CD45.2* Irf57 bone
marrow and allowed to reconstitute for 8 weeks. Bone marrow was extracted from mice upon
sacrifice and profiled by flow cytometry A) Analysis of haematopoietic progenitor reconstitution in
uninfected mice, no differences in reconstitution were detected, B) Analysis of haematopoietic
progenitors after 3 weeks of Helicobacter hepaticus + alL10R colitis. WT reconstitution of MEPs
was favoured p = 0.0141.

Data presented are Mean + SEM from two collated independent experiments. Steady state n =7,
Hh + alL10R n = 11 experimental replicates are distinguished by shading of symbols
2 way ANOVA with Sidak correction, multiple comparisons between genotypes
*
p <0.05
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Fig.4.3: Gating strategy for mature bone marrow populations

Bone marrow leukocytes were isolated from mixed bone marrow chimaeras and analysed by flow
cytometry. Plots were pre-gated: Live CD45* Single Events. A) Identification of neutrophils
(CD11b* Ly6G*), eosinophils (CD11b* Siglec F*), Ly6CM monocytes (CD11b* Ly6G- Siglec F
Ly6Cn). B) WT and Irf57- donor-derived leukocytes were identified by expression of either CD45.1
or CD45.2
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4.2.2 Irf57 myeloid cells are overrepresented in Helicobacter hepaticus + alL10R-
treated mice
In addition to the reconstitution of HSPCs, it was unknown whether IRF5 deficiency would
affect the reconstitution of myeloid cells in mixed bone marrow chimaeras. Myeloid cells
were identified according to the gating strategy outlined (Fig.4.3A, Fig.4.3B). In uninfected
mixed bone marrow chimaeras, no difference in reconstitution was observed (Fig.4.4A).
However, Irf57 total leukocytes, neutrophils (Mean diff = 20.43, p < 0.0001), eosinophils
(mean diff = 20.54, p < 0.0001), and Ly6C" monocytes (mean diff = 23.76, p < 0.001) were

overrepresented vs WT in the bone marrow of Hh + alL10R colitic chimaeras (Fig.4.4B).
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Fig.4.4: Reconstitution of bone marrow leukocytes in mixed bone marrow chimaera

Bone marrow cells were isolated from tibias and femurs of WT:Irf57 mixed bone marrow
chimaeras at A) steady state, B) d21 of Helicobacter hepaticus + alL10R colitis and reconstitution
of leukocytes was analysed by flow cytometry. Leukocytes, including neutrophils, eosinophils, and
Ly6C" monocytes displayed increased reconstitution following Helicobacter hepaticus + alL10R
colitis

Donor derived leukocytes were identified by expression of CD45.1 or CD45.2.
Leukocytes: Live CD45*, Neutrophils: Live CD45* CD11b* Ly6G*, Eosinophils: Live CD45*
CD11b* Siglec F*, Ly6CM monocytes: Live CD45* CD11b* Ly6G- Siglec F- Ly6C* MHC II- F4/80

Statistics

Data presented are Mean + SEM representative of two independent experiments. Steady state n
=4, Hh + alL10R n = 7. 2 way ANOVA with Sidak correction for multiple comparisons between
genotype, **** p<0.0001,
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4.2.3 Equal reconstitution of wild type and irf5 deficient leukocytes in the blood of
mixed bone marrow chimaeras at steady state
Generation of WT and Irf5" myeloid cells was unaffected by IRF5-deficiency (Chapter.3),
and reconstitution of progenitors and mature myeloid populations in the bone marrow was
found to be equal, except during Hh + alL10R colits (Fig.4.4). However, the effect of IRF5
on cellular migration was not addressed. Recruitment of CCR2" monocytes to the cLP is a
key step in the initiation of inflammation in response to DSS, but has not been
demonstrated for the Hh + alL10R model [301, 302]. In order to characterise the role of
IRF5 in mediating recruitment, the reconstitution of haematopoietic cells in blood was
assessed by flow cytometry at steady state (Fig.4.3) and during Hh + alL10R colitis

(Fig.4.4).

The reconstitution of the blood at steady state was largely unaffected by IRF5 deficiency,
with total leukocytes, neutrophils, and Ly6C" moncoytes equally derived from each donor,
but eosinophils were preferentially derived from Irf5” (p < 0.05, Fig.4.5). During Hh +
alL10R inflammation, reconstitution was also not affected in neutrophils and eosinophils,
but Ly6C" monocytes were preferentially derived from Irf57 (p = 0.0140), albeit this was a
modest increase (Fig.4.6) Neutrophils and eosinophils also trended in this manner

(Fig.4.6).
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Mixed bone marrow chimaeras were generated by reconstitution of lethally irradiated CD45.1*
WT mice with an equal mix of CD45.1* WT and CD45.2* Irf57- bone marrow. Mice were culled by
schedule 1 method, followed by cardiac puncture to harvest blood. Erythrocytes were lysed with
ACK buffer, and cells were labelled with fluorescently conjugated antibodies to cell surface
antigens and analysed by flow cytometry. Donor origin was assessed by expression of either
CD45.1 or CD45.2.
Reconstitution of total leukocytes was not affected by IRF5 deficiency, but eosinophils were
preferentially reconstituted by Irf57- donors (p = 0.0388).

Statistics:
Data are representative of two independent experiments, n = 3
Mean + SEM. 2 Way ANOVA with Sidak correction. * p <0.05
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Fig.4.6: Reconstitution of blood leukocytes in mixed bone marrow chimaeras during Hh +
alL10R colitis

Mixed bone marrow chimaeras were generated by reconstitution of lethally irradiated CD45.1*
WT mice with an equal mix of CD45.1* WT and CD45.2* Irf57- bone marrow. Mice were culled by
schedule 1 method, followed by cardiac puncture to harvest blood. Erythrocytes were lysed with
ACK buffer, and cells were labelled with fluorescently conjugated antibodies to cell surface
antigens and analysed by flow cytometry. Donor origin was assessed by expression of either
CD45.1 or CD45.2.

Total leukocytes reconstituted equally, no significant differences in reconstitution efficiency was
detected in, neutrophils, eosinophils or Ly6Ch monocytes.

Statistics:

Data are representative of two independent experiments, n = 4. Mean + SEM. 2 Way ANOVA
with Sidak correction for multiple comparisons.
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4.2.4 WT leukocytes predominantly reconstitute the colonic lamina propria at
steady state and during Hh + alL10R colitis
Recruitment of myeloid cells to the cLP is required for the development of DSS colitis, but
has not been demonstrated in the Hh + alL10R model [302]. Although the presence of
progenitors at extramedullary sites facilitates the in situ derivation of effector leukocytes at
sites of inflammation, the major contribution of inflammatory effectors is from the blood [54,
69, 303]. Progenitor cells are depleted by lethal irradiation of mice, therefore, myeloid
populations are exclusively derived from donor haematopoietic stem and progenitor cells
in MBMC. Flow cytometric analysis of cLP leukocytes was performed to assess the effect
of IRF5 on the reconstitution of myeloid cells in steady state (Fig.4.7) and Hh + alL10R
treated (Fig.4.8) MBMCs. At steady state, total leukocytes were found to be preferentially
derived from WT progenitors in MBMCs (Fig.4.7A, p < 0.0001). Characterisation of the
granulocyte compartment revealed that WT neutrophils were overrepresented vs Irf57 (p <
0.01), but not eosinophils (Fig.4.7A). The proportion of WT and Irf57 P1 (Ly6C"/classical)
monocytes was also assessed. WT P1 were significantly enriched over Irf57 (Fig.4.7A, p <
0.0001), Strikingly, in contrast to the overarching phenotype, CD11b* and CD11b  DCs
reconstituted in equal proportions in the cLP of mixed bone marrow chimaeras, except for
CD11b* CD103" DCs which were marginally, but significantly, reconstituted from WT,

(Fig.4.7B, p = 0.0004).
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Fig.4.7: Reconstitution of colonic lamina propria leukocytes in mixed bone marrow
chimaeras at steady state

Mixed bone marrow chimaeras were generated by reconstitution of lethally irradiated CD45.1*
WT mice with an equal mix of CD45.1* WT and CD45.2* Irf57- bone marrow. Mice were culled by
Schedule 1 method, and LPLs were isolated. LPLs were labelled with fluorescently conjugated
antibodies to cell surface antigens and analysed by flow cytometry. Donor origin was assessed
by expression of either CD45.1 or CD45.2. A) Total leukocytes were preferentially reconstituted
from WT (mean diff = 40.93% £7.59, p < 0.0001). Neutrophils (mean diff = 26.93% £7.59, p =
0.0066), were preferentially reconstituted from WT. Reconstitution of P1 monocytes were
significantly affected by IRF5 deficiency: P1 monocytes (mean diff = 41.78% +7.59, p < 0.0001)
displayed greater reconstitution from WT. B) CD11b* CD103-, reconstitution was preferentially
from WT (mean diff = 56.53% +2.398, p = 0.0004). However, reconstitution of CD11b* CD103*,
and CD11b- CD103* DCs was not affected by IRF5 deficiency.

Statistics:
A: Data are representative of two independent experiments, n =4 Mean + SEM
B: Data are from one experiment, n = 3 Mean + SEM

2 Way ANOVA with Sidak correction for multiple comparisons; ns = not significant, ** p < 0.01, ***
p <0.001, **** p < 0.0001
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Fig.4.8: Reconstitution of colonic lamina propria leukocytes in mixed bone marrow
chimaeras during Hh + alL10R colitis

Mixed bone marrow chimaeras were generated by reconstitution of lethally irradiated CD45.1+*
WT mice with an equal mix of CD45.1* WT and CD45.2" Irf57- bone marrow. Mice were culled by
Schedule 1 method, and LPLs were isolated. LPLs were labelled with fluorescently conjugated
antibodies to cell surface antigens and analysed by flow cytometry. Donor origin was assessed
by expression of either CD45.1 or CD45.2.

Total leukocytes were preferentially reconstituted from WT (mean diff = 24.5% +4.78, p < 0.0001).
Neutrophil and Eosinophil reconstitution were not affected during inflammation. Reconstitution of
monocyte-derived MNPs were significantly affected by IRF5 deficiency: P1 monocytes (mean diff
= 27.76% * 4.78, p < 0.0001). However, reconstitution of CD11b* CD103*, CD11b* CD103;, and
CD11b- CD103* DCs was not affected by IRF5 deficiency.

Statistics:
A: Data are representative of two independent experiments. n = 7. Mean + SEM
B: Data are from one experimentn =4

2 Way ANOVA with Sidak correction for multiple comparisons; ns = not significant, **** p < 0.0001
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The observed reconstitution phenotype was largely replicated in MBMC treated with Hh +
alL10R with the exception of neutrophils, which reconstituted in equal proportions (Fig.4.8).
P1 monocytes (p < 0.0001), were reconstituted preferentially by WT (Fig.4.8A). In keeping
with the steady state phenotype, reconstitution of DC populations was not affected by IRF5
deficiency. Reconstitution of WT DCs during Hh + alL10R was not significantly altered by
inflammation (Fig.4.8B), although, CD11b* CD103  DCs were reconstituted equally,

(Fig.4.8B).

P1 monocyte reconstitution was preferentially by WT donor-derived monocytes during
steady state and during Hh + alL10R inflammation (Fig.4.7A, Fig.4.8A). P1 monocytes
represent direct descendants of blood Ly6C" monocytes. A significant increase in the
reconstitution of P1 monocytes relative to blood could indicate that IRF5 mediates
processes in monocytes related to their accumulation. cLP P1 monocyte reconstitution was
compared with blood Ly6C" monocyte reconstitution during steady state and during Hh +
alL10R inflammation: WT Ly6C" monocytes reconstituted in blood at approximately 48%
during steady state vs ~70% for P1 monocytes (Fig.4.9A, p =0.0163). At d21 Hh + alL10R,
WT blood monocytes represented ~45% of reconstitution vs ~65% of P1 monocytes in the

cLP (Fig.4.9B, p < 0.0001).

Irf5" monocytes were shown to express less CCR2, the chemokine receptor for CCL2,
known to be critical for accumulation of monocytes in the cLP at steady state [113].
However, monocyte responsiveness to CCL2 was not shown to be affected in this study.
Therefore, Boyden chambers were performed to quantify WT and Irf5” monocyte
chemotaxis in response to CCL2. CCL2 did not induce Irf5" monocyte chemotaxis to the
extent seen in WT monocytes (Fig.4.10, fold change WT = 1.75 £0.16 vs fold change Irf5

F1.21 £0.15, p = 0.0283).
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Fig.4.9: WT P1 monocytes preferentially accumulate in the cLP in mixed bone marrow
chimaeras

The reconstitution of P1 monocytes (Ly6C" monocytes in blood) was compared. A) in steady
state blood, WT and Irf57- P1 monocytes reconstituted equally, however, in the cLP, the proportion
of WT P1 monocytes was significantly elevated (mean difference = 29.6, p = 0.0163). This effect
was consistent during Hh + alL10R colitis (B) (mean difference = 24.33, p < 0.0001).

Statistics:

Data are representative of two independent experiments. Steady state: n = 3, Hh + alLIOR: n=7
Mean + SEM

Paired t test; * p < 0.05, **** p < 0.0001
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Fig.4.10: WT Ly6Chi monocytes are more migratory towards CCL2 than Irf57

Ly6Ch monocytes were isolated from the spleens of WT or Irf57- mice. Boyden chamber migration
assays were performed to test the chemotactic potential of Ly6CM monocytes to 10 nM CCL2.
The fold change response to 10 nM CCL2 of WT Ly6C" monocytes was greater than that of Irf5-
I (mean WT = 1.75 £0.16, mean Irf57- = 1.21 +0.15 p = 0.0283).

Statistics:

Data presented are average fold change/control of sextuplicate values from three pooled
independent experiments. Experimental replicates were plotted using the Bland-Altman Ratio vs
Average method to assess whether experimental results could be pooled. Pooling was considered
appropriate when all values fell within the 95% Confidence Interval and bias was < 1. Minimum 2
biological replicates per genotype per experiment. Mean + SEM. Unpaired t test; * p < 0.05.
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425 IRF5 deficiency leads to perturbation of the mononuclear phagocyte
compartment in mixed bone marrow chimaeras
IRF5-deficient mice displayed altered composition of the MNP compartment at steady
state. In the global knockout environment, the entire architecture of the mouse in altered.
MBMC allows WT and Irf5" haematopoietically-derived cells to share the same
environment, thus any defects in myeloid cells may be attributed directly to IRF5. The
composition of respective MNP pools (WT or Irf5) in MBMCs was analysed by flow
cytometry. In contrast to the global Irf5” setting where P1 monocytes were elevated in Irf5
" (Fig.3.12), P1 monocytes comprised the same percentage of MNPs irrespective of donor
origin (Fig.4.11A). P2 monocytes as a percentage of MNPs in WT vs Irf5” mice were
unchanged, (Fig.3.12), and, in MBMC, P2 monocytes were unaffected at steady state
(Fig.4.11A). P2 monocytes were not significantly affected, in Irf5 MNPs during Hh +
alL10R in contrast to non-irradiated WT mice (Fig.4.11B). Consistent with the global Irf5”
phenotype, macrophages represented a greater proportion of MNPs both at steady state
(p = 0.0001) and inflammation (Fig.4.11A, Fig.4.11B, p = 0.0148). These increased
frequencies of WT macrophages in the MNP pool were compensated by expansion of the
CD11b* DC pool at steady state (Fig.4.11A, p = 0.003), and inflammation (p < 0.0001,

Fig.4.11B).
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Fig.4.11: WT macrophages represent a higher frequency of MNPs than Irf5™
macrophages

The structure of the MNP compartment in mixed bone marrow chimaeras was assessed by gating
on either WT or Irf5 MNPs and assessing the composition of the respective MNP pool. A)
Composition of the MNP compartment during steady state: P1 and P2 monocytes were equally
represented among WT and Irf57- MNPs at steady state. WT macrophages were overrepresented
(mean diff = 12.9, p = 0.0001). CD11b* DCs represented a greater part of Irf57-. MNPs than in
WT (mean diff = 7.93, p = 0.003). B) Composition of the MNP compartment at d21 Hh + alL10R
colitis: P1 and P2 monocytes represented equal proportions of the respective MNP compartments
in mixed bone marrow chimaeras during inflammation. WT macrophages were present at higher
frequencies of MNPs relative to Irf57- (mean diff = 2.52, p = 0.0148). CD11b* DCs were a higher
frequency of Irf57- MNPs (mean diff = 4.6, p < 0.0001).

Statistics:

Data are representative of two independent experiments. Uninfected: n = 3, Hh + alL10R n =7
Mean + SEM

2-way ANOVA with Sidak correction: * p < 0.05, ** p £0.01, *** p < 0.001, **** p < 0.0001
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4.2.6 IRF5expression drives amacrophage fatein Ly6C" monocytes in mixed bone
marrow chimaeras
Here we have demonstrated that IRF5 promotes the accumulation of WT MNPs which may
be via affected CCL2 responsiveness. Within the MNP compartment, WT macrophages
are overrepresented to a greater extent than WT P1 monocytes at steady state and during
inflammation (Fig.4.12A, Fig.4.12B), indicating a pathway other than recruitment is
affecting macrophage accumulation. The increase in macrophages is offset by a
corresponding increase in CD11b* DCs in the Irf5 MNP compartment (Fig.4.11A,
Fig.4.11B). To explore the phenotype of IRF5-deficient MNPs in greater depth, massively-
parallel Single Cell RNA Sequencing (scRNAseq), using the 10X-seq protocol (10X
scRNAseq, Chapter.2.12.2) was performed on CXsCR1*" mononuclear phagocytes isolated
from MBMCs infected with Hh + alL10R. QC identified 1454 cells expressing more than

500 genes and less than 5% fraction of mitochondrial reads.

Analysis of 10X sequencing of WT and Irf57 CXsCR1* MNPs isolated from MBMCs using

the Seurat package in R (http:/satijalab.org/seurat/) revealed that CX3CR1* MNPs

separated into eight distinct clusters based on unsupervised clustering (Fig.4.13) [192,
252]. MNP subtypes could be identified based on the differential expression of markers
between clusters (Fig.4.14), summarised in Table.4.1. Macrophages could be separated
into two similar clusters: Cluster 5 (resident macrophages), defined by high expression
levels of prototypical macrophage markers (Adgre, Cd14) and cLP macrophage markers
(Cd81, Dnasell3, Zmynd15 as well as Ccl2, Ccl3, Ccl4, Ccl7, and Ccl9 chemokines)
Cluster 2 (inflammatory macrophages), expressing high levels of cLP macrophage markers
(Cd81, Clga,b,c, Cd63, Cd72), the chemokine Ccl8 and anti-microbial molecules (Lyz2,

Acpb, Fig.4.14, Table.4.1).

126


http://satijalab.org/seurat/

*
100- -
ns [ —
D —
c 80- .. o EE..
o_'g 2 i
=2 60- o
gl
S 5 40-
< D
o
T 50-
0 1 1 L]

Leuko- P1 Macro-
cytes Monocytes phages

Uninfected

100+ ns —_—
) °
80- °.
v 5 ° P o
o= o
>3 601 —3—%& _?_
20 ° o
S 5§ 40-
o (&)
o
20+
0 1 | L] T
Leuko- P1 Macro-
cytes Monocytes phages
Hh + alL10R

Fig.4.12: WT macrophages exhibit enhanced reconstitution relative to P1 monocytes

WT reconstitution of total leukocytes was compared with that of P1 monocytes and macrophages
in the cLP of mixed bone marrow chimaeras. A) In steady state the proportion of macrophages
reconstituted by WT was significantly elevated vs total leukocytes (mean diff = 14.31 +2.49, p =
0.0212) and P1 monocytes (mean diff = 14.94 +1.67, p < 0.0061). B) This effect was consistent
during Hh + alL10R colitis between leukocytes and macrophages (mean diff = 16.11 £2.46, p <
0.0015) and P1 monocytes and macrophages (mean diff = 15.21 +3.69, p = 0.0146).

Statistics:

Data are representative of two independent experiments. Steady state: n = 4. Hh + alL10R: n =
7. Mean + SEM. One-way repeated measures ANOVA with Tukey correction; * p < 0.05, ** p <
0.01
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Fig.4.13: CX3CR1* wild-type and Irf57 colonic lamina propria mononuclear phagocytes
are separated into eight clusters by analysis of 10X sequencing

WT or Irf57- cLP CX3sCR1* MNPs were isolated from WT:Irf5 mixed bone marrow chimaeras into
culture medium. MNPs were then immediately transferred to 10X Chromium for cell capture,
followed by Illumina sequencing. Data were mapped to the mm10 genome and analysed using
the Seurat package in R. 593 WT cells, and 861 Irf5- cells passed QC and were analysed. Data
were controlled for the enrichment of Irf57- MNPs in the analysis. Dimensionality reduction was
performed using tSNE which resulted in the identification of eight distinct clusters of similar MNPs.
Data analysis was performed by Dr. Stephen Sansom (University of Oxford)
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Fig.4.14: Clusters identified by Seurat display distinct transcriptional signatures

WT or Irf57- MNPs were sorted from mixed bone marrow chimaeras on the basis of CX3CR19/*
and CD45.1 or CD45.2 expression. 10X sequencing followed by data analysis using the Seurat
package in R was performed. Heatmap displays normalised differentially expressed genes
between identified clusters.

Data analysis was performed by Dr. Stephen Sansom (University of Oxford)
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Table.4.1: Identification of mononuclear phagocyte clusters

Cluster Phenotype Cell type
0 H2-DMb2, H2-Oa, Cd209a, Cd7 DC
1 Ly6c2, Lyz2, Ccr2, Cd14, Sell Monocytes

2 Cd63, Cd72, Clqga, Clgb, Clqc, Cdsl, Ccls,

Lyz2, Zmynd15 Inflammatory macrophages

3 Irf8, Cd24a, Batf3, Xcrl, 1d2, BATF3-dependent DC
CD103*CD11b*
4 Irf8, Cd24a, Batf3, Xcrl, 1d2, BATF3-dependent DC
CD103*CD11b
5 Ccl7, Adgrel, Ccl2, Ccl3, Ccl4, Gbp2b, Resident
Cxcl2, Fcgr4, Cd14 macrophages
6 Siglech, Bst2, Cd209d, Sell, Tcf4, Cd7, Plasmacytoid DC
7 Irf8, Cd24a, Batf3, Xcrl, 1d2, Ccr7, Relb, BATF3-dependent DC
Ccl22, Ccl17, Socs2 Activated, migratory

Single cells were downsampled to analyse equal numbers of WT and Irf5”- MNPs in each
cluster. More macrophages were derived from WT in cluster 2 (193 WT vs 70 Irf5", 2.76-
fold), and to somewhat lesser extent in cluster 5 (47 WT vs 24 Irf57", 2-fold) (Fig.4.15A,
Fig.4.15B). These two clusters also displayed the highest number of differentially
expressed genes between genotypes (Fig.4.16A, Cluster 2: 60, and Cluster 5: 58). The top
genes differentially expressed between genotypes within clusters are presented in
Fig.4.16B, and Table.4.2-4.6. Cluster2 and Cluster 5 shared genes that were associated
with a cLP macrophage signature, such as Clga, b, and c, Cd81, Ccl8, Dnasell3, and
Zmyd15 [138]. However, these clusters could be distinguished by differential expression of
several markers: Cluster 5 expressed a more terminally differentiated phenotype,
demonstrated by higher levels of Adgrel (F4/80), Mrc1 (CD206), analogous to Mowat’s P4
CX3CR1" whereas, Cluster 2 expressed higher levels of Itgax (CD11c), which may indicate
that Cluster 2 represents a more inflammatory monocyte/macrophage cluster (Mowat P3)

[57, 138].

Among the top differentially expressed genes in Cluster 2 was Ccl4, which was previously
shown to be directly regulated by IRF5 (Fig.4.16) [162, 163, 261]. lllrn, an anti-
inflammatory decoy receptor for IL1a and IL1B, was highly expressed in Cluster 2 Irf5"

relative to WT.
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Fig.4.15: Dimensionality reduction of WT and Irf5 MNPs isolated from mixed bone
marrow chimaeras reveals a population structure effect of IRF5-deficiency

WT or Irf57- MNPs were sorted from mixed bone marrow chimaeras on the basis of CX3CR1-gfp
and CD45.1 or CD45.2 expression. 10X sequencing followed by data analysis using the Seurat
package in R was performed to identify clusters. A) tSNE plot coloured by genotype. B) Clusters
0, 1, 3, 4, and 6 are predominantly occupied by Irf57- cells. Clusters 2 and 5 are predominantly
occupied by WT.

Data analysis was performed by Dr. Stephen Sansom (University of Oxford)
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Fig.4.16: Differentially expressed genes between genotypes within clusters

WT or Irf57- MNPs were sorted from mixed bone marrow chimaeras on the basis of CX3CR1-gfp
and CD45.1 or CD45.2 expression. 10X sequencing followed by data analysis using the Seurat
package in R was performed to identify clusters. A) Numbers of differentially expressed genes
between genotypes in each cluster. B) Top differentially expressed genes within clusters identified
by the function “negbinom.cluster.dir’ using the Seurat package in R.

Data analysis was performed by Dr. Stephen Sansom (University of Oxford)
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Table.4.2: Top differentially expressed genes in Cluster 1

Gene ID Gene p value p.adj Average Difference
ENSMUSG00000012535 Tnpo3  2.52E-07 5.57E-05 -0.46607
ENSMUSGO00000036078 Sigmarl 9.78E-05 0.006364 -0.25144
ENSMUSG00000026480 Ncf2 0.001474 0.037047 0.254932
ENSMUSG00000046223 Plaur 0.003424 0.059632 -0.29153

The data presented in this chapter indicate that IRF5 may affect the development of
monocytes to macrophages, and transition from inflammatory to resident macrophage
states in the cLP. During monocyte to macrophage transition, modules of genes are
switched on and off until a resident macrophage state is achieved [138]. Single cell analysis
allows the visualisation of transient cell states that would be masked by profiling gene
expressing in bulk samples. The Monocle algorithm traces the trajectory of gene
expression and places single cells within that trajectory (pseudotime). Pseudotime analysis
of the single cells collected using 10X was performed using the “monocle” package in R

(http://cole-trapnell-lab.github.io/monocle-release/) [212].

Pseudotime analysis revealed three states adopted by the MNPs (Fig.4.17A).
Transposition of the clusters identified in Seurat revealed that Cluster 1 (monocytes) was
the most similar population to the other seven clusters, but was more phenotypically similar
to Clusters 2 and 5 (macrophages), indicated by branching of Cluster 1 (Fig.4.17B).
Clusters 0, 4, 6, and 7 (DCs) marked the right branch of the analysis which was distinct
from Clusters 2 and 5 on the left. Cluster 3 mainly comprised the terminus of the right hand

branch, but some cells from Cluster 3 were present in the left branch (Fig.4.17B).

134


http://cole-trapnell-lab.github.io/monocle-release/

A State « 1 ¢2+3

254
N 0.0
=
()
( 9
o
ol
£ -25-
o
O
-5.0 1
-7'54 T T T T
-10 -5 0 5
Component 1
B e (0 e2e4e606
cluster
e{1e3e5e7
2.5+
N 004
[ =
()]
| =
o
Q.
£ -2.54
[}
o
-5.0 4
-7.54

" T

-10 5 0 5
Component 1
Fig.4.17: Pseudotime analysis of CX3CR1* mononuclear phagocytes

-

WT or Irf57- MNPs were sorted from mixed bone marrow chimaeras on the basis of CX3CR1-gfp
and CD45.1 or CD45.2 expression. 10X sequencing followed by data analysis using the Seurat
package in R was performed to identify clusters. Pseudotime analysis was performed by passing
MNP clusters through the Monocle package. Cluster 1 was identified as the most similar cluster
to each arm. Clusters 2 and 3 are the most transcriptionally distinct based on monocle analysis
Data analysis was performed by Dr. Stephen Sansom (University of Oxford)
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10X Cluster 1 represents newly entered Ly6C" P1 monocytes (Table.4.1) that give rise to
macrophages in the intestine [57]. Differentially expressed genes in 10X Cluster 1, and 10X
Cluster 2 may represent critical genes in the regulation of macrophage fate. Five genes
were found to be significantly differentially expressed in 10X Cluster 1, summarised in
Table.4.2. The top 20 up and down differentially expressed genes between WT and Irf5"
in 10X Cluster 2 are summarised in Table.4.3 and Table.4.4. The differentially expressed

genes will be discussed later in this chapter.
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Table.4.3: Top upregulated genes in WT 10X Cluster 2

. Average
Gene ID Gene p value p.adj Difference
ENSMUSG00000042684 Npl 3.11E-12 2.82E-15 0.841994
ENSMUSG00000028459 Cd72 2.16E-08 4.88E-11 0.713218
ENSMUSG00000052160 Pld4 7.02E-07 1.90E-09 0.501079
ENSMUSG00000059089 Fcgrd 2.91E-05 1.05E-07 0.543993
ENSMUSG00000029771 Irf5 5.93E-05 2.95E-07 0.397115
ENSMUSG00000008496 Pou2f2 3.76E-04 2.40E-06 0.538759
ENSMUSG00000079298 Kirb1lb 5.43E-04 3.93E-06 0.529512
ENSMUSG00000025059 Gk 1.92E-03 1.73E-05 0.46466
ENSMUSG00000040552 C3arl 2.13E-03 2.12E-05 0.351017
ENSMUSG00000037706 Cds1 2.62E-03 2.72E-05 0.371806
ENSMUSG00000028869 Gnl2 7.29E-03  0.000115 0.431589
ENSMUSG00000028108 Ecm1l 7.54E-03  0.000129 0.47454
ENSMUSG00000026548 Slamf9 9.47E-03  0.000171 0.350616
ENSMUSG00000047250 Ptgsl 2.38E-02 0.000635 0.370671
ENSMUSG00000056888 Gliprl 4.86E-02 0.00257 0.352931
Table.4.4: Top upregulated genes in Irf57 10X Cluster 2
. Average
Gene ID Gene p value p.adj Difference

ENSMUSG00000072235 Tubala 0.00 1.86E-07 -0.40943
ENSMUSG00000069515 Lyz1 0.00 7.68E-06 -0.73507
ENSMUSG00000030588 Yiflb 0.01 7.49E-05 -0.33025
ENSMUSG00000029922 Mkrn1 0.01 0.000123 -0.32171
ENSMUSG00000022586 Ly6i 0.01 0.000179 -0.74128
ENSMUSG00000023913 Pla2g7 0.01 0.000202 -0.40572
ENSMUSG00000060143 Gm10076 0.01 0.0002 -0.30889
ENSMUSG00000001128 Cfp 0.03 0.001214 -0.41809
ENSMUSG00000066407 Gm10263 0.03 0.001191 -0.32323
ENSMUSG00000026981 I11rn 0.04 0.001719 -0.33557
ENSMUSG00000075705 Msrbl 0.05 0.002304 -0.30514
ENSMUSG00000068129 Cst7 0.05 0.002908 -0.34434
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A resident macrophage phenotype (Adgrel, Mrcl, Dnasell3, Zmynd15, Ccl7, Ccl2, Ccl3,
Ccl4, Gbp2b, Cxcl2, Fcgr4, Cd14) was observed in 10X Cluster 5 (Fig.4.14, Table.4.1).
DEGs between WT and Irf57 in Cluster 5 macrophages are summarised in Table.4.5 and
Table.4.6. Cluster 5 WT macrophages expressed higher levels of the monocyte
chemokines Ccl4, and Ccl5, and interestingly, the atypical Inhibitor of NFKB gene, Nfkbiz,
which is essential for production of proinflammatory cytokines and chemokines, such as
IL6, IL12, and CCL2, but was also demonstrated to control macrophage IL10 production

[304].

Table.4.5: Top upregulated genes in WT Cluster 5

. Average
Gene ID Gene p value p.adj Difference

ENSMUSG00000018930 Ccla 0.02 5.04E-04 1.269414
ENSMUSG00000035042 Ccl5 0.05 2.55E-03 1.093933
ENSMUSG00000042684 Npl 0.05 2.76E-03 0.711522
ENSMUSG00000028465 Tinl 0.07 3.94E-03 0.499397
ENSMUSGO00000005656 Snx6 0.07 4.07E-03 0.6602
ENSMUSG00000035356 Nfkbiz 0.07 4.31E-03 0.628052
ENSMUSG00000025279 Dnasell3 0.08 6.22E-03 0.531006
ENSMUSG00000098112 Bin2 0.08 6.83E-03 0.46811
Table.4.6: Top upregulated genes in Irf57 Cluster 5

. Average

Gene ID Gene p value p.adj Difference

ENSMUSG00000027907 S100al11 0.003 3.60E-05 -0.7493
ENSMUSG00000030805 Stx4a 0.006 9.68E-05 -0.57292
ENSMUSG00000038301 Snx10 0.008 1.32E-04 -0.56125
ENSMUSG00000000290 Itgh2 0.015 3.31E-04 -0.52142
ENSMUSG00000035227 Spcs2 0.019 4.73E-04 -0.55324
ENSMUSG00000078853 Igtp 0.021 5.48E-04 -0.66527
ENSMUSG00000060904 Arll 0.026 7.10E-04 -0.56387
ENSMUSG00000027514 Zbpl 0.029 8.66E-04 -0.49693
ENSMUSG00000040212 Emp3 0.030 9.49E-04 -0.53108
ENSMUSG00000052298 Cdc42se2 0.043 1.93E-03 -0.49502
ENSMUSG00000022488 Nckap1l 0.047 2.34E-03 -0.51686
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4.2.7 RNAseq analysis of small bulk samples of WT and Irf5" macrophages in
mixed bone marrow chimaera reveals intrinsic transcriptional differences
between populations

10X is a powerful platform to analyse the transcriptome of thousands of single cells in

parallel. However, 10X RNAseq suffers from relatively limited coverage of the

transcriptome. To address this issue, small bulk populations of 100 cLP WT and Irf5"
macrophages were collected from Hh + alL10R inflamed colon. Macrophages were
isolated using FACS-sorting for Live CD45* CD11b* Ly6C- MHC II* F4/80* cells and cDNA

libraries were prepared according to the Smart-Seqg2 protocol. Expression of ~15, 000

genes were detected, of which 296 genes were found to be differentially expressed

between WT and Irf57 macrophages (Fig.4.18A). Highly differentially expressed genes
were plotted (Fig.4.18B) and summarised in Table.4.7 (Upregulated in Irf57), and Table.4.8

(Upregulated in WT).

139



A 200+

[72]
c
o 150
50
=T
2 2 1001
ES
23
< 3 50-
S
D
0 T T
WT Irf5"
Macrophages
B Erdr1 Retnla,
Rhoh
Hones Tram1
6_
~Irf5 Txndc17
Ccl9 . Trim59
Tmem60, 22" Cd24a _Gbp2b
o 4- N A Mid1 ~Ly86 ;
'\ 7 H
> o Metti2 s Jrare2 Fcerig ‘p|g¢fb ,
9 e -Beglt = Cd81 Acp1 [P
1~ - Ccl8 Mst1
* " Mysm1 C1gb  Nedd8 -, * Nans
24 sl . ¢ Eprs "
Bank! gatgp . - Lyge . W26 3 1"
" Heérc1 " ¥ Tnfsf13b
- knockout > wildtype wildtype > knockout
8 4 0 4
Log2
(Wildtype/Irf5™)

Fig.4.18: Volcano plot of differentially expressed genes between wild-type and Irf5"
macrophages from mixed bone marrow chimaera at d21 Hh + alL10R

LPLs were isolated from mixed bone marrow chimaeras at d21 Hh + alL10R colitis. 100
macrophages (CD45* CD11b* Ly6G- Siglec F- Ly6C- MHC II* F4/80*) of each genotype (WT or
Irf5-- identified by expression of either CD45.1 or CD45.2) per mouse were sorted into Smart-
Seq2 lysis buffer. Nextera library preparation was performed on the bulks, followed by lllumina
Hiseq2000v4 sequencing. Reads were filtered and mapped to the mm10 genome, and DESeq?2
was used to identify differentially expressed genes. A) Numbers of genes upregulated in each
genotype. B) Volcano plot of differentially expressed genes.

Statistics:

N = 3 biological replicates
Data analysis was performed by Dr. Stephen Sansom (University of Oxford)
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Table.4.7: Top 20 genes upregulated in Irf5+ macrophages from mixed bone marrow chimaera

d21 Hh + alL10R

Gene ID Symbol Base Mean Log, Fold Change IfcSE p adj
ENSMUSGO00000096768  Erdrl 87.78845 7.484952 1.135675  1.43E-07
ENSMUSG00000028932  Psmc2 92.90367 7.094149 1.133008  7.49E-07
ENSMUSG00000045435  Tmem60 55.61884 6.71201 1.292539  0.000113
ENSMUSG00000020691  Mettl2 56.82934 6.275169 1.2259 0.000136
ENSMUSG00000027628  Aar2 62.72574 6.214999 1.171759  7.94E-05
ENSMUSG00000074749  Kiz 39.67361 6.19077 1.332519  0.000851
ENSMUSG00000006736  Tspan31 44.68297 5.918877 1.216224  0.000348
ENSMUSG00000061769  Klra6 63.2024 5.871137 1.33968  0.002256
ENSMUSG00000104752  Gm5565 20.27579 5.851017 1.390004  0.003805
ENSMUSG00000022474  Pmm1 49.64771 5.823839 1.160856  0.000206
ENSMUSG00000032279  Idh3a 59.89756 5.80813 1.166218  0.000239
ENSMUSG00000040415  Dtx3 30.37504 5.774027 1.271551  0.00122
ENSMUSG00000070683  Lactbll 19.72503 5.728614 1.387393  0.00458
ENSMUSG00000031959  Wdr59 22.33472 5.463237 1.294276  0.003726
ENSMUSG00000054942  Fam73a 60.0139 5.435956 1.114991  0.000344
ENSMUSG00000021363  Mak 14.89674 5.394879 1.414158  0.011527
ENSMUSG00000012483  Rpa3 49.16001 5.337686 1.455304  0.016437
ENSMUSG00000026784  Pdss1 29.85138 5.321845 1.376849  0.010078
ENSMUSG00000050846  Zfp623 51.65535 5.313833 1.358877  0.009411
ENSMUSG00000040112  Mrps35 34.16846 5.295907 1.378826  0.01093

Table.4.8: Top 20 genes upregulated in WT macrophages from mixed bone marrow chimaera

d21 Hh + alL10R

Gene ID Symbol Base Mean Log, Fold Change IfcSE p adj
ENSMUSGO00000034317 Trim59 65.45416 -6.19017 1.114154 3.01E-05
ENSMUSGO00000048307 Ankrd46 35.52351 -6.17347 1.350625 0.001134
ENSMUSG00000036256  Igfbp7 40.5588 -6.09063 1.325748 0.00104
ENSMUSG00000036916  Zfp280c 40.45569 -5.85756 1.266357 0.000916
ENSMUSGO00000031613 Hpgd 45.20982 -5.73803 1.158071 0.000263
ENSMUSGO00000028334 Nans 29.372 -5.70802 1.363352 0.004142
ENSMUSG00000046324 Ermpl 52.10683 -5.68899 1.112852 0.000136
ENSMUSG00000044573  Acpl 54.8453 -5.42996 1.197422 0.00122
ENSMUSG00000023707 Ogfod2 29.46976 -5.41449 1.296819 0.004174
ENSMUSGO00000032591 Mstl 39.5879 -5.40095 1.271529 0.003474
ENSMUSGO00000073002 Vamp5 27.28197 -5.38322 1.289375 0.004174
ENSMUSG00000025935 Traml 131.6154 -5.37329 0.841469 4.19E-07
ENSMUSGO00000068551  Zfp467 23.73757 -5.36364 1.295052 0.00457
ENSMUSGO00000050777 Tmem37 72.68193 -5.34483 1.231922 0.002653
ENSMUSGO00000003199 Mpnd 35.09519 -5.29255 1.234789 0.002971
ENSMUSGO00000035847 Ids 26.99179 -5.19749 1.209597 0.00292
ENSMUSGO00000079164  TIr5 13.67076 -5.1757 1.420053 0.017501
ENSMUSGO00000003423 Pih1d1l 42.54768 -5.09848 1.467239 0.025572
ENSMUSGO00000020910 Adprm 56.40512 -5.06315 1.303327 0.009785
ENSMUSG00000044221 Grsfl 63.93478 -5.06193 1.054022 0.000466
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Gene Ontology enrichment (GO) analysis was performed to identify pathways regulated by
IRF5 that may influence disease progression (Table.4.9). Interesting and relevant GO
terms included “Cellular Response to Interferon-Gamma” (Fold Enrichment (FE) = 3.6), “T
cell Differentiation involved in immune response” (FE = 2.9), “Monocyte Chemotaxis” (FE

= 2.1), and “Membrane Budding” (FE = 2.3).

Table.4.9: Gene Ontology enrichment associated with differentially expressed genes in
macrophages

Fold
GO.ID Term Expected p Value Genes Enrichment
G0:0001955 blood vessel maturation 0.18  0.0090 Mmp2, S1prl 11.1
GO:0002862 NeYAtIVe regulation of inflammatory 5 5046 j110p, Psmba 6.7
response to antigenic stimulus
adenylate cyclase-inhibiting G- .
G0:0007193 protein coupled receptor signaling 0.63  0.0086 gfaﬁ Gpra7il, 4.8
pathway P
GO-0071346 cellular response to interferon- 137 0.0053 1112b, Ccl8, Ccl9, 36
gamma Eprs, Gbp2b
G0:007009g Chemekine-mediated signaling 0.9  0.0015 Ccl8, Ccl9, Cibl 3.3
pathway
_ . ) Arpc2, Nup85,
G0:0030032 lamellipodium assembly 1.34 0.0266 S1prl, Whamm 3.0
G0:0090280 POS!tive regulation of calcium ion 0.69  0.0082 Clecabl, Npsrl 2.9
import
G0:0002292 | eIl differentiation involved in 1.05  0.0321 Il12b, Ly9, Feerlg 2.9
immune response
GO:0098869 cellular oxidant detoxification 11 0.0099 ;’r(gfgﬂ’ Fam213a, 5
G0:0006900 membrane budding 1.31 0.0070 Tsgl01, Dab2, Arfl 2.3
G0:0002548 monocyte chemotaxis 0.96  0.0026 Ccl8, Ccl9 2.1
GO:0016064 MMunoglobulin mediated immune o\ 4>54 c1ga, C1gb, Feerlg 1.8
response
GO:2000107 "e9atIVe regulation of leukocyte 113  0.0254 Fadd, Fcerlg 1.8
apoptotic process
G0:0030593 neutrophil chemotaxis 1.7 0.0076 Ccl8, Ccl9, Fcerlg 1.8
) Pih1d1, Pfkfb2,
G0:0009749 response to glucose 2.45  0.0065 Mpc2, Sidt2 1.6
G0:0006612 protein targeting to membrane 1.94 0.0325 Srpl9, Ssr3, Cibl 15
G0:0048041 focal adhesion assembly 1.31  0.0293 Sorbsl, Whamm 15
G0:0007389 pattern specification process 6.06 0.0164 23;119 Katza, Wis, 0.7
G0:0006302 double-strand break repair 3.22  0.0306 Rpa3, Sfrl 0.6
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To further refine the list of genes of interest, genes that were associated with GM-BMDM
IRF5-ChIP peaks (reported by Saliba et al., 2014) were integrated with DEGs in MBMC
(Fig.4.19) [163]. l112b was upregulated in WT macrophages vs Irf57 in mixed chimaera,
and was associated with five ChlP peaks (Fig.4.19). Cd81, was highly expressed in Cluster
2 (inflammatory macrophages) and Cluster 5 (resident macrophages) in 10x RNAseq, and
was enriched in WT in MBMC (Fig.4.18). Furthermore, Cd81 was associated with an IRF5-
ChIP peak (Fig.4.19), making Cd81 an interesting target to validate. Table.4.10

summarises the top 20 most significantly DEGs in MBMC with IRF5-ChIP peaks.

143



Swap70

Skil f Gm 125
o gwas
o= '
o ° ' no
n 0O ; Ssr3 *yes
IE g Edem3 :
o em :
== | Praxe® “co'!  n_peak
° U) [ . 1
& O ' Cer5 Lrrc8b
S Agpatd  Aridsa ! Cda1 Y
gpa : Akriai @5
Fam105a Ccl9
Hcar2 ! Msl1  Capn7
1 "“‘ReV1““"““"“"““":‘““Dabz‘"]fg‘aV“"CﬁCG“‘
! 1 I 1
-5.0 2.5 0.0 2.5

Chimaera: WT/Irf57-
(Log2 Fold Change, 10% FDR)

Fig.4.19: Integration of d21 Hh + alL10R mixed bone marrow chimaera RNAseq with in
vitro-defined IRF5 ChIP peaks to identify targets of interest

LPLs were isolated from mixed bone marrow chimaeras at d21 Hh + alL10R colitis. 100
macrophages (CD45* CD11b* Ly6G- Siglec F- Ly6C- MHC II* F4/80*) of each genotype (WT or
Irf5-/- identified by expression of either CD45.1 or CD45.2) per mouse were sorted into Smart-
Seq2 lysis buffer. Nextera library preparation was performed on the bulks, followed by lllumina
Hiseq2000v4 sequencing. Reads were filtered and mapped to the mm10 genome, and DESeq?2
was used to identify differentially expressed genes. Data are expressed as Irf57 /WT.

Peak calling was performed on GM-BMDMs at 0 hrs and 2 hrs post LPS stimulation. 1409 IRF5
ChIP peaks with an IDR < 10% were found associated with 810 genes using GREAT promoter
definitions.

Statistics:

Mixed chimaera: N = 3 biological replicates
Data analysis was performed by Dr. Stephen Sansom (University of Oxford)

144



Table.4.10: Top differentially expressed genes between wild-type and Irf5” in mixed bone
marrow chimaera with in vitro ChIP peaks

Mixed Bone Marrow Chimaera in vitro ChiPseq
Gene Log,, Fold Adjusted Peak Min N
vGeneID Symbol Change p-Value IDR Peaks

ENSMUSG00000029204 Rhoh -4.51 1.43E-07 0.38 1
ENSMUSG00000019122 Ccl9 -2.73 3.35E-05 0.0308 3
ENSMUSG00000027828 Ssr3 -4 5.73E-05 0.00124 3
ENSMUSG00000056069 Fam105a 3.51 0.000286 0.05 1
ENSMUSG00000037706 Cds1 -2.38 0.000682 0.0122 1
ENSMUSG00000028798 Eif3i 3.53 0.00122 0.369 1
ENSMUSG00000025066 Sfrl -4.06 0.0021 0.257 1
ENSMUSG00000045502 Hcar2 3.31 0.0024 0.0794 1
ENSMUSG00000036905 Clgb -1.4 0.0029 0.247 1
ENSMUSG00000021893 Capn7 -4.09 0.00542 0.0805 1
ENSMUSG00000040697 Dnajcl6 4.96 0.0057 0.412 1
ENSMUSG00000018923 Med11 -3.48 0.00848 0.00375 1
ENSMUSG00000008384 Sertadl 3.98 0.0115 0.339 1
ENSMUSG00000026082 Revl 4.94 0.0126 0.0924 1
ENSMUSG00000029449 Rhof 4.62 0.0131 0.3 2
ENSMUSG00000020892 Aloxe3 477 0.0138 0.229 1
ENSMUSG00000033470 Cysltr2 5.21 0.0147 0.128 1
ENSMUSG00000079547 H2-DMb1 -1.48 0.0225 0.435 1
ENSMUSG00000004296 l112b -4.17 0.0271 0.000259 5
ENSMUSG00000022150 Dab2 -1.64 0.0272 0.0969 1

*Log,, Fold Change expressed as Irf5" WT
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4.2.8 Validation of gene targets identified by integration of genomic data

Cd81 was identified as a highly differentially expressed target of IRF5 in cLP macrophages
during Hh + alL10R colitis (Fig.4.18, Fig.4.19). CD81 is a tetraspanin known to be involved
in antigen presentation by MNPs to naive T cells, but mutations in CD81 have not been
associated with IBD at the time of writing [305, 306]. Expression of CD81 in WT MNPs was
analysed by flow cytometry. CD81 was found to be expressed in low numbers of P1
monocytes at steady state, and was not increased during Hh + alL10R colitis (Fig.4.20A).
The expression level of CD81 was not affected by inflammatory status (Fig.4.20B). Low
frequencies of P2 monocytes expressed CD81 at steady state, and expression of CD81
was low (Fig.4.20). A greater percentage of P2 monocytes expressed CD81 during Hh +
alL10R colitis than at steady state (Fig.4.20A, p = 0.022). However, expression of CD81
was not upregulated during colitis (Fig.4.20B). In contrast to P1 and P2 monocytes, the
majority of macrophages expressed CD81 at steady state (Fig.4.20A). The percentage of
CD81* macrophages was also increased during colitis (Fig.4.20A, p = 0.031). CD81

expression was significantly upregulated in Hh + alL10R colitis (Fig.4.20B, p = 0.0008).

CCL8 was another molecule that was significantly differentially expressed in sScRNAseq
and in MBMC RNAseq (Fig.4.18), but was not associated with a ChIP peak (Fig.4.19).
Analysis of CCL8 levels in WT vs global Irf5” explant culture supernatants showed that

Irf57 expressed less CCL8 during colitis (p = 0.0097, Fig.4.21).
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Fig.4.20: CD81 is upregulated on macrophages during Hh + alL10 R colitis

CD81 expression in MNPs was measured by flow cytometry. A) the percentage of MNPs
expressing CD81 increased as monocytes differentiated into macrophages and the number of
CD81* macrophages was increased at d14 Hh + alL10R colitis (mean diff = 4.33% +4.73, p =
0.0038). B) The MFI of CD81 increased as monocytes differentiated into macrophages. CD81
expression on macrophages was increased with inflammation (mean diff = 71.67 +136.1, p =
0.0002).

Statistics:

Data are from one experiment. Steady state n =2, Hh + alL10Rn =6
2-Way ANOVA with Sidak correction: ** p £0.01, *** p < 0.001
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Fig.4.21: CCL8 is upregulated in WT mice at d21 Hh + alL10R colitis

Explants were harvested from mouse colon, weighed, and then cultured for 24 hrs. Culture
supernatants were then aspirated, and the level of CCL8 was assayed by ELISA and normalised
to explant weights. At d21 Hh + alL10R, the level of CCL8 was significantly elevated compared
to control (mean difference = 123.2 pg/mL/mg + 28.2, p = 0.0024), and to Irf57- Hh + alL10R
(mean difference = 80.56 pg/mL/mg + 21.84, p = 0.0097).

Statistics:

Data are representative of two independent experiments. Steady state: WT n = 3, Irf5/- n = 3. Hh
+alL10OR: WTn=7,Irf5/"n=7

2-Way ANOVA with Tukey correction, ** p <0.01
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4.2.9 WT mononuclear phagocytes express higher levels of functional intestinal
macrophage markers than Irf57 at steady state and during inflammation in
mixed bone marrow chimaeras

To further expand the number of IRF5 controlled genes in cPL we also analysed two

previously reported targets of IRF5 (TNFa, and pro-IL1B), whose mRNA expression might

not have been captured during our model of colitis at day 21 analysis. TNFa is a master
inflammatory cytokine, demonstrated by amelioration of multiple inflammatory diseases
after blocking either TNFa itself, or the TNF receptor [173]. IL1B levels are high in IBD
patients, and IL1p was demonstrated to promote Hh + alL10R colitis through support of
ILC3 and Tul7 responses [307]. An RNA microarray of the timecourse of Hh + alL10R
colitis was performed by the Powrie lab, allowing the visualisation of TNFa and IL13
expression on the whole tissue level over the course of disease (Unpublished data). The
design of the Hh + alL10R experiment was slightly different to that presented in this thesis;
only two doses of alL10R antibody were administered (dO and d6), resulting in peak of
colitis at d13, and resolution thereafter. In the experiments described here, colitis was
maintained until d21 by administration of three doses of alL10R (dO, d6, and di13).

Unpublished data from the lab suggest that the Hh + alL10R colitis phenotype is stable

from d14-d28 so long as alL10R is administered weekly. Therefore comparison of the two

datasets are between d14 (microarray) and d21 (flow cytometry MFI).

In the Hh + alL10R microarray kinetic, both ll1b and Tnf expression were significantly
elevated over steady state (dO) from d6. Expression peaked at d14 and declined thereafter
(once alL10R antibody was withdrawn and disease resolved, Fig.4.22). Expression of
these pro-inflammatory cytokines coincided with the peak of Ly6c expression in the cLP,

which marks newly entered monocytes (Fig.4.22).

MBMC allowed direct comparison of the expression of TNFa and pro-IL13 in WT and Irf5
" MNPs in the cLP. A high percentage of P1 monocytes and P2 monocytes (which express

Ly6C), and macrophages, expressed TNFa and pro-IL1[3 (the precursor protein to IL13) at
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steady state (Fig.4.23A-C, Fig.4.24A-C). The percentage of WT Macrophages expressing
TNFa increased significantly over controls during Hh + alL10R colitis (p = 0.0434,
Fig.4.23C), but not over Irf5” Hh + alL10R MBMC. The per-cell expression (expressed as
MFI by flow cytometry) increased in WT macrophages over uninfected controls (Fig.4.23A,
p = 0.0008). TNFa expression in WT P1 monocytes and P2 monocytes from MBMCs was
not significantly increased over controls, however (Fig.4.23D-F). Expression of TNFa was
significantly elevated in WT macrophages over Irf57 (Fig.4.23F, p < 0.0008 respectively),

but not in P1 or P2 monocytes (Fig.4.23D).

Pro-IL1B expression in MNPs from MBMCs was profiled by flow cytometry. Significantly
more WT P1 monocytes (p = 0.0215) and P2 monocytes (p = 0.0072) expressed pro-IL13
at d21 Hh + alL10R colitis vs Irf57, but the percentage of pro-IL1B* macrophages was not
significantly altered between WT and Irf57 (Fig.4.24A-C). The level of pro-IL1B expression
in P2 monocytes was increased in WT over Irf57 (p = 0.0024, Fig.4.24E). Pro-inflammatory
monocytes are present in increased numbers during colitis, therefore, even if the
percentage or MFI of inflammatory cytokine positive MNPs is not increased, their number
are likely to influence the level of cytokine in the tissue. Pro-IL1p was also expressed at a
higher level in WT macrophages than Irf57 from MBMC Hh + alL10R d21 (p = 0.0335,
Fig.5.24F). Taken together, these results place IRF5 as a regulator of monocyte to
macrophage conversion in the cLP, and support the hypothesis that one mode in which
IRF5 promotes colitis is via promoting a macrophage inflammatory state, therefore

modulating inflammatory cytokine production.
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Fig.4.22: Microarray analysis of whole tissue expression of Tnf, ll1b, and Ly6c over the
Hh + alL10R colitis kinetic

Expression of Tnf, ll1b, and Ly6c increased significantly over steady state (d0) mice at d6.
Expression peaked at d14 for all cytokines presented, before declining after alL10R antibody was
withdrawn.

Data were corrected for multiple comparisons by controlling the false discovery rate using the
Benjamin-Hochberg method, with the false discovery rate set to 0.05. Data are presented as fold
change over dO, with comparisons tested against dO expression.

** q<0.01, *** gq<0.01, ***q<0.0001

Data were generated by Dr. Chris Schiering and Dr Matthew Shale (Powrie Lab, University of
Oxford)
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Fig.4.23: TNFa expression is upregulated in WT vs Irf5"- macrophages and P2 monocytes
during Hh + alL10R inflammation

P1 monocytes, P2 monocytes, and Macrophages were isolated from mixed bone marrow
chimaeras. Donor origin was determined by the expression of either CD45.1 (WT) or CD45.2 (Irf5
). The percentage of respective donor A) P1 monocytes, B) P2 monocytes, and C) macrophages
expressing TNFa was quantified. No significant difference was observed between the mean
percentage of WT or Irf57- P1 and P2 MNPs expressing TNFa at steady state or inflammation,
although there were more TNFa* WT macrophges observed during Hh + alL10R inflammation
than at steady state (mean difference = 14.4 +4.9, p = 0.0434). The per-cell expression of TNFa,
expressed as MFI, was quantified in D) P1 monocytes, E) P2 monocytes, and F) macrophages
WT macrophages upregulated TNFa, at d21 Hh + alL10R vs controls (Mean diff = 2287 +464.4,
p = 0.0008), but TNFa was not significantly upregulated by inflammation in WT P1 monocytes or
P2 monocytes. The expression of TNFa was not affected by IRF5 deficiency at steady state
across the MNPs analysed. At d21 Hh + alL10R, WT macrophages expressed higher levels of
TNFa than Irf57- macrophages (p = 0.0034).

Statistics:

Data are from one experiment. Mean + SEM Steady state: n =3, Hh + alLILORn =7
2-Way ANOVA with Tukey correction: ns = not significant, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Fig.4.24: pro-IL1B expression is higher in WT MNPs in mixed bone marrow chimaera

P1 monocytes, P2 monocytes, and Macrophages were isolated from mixed bone marrow chimaeras.
Donor origin was determined by the expression of either CD45.1 (WT) or CD45.2 (Irf57). The
percentage of respective donor A) P1 monocytes, B) P2 monocytes, and C) macrophages expressing
pro-IL1B was quantified. Greater frequencies of P1 monocytes of WT origin were found to express pro-
IL13 at steady state (mean difference = 31.6 £6.2, p = 0.002), but no significant difference was observed
between the mean percentage of WT or Irf57- P2 monocytes and macrophages expressing pro-IL1B at
steady state. At d21 Hh + alL10R colitis, the frequency of WT P2 monocytes expressing pro-IL1p3 was
increased over steady state (mean difference = 15.11 +3.4, p = 0.0056). Fewer Irf57-P1 monocytes and
P2 monocytes expressed pro-IL13 than WT at d21 Hh + alL10R (p = 0.0215, and p = 0.0072). No
difference in the frequency of macrophages expressing pro-IL13 was detected across all conditions.
The per-cell expression of pro-IL1B, expressed as MFI, was quantified in D) P1 monocytes, E) P2
monocytes, and F) macrophages. Pro-IL1B3 expression was not upregulated with inflammation in the
MNPs tested. WT P1 monocytes expressed higher levels of pro-IL1B than Irf57 at steady state (mean
difference = 1329 1268.5, p = 0.0027), but not d21 Hh + alL10R. At d21 Hh + alL10R, WT P2
monocytes, expressed higher levels of pro-IL1B than Irf57 (mean difference = 895.5 +178.1, p =
0.0024). WT Macrophages expressed higher levels of pro-IL1[ at steady state (mean difference =342.3
+72.1, p = 0.0036), and at d21 Hh + alL10R (mean difference = 206.6 +62.4, p = 0.0335) than Irf5"
macrophages.

Statistics:

Data are from one experiment. Steady state: n = 3, Hh + alL10R n = 4. 2-Way ANOVA with Tukey
correction. ns = not significant, * p < 0.05, ** p < 0.01.
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IRF5 promotes an inflammatory macrophage phenotype both in GM-BMDMs and in vivo
[162, 217]. IRF5-expressing macrophages express more MHC I, and CD11c, and less
CD206 [217, 278]. The cell surface expression of these markers on MNPs in MBMCs was
measured by flow cytometry. WT macrophages, but not WT P2 monocytes expressed
higher levels of MHC 1l than Irf5" at steady state (Fig.4.25A, p = 0.0007), and in Hh +
alL10R colitis in MBMC (Fig.4. 25A, p = 0.0026). CD11c levels were found to largely be
unchanged between WT and Irf5 in MBMCs, however, WT macrophages expressed
marginally more CD11c at steady state than Irf5” (Fig.4. 25B, p = 0.032). Despite this,
expression was not significantly upregulated during Hh + alL10R inflammation, and no
difference was detected between WT and Irf57 in the inflamed setting. F4/80 is a
prototypical marker of mature macrophages, although some expression can be detected in
eosinophils. 10X Cluster 5 was defined by the expression of the Adgre gene encoding
F4/80, but it was also expressed in Cluster 2 (Fig.4.14) indicating that both Cluster 2 and
Cluster 5 are macrophages. To assess whether the level of F4/80 on total macrophage
population mirrored the altered differentiation status identified by pseudotime analysis
(Fig.4.17), F4/80 expression was analysed by flow cytometry (Fig.4. 25C). P1 monocytes
and P2 monocytes expressed F4/80 at low levels. Macrophages, however, expressed high
levels of F4/80, but the level of F4/80 expression was the same between WT and Irf5”

MNPs in MBMC (Fig.4. 25C).
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Fig.4.25: Expression of MHC Il is diminished on IRF5-deficient macrophages in a shared
environment

Mixed bone marrow chimaeras were generated by reconstitution of lethally irradiated CD45.1*
WT mice with an equal mix of CD45.1* WT and CD45.2* Irf5- bone marrow. Mice were culled,
and LPLs were isolated. LPLs were labelled with fluorescently conjugated antibodies to cell
surface antigens and analysed by flow cytometry. Donor origin was assessed by expression of
either CD45.1 or CD45.2. A) The MFI of MHC Il on P2 monocytes and macrophages in mixed
bone marrow chimaeras was profiled. There was no difference in the expression of MHC Il on P2
monocytes from either WT or Irf57 origin at steady state or during inflammation. WT macrophages
expressed more MHC Il at steady state (mean diff = 4410 £893.4, p = 0.0007) and in Hh + alL10R
colitis (mean diff = 3467 +951.1, p = 0.0026). B) The MFI of CD11c on MNPs in mixed bone
marrow chimaeras was profiled. There was no difference in the expression of CD11c on P1 or P2
monocytes from either WT or Irf57 origin at steady state or during inflammation. WT macrophages
expressed more CD11c at steady state (mean diff = 92.4 £32.46, p = 0.0318) but not during Hh
+ alL10R colitis. C) The MFI of F4/80 on MNPs in mixed bone marrow chimaeras was profiled.
There was no difference in the expression of F4/80 on MNPs from either WT or Irf57 origin at
steady state or during inflammation.

Statistics:

Data are representative of two independent experiments. Uninfected: n = 3, Hh + alL10R n =7
Mean + SEM

2 Way ANOVA with Sidak correction for multiple comparisons; ns = not significant, ** p < 0.01, ***
p <0.001

155



4.3 Discussion

The intrinsic effects that IRF5 mediates could not be defined using WT vs global Irf5"
immunological profiling. Therefore, MBMCs were generated and profiled. MBMCs allow the
comparison of haematopoietically-derived cells in the same environment, meaning that
discrepancies between WT and Irf5” leukocytes in MBMCs could be directly attributed to

IRF5 deficiency.

MBMCs were reconstituted with an equal mix of WT and Irf5 bone marrow cells, which
were shown not to be deficient in HSPCs (Fig.4.2). At a minimum of eight weeks post
reconstitution, uninfected and Hh + alL10R-treated MBMCs were assessed for
reconstitution efficiency in the bone marrow (Fig.4.2, Fig.4.4), blood (Fig.4.5, Fig.4.6), and
cLP (Fig.4.7, Fig.4.8). Reconstitution of the bone marrow was found to be equal in
uninfected chimaeras, but more Irf5”" leukocytes were observed in the bone marrow or Hh

+ alL10R treated MBMCs (Fig.4.4A, Fig.4.4B).

Myelopoiesis is directed towards granulo- and monocytopoiesis in inflammatory conditions,
including IBD [69, 287]. Changes in systemic concentrations of cytokines e.g. IFNy, and
GM-CSF, or bacterial components e.g. LPS may be able to influence haematopoiesis to
counteract inflammatory insults [308]. The same signals also trigger IRF5 expression in
macrophages [60, 162, 217]. It was observed that diet-induced obesity was accompanied
by dysbiosis and intestinal barrier breakdown, which increased systemic inflammation
[309]. IBD patients also display increased intestinal permeability and increased serum
concentrations of TLR agonists such as Lipopolysaccharide (LPS), and 1,3-B-D-Glucan
[310-312]. Therefore, elevated systemic levels of TLR agonists may contribute to increased
myelopoiesis and thus sustain IBD pathology. It was hypothesised that differential
myelopoiesis between WT and Irf5” may have contributed to reduced accumulation of
MNPs in the mixed bone marrow chimaera, and potentially contribute to reduced disease

in global Irf57 mice.
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To investigate this avenue, the reconstitution efficiency of WT and Irf5” haematopoietic
cells in the bone marrow was assessed by flow cytometry. The reconstitution of the bone
marrow was found to be unaffected, except in the case of Irf57- myeloid populations at day
21 Hh + alL10R colitis (Fig.4.2A, Fig.4.2B). Combined with this, the blood of uninfected
MBM(Cs reconstituted equally, but Irf5” Ly6C" monocytes were overrepresented during Hh
+ alL10R colitis (Fig.4.5, Fig.4.6) [57]. In the cLP, reconstitution was greatly affected by
IRF5 deficiency: total leukocytes were preferentially derived from WT, as were WT P1
monocytes, whilst WT macrophages were further elevated vs P1 monocytes (Fig.4.7, Fig.4.
8, Fig.4.9, Fig.4.11, Fig.4.12, and Fig.4.15B). This observation may be explained via four
options: 1) increased apoptosis of Irf5 macrophages, 2) increased in situ proliferation of
WT macrophages, 3) IRF5-driven recruitment of monocytes, 4) increased conversion of
WT monocytes to macrophages. It is unlikely that Irf5" macrophages exhibit increased
rates of apoptosis, as it was demonstrated that IRF5 is a tumour suppressor [313, 314]. It
is known that macrophages proliferate in situ in many organs, however, proliferation of gut
macrophages has not been observed, and cLP macrophages are thought to be exclusively
derived from blood monocytes [137, 138]. Considering that no HSPC compartment
appeared to be affected by the lack of IRF5, this observation could be explained by
increased mobilisation of WT myeloid cells from the bone marrow to the blood and/or
affected tissue under Hh + alL10R inflammation, or increased retention of Irf5” myeloid
cells relative to WT. In fact, reduced migration of Irf5- monocytes in response to CCL2 was
observed (Fig.4.10), which correlates with the findings of Yang et al., (2012), which
describe reduced expression of CCR2 and CXCR4 and reduced responsiveness to the
CXCR4 ligand, CXCL12. In contrast to our findings, however, Yang et al., showed

increased WT blood reconstitution even before pristane administration [239].

Neutrophils were also preferentially derived from WT at steady state (Fig.4.7). Neutrophils
were found not to express IRF5 both in the steady state bone marrow and cLP, which would
indicate that they should not be affected by IRF5 deficiency in the cLP (Fig.3.6). However,

GMPs expressed low levels of IRF5 (Fig.3.18) and give rise to neutrophils, therefore it
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remains possible that the reduced accumulation seen in Irf57 neutrophils may be due to
intrinsic effects of IRF5 in GMPs. Comparison of WT and Irf57 neutrophils from the blood
and cLP using RNAseq and proteomic techniques would help to elucidate the genes and

proteins important for this process.

Similar to neutrophils, eosinophils express low levels of IRF5 relative to Ly6C" monocytes
in the bone marrow, and in the cLP, but WT eosinophils reconstituted in the blood of
uninfected MBMCs with greater efficiency than Irf57, but not during Hh + alL10R induced
inflammation (Fig.4.5, Fig.4.6). Eosinophils expressed higher levels of IRF5 than
neutrophils (Fig.3.6), express many of the PRRs that activate IRF5, and are activated by
GM-CSFR signalling [9, 129]. Eosinophils were demonstrated to be activated in colitis, and
depletion of eosinophils resulted in amelioration of Hh + alL10R colitis [129]. Therefore, the
inflammatory functions of eosinophils may be augmented by IRF5 expression. Further
research in this area to understand the effects of IRF5 in eosinophils would be intriguing,
however, few patients present with eosinophilic IBD, and therefore the therapeutic potential

may be limited [315].

Evidence presented in this thesis indicates that WT macrophages are elevated within the
MNP pool relative to Irf57 (Fig.3.12), and this was also true in uninfected and Hh + alL10R
colitis MBMCs (Fig.4.11, Fig.4.12), whilst P1 monocyte levels remained equal despite the
reconstitution difference, perhaps indicating that IRF5 is implicated in the conversion of
monocytes to macrophages, a hitherto undescribed finding (Fig.4.15, Fig.4.17) [138]. Yang
et al., (2012) claimed that maturation of monocytes to macrophages was not affected by
Irf57, yet this was only based on the expression of MHC Il and CD86 and they did not
assess the relative contributions of Ly6C" monocytes, inflammatory macrophages/P2
monocytes, and resident peritoneal macrophages into account [239]. Based on the
expression of macrophage markers quantified by flow cytometry, as presented in this
chapter (Fig.4.25), it would be difficult to propose that macrophage fate was affected by

IRF5 deficiency as the MNP displayed similar levels of expression. Surprisingly, WT and
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Irf5" macrophages from MBMC expressed similar levels of CD11c (ltgax), which was
shown to be directly regulated by IRF5 and marks inflammatory macrophages, indicating
that the environment is more important for the expression of this gene than IRF5 expression

[278].

Only five genes were found to be significantly differentially expressed between genotypes
in Cluster 1 based on the 10X (Table.4.2), although 10X detects fewer genes per cell than
SmartSeq 2. These genes may represent the critical targets of IRF5 expression that solidify
macrophage fate of P1 monocytes. Sigmarl , encoding Sigma Receptor 1 was
downregulated in Irf5" (padj = 0.006) and was described to enhance inflammatory
response of retinal microglia to LPS [316]. Ncf2 encodes p67PHOX, a HoxAl10-Pbxla
target gene and phagocyte respiratory burst oxidase. Hox10A-Pbxla is a repressor of gene
transcription in undifferentiated myeloid cells, and thus may represent a target for further
investigation into the differentiation question [317]. Ncf2 is a target of SHP1-protein tyrosine
phosphatase, and is induced by IFNy signalling, and was upregulated in Irf5” (padj = 0.037)
identifying an IRF5 ChIP peak would solidify Ncf2 as an IRF5-repressed gene [318, 319].
Investigation of Ncf2” mice may help the understanding of monocyte-macrophage
differentiation. Plaur (Plasminogen Activator, Urokinase Receptor, uPAR) fragment inhibits
monocyte chemotaxis via integrin-dependent effects [320]. In AMI patients, uPAR also
regulated cell adhesion via binding vitronectin and integrins [321]. uPAR was upregulated
by chemokines including CCL2 in the U937 monocyte cell line [322]. Taken together, these
studies indicate that regulation the above genes by IRF5 may contribute to the

accumulation of WT P1 monocytes in the cLP, and their differentiation into macrophages.

10X Clusters 2 and 5 were defined by the expression of many known markers of cPL
macrophages, such as Cd81, Adgrel, Clqga, b, and c, Ccl8, and Zmynd15 [138]. 10X
Cluster 5 appears to represent a terminally differentiated macrophage phenotype, based
on the higher expression of Adgrel, and Mrcl compared to 10X Cluster 2 [138]. 10X

Cluster 2 expressed higher levels of Itgax and Lyz2 (Lysozyme M), indicating that 10X
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Cluster 2 may be involved in bacterial handling, and may represent an inflammatory
macrophage phenotype described by Arnold et al., (2016) (possibly monocyte/macrophage
intermediate phenotype, Mowat P3) [57, 124]. This assessment is supported by the
enrichment of KEGG pathway terms associated with responses to bacteria, such as “Toll-
like receptor signaling pathway”, whilst “Staphylococcus aureus infection”, and “Lysosome”

were the two most significantly enriched pathways in 10X Cluster 2 (data not shown).

Only a few significantly differentially expressed genes were detected between WT and Irf5
"in these clusters (Table.4.3-Table.4.6), possibly due to the sensitivity of the 10X platform.
We broadened the characterisation of cLP macrophages by conducting small bulk RNA-
Seq analysis (Fig.4.18). The results demonstrated that many of the markers that define
inflammatory macrophages are dependent on IRF5, some markers, e.g. Blnk, Rgsl,
Zmynd15, Cxcl16, Il1b, Tnf, and ll12b, are direct transcriptional targets of IRF5. This
indicates that IRF5 defines inflammatory phenotype of cPL macrophages and controls
some of the functions associated with tolerogenic tissue resident macrophages, e.g. C1ga,

b, ¢ (10X Cluster 5), including their production of cytokines and chemokines.

IRF5 promoted the expression of Rgsl in 10X Cluster 2 inflammatory macrophages
(Table.4.2). Rgsl may be important for the retention of inflammatory macrophages via
downregulating the chemokine response on monocytes that had entered atherosclerotic
plagues [323]. In the same publication, Rgsl promoted atherosclerotic aneurysm rupture.

Rgsl1 may therefore help to explain why WT MNPs accumulate in MBMC.

Genes that were upregulated in Irf57 relative to WT in 10X Cluster 2 included Sgkl, Msrb1,
and Clec4n (Table.4.4). Sgkl (Serum Glucocorticoid Kinase 1) promotes cell survival,
fibrosis, and ‘M2’ macrophage fate [324]. Clec4n (Dectin 2) is an important PRR that
responds to fungal antigens, and promotes Ty2 and Ty17 responses, which are protective
in colitis [325]. Msrb1 was demonstrated to promote the expression of anti-inflammatory

cytokines, such as IL10, in macrophages [326]. Together, downregulation of these
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molecules by IRF5 would help promote an inflammatory macrophage state and promote

colitis.

DC subsets were found to be predominantly of Irf57 origin in the MBMC, possibly
compensating for the lowered macrophage fate (Fig.4.11). This observation was also made
in global Irf5" (Fig.3.12). Intestinal DCs are currently believed to be derived of FLT3L-
dependent progenitors, whereas monocytes give rise to intestinal macrophages [43].
Replenishment of CD11b* DCs by monocytes in the inflamed tissue has nhot
comprehensively been ruled out, however [46, 55]. Some of the confusion in the field may
result from the lack of a consistent nomenclature for intestinal MNPs with inflammatory
macrophages, differentiating monocytes, and TNF-iNos-producing DCs all corresponding
to what are referred to in this thesis as P2 monocytes [61, 121, 294, 299]. Recently it was
shown that bone marrow Ly6C* monocytes, were heterogenous, and a portion of these
Ly6C* monocytes had dendritic cell potential, and expressed SIRPa [55]. These monocytes
were not dependent on the growth factor, FLT3L, but expressed FLT3, CCR2, MHC II, and
CD209a, and responded to GM-CSF by differentiating into PDL2* ZBTB46* DCs,
potentiated by increased expression of PU.1. This monocyte-derived DC (moDC)
population was distinct from Ly6C* FLT3" BM monocytes, which differentiated into CD209a
MHC II'* PDL2* cells in response to GM-CSF, highlighting the ontogenic difference of
moDCs and mo-macrophages [55]. Another recent study describing the transcriptional
changes associated with Ly6C" to Ly6C'° monocyte conversion confirmed the presence of
a CD209a* subset of monocytes in the blood that presented as Ly6C™, and concluded that
this CD209a* population could adopt a Ly6CP fate representing an intermediate of Ly6C"

monocytes [46].

Analysis of 10X scRNAseq supports the conclusion that IRF5-deficiency results in a
developmental block: Macrophage clusters are predominantly composed of WT, whilst the
monocyte cluster was equally composed of WT and Irf57 (Fig.4.15). Pseudotime analysis

of WT and Irf5" MNPs supports this argument, macrophages and DCs were observed on
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separate branches of the trajectory, and 10X Cluster 1 was not present on the DC branch
(Fig.4.17). However, monocle analysis of Irf5"° MNPs in isolation indicated that some
monocytes adopted a DC fate (data not shown), suggesting that IRF5 expression may
influence fate decision in infiltrating P1 monocytes. RNAseq and ChlIPseq of distinct bulk
WT and Irf5" cLP MNP populations may shed further light on the molecules that control

this conversion.

BATF3-dependent CD11b" DCs were shown to be dispensable for Hh + alL10R colitis,
whilst CD11b* DCs did not produce the IL23 responsible for the development of Hh +
alL10R colitis [124]. cLP DCs are able to migrate to lymph nodes and present antigen to
naive T cells, thus initiating Ter responses [297, 327]. In contrast, intestinal macrophages
do not migrate to lymph nodes, but are suited to be activators of primed T cells in the cLP
[122, 327]. The secondary activation of Ter by macrophages may be critical for
development of Hh + alL10R colitis, but the effect of IRF5 deficiency on the migratory
capacity, and T cell priming ability of cLP DCs, or the T cell activating potential of
macrophages was not investigated. As these processes present a critical step in the
initiation of inflammation, these functions should be investigated in Irf5” cLP DCs and

macrophages.

4.4 Conclusion

Mixed bone marrow chimaeras present an excellent method for analysing the intrinsic
effects of genetic deficiencies due to the shared environment in which leukocytes develop.
Here, IRF5 was shown to promote the accumulation of monocytes and macrophages in the
colonic lamina propria at steady state and during inflammation. Despite their expression of
IRF5 at steady state, dendritic cell reconstitution was unaffected by the loss of IRF5 in
mixed bone marrow chimaeras, possibly compensating for the loss of monocytes and

macrophages.

WT monocytes and macrophages accumulated in the colons of mixed bone marrow

chimaeras at the expense of Irf5", possibly due to reduced sensitivity to CCI2 in Irf5", or
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increased Rgsl expression in WT. These WT MNPs expressed higher levels of pro-
inflammatory cytokines associated with the progression of IBD than Irf5”, which may be
mediated by the anti-inflammatory transcripts identified by 10Xseq. Increased numbers of
highly pro-inflammatory mononuclear phagocytes provide a mechanism by which IRF5

could promote the development of colitis.

IRF5 may play a role in the fate of P1 monocytes in the cLP: Irf5" DCs were
overrepresented within the MNP compartment of mixed bone marrow chimaeras, and
monocle analysis suggested that Irf5” could develop into cDCs at the expense of
macrophage fate. DCs in the cLP were shown to be dispensable for the development of
colitis in the Hh + alL10R model, therefore, altered MNP fate may influence the course of

disease.

In addition, our data emphasised the presence of macrophages in two related but
distinguishable states, which we linked to being inflammatory and tissue resident
macrophages based on the markers expressed. The WT macrophages seem to
preferentially accumulate in 10X Cluster 2 (inflammatory mph) where we see the biggest
difference in the number of WT and Irf5 cells, and a direct effect on expression of some
of the major markers of this cluster. Fewer Irf5" cells are also observed in 10X Cluster 5
(tissue resident mph), and therefore production of the cytokines and chemokines defining
this macrophage state would be diminished in a global Irf5" mouse. This leads to the
hypothesis that Irf5 animals might be protected from intestinal pathologies driven by

inflammatory MNP function during colitis.
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5 IRF5 controls intestinal inflammation

5.1 Introduction

In previous chapters, data were presented that suggested that IRF5 promotes macrophage
fate in monocytes in the intestine, and that IRF5* monocyte/macrophages adopt a pro-
inflammatory state in the Helicobacter hepaticus + anti-Interleukin-10 Receptor (Hh +

alL10R) colitis model.

In Chapter.3 the contribution of macrophages to intestinal homeostasis was discussed.
However, macrophages are also important mediators of intestinal inflammation [124, 139,

299].

Monocytes and macrophages accumulate in the inflamed lamina propria of Inflammatory
Bowel Disease (IBD) patients and models of colitis in a process that appears to be heavily
reliant on CCL2 and CCR2, although the CCL3 and CCR1 axis may play a role [57, 298].
Ccl2 and Ccl3 are chemokines highly expressed in 10X Cluster 5 (resident macrophages,
Fig.4.14) during Hh + alL10R colitis, and may help to promote colitis by sustaining
monocyte recruitment. Monocytes and macrophages express high levels of pro-
inflammatory cytokines in the colon during intestinal inflammation (Fig.4.23, Fig.4.24) [61,
124, 223, 224, 297, 299, 328, 329]. Intestinal MNPs, including P2 monocytes and
macrophages, were shown to be critical for the development of colitis as loss of IL23
expression on CD11c* MHC II* non-DC MNPs was sufficient to protect mice from Hh +
alL10R colitis [124]. Furthermore, loss of the ILIOR on CX3CR1* cells in the cLP was
sufficient for spontaneous colitis to develop in mice [139]. Moreover, many IBD-associated
pathways are present in macrophages (e.g. NOD2, TNFa, IL10, and IL12/IL23-pathways),
and mathematical modelling of IBD implicated conversion of macrophage state as critical
in directing both pathogenesis and return to homeostasis, highlighting their importance in

colitis [171].
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During colitis, monocytes fail to appropriately differentiate into anergic resident
macrophages, instead remaining in a pro-inflammatory state characterised by lack of IL10
expression, which may act to sustain colitis [113, 139, 294]. Data presented in previous
chapters supported this observation, although reads mapping to 1110 were not detected in
Mixed Bone Marrow Chimaera RNAseq or 10X RNA sequencing (10X RNAseq), as at
steady state macrophages are the largest constituent of the CD11b* MNP pool, but are
much reduced during inflammation (Fig.4.12). This is reflected in the composition of the
10X RNAseq clusters, where 10X Cluster 5 comprises fewer cells than 10X Cluster 2
(Fig.4.15). IRF5 may also fit into this paradigm, as our data suggest that IRF5 is important
for the conversion of monocytes into macrophages at the early stage of monocyte entry
into the cLP (Fig.4.17), as monocytes are required to pass through the P2 “inflammatory
monocyte” stage before becoming macrophages. IRF5 may also be important for the
development of colitis in the P2 monocyte stage by promoting inflammatory gene

transcription [162, 163].

Colonic Lamina Propria (cLP) macrophages do not present antigen to naive T cells, and
do not migrate to the Mesenteric Lymph Nodes (MLN), suggesting that macrophages do
not contribute directly to the initiation of T effector cell (Tex) responses in the colon [61, 294,
327, 330]. Despite this, cLP macrophages were shown to pass luminal antigens to classical
Dendritic Cells (cDCs), which can migrate to the MLN to stimulate naive T cells [331, 332].
This process may be important for both the induction of tolerance and the initiation of

immune responses.

The identification of an intrinsic defect in myeloid cell development in the cLP resulting from
IRF5 deficiency was discussed in Chapter.3 and Chapter.4. Further to this effect,
production of many molecular mediators of intestinal homeostasis and dysbiosis were
altered in the Hh + alL10R colitis model (Table.4.2-Table.4.10, Fig.4.23, Fig.4.24). Based

on these results we hypothesised that IRF5 is likely to promote intestinal inflammation and
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that mice deficient in IRF5 might be protected against colitis. In this chapter, this hypothesis
will be addressed by examining the phenotype of Irf5”- mice subjected to 21 days of the Hh
+ alL10R colitis model. Models of intestinal inflammation have been of great use in defining
cellular and molecular pathways important for the progression of IBD. Hh + alL10R is a
model of typhlocolitis (inflammation of caecum and colon) that mimics the IFNy- and IL23-
driven T41/Tu17 aspect of IBD, but is also able to drive inflammation in lymphocyte-deficient
mice via the effects of IL23 on Innate Lymphoid Cells (ILCs) [153, 160, 333, 334]. This
model is optimal for understanding the role of IRF5 as it encompasses both innate and

adaptive immunity, and pathology relies upon IL23 produced by intestinal MNPs [124].

To investigate the effects of IRF5 on colonic inflammation, the Hh + alL10R model was
conducted in irf5 deficient mice. IRF5 expression in the cLP myeloid compartment was
characterised. Parameters of inflammation, including histological pathology, inflammatory
leukocyte and cytokine milieu alterations, and differences in MNP phenotype were

measured to assess Hh + alL10R colitis severity.
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5.2 Results

5.2.1 Irf5" mice are protected from Helicobacter hepaticus + alL10R colitis
Helicobacter hepaticus + alL10R (Hh + alL10R) colitis was induced in wild type (WT) or

Irf57 mice. At peak colitis (d21), mice were culled, and organs were harvested for analysis.

Splenomegaly is an accepted measure of ongoing inflammation in mice. Spleens from
steady state or Hh + alL10R colitic mice were harvested and weighed. Spleen weights were
normalised to mouse weight at time of sacrifice and plotted (Fig.5.1A). Spleen weight was
not affected in Irf5" at steady state. Colitic WT mice had relatively larger spleens than
steady state WT (p = 0.0191), and relatively larger spleens than colitic Irf57 (p = 0.0438)
(Fig.5.1A). However, there was no difference in the fold change between WT and Irf5”

colitic mice relative to steady state mouse spleen weight (p = 0.8) (Fig.5.1B).
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Fig.5.1: Irf5" mice display reduced spleen weight relative to wild type at steady state
and inflammation.

Spleens were harvested from wild type and Irf57 mice, trimmed of adipose tissue and
weighed. A) Spleen weights were normalised to the weight of the parent mouse. Irf57- mice
did not affect relative spleen weights at steady state. WT spleens were enlarged relative to
Irf57- spleens during inflammation. B) Fold change of normalised spleen weight in Hh +
alL10R treated mice relative to the normalised mean weight of uninfected mice. Inflamed
wild type and Irf57 mice displayed splenomegaly after Hh + alL10R, but inflammation did
not alter the fold change of spleen weight.

Statistics:

Data are representative of two independent experiments. Steady state: WT n =6, Irf57 n =
3.Hh +alL10R: WT n=7,Irf5"n=7

A) 2-Way ANOVA with Tukey correction; * p < 0.05

B) Unpaired t test; ns = not significant
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Clinical diagnosis of UC is supported by assessment of morphological changes in the cLP
[167]. Similarly, colitic mice exhibit signs of inflammation when haematoxylin and eosin
(H&E) stained sections are examined under a brightfield microscope for the signs of
inflammation outlined in Table.2.4. Briefly, epithelial hyperplasia, goblet cell depletion,
nucleated cell infiltrate, and submucosal oedema and area affected were scored according
to the aforementioned scheme. Steady state mice either did not display, or exhibited very
mild inflammation (score < 3). WT colons showed marked nucleated cell infiltrate, and
epithelial hyperplasia, concurrently with loss of goblet cells and submucosal oedema
(Fig.5.2A, Fig.5.2C). Several WT sections also exhibited tertiary lymphoid structure
formation (Fig.5.2C). Irf57 mice, however, were protected in all scoring criteria and did not
show signs of tertiary lymphoid structures (Fig.5.2B, Fig.5.2D, data not shown). WT mice
subjected to Hh + alL10R exhibited high colitis scores by d21 of Hh + alL10R treatment,
these were significantly elevated compared to colitis scores of Irf5” mice (Fig.5.2E).
Similarly, WT caeca were significantly more inflamed than Irf5" at d21 Hh + alL10R
(Fig.5.3E). WT mice were severely inflamed, with some specimens exhibiting complete
disruption of the epithelium (Fig.5.3A, Fig.5.3C). Irf5 were more phenotypically similar to
steady state, only showing mild goblet cell depletion and leukocyte infiltration (Fig.5.3B,

Fig.5.3D).
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Fig.5.2: IRF5 deficient mouse colons display protection from Helicobacter hepaticus +
alL10R-driven inflammation relative to wild-type at d21

Segments of mouse colon were excised upon sacrifice and fixed in neutral buffered formalin for 24
hrs. Specimens were dehydrated in Xylene and mounted in paraffin blocks for sectioning. Sections
were stained with haematoxylin and eosin and imaged. Photomicrographs depict: d21 Hh + alL10R
A) wild type (WT), and B) Irf57- colons at x4 magnification. Hh + alL10R C) WT, and D) Irf57 colons
at x20 magnification. WT mice displayed disrupted colon morphology, demonstrating epithelial
breakdown (flattening of villi), and goblet cell depletion, submucosal oedema, and increased
numbers of nucleated cells in the lamina propria. Some WT mice developed tertiary lymphoid
structures (areas of dense nucleated cells). Irf57- colons displayed a modest increase in signs of
inflammation: exhibiting a modest increase in nucleated cell infiltrate, and submucosal oedema.
Epithelial integrity was largely maintained, and goblet cells lining the villi were visible. No tertiary
lymphoid structures were noted in Irf57 mouse colon with Hh + alL10R colitis. E) Steady state mice
exhibited low colitis scores (< 3). WT colitis scores were significantly elevated vs controls (median
difference = 4.929, p < 0.01), and Hh + alL10R-treated Irf57 (median difference = 2.514, p =
0.0439).

Statistics:

Data are representative of two independent experiments. Steady state: WT n = 3, Irf57 n = 3. Hh
+alL10R: WT n =7, Irf57- n = 7. 2-Way ANOVA with Tukey correction; * p < 0.05, ** p < 0.01
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Fig.5.3: IRF5 deficient mouse caeca display reduced histological inflammation relative to
wild-type at d21 Helicobacter hepaticus + alL10R colitis

Segments of mouse caecum were excised upon sacrifice and fixed in neutral buffered formalin for
24 hrs. Specimens were dehydrated in Xylene and mounted in paraffin blocks for sectioning.
Sections were stained with haematoxylin and eosin and imaged. Photomicrographs: d21 Hh +
alL10R A) wild type (WT), and B) Irf57- caeca at x4 magnification. Hh + alL10R C) WT, and D) Irf5-
I- caeca at x20 magpnification. E) Slides were scored according to criteria describing disease severity:
epithelial hyperplasia, loss of goblet cells, submucosal oedema, nucleated cell infiltrate, the area of
each section afflicted, crypt branching, and crypt abscesses. WT mice displayed disrupted caecum
morphology, demonstrating epithelial breakdown and goblet cell depletion, submucosal oedema,
and increased numbers of nucleated cells in the lamina propria. Irf57- caeca displayed increased
signs of inflammation, including a modest increase in nucleated cell infiltrate, and submucosal
oedema. Epithelial integrity was maintained, with visible goblet cells lining the villi. Steady state mice
exhibited low colitis scores (median < 3) based on these parameters. WT colitis scores were
significantly elevated vs controls (median difference = 5.31, p = 0.0025), and Hh + alL10R-treated
Irf57- (median difference = 3.857, p = 0.0044).

Statistics:
Data are representative of two independent experiments. Steady state: WT n = 3, Irf57- n = 3. Hh +
alL10R: WT n =7, Irf57- n = 7. 2-Way ANOVA with Tukey correction; ** p < 0.01
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To further quantify the severity of colitis, the number of leukocytes recovered from the
colonic lamina propria (cLP) of mice infected with Hh + alL10R were quantified by
multiplying the number of cells isolated from colons by the percentage of CD45* live cells
per colon identified by flow cytometry. No difference between the numbers of leukocytes in
the steady state cLP of WT or Irf5” mice was detected. Hh + alL10R colitis resulted in an
eight-fold increase in cLP leukocyte numbers (p < 0.0001, Fig.5.4). Irf5"" mice were
protected from Hh + alL10R colitis evidenced by a 3.0 fold (p < 0.0001) increase in WT in

leukocyte infiltrate vs Irf5” (Fig.5.4).
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Fig.5.4: Irf57 mice display reduced accumulation of colonic lamina propria leukocytes
relative to wild-type after Hh + alL10R treatment

Lamina propria cells were isolated from wild type and Irf57- mice and counted using a CASY
cell counter. The number of leukocytes was determined by multiplying the number of isolated
cells by the percentage of leukocytes (Live CD45%) in each sample, determined by flow
cytometry. Hh + alL10R colitis increased leukocyte accumulation in wild type cells relative to
control, and Irf57- Hh + alL10R.

Statistics:

Data are pooled from two independent experiments. Steady state: WT n = 6, Irf57 n = 3. Hh
+alL10OR: WTn=7,Irf5"n=7

2-Way ANOVA with Tukey correction; *** p < 0.001, **** p < 0.0001
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Bacterial presence in the lamina propria is sensed by macrophages, triggering pattern
recognition receptor (PRR) signalling pathways. At steady state, this PRR signalling does
not result in inflammatory responses, but under prolonged dysbiosis or the absence of IL10
signalling, pro-inflammatory mediators are released and colitis can progress [335]. For
example, IL1pB is released in dysbiosis and promotes a permeable gut that contributes to
bacterial translocation [309]. H. hepaticus presence in the caecal faeces were unaffected
in Irf57- compared to WT, quantified by detection of the H.hepaticus Cytolethal Distending
Toxin B (cdtB) gene (Fig.5.5), indicating that differential colonisation could not explain
protection from colitis. To examine the levels of cytokine production associated with colitis
development and/or IBD [22], gPCR analysis was conducted on colon tissue from WT or
Irf57 mice subjected to Hh + alL10R colitis. Levels of inflammatory cytokines (ll1b, 116,
112D, Ifng, Tnf, and Csf2) appeared to be upregulated by Hh + alL10R over steady state
control in WT, and appeared lower in Irf5” Hh + alL10R relative to WT, but did not attain
statistical significance (possibly due to high variation in the samples tested, Fig.5.5). Levels
of the anti-inflammatory cytokine, 1110, were not significantly altered between WT and Irf5
" but were elevated vs steady state controls in both WT and Irf57. 115 mRNA was not

affected by Hh + alL10R or by Irf57,

Continued influx of leukocytes to sites of inflammation is critical for both pathogenesis and
repair of tissue. Neutrophils and monocytes are key effectors in colitis [168]. The mRNA
levels of potent monocyte chemokines, Ccl4 (Mip-13, p <0.01), and Ccl5 (Rantes, p < 0.05)
were significantly elevated in WT colons vs control and Irf5 d21 Hh + alL10R (Fig.5.6).
Ccl2 displayed a similar trend, but was not significantly upregulated in WT vs Irf5 Hh +
alL10R. Cxcll (Groa), Cxcl5 (Ena78), (neutrophil chemokines), and Cxcl3 (Gro3, monocyte
chemotaxis), and appeared to be upregulated in d21 Hh + alL10R WT over Irf57, but did

not obtain statistical significance (Fig.5.7).
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Fig.5.5: Helicobacter hepaticus colonisation is not affected by IRF5 deficiency

Caecal content from WT and Irf57- steady state and d21 Hh + alL10R colitic mice was assessed
for Helicobacter hepaticus (Hh) colonisation by gPCR of the Cytolethal Distending Toxin B (ctdB)
gene. No difference was detected between WT and Irf57 Hh colonisation during Hh + alL10R
colitis.

Statistics:

Data are representative of 3 independent experiments. Steady state: WT n = 3, Irf5/-n = 3. Hh +
alL10R: n =7, Irf5" n=7.

Mean + SEM

2-Way ANOVA with Tukey correction: ns = not significant
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Fig.5.6: Irf57 mice display reduced expression of IBD-associated cytokines at d21 of
Helicobacter hepaticus + alL10R colitis

Wild type or Irf57- mice were subjected to Hh + alL10R colitis. At d21, mice were culled and
colon tissue was excised and snap frozen in liquid nitrogen. gPCR was performed to measure
levels of IBD-associated cytokines. No significant differences were detected between
conditions for the cytokines measured

Statistics:

Data are representative of two independent experiments. Steady state: WT n = 6, Irf5/- n = 3.
Hh + alL10R: WT n=7, Irf5"-n=7.

2-Way ANOVA with Tukey Correction; ns = not significant
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Fig.5.7: Irf57" mice display reduced expression of IBD-associated chemokines at d21
of Helicobacter hepaticus + alL10R colitis

wild type or Irf57- mice were subjected to Hh + alL10R colitis. At d21, mice were culled and
colon tissue was excised and snap frozen in liquid nitrogen. gPCR was performed to measure
levels of IBD-associated chemokines. A) Mip-18 (Ccl4), and Rantes (Ccl5) mRNA were
significantly elevated in WT colons vs control and Irf57- d21 Hh + alL10R. Ccl2 displayed a
similar trend, but was not significantly upregulated in WT Irf5/- Hh + alL10R. B) Cxcl1, Cxcl3,
and Cxcl5 were not significantly upregulated in d21 Hh + alL10R WT over Irf5+,

Statistics:
Data are representative of two independent experiments. Steady state: WT n = 6, Irf57 n =

3.Hh +alL1OR:WT n=7, Irf5/"'n=7.

2-Way ANOVA with Tukey Correction; ns = not significant, * p < 0.05, ** p < 0.01
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Because IRF5 promotes Tul and Twl7 lymphocyte responses which are involved in the
pathogenesis of colitis, Tul and Tul7 were profiled in WT and Irf5” Hh + alL10R colitic
mice [162, 259]. IFNy and IL17A producing CD4* TCRaB* cells were identified by flow
cytometry. Tul, Tul7, and Tul/Twl7 cells were increased by Hh + alL10R in WT mice (p =
0.0001, p = 0.0001, and p < 0.05 respectively, Fig.5.8A, Fig.5.8B, and Fig.5.8C). Irf57 colitic
mice had fewer Tyl (p < 0.01), and Tul/Tn17 cells (p = 0.0885) as a proportion of CD4*
TCRaB* T cells in colitis relative to WT after restimulation (Fig.5.8A, Fig.5.8C). Tu17 cells
displayed a similar trend in colitic Irf5” mice, but the difference was not significant (Fig.8B).
Tregs @re important in regulating the immune response in IL10-dependent and -independent
pathways, and were therefore profiled [336]. Tegs Were not affected by Hh + alL10R colitis
between WT and Irf57 (Fig.5.8D). Therefore, Irf5" mice are deficient in pathogenic

Tul/Tul7 responses but not Trg in response to Hh + alL10R colitis as hypothesised.
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Fig.5.8: Irf57 mice display reduced proportions of IBD-associated T Helper cells

Lamina propria leukocytes were isolated from wild type and Irf57- mice and cultured for 4 hrs
with PMA/lonomycin in the presence of brefeldin A. Cells were then labelled with extracellular
antibodies, fixed and permeabilised, and labelled with intracellular antibodies for cytokines.
Proportions of Tw cells were quantified by flow cytometry. A) Tul cells were increased ~10
fold by Hh + alL10R treatment in wild type relative to steady state and ~2 fold relative to Irf5-
~Hh + alL10R, B) Tu17 cells were elevated in Hh + alL10R-treated wild types vs uninfected,
but were not significantly increased relative to Irf57- Hh + alL10R, C) Tul/Tul7 cells were
increased by Hh + alL10R, but the proportion of Irf57 Tu1/TH17 cells did not increase to the
same level as in wild type.

Statistics:

Data are representative of two independent experiments. Steady State: WT n =6, Irf57 n =
3.Hh +alL10R: WT n=7, Irf5" n=7.

2-Way ANOVA with Tukey correction; ns = not significant, * p < 0.05, ** p < 0.01, *** p < 0.001

178



5.2.2 IRF5 deficiency results in the accumulation of fewer pro-inflammatory
mononuclear phagocytes in Helicobacter hepaticus + alL10R colitis

IBD patients display an altered myeloid cell infiltrate in the inflamed lamina propria [337,

338]. Peak Hh + alL10R colitis is also accompanied by similar changes to the myeloid

compartment, with increases in numbers of neutrophils and pro-inflammatory Mononuclear

Phagocytes (MNPs) such as monocytes and macrophages [338, 339].

The numbers of all leukocyte populations were increased in Hh + alL10R treated WT mice
consistent with the increase in the total number of leukocytes (data not shown, Fig.5.4).
Therefore, the proportions of different leukocytes isolated from cLP of d21 Hh + alL10R
mice were analysed (defined in Fig.5.9A-E). No difference in the proportion of neutrophils
in the cLP of colitic mice from WT or Irf57 mice was detected (Fig.5.10A). Interestingly, the

proportion of colonic eosinophils was elevated in Irf5” vs WT (p = 0.0373, Fig.5.10B).
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Fig.5.9: Gating strategy to define colonic lamina propria myeloid cells

A) exclusion of doublets and dead cells, identification of CD11b* leukocytes. B) Identification of
N: neutrophils (Ly6G*) and E: eosinophils (Siglec F* SSCM). C) MNPs were identified: P1
monocytes, P2 monocytes, and macrophages D) CD11b* DCs were split into two populations
based on CD103 expression. E) Identification of CD11b- CD103* DCs
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Fig.5.10: Eosinophils, but not neutrophils are increased in the colonic lamina propria of
Irf57 relative to wild type after Hh + alL10R treatment

Lamina propria leukocytes were isolated from colons of Hh + alL10R colitic mice. The
percentages of A) neutrophils (CD45* CD11b* Ly6G™*) and B) eosinophils (CD45* CD11b* Ly6G-
Siglec F*), in wild type and Irf57- were assessed by flow cytometry.

Statistics:
Data are representative of two independent experiments. Steady State: WT n = 6, Irf57 n = 3. Hh

+alL1OR:WTn=7, Irf5/"n=7.
2-Way ANOVA with Tukey correction; ns = not significant, * p < 0.05

Dendritic Cells (DCs) in the cLP are able to migrate to the Mesenteric Lymph Nodes (MLN)
and prime naive T cells [330]. DCs were also profiled by flow cytometry: no significant
difference was noticed between CD11b" CD103* DCs in Hh + alL10R colitis (Fig.5.11A).
WT and Irf5" CD11b* CD013* DCs were not affected by colitis (Fig.5.11B). Similarly,

CD11b* CD103 DCs were unaffected by loss of IRF5 during colitis (Fig.5.11C).
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Fig.5.11: The proportions of dendritic cells in the colonic lamina propria are unchanged
in Irf57 mice in Hh + alL10R colitis

Lamina propria leukocytes were isolated from colons of d21 Hh + alL10R treated mice. The
percentages of A) CD11b- CD103* DCs (CD45* CD11b* Ly6G- Siglec F- Ly6C* MHC II* F4/80-),
B) CD11b* CD103* (CD45* CD11b* Ly6G- Siglec F- Ly6C* MHC II* F4/80), and C) CD11b*
CD103- (CD45* CD11b* Ly6G- Siglec F- Ly6C* MHC II* F4/807), in wild type and Irf57 were
assessed by flow cytometry. The proportions of the analysed colonic DC subsets were unchanged
between wild type and Irf57- mice.

Statistics:
Data are representative of two independent experiments. Steady State: WT n = 6, Irf57 n = 3. Hh

+alL1OR:WTn=7, Irf5/"n=7.
2-Way ANOVA with Tukey correction; ns = not significant

MNPs, including monocytes and macrophages, are important innate leukocytes of the cLP,
able to sense and respond to intestinal antigens [43, 295]. Colonic monocytes and
macrophages were isolated from the inflamed lamina propria, and profiled to assess their
composition. Ly6C" MHC 1I- (P1) monocytes were unchanged between WT and Irf5” mice
in inflammation (Fig.5.12A). Ly6C" MHC II* (P2) monocytes were significantly elevated in
WT mice in colitis vs steady state (p = 0.0034, Fig.5.12B), but not over Irf5" colitis.
Macrophages were decreased as a percentage of total leukocytes in WT colitis vs steady
state (p < 0.001). However, macrophages were not significantly altered between WT and

Irf5" in colitis despite a trend towards more Irf5" macrophages (p = 0.0952, Fig.5.12C).
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Fig.5.12: Percentages of inflammatory P2 monocytes are increased in wild type mice
vs Irf57- mice in colitis

Lamina propria leukocytes were isolated from colons of d21 Hh + alL10R treated mice. The
percentages of A) P1 monocytes (CD45* CD11b* Ly6G- Siglec F- Ly6C* MHC 1), B) P2
monocytes (CD45* CD11b* Ly6G- Siglec F- Ly6C* MHC II*), and C) macrophages (CD45*
CD11b* Ly6G- Siglec F- Ly6C- MHC II+ F4/80%), in wild type and Irf57- were assessed by flow
cytometry. P2 monocytes as a proportion of total leukocytes were increased in wild type vs
IRF5 deficiency. However, The proportion of P1 monocytes and macrophages were unchanged
between wild type and Irf5+.

Statistics:

Data are representative of two independent experiments. Steady State: WT n =6, Irf5/ n = 3.
Hh + alL10R: WTn=7, Irf5 - n=7.

2-Way ANOVA with Tukey correction; ns = not significant, ** p < 0.01, *** p < 0.001

Macrophages in the steady state Irf5” were present at lower frequencies within the MNP
pool compared to WT (Fig.3.12), indicating a developmental block. To interrogate whether
this was the case during Hh + alL10R, P1 monocytes, P2 monocytes, and macrophages
were plotted as a percentage of total MNPs (Fig.5.13A). This analysis revealed that WT P1
monocytes, P2 monocytes, and macrophages represented 9.6% + 0.84, 26.49% + 1.87,
and 17.5% + 1.48 of total MNPs respectively compared with 11.47% + 1.63, 14.41% + 1.91,
and 22.86% = 2.35 for Irf5” (Fig.5.13B). WT P2 monocytes were increased 1.83 fold (p =
0.0003) relative to Irf57, whereas no significant difference was found between the means
of WT or Irf5" P1 monocytes and macrophages (Fig.5.13B), but a similar trend towards
more Irf5" macrophages, as in Fig 5.11C, was observed. The results presented above
highlight that Irf5” are protected from colitis, and the main defect in the myeloid
compartment results from reduced accumulation of pathogenic P2 monocytes that IRF5-

deficiency may promote the accumulation of eosinophils in an inflammatory environment.
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Fig.5.13: WT P2 monocytes are increased relative to Irf5 P2 monocytes in Hh +
alL10R colitis

Lamina propria leukocytes were isolated from colons of d21 Hh + alL10R treated mice. The
composition of the cLP MNP compartment was assessed by flow cytometry.

A) Representative flow cytometry plots of the mononuclear phagocyte compartment of WT
and Irf57 at steady state (uninfected) and at d21 Hh + alL10R colitis. B) The percentages
of P1 monocytes (CD45* CD11b* Ly6G- Siglec F- Ly6C* MHC 1)), P2 monocytes (CD45*
CD11b* Ly6G- Siglec F- Ly6C* MHC II*), and macrophages (CD45* CD11b* Ly6G- Siglec
F-Ly6C- MHC l1+ F4/80") relative to the total MNP pool (CD45* CD11b* Ly6G- Siglec F), in
wild type and Irf57 in the colonic lamina propria. Only P2 monocytes were significantly
diminished within the MNP compartment in Irf57 mice.

Statistics:

Data are representative of two independent experiments. WT n = 7, Irf5- n = 7. 2 Way
ANOVA with Sidak correction: ns = not significant, ** p < 0.01
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5.2.3 Intestinal mononuclear phagocyte phenotype is altered in Irf57 colitis

Although macrophage proportions were not affected by Hh + alL10R, we wished to uncover
whether macrophage phenotype was altered by IRF5 deficiency. The macrophage
mannose receptor (CD206) is a known marker of a highly phagocytic, tissue repair
macrophage phenotype, and was significantly enriched within 10X Cluster 5 relative to all
other clusters (p = 3.9x10°, data not shown) [340]. Therefore CD206 expression on
macrophages was assessed by flow cytometry. The percentage of macrophages
expressing CD206 at steady state was unaffected by IRF5 status (Fig.3.15), but the
percentage of macrophages expressing CD206 decreased from 25% (+ 3.03) to 8.23% (+
0.72) in WT macrophages during Hh + alL10R colitis (p = 0.0069, Fig.5.14A). Significantly
more Irf5- macrophages expressed CD206 in colitis (22.14% + 2.28, p < 0.05, Fig.5.14A).
The per-cell expression of CD206 (expressed as MFI) did not reflect these changes,

however (Fig.5.14B).
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Fig.5.14: CD206 expression is diminished in WT macrophages in Hh + alL10R colitis

Cell suspensions of colonic lamina propria leukocytes were isolated from mice that were
uninfected or treated with Helicobacter hepaticus (Hh) + alL10R and labelled with
extracellular antibodies. Cells were analysed by flow cytometry. Macrophages were
identified as CD45* CD11b* Siglec F- Ly6G- Ly6C- MHC II* F4/80* cells. The number of
macrophages expressing (A), and the per-cell expression of CD206 on macrophages (B)
was quantified. No difference was detected in the level of CD206 expression across
experimental conditions.

Statistics:

Data are representative of two independent experiments. Uninfected: WT n =6, Irf57 n = 3.
Hh + alL10R: WT n =7, Irf5" n = 7. A, B) 2 Way ANOVA with Tukey correction: ns = not
significant, * p £ 0.05, ** p < 0.01
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CD11c, on the other hand, marks inflammatory MNPs in the colon [124]. The percentage
of P2 monocytes and macrophages expressing CD11c increased with Hh + alL10R colitis
in WT (Fig.5.15A, p = 0.0005, and p < 0.0001 respectively). The MFI of CD11c also
increased significantly in WT P2 monocytes and macrophages (Fig.5.15B, p = 0.0094, and
p < 0.0001) CD11c expressing P2 monocytes increased from 31.63% (+ 4.01) to 46.34 (=
1.91, p =0.014), and CD11c* macrophages increased from 41.87% (+ 2.98) to 62.37% (+
2.78, p = 0.036) (Fig.5.15A). CD11c* P2 monocytes (p = 0.0009) and macrophages (p <
0.0001) were enriched in WT over Irf5 (Fig.5.15.C). WT expression of CD11lc was
increased over Irf57 in colitis when the MFI of CD11c was measured. CD11c expression
increased 1.45 fold in WT P2 monocytes (p = 0.028), and 1.64 fold in WT macrophages vs

Irf5” (p < 0.0001) in colitis (Fig.5.15D).

Because these molecules are markers of anti- and pro-inflammatory MNPs respectively,
we hypothesised that the expression may be mutually exclusive. To investigate this
hypothesis, MNPs were clustered on the basis of CD11c, CD206, F4/80, CD103, CD24,
MHC Il and Ly6C expression using the viSNE algorithm in Cytobank [247]. VISNE is a form
of principal component analysis that assembles data with similar characteristics into
clusters and plots these in two dimensions (tSNE1, and tSNE2). The expression of different
markers in clusters is presented in Fig.5.16A. Based on the differential expression of
markers, cell types were assigned (Fig.5.16B). Macrophages were designated Cluster 4 in
this analysis. We observed that CD206" macrophages (pink circles) did not co-express
CD11c, whist CD11c* macrophages (black circles) did not express CD206 (Fig.5.16C).
Intriguingly, a subset of CD11c* macrophages appeared to be diminished in Irf5" (blue
circles in panels, Fig.5.16C). Taken together, the data indicate that CD11c and CD206
expression on macrophages are mutually exclusive and may mark inflammatory and tissue
resident macrophages respectively. Indeed, reads mapping to Mrcl were significantly

elevated in 10X Cluster 5 relative to 10X Cluster 2 (data not shown, p = 2.03 x 1023
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Fig.5.15: CD11c expression is diminished in Irf5"- MNPs relative to WT in Hh +
alL10R colitis

Cell suspensions of colonic lamina propria leukocytes were isolated from mice that were
uninfected or treated with Helicobacter hepaticus (Hh) + alL10R and labelled with
extracellular antibodies. Cells were analysed by flow cytometry. The number of MNPs
expressing, and the per-cell expression of CD1lc on MNPs was quantified. A) the
percentage of P2 monocytes, and macrophages expressing CD11c was increased in WT
Hh + alL10R vs steady state WT Hh + alL10R (p = 0.0005, and p < 0.0001 respectively). B)
CD11c expression on P2 monocytes and macrophages with Hh + alL10R colitis (p = 0.0094,
and p < 0.0001 respectively). C) The percentage of CD11c* P2 monocytes (p = 0.0009) and
macrophages (p < 0.0001) was higher in WT relative to Irf5 during colitis. D) P2 monocyte
and macrophage expression of CD11c was higher in WT than in Irf57- at d21 Hh + alL10R
colitis (p = 0.0277, and p < 0.0001 respectively).

Statistics:

Data are representative of two independent experiments. Steady state WT n = 6, Irf57- n =
3, Hh + alL10R WT n = 7, Irf5/- n = 7. 2-Way ANOVA with post-hoc Sidak correction for
multiple comparisons
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Flow cytometry data from WT vs global Irf5" MNPs (Live CD45* CD11b* Ly6G" Siglec F-
) at d21 Hh + alL10R were analysed using ViSNE to cluster cells based on cell surface
marker expression. A) Expression of leukocyte extracellular markers. B) ldentity of
CD11b* MNPs based on cell surface markers. C) CD206* macrophages (pink circles)
did not co-express CD11c, whist CD11c* macrophages (black circles) did not express
CD206. A subset of CD11c* macrophages appeared to be diminished in Irf5” (blue

circles)

A-C) Representative viSNE clusters from WT d21 Hh + alL10R colitis
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5.2.4 Characterisation of IRF5 expression in the colonic lamina propria

The expression of IRF5 in the cLP was previously uncharacterised. The expression of IRF5
in Lamina Propria Leukocytes (LPLs) was quantified by intracellular labelling of IRF5
followed by flow cytometry. Because the best anti-IRF5 antibody is polyclonal and displays
some non-specific binding [216], IRF5 expression was normalised to corresponding Irf5”
LPLs. IRF5 expression in CD45 and CD11b cells was very low (Fig.5.17A). Few
neutrophils expressed IRF5 at steady state, but the percentage of IRF5* neutrophils
increased from 0% to 3.7% (p = 0.017) with Hh + alL10R colitis (Fig.5.17B). However, the
change in IRF5 MFI was not statistically significant (Fig.5.17C). A high percentage of
intestinal MNPs expressed IRF5 (>30%), and MNPs expressed IRF5 to a high level (MFI
> 2000) (Fig.5.17B, Fig.5.17C). Only P2 monocytes saw an increase in the percentage of
IRF5 expressing cells in the inflamed state. 43% (median) of P2 monocytes expressed
IRF5 at steady state vs median 55.4% in Hh + alL10R (p = 0.017). The increase in
percentage of IRF5 expressing P2 monocytes was concomitant with an increase in IRF5
MFI (p < 0.001) (Fig.17B). ~50% of macrophages expressed IRF5 at steady state, but
neither the frequency, nor the MFI, of IRF5 expressing macrophages increased with

inflammation (Fig.17B).
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Fig.17: IRF5 expression increases specifically in P2 Monocytes at d21 Hh + alL10R
colitis

Cell suspensions of cLP leukocytes were isolated from mice that were uninfected or treated
with Helicobacter hepaticus (Hh) + alL10R and labelled with extracellular antibodies. Cells
were analysed by flow cytometry. A) The MFI of IRF5 in CD45- and CD11b- cells compared
with macrophages during Hh + alL10R colitis. B) The percentage of neutrophils and MNPs
expressing IRF5, and C) the per-cell expression of IRF5 in neutrophils and MNPs was
quantified. Few neutrophils and eosinophils expressed IRF5, and those that did expressed
low levels of IRF5. Between 20 and 50% of MNPs expressed IRF5 at steady state. More P2
monocytes expressed IRF5 during inflammation than at steady state (p = 0.0017). P1
monocytes, P2 monocytes, and macrophages expressed high levels of IRF5 at steady state,
but IRF5 expression only increased in P2 monocytes with inflammation (p = 0.0008).
Neutrophils (CD45* CD11b* Ly6G*), P1 Monocytes (CD45* CD11b* Siglec F- Ly6G- Ly6C*
MHC II), P2 Monocytes (CD45* CD11b* Siglec F- Ly6G- Ly6C* MHC II*), Macrophages
(CD45* CD11b* Siglec F- Ly6G- Ly6C- MHC II* F4/80%)

Data shown are representative of two independent experiments. Steady state n = 3, Hh +
alL1ORNn =7

Statistics:

A- C) Steady state: WT n = 3, normalised to Irf57- n = 3. Hh + alL10R: WT n = 6, normalised
to Irf57- n = 6. 2 Way ANOVA with Sidak correction; ** p < 0.01, *** p < 0.001
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5.2.5 CD11c* P2 monocytes express high levels of IRF5

CD11c* macrophages were shown to promote atherosclerosis in Apoe™ mice [278]. In the
Hh + alL10R model, CD11c* MNPs, including P2 monocytes and macrophages, were also
implicated in disease pathogenesis via the production of 1123a [124]. As 1123a and Itgax
(CD11c) are both directly regulated by IRF5, it was hypothesised that IRF5 expression may
help to mark this inflammatory subset of MNPs [162, 278]. CD11lc* P2 monocytes
(Fig.5.17A), and CD11c* macrophages (Fig.5.17B) both expressed significantly higher
levels of IRF5 than their CD11c™ counterparts at steady state, and during Hh + alL10R
colitis. IRF5 expression was significantly upregulated in CD11c* but not CD11lc P2
monocytes at d21 Hh + alL10R colitis vs steady state. Interestingly, CD11¢c* macrophages
appeared to lack the anti-inflammatory marker, CD206 (Fig.5.16). 10X Cluster 2 may
express a higher level of Itgax (CD11c), and less Mrcl (CD206) than 10X Cluster 5.Thus
CD11c may help to mark an inflammatory macrophage population that promotes colitis.
Taken together with in vitro knowledge of IRF5 activity, this data supports a role for IRF5-

expressing CD11c* P2 monocytes as critical effectors in Hh + alL10R colitis.
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Fig.5.18: IRF5 expression in CD11c* P2 monocytes and macrophages is higher than in
CDllc

The expression of IRF5 in CD11c* and CD11c- P2 monocytes and macrophages was compared
by flow cytometry. CD11c* P2 monocytes and macrophages expressed significantly higher levels
of IRF5 than CD11c both at steady state (A) p = 0.0406, B) p = 0.0012) and during inflammation
(A) p=0.0002, B) p <0.0001). Hh + alL10R inflammation significantly elevated IRF5 expression
in CD11c* but not CD11c” A) P2 monocytes (p = 0.0073). IRF5 expression was not increased
during Hh + alL10R colitis in B) macrophages.

Statistics:

Data presented are representative of two independent experiments. Steady state n = 3, Hh +
alL1ORNn=7

2-Way ANOVA with Sidak correction; ns = not significant, * p < 0.05, ** p < 0.01, *** p < 0.001,
**rx < (0.0001
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5.2.6 Irf5" leukocytes are protected from apoptosis in Hh + alL10R colitis

IRF5 has been described as a tumour suppressor, and is able to regulate apoptosis in
response to TRAIL or Fas signalling, upstream of Caspase 8 [231, 232]. To assess whether
apoptosis may play a role in the cLP during Hh + alL10R colitis, the apopototic state of
myeloid cells was measured by flow cytometry based on the expression of Annexin V, and
uptake of fixable viability dye. All myeloid populations in Irf5 were protected from
apoptosis (Fig.5.19-21). Irf5" MNPs in 10X Cluster 2 and 10X Cluster did express lower
levels of the anti-apoptotic factor Anxal, while WT macrophage clusters from this analysis
expressed higher levels of the stress response genes Hsp90aal, and Hsphl which
supports this analysis (Table.4.3-10). Increased rates of apoptosis may contribute to
inefficient clearance of damage associated molecular patterns, which would therefore
support inflammation by PRR triggering on immune cells. However, in the setting displayed
here, Irf57 experience less severe colitis, which may not promote apoptosis to the extent

seen in WT.
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Fig.5.19: Irf57 granulocytes are protected from apoptosis during Hh + alL10R colitis

WT and Irf57- mice were infected with Hh + alL10R and culled at d21 of colitis. After sacrifice,
LPLs were isolated from mice and labelled with extracellular antibodies. The expression of
Annexin V in conjunction with viability dye (live/dead) was used to assess apoptosis stage. Early
apoptotic cells were defined: i) Annexin V* Live/Dead-, Late apoptotic cells were defined ii)
Annexin V* Live/Dead*. Irf57 A) neutrophils (i) p = 0.007, ii) p = 0.0012), and B) eosinophils (i) p
=0.007, ii) p = 0.0175) were protected from both stages of apoptosis.

Statistics:
Data shown are from one experiment where n = 7 mice per group
Mann-Whitney U test; * p < 0.05, * p < 0.01
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Fig.5.20: Irf57- MNPs are protected from apoptosis during Hh + alL10R colitis

WT and Irf57 mice were infected with Hh + alL10R and culled at d21 of colitis. After sacrifice,
LPLs were isolated from mice and labelled with extracellular antibodies. The expression of
Annexin V in conjunction with viability dye (live/dead) was used to assess apoptosis stage. Early
apoptotic cells were defined: i) Annexin V* Live/Dead-, Late apoptotic cells were defined ii)
Annexin V* Live/Dead*. Irf57- A) P1 monocytes (i) p = 0.0041, ii) p = 0.0175), B) P2 monocytes
(i) p=10.0041, ii) p = 0.0111), and C) macrophages (i) p = 0.0262, ii) p = 0.0175) were protected
from both stages of apoptosis.

Statistics:

Data shown are from one experiment where n = 7 mice per group
Mann-Whitney U test; * p < 0.05, * p < 0.01
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Fig.5.21: Irf5"- CD11b* DCs are protected from apoptosis during Hh + alL10R colitis

WT and Irf57- mice were infected with Hh + alL10R and culled at d21 of colitis. After sacrifice,
LPLs were isolated from mice and labelled with extracellular antibodies. The expression of
Annexin V in conjunction with viability dye (live/dead) was used to assess apoptosis stage. Early
apoptotic cells were defined: i) Annexin V* Live/Dead-, Late apoptotic cells were defined ii)
Annexin V* Live/Dead*. Irf5- CD11b* DCs were protected from apoptosis (i) p = 0.0041, ii) p =
0.0070).

Statistics:

Data shown are from one experiment where n = 7 mice per group
Mann-Whitney U test; ** p < 0.01
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5.2.7 Single cell RNA sequencing confirms macrophages in the colonic lamina
propria adopt two distinct states
10X scRNAseq analysis of macrophages revealed that fewer Irf5 macrophages were
present in the cLP, and that macrophages adopted two states (10X Cluster 2 and 10X
Cluster 5) during inflammation (Fig.4.14). Separately, SmartSeq 2 single cell analysis of
WT vs global Irf5" macrophages (Fig.5.22, Fig.5.23) in Hh + alL10R colitis was performed.
Analysis of these data confirmed the finding that macrophages adopted two distinct states
(designated scCluster 1 and scCluster 2, Fig.5.23). scCluster 1 was primarily composed of
Irf5" macrophages, whilst scCluster 2 was composed mainly of WT macrophages
(Fig.5.23). To assist with target identification, DEGs from WT vs global Irf5" single cell
analysis and MBMC were compared (Fig.5.24). DEGs that strongly correlated between

scCluster 2 and WT MBMC, and scCluster 1 and Irf5"- MBMC are summarised in Table.5.1.
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Fig.5.22: Gating strategy for sorting of macrophages for single cell RNA seq
Representative gating strategy for macrophages (red box) isolated from mouse colons for the
purpose of single cell RNA seq using the SmartSeq 2 protocol. Single macrophages were sorted
directly into SmartSeq 2 lysis buffer.

Macrophages: Doublets and debris were excluded, Live CD45* CD11b* Ly6G- Siglec F Ly6C-
MHC II* F4/80*
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Fig.5.23: Macrophages adopt two distinct states during Hh + alL10R colitis

Macrophages from Hh + alL10R treated WT or Irf57- mice were index sorted and sequenced using
the Smart-Seq 2 protocol. A) tSNE dimensionality reduction of differentially expressed genes
followed by the use of the CIDR algorithm revealed two distinct clusters of macrophages. B) The
number of cells in each CIDR cluster. Irf57- macrophages primarily fell in to Cluster 1, whilst WT
cells preferentially adopted a state defined Cluster 2.

Data analysis was performed by Dr. Stephen Sansom (University of Oxford)
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Fig.5.24: Integration of WT vs Irf57 single cell RNAseq with mixed bone marrow chimaera
RNAseq to identify commonly differentially expressed genes at d21 Hh + alL10R

LPLs were isolated from WT, global Irf57- mice, and mixed bone marrow chimaeras at d21 Hh +
alL10R colitis. For WT vs global Irf57, single macrophages (CD45* CD11b* Ly6G- Siglec F- Ly6C-
MHC II* F4/80*%) were sorted into Smart-Seq2 lysis buffer. For mixed bone marrow chimaeras,
100 macrophages of each genotype (WT or Irf57-) per mouse were sorted into Smart-Seqz2 lysis
buffer. Nextera library preparation was performed on the single cells and bulks, followed by
Ilumina Hiseq2000v4 sequencing. Reads were filtered and mapped to the mm10 genome.
DESeq2 was used to identify differentially expressed genes.

Significantly differentially expressed genes from each dataset were plotted against each other to
identify genes that were upregulated both in Cluster 2 (predominated by WT macrophages), and
in WT macrophages isolated from mixed bone marrow chimaera.

Statistics:

Spearman’s p = 0.31, p = 9.8 x 10:%

Single cell: 2 age and sex matched mice were pooled for each 96 well plate of cells, 384 cells in
total were collected

Mixed chimaera: N = 3 biological replicates

Data analysis was performed by Dr. Stephen Sansom (University of Oxford)
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Table.5.1: Top differentially expressed genes common between mixed bone marrow
chimaera and wild-type vs global Irf5 single cell RNAseq

Mixed Bone Marrow b
WT vs Irf5° Single Cell

Chimaera
Log, , .
Gene ID Gene Fold Adjusted  Log, Fold  Adjusted
Symbol p-value Change p-value
Change
ENSMUSGO00000002458 Rgs19 -4.57 2.60E-05 2.1 0.0553
ENSMUSG00000040264  Gbp2b -3.55 5.88E-05 3.33 0.000478
ENSMUSG00000021423 Ly86 -2.97 7.94E-05 1.56 1.70E-05
ENSMUSGO00000058715 Fcerlg -2.2 0.000115 0.75 0.00623
ENSMUSG00000037706 Cds1 -2.38 0.000682 2.05 0.000132
ENSMUSG00000009185 Ccl8 -4.46 0.00224 2.88 0.0135
ENSMUSG00000036905 Clqgb -1.4 0.0029 1.15 0.00504
ENSMUSG00000036887 Clga -1.6 0.00968 1.2 0.00431
ENSMUSG00000099398 Ms4al4 -2.58 0.00968 3.81 0.0031
ENSMUSG00000022587 Ly6e -1.58 0.0115 0.78 0.00195
ENSMUSG00000030147 Clec4bl -4.74 0.0115 2.55 0.0896
ENSMUSG00000029810 Tmem176b -1.76 0.019 1.07 0.0178
ENSMUSG00000079547 H2-DMb1 -1.48 0.0225 0.58 0.0648
ENSMUSG00000073412 Lstl -2.33 0.0409 0.94 0.0201
ENSMUSGO00000001962 Famb50a -2.99 0.0983 2.51 0.025
ENSMUSG00000037649 H2-DMa -2.02 0.0994 0.95 0.00324

*Log(2) Fold Change expressed as Irf5 WT (Chimaera), Cluster 2/Cluster 1 (Single Cell)
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5.2.8 IRF5-deficiency may provide a dominant protective effect from Hh + alL10R
colitis in mixed bone marrow chimaeras
MBMCs offered an excellent model to investigate intrinsic effects of IRF5 deficiency on
myeloid cells. However, the environment in chimaeras is altered compared to WT mice due
to the effects of Irf57 haematopoietic cells, and irradiation [341, 342]. To assess the impact
of Irf5" in MBMC the phenotype of MBMCs at d21 of Hh + alL10R colitis was profiled.
Sections of colon and caecum were scored according to the criteria outlined in Table.2.4.
Histopathological scoring revealed that colons and caeca of uninfected MBMC exhibited
low colitis scores, but that these were either nearly significant, or significantly elevated
when compared with uninfected MBMCs (p = 0.0745, Fig.5.25A, p = 0.0495, Fig.5.25B).
Colons of MBMC infected with Hh + alL10R were not as severely inflamed as WT mice
infected with Hh + alL10R (Fig.5.25C, p = 0.0437). The caeca of Hh + alL10R MBMCs also
less inflamed than those of WT mice subjected to Hh + alL10R (Fig.5.25C, p = 0.0078).
These differences in inflammation could be due to the effects of irradiation. Therefore,
histopathological scores of Whole Bone Marrow Chimaeras (WBMCs) were compared with
those of MBMC. WT WBMC infected with Hh + alL10R displayed comparable scores to
WT Hh + alL10R treated mice (Fig.5.25C, Fig.5.25D), indicating that it was indeed Irf5”
that protected mice from colitis. However, histopathological scoring of the WBMC and
MBMC must be repeated to confirm this observation, and greater characterisation of the
intestinal myeloid compartment in WBMC should also be performed to understand the

contribution of irradiation vs IRF5-deficiency.
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Fig.5.25: WT:Irf57 Mixed bone marrow chimaeras exhibit reduced inflammation in
response to Hh + alL10R treatment

Mixed bone marrow chimaeras were generated by reconstitution of lethally irradiated CD45.1*
WT mice with an equal mix of CD45.1* WT and CD45.2* Irf5”- bone marrow. Whole Bone Marrow
Chimaeras (WBMCs) were generated by reconstituting lethally irradiated CD45.1* mice with
either CD45.2* WT or CD45.2* Irf57- bone marrow. Mice were either housed for the duration of
the study or treated with Hh + alL10R for 21 days.

Sections were stained using H&E and coverslipped. Stained sections were then scored according
to the criteria outlined in Table.2.1. A) Colons of Hh + alL10R MBMCs were not significantly
inflamed compared to uninfected MBMC, but approached statistical significance p = 0.0745). B)
However, the caeca of MBMCs treated with Hh + alL10R were more inflamed than uninfected
MBMCs, C) MBMC colons were significantly less inflamed than Hh + alL10R-treated WT mice (p
= 0.0315). Inflammation in the colons of Irf57- donor WBMCs was not significantly reduced vs WT
donor colitis, but approached statistical significance when compare to WT Hh + alL10R (p =
0.0511), D) Caecal inflammation was also significantly reduced vs WT Hh + alL10R infection (p
= 0.0138). Inflammation in the caeca of Irf57- donor WBMCs was not significantly reduced vs WT
donor colitis, but approached statistical significance when compare to WT Hh + alL10R (p =
0.0612).

Statistics:

A, B) data are from one experiment, MBMCs. Steady state: n = 4, Hh + alL10R: n = 7. Unpaired
ttest: * p<0.05

C, D) Data are from one experiment; Hh + alL10R: WT n =7, Irf5* n =7, MBMC n =7, WT donor
n = 2, Irf57- donor n = 5. One-Way ANOVA with Tukey correction: ns = not significant, * p < 0.05
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5.3 Discussion

Here we demonstrate that Irf5” mice are protected from Hh + alL10R colitis. Gross markers
of inflammation were all dramatically reduced in Irf5" relative to WT (Fig.5.1, Fig.5.2,
Fig.5.3, Fig.5.4). Cytokine, chemokine and Tw1 and Tn17 responses were reduced in Irf5”
(Fig.5.6, Fig.5.7, Fig.5.8). Many of the cytokines downregulated in Irf57 are upregulated in
IBD patients, or are IBD risk factors [22, 343-345]. IFNy is one such cytokine. Brief IFNy
exposure promotes proliferation of epithelial cells, whilst extended IFNy signalling
promoted epithelial apoptosis in a process that synergised with TNFa exposure [346]. IFNy
acts on macrophages to promote bactericidal activity, and also stimulates transcription of
IRF5 [162]. The reduction in IFNy could be explained by the decrease in Tyl and Tw1/Tn17
cells, but other leukocytes not explored in this chapter, such as innate lymphoid cells (ILCs),
CD8* cytotoxic T cells, and NK cells, are also able to produce IFNy [21]. This effect is
unlikely to be mediated directly by IRF5, as expression of IRF5 in these leukocytes is low.
TNFa is another pro-colitogenic cytokine that is downregulated in IRF5-deficient mice
(Fig.5.6) [347]. TNFa exerts its effects via binding to its receptors, TNFR1 and TNFR2,
which stimulate NFkB activation and inflammatory cytokine transcription [348, 349]. TNFR
signalling also may cause apoptosis or necroptosis via RIPK1, leading to the release of
damage associated molecular patterns (DAMPS) that may help to drive colitis [350, 351].
Blockade of membrane-bound, but not soluble TNF resulted in T cell apoptosis and

ameliorated colitis in mice and humans [173, 352].

The diminished cytokine and T-effector (Texr) responses in Irf5° Hh + alL10R mice may
result from the lack of augmentation of inflammatory cytokine production in myeloid cells

(Fig.4.23, Fig.4.24).

I11b, 116, Tnf and 1112b mRNA were not significantly reduced in Irf57 mice during Hh +
alL10R colitis (Fig.5.6), but the reduction of IL13 and TNFa was confirmed at the protein
level by flow cytometry; Irf5" MNPs in MBMC expressed less of these cytokines at steady

state, and during Hh + alL10R colitis (Fig.4.23, Fig.4.24). IL1B is known to promote
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Helicobacter hepaticus colitis in IL10-deficient mice through augmentation of granulocyte
recruitment, and supporting IL17 production by ILCs, but it is also able to promote a unique

Tul7 phenotype characterised by a propensity for inflammatory response [307, 353].

16 has a dichotomous role in inflammation, able to exert pro-inflammatory effects via
supporting T cell survival and myeloid cell activation, but also able to mediate anti-
inflammatory effects by inhibition of TNFa and IL1f3 signalling, and activation of IL10 [354].
IL6 is directly regulated by IRF5, and is downregulated in Irf57 during Hh + alL10R colitis
(Fig.5.5) [162]. Anti-IL6 therapy showed clinical response in IBD, but increased the risk of
fatality through undiagnosed intestinal abscesses or fistulae due to suppression of serum
CRP levels [174]. TGFB in combination with IL6 promotes Tn17 cell proliferation [355].
Culture of Tul7 cells in the absence of IL23 leads to a less inflammatory phenotype: Ty17
cells are able to produce the anti-inflammatory cytokine, IL10, although IL10 levels were

not measured in Irf5" mice in Hh + alL10R colitis [356, 357].

[112b mRNA was upregulated in WT, but not Irf5” mice in colitis (fig.5.6). 1112b encodes
IL12p40, the common subunit of IL12p70 and IL23, two key inflammatory cytokines in the
pathogenesis of IBD, acting via promoting Tyl and TH17 responses [175, 358, 359]. 1112b
is produced by macrophages and is directly regulated by IRF5 [162]. Taken together, the
data support the hypothesis that IRF5 promotes Hh + alL10R colitis via Tu1l/Tul7
responses. Separately, Ty17 responses in Irf57 should be investigated more closely to
investigate phenotypic differences in Irf57 as they may be less pathogenic, indicated by

the reduced frequency of IFNy* ILL7A" CD4" T cells (Fig.5.8).

Cxcl1, Cxcl3, Cxcl5, Ccl3, Ccl4, Ccl5, and perhaps Ccl2 were increased in WT over Irf5"
in Hh + alL10R colitis (Fig.5.6). CCL3 and CCL4 are potent macrophage activators and
trigger chemotaxis of monocytes, whilst CCL5 is also important for monocyte and
eosinophil chemotaxis [360, 361]. Migration of leukocytes into sites of inflammation is a
critical step in disease pathogenesis, and many of these chemokines are directly regulated

by IRF5, thus this highlights another mechanism by which IRF5 could modulate
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inflammation [162, 261]. Nevertheless, cytokine and chemokine mRNA measurements
should be repeated with appropriately powered experiments to detect changes in their
abundance. Regulation of chemokines by IRF5 at the initiation of colitis may be a key factor
in explaining the increased predisposition of patients with gain of function IRF5 mutations
to IBD, but may also be important for recruiting leukocytes to initiate a repair response. A
timecourse following the production of chemokines during the progression of Hh + alL10R
colitis in Irf57 would help to ascertain if this was the case. Therefore, IRF5 may contribute
to disease pathology through control of T cell and myeloid cell activity and recruitment in

the inflamed cLP.

Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF) was decreased in Irf57 in
Hh + alL10R colitis (Fig.5.6). GM-CSF, also known as CSF2, is a pleiotropic cytokine and
growth factor that has a roles in neutrophil, monocyte, eosinophil, and DC survival and
differentiation [362]. GM-CSF Receptor signalling results in the activation of several
signalling pathways including JAK/STAT, MAPK, and PI3K, which modulate these effects
on leukocytes. NFkB is activated via direct interaction of GM-CSFRa with IKKB, and
indolamine-2,3-dioxygenase via STAT3. GM-CSF is an important factor in promoting an
inflammatory macrophage and eosinophil phenotypes, and elevated GM-CSF may support
prolonged inflammation in this manner [129, 162]. Thus GM-CSF is able to potentiate
inflammation via its effects on neutrophil and eosinophil activation, polarisation of

macrophages to an inflammatory state, and support of leukopoiesis.

Despite the presence of many neutrophil chemokine mRNAs at the tissue level, and the
decreased total number of leukocytes and neutrophils within the colon of IRF5 deficient
mice, the proportion of neutrophils within LPLs was not affected by IRF5 deficiency
(Fig.5.10A). The percentage of LPL neutrophils increased in both WT and Irf5 relative to
controls (Fig.5.10A). IRF5 expression in neutrophils was not detected in steady state mice,
and was only expressed at very low levels in inflammation (Fig.5.17B-C), therefore the

similar percentage of neutrophils present may represent a compensatory shift relative to

210



the percentage of eosinophils (Fig.5.10B). Eosinophils were present at higher frequencies
in Irf5” mice in Hh + alL10R colitis relative to WT (Fig.5.10B). Despite classically being
considered mediators of Type 2 immunity, eosinophils have been described as pro-
inflammatory effectors in Hh + alL10R colitis, and eosinophils counts are elevated in some
cases of IBD [129, 363, 364]. Eosinophils are cytotoxic, express a wide range of TLRs and
cytokines, and also express low levels of IRF5 (Fig.17C) [9]. Because eosinophils express
IRF5 in WT mice, eosinophils in Irf5” Hh + alL10R colitis may display a more protective
phenotype. Analysis of activation markers (CD11b, Ly6G, CD63) on eosinophils did not
reveal any significant changes between WT and Irf57 (data not shown). However, this was
not a comprehensive analysis of the whole repertoire of eosinophil activation states.
Further characterisation of Irf57 eosinophils would help to assess their contribution to

inflammation.

Dendritic cells (DCs) are critical innate leukocytes, bridging innate and adaptive immunity;
they are able to immediately neutralise pathogens via phagocytosis and cytokine release
[43]. DCs migrate to lymphoid tissue to stimulate appropriate Tet cell responses. In the cLP
there are 3 well characterised populations of DCs, identified by their high surface levels of
CD11c and MHC II, and differential expression of CD11b and CD103 (Fig.3.5C). However,
no difference was detected in the representation of cLP DC subsets during inflammation

(Fig.5.11).

In the cLP there are two main classical DC (cDC) populations, derived from FLT3L-
dependent progenitor, CD11b* CD103*, and CD11b- CD103". [330] CD11b* CD103" are
IRF4-dependent, and can migrate to the MLN under the control of CCR7 [62, 365]. CD11b"
CD103* are IRF8- and Batf3-dependent and do not display defective development in Csf2-
deficient mice [83, 124, 366]. These two cDC subsets demonstrate different localisations
within the cLP: CD11b* cDCs reside deep within the villi, whereas CD11b cDC are located
close to the epithelium, perhaps indicating differential roles in the control of intestinal

immune responses [367, 368].
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B7 integrin (a component of CD103 along with ag) is required to give rise to tolerogenic
MNPs, and CD103" DCs are required to generate Tegs in the cLP; avp8 integrin is required
to activate TGF which signals via SMAD3 to promote T fate [125, 369]. However, these
cLP DC populations express high levels of IRF5, and IRF5 may play a role in their response
to bacterial insult (Fig.5.17C). Despite this, IRF5 did not increase upon inflammation in any
of the DCs tested (Fig.5.17C). Activated DCs may migrate to the MLN, and may explain
why DCs do not appear to upregulate IRF5, but this was not tested [62]. IRF4 is critical for
the development of CD11b* CD103* DCs, and may compete with IRF5 to determine cDC
fate and function [226]. To this end, Irf5” cDCs and monocyte-derived DCs from cLP and
MLN should be characterised in depth to uncover the function of IRF5 in these cells in
colitis. Irf57- DC populations could be tested for their migratory capacity in vitro and in vivo
by fate tracking; a protocol of tracking migrating cLP DCs using Kaede mice was described
by Houston et al., (2016) [370]. Irf5" MLN DCs should also be profiled to investigate their

transcriptome, cytokine production and T cell priming capacity.

Adult cLP macrophages are thought to be exclusively derived from blood monocytes which
provide a rapidly mobilised pool of effector cells in the context of inflammation [57, 371].
The spleen contains a reservoir of Ly6C" monocytes that is mobilised within 24 hours of
an inflammatory stimulus [54, 372]. The percentage of P1 monocytes in the colon of Hh +
alL10R-treated mice was slightly elevated vs controls, but no difference was detected
between WT and Irf57 (data not shown, Fig.5.12, Fig.5.13). P1 monocytes were found to
express high levels of IRF5 in the bone marrow and the cLP at steady state (Fig.3.18,
Fig.5.17C). Ly6C" monocytes are classically considered to give rise to pro-inflammatory
effectors, able to adapt to tissue environment, and are mobilised rapidly. cLP P2 monocytes
represent a differentiation intermediate between P1 monocytes and macrophages [57,
113]. P2 monocytes are Ly6C* MHC II" CD11c* and express high levels of IRF5
(Fig.5.17C). CD11c and IRF5 expression are elevated in P2 monocytes at d21 Hh + alL10R
colitis (Fig.5.18, Fig.5.17C). This expression of CD11c and IRF5 is indicative of their pro-

inflammatory effector function — P2 monocytes were shown to upregulate inflammatory
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mediators such as Il1b, 116, 1123a, and Nos2 in response to inflammatory challenge [124,
294, 299]. The percentage of P2 monocytes is unaffected by IRF5 deficiency at steady
state (Fig.3.12), but is increased in WT at d21 Hh + alL10R (Fig.5.13B). Irf5"- P2 monocytes
were not significantly increased in the Hh + alL10R colitis model over controls, and were
diminished relative to WT Hh + alL10R within the total leukocyte pool, as well as in the
MNP compartment (Fig.3.12, Fig.5.12B, Fig.5.13). CD11c* monocytes were shown to be
highly pathogenic in a mouse model of atherosclerosis, and were reduced in Apoe” Irf5™
[278]. Here we showed that CD11c* P2 monocytes and macrophages expressed more
IRF5 than corresponding CD11c” MNPs (Fig.5.17). There is therefore evidence to suggest

that CD11c* P2 monocytes may prove to be the key MNP effectors in colitis.

Macrophages are critical regulators of innate and adaptive immunity, displaying
unparalleled phenotypic plasticity [373]. In the cLP, macrophages mediate tissue
homeostasis through sensing luminal antigens, and clearance of apoptotic cells in an
anergic fashion [59]. Macrophages can also promote T.g €xpansion, via the production of
IL10 [374]. In inflammatory situations where an insult cannot be contained, macrophages
phagocytose invading pathogens, and release pro-inflammatory mediates such as
cytokines, chemokines, and reactive oxygen species to mediate direct cytoxicity. cLP
TNFa" macrophages contribute to epithelial barrier defect [309, 375]. cLP macrophages
express high levels of IRF5 (Fig.17C), but this is not upregulated in inflammation, perhaps
consistent with the observation of Rivollier et al., (2012), and Zigmond et al., (2012) that
bona fide macrophages remained anergic even during inflammation, and our observation
that macrophages adopted two states during Hh + alL10R colitis (Fig.4.14) [294, 299]. At
steady state, ~25% of macrophages express the mannose receptor, CD206, a well-defined
marker of phagocytic, tissue repair macrophages (Fig.5.13) [113, 373]. Expression of
CD206 on macrophages was downregulated on WT macrophages during inflammation, but
remained at steady state levels in Irf57, indicating that macrophages were less pro-
inflammatory at d21 of Hh + alL10R (Fig.5.14B). Colonic macrophages also express high

levels of CD11c at steady state, and expression of CD11c increased in WT, but not Irf57,
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MNPs during Hh + alL10R (Fig.5.15). CD11c is a putative marker of inflammatory
macrophages in both atherosclerosis, and Hh + alL10R colitis; CD11c* macrophages
promoted atherosclerosis and produce high levels of IL23 in the Hh + alL10R model [124,
278]. However, these changes in expression of CD206 and CD11c perhaps reflect the

altered colonic environment of colitic Irf5” mice rather than intrinsic phenotypic differences.

VISNE is a powerful analytical algorithm designed for the analysis of multiparameter flow
and mass cytometry [247]. ViSNE clustering of cLP MNPs (Live CD45" CD11b* Ly6G
Siglec F°) from either Hh + alL10R inflamed WT or Irf5" on the basis of Ly6C, MHC II,
F4/80, and CD11c expression revealed that IRF5-deficient mice may lack a population of
CD11c* cells of the P2 monocyte/macrophage gate (Fig.5.15). The gating strategy
presented in this thesis lacks CX3CR1 needed for accurate discrimination of the entire
monocyte waterfall described by Bain and colleagues [57]. Therefore the macrophages
identified on the basis of Ly6C"° and F4/80* can in fact arise from Bain and colleague’s
inflammatory P3 macrophage state. Interrogation of this population in WT mice revealed
that the missing population expressed high levels of MHC Il and IRF5, and were CD11c*,
and Ly6C™, falling to the MHC 11" side of the P2 monocyte gate (Fig.5.15). Due to the high
levels of IRF5 found in this population, and its expression of MHC II, and CD11c, it is
possible that this population of macrophages represents a highly pro-inflammatory, pro-
colitogenic population of MNPs. Sorting of this population on the basis of CD11c" CD206
phenotype followed by RNAseq or gPCR of appropriate markers would reveal whether this
population does indeed represent a highly inflammatory macrophage state, and may also

reveal novel markers that could be used to therapeutically deplete it in IBD patients.

The Twl7 polarising cytokine, 1L23 is a valid therapeutic target for CD/UC [175, 376].
CD11c" MNPs were demonstrated to be key cells expressing pathogenic IL-23 in Hh +
alL10R colitis. In fact, the loss of IL23 driven by CD11c-Cre was able to rescue the disease
pathology [124]. IRF5 directly regulates IL23 production in human monocyte-derived

macrophages, and in murine GM-BMDMs [162, 217], thus providing a possible link
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between IRF5 and expression of CD11c and IL23 by MNPs. IL23 appears to be key in the
early stages of Hh + alL10R colitis, as 1123a mRNA expression was found to be highest
between d4-d7 in CD11lc*™ MNPs, and declined thereafter, this may explain why we
observed no difference in 1123a mMRNA expression at the peak of inflammation between WT
and Irf5” animals. However, Irf57 animals expressed significantly lower levels of 1112b
MRNA (Fig.5.5), which remain expressed throughout disease (unpublished data from the

Powrie lab).

Analysis of 10X RNAseq of cLP MNPs was instrumental in positioning IRF5 as a fate-
deciding transcription factor for monocytes (Chapter.4). However, 10X RNAseq suffered
from a lack of sensitivity: only ~1000 genes were detected per single cell. To analyse how
IRF5 may be promoting colitis, small bulk RNAseq (100 cells) of MBMC macrophages was
performed to assess IRF5-specific transcriptomic defects (Fig.5.21). The differentially
expressed genes were integrated with existing scRNAseq (Fig.4.18, Fig.5.23), and IRF5
ChiPseq (Fig.4.19) to refine a list of candidate targets for validation (Table.5.2, Fig.5.24).
Integration of the genomic datasets allowed the identification of novel IRF5-regulated

targets e.g. Cd81, Setdbl, Thbsl.

Thbsl (Thrombospondin-1) is a TGFB pathway gene that was upregulated in Irf5”
macrophages in MBMC and higher in scClusterl (Fig.5.24). Thbs1 was shown to have anti-
inflammatory effects in monocyte and macrophage cell lines, downregulated IL13
production in macrophages, and induced IL10 production and lung injury resolution in a
mouse model [377-379]. These effects point towards Thrombospondin-1 being a potential

therapeutic target of interest in IBD, perhaps as a recombinant therapy.

Irf5" macrophages also expressed higher levels of Setdb1, a histone methyltransferase,
which results in the repression of inflammatory cytokines (Fig.5.23) [380]. IRF5 was also
shown to negatively regulate Setdbl [242]. ll1rn, encoding Interleukin 1 Receptor
antagonist (ILLRN) was higher in Irf5" in MBMC and global Irf5" (Fig.5.24), ILIRN is a

potent anti-inflammatory cytokine which could also explain the protective phenotype [381].
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Repression of anti-inflammatory genes may be another pathway by which IRF5 promotes

inflammation.

The tetraspanin, CD81 (TAPA-1), is an important molecule involved in exosome release,
and formation of the immunological synapse in MHC II-mediated activation of T cells [382].
MHC 1l expression was also higher on WT macrophages relative to Irf57 (Fig.4.25), which
may help to compound this function. Interestingly, in vitro data suggest that CD81 prevents
macrophage proliferation, and may negatively regulate inflammatory responses [383, 384].
Cd81 was directly regulated by IRF5 in in vitro macrophages, identified by an IRF5 ChIP
peak (Fig.4.19), and was consistently elevated in WT macrophages vs Irf5’- macrophages
across genomic datasets. CD81 expression increased as monocytes differentiated into
macrophages, and expression was upregulated at d14 of Hh + alL10R colitis in WT mice
(Fig.4.20). CD81 was also described as a component of a module of genes that comprise
a cLP-resident macrophage signature [138]. These studies indicate that one method by
which IRF5 directs inflammation is via activation of Ty responses through CD81-support of

immunological synapses, and that CD81 is a marker of mature intestinal macrophages.

WT macrophages expressed higher levels of Ccl8, and Ccl9, chemokines that recruit
monocytes, and DCs (Fig.5.24) [63, 145]. CCL8 was found to be elevated in the explant
culture supernatants of WT Hh + alL10R treated mice vs Irf5" Hh + alL10R (Fig.4.21).
Chemokines, including CCL8 and CCL9 were non-specifically increased in IBD patients,
but may still be relevant to disease pathogenesis [145, 385]. Reads mapping to [112b were
also found to be elevated in WT macrophages in MBMC As IL12p40 is a component of
both 1L12p70, and IL23 which support pathogenic Tul and Tul7 responses, this may help

to explain the increased inflammation observed in WT Hh + alL10R colitis [175, 358, 376].

Clearly, Irf5" mice are protected from Hh + alL10R colitis; Irf5 mice display reduced
accumulation of pro-inflammatory P2 monocytes, and diminished Tu1/Twl7 responses.
However, only a snapshot of the disease pathogenesis is characterised here. Following a

timecourse of disease progression would reveal how changes in leukocyte infiltrate take
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shape, and this could be correlated with the tissue levels of cytokines and chemokines to

build up a picture of how IRF5 mediates its pro-inflammatory effects over time.

Intriguingly, Irf57 leukocytes in MBMC may exert a dominant effect on the course of
inflammation, as histopathological scores were reduced in MBMCs compared to WT
WBMCs. This experiment must be repeated including the appropriate controls of total bone
marrow reconstitution to confirm this finding. Alternatively Performing Hh + alL10R colitis
in Irf5*" heterozygotes and using wild type and Irf5” homozygotes as controls may also
address this issue. Should the observation prove valid, it would mean that modulation of

IRF5 in inflammatory disorders would become an attractive therapy.

5.4 Conclusion

In summary, Irf5” mice are protected from Hh + alL10R colitis based on a histological
perspective. Irf5” display reduced numbers of all leukocytes infiltrating the colon during Hh
+ alL10R, and have increased percentages of eosinophils, but reduced proportions of P2
monocytes and Tul/Tyl7 cells in the cLP. P2 monocytes upregulate IRF5 expression in
inflammation and a subpopulation of CD11c* P2 monocyte/macrophages, based on viSNE
analysis, may represent a highly pro-inflammatory, pro-colitic group of mononuclear
phagocytes. Further investigation of this population is required, but targeting it may provide
therapeutic benefit for IBD patients. Macrophages in colitic Irf57 mice expressed more of
the anti-inflammatory marker, CD206, and less of the pro-inflammatory marker, CD11c.
Levels of IBD-associated cytokines and chemokines that are regulated by IRF5 in GM-
BMDMs are also reduced in Irf5, which may contribute to the establishment and
propagation of disease. Taken together, the data point towards IRF5* monocytes and
macrophages being key players in the pathogenesis of Hh + alL10R colitis. Integration of
genomic datasets has uncovered several attractive IRF5-dependent factors that mark
resident and inflammatory macrophages in the colon, and must be validated. Strikingly,

mixed bone marrow chimaeras were protected from colitis in a similar manner to global Irf5
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" mice despite the reduced accumulation of Irf5 MNPs in the lamina propria of chimaeras.

This suggests that partial blockade of IRF5 may have therapeutic benefit.
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6 Discussion

6.1 Summary of results

Genome wide association studies identified gain of function mutations in the IRF5 promoter
that are associated with several inflammatory disorders, including Inflammatory Bowel
Disease (IBD) [237, 245]. Krausgruber et al.,, (2011) demonstrated that Interferon
Regulatory Factor (IRF) 5 is a transcription factor that defines an inflammatory
macrophage phenotype by promoting the transcription of pro-inflammatory cytokines such
as TNFa, IL1B, IL6, IL12, and IL23, and repressing transcription of the potent anti-
inflammatory mediators 1L10, and TGFB, [162]. Therefore, before this thesis was
conducted, it was hypothesised that IRF5 promoted intestinal inflammation through

mediation of Th1/Tw17 response.

To investigate the role of IRF5 in the Colonic Lamina Propria (cLP), WT and Irf5" mice
were characterised. Steady state WT mice exhibited increased frequencies of cLP
macrophages, but IRF5 deficiency did not appear to result in a haematopoietic defect of

macrophage development in bone marrow. (Chapter.3)

IRF5 promoted the accumulation of WT monocytes in the cLP of Mixed Bone Marrow
Chimaeras (MBMCs), in a process possibly dependent on the CCL2/CCR2 axis (Fig.4.10),
factors that are known to be important for the reconstitution of the intestinal macrophage

compartment [57, 112].

A novel function of IRF5 to commit monocytes to a macrophage fate in tissue during
inflammation was identified using RNA sequencing methods (Figs.4.14, Fig.4.15, Fig.4.19,
and Fig.5.24). Whilst loss of IRF5 appeared to promote the differentiation into moDCs
which are dependent on IRF4 (Fig.4.15) [386]. This process may be due to loss of
competition for IRF binding sites, and engagement of an AHR-dependent program (Fig.6.1)
[132, 226]. In inflammation, IRF5 may exert a brake on terminal or tolerogenic macrophage

differentiation; holding macrophages in a pro-inflammatory monocyte-macrophage
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intermediate state that upregulates IRF5 expression, is highly bactericidal, positive for
CD11c, and produces high quantities of IL23 in the early stages of colitis (Fig.4.14,

Fig.5.16, and Fig.5.18) [124, 294].

Irf57 mice were protected from Hh + alL10R colitis, and the absence of IRF5 in less than
half of myeloid cells in colon in MBMC was sufficient to exert a dominant protective effect
from Hh + alL10R colitis (Fig.5.25). The identification of factors (ll11rn, and Setdb1l, Fig.5.24)
that may mediate this protective effect, were repressed by IRF5 and may be viable as novel
therapies for inflammatory conditions. However, further investigation of these molecules is

required to validate their potential.

A discussion of how these results fit within current literature will now be conducted, with a

look towards future work and perspectives provided.
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Fig.6.1: Schematic of the hypothesised role of IRF5 in the steady state colonic lamina
propria

IRF5 promotes the accumulation of P1 monocytes in a CCL2/CCR2 manner. IRF5 promotes
differentiation of cLP1 P1 monocytes is macrophage fate. P1 monocytes transition into P2/P3
monocyte/macrophages with inflammatory potential supported by IRF5. The final stages of
monocyte-macrophage transition are supported by IL10 and TGF, giving rise to anergic, tissue-
resident macrophages. Tissue resident macrophages sample luminal antigen, and produce high
quantities of chemokines to recruit leukocytes, including monocytes, to the cLP, and to maintain
intestinal homeostasis.

Intestinal cDCs were originally thought to derive from FLT3L-dependent pre-DC precursors that
migrated to the cLP via the blood and differentiated in response to microenvironmental signals.
More recently, it has been established that a subpopulation of monocytes may differentiate into
cDCs under specific environmental conditions. In the absence of IRF5, or in the presence of
abundant Aryl Hydrocarbon Receptor (AHR) ligands, the differentiation of monocyte-derived DCs
may be favoured in an IRF4-dependent process to generate CD11b* DCs. A recent study
indicated that cLP cDCs gain CD103 after exposure to TGF.

AHR: Aryl Hydrocarbon Receptor, CCL: CC-motif ligand, FLT3: Fms-Like Tyrosine Kinase 3, IL:

Interleukin, IL1RA (IL1 Receptor Antagonist), IRF: Interferon Regulatory Factor, RA: Retinoic
Acid, TGFf: Transforming Growth Factor Beta,
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Fig.6.2: Schematic of proposed role of IRF5 during Hh + alL10R colitis

Macrophages sense intestinal barrier breach and respond by phagocytosing invading bacteria
and producing chemokines. IRF5* Ly6C" blood monocytes are better able to respond to
chemokines such as CCL2 and are preferentially recruited to the cLP. IRF5 expression is
increased by PRR signalling after contact with bacterial antigens, promoting maturation to the
inflammatory P2/P3 monocyte-macrophage. P2/P3 monocyte-macrophages produce high
guantities of pro-inflammatory mediators such as TNFa, IL13, IL12, and IL23, which support
pathogenic Tul/Tul7 cell expansion. P4 tissue-resident macrophages produce Clg, which
opsonises lg-coated pathogens, but also signals via the gC1gR to promote P2/P3 maturation to
a resolving P4 macrophage phenotype.

A subpopulation of Ly6C" monocytes may be able to differentiate into CD11b* SIRPa* cDCs. In
the absence of IRF5, IRF4 is able to modulate its transcriptional program unimpeded, thereby
promoting SIRPa* cDC fate. CD11b* DCs are specialised in promoting T2 and Tw17 responses,
which antagonise Tul/Tu17 responses, and may be protective in the Hh + alL10R model.

CCL: CC-motif ligand, FLT3: Fms-Like Tyrosine Kinase 3, IL: Interleukin, ILIRA (IL1 Receptor
Antagonist)
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6.2 IRF5 promotes macrophage fate of Ly6C" monocytes in the

colonic lamina propria

The role of IRF5 in the polarisation of macrophages and the pathogenesis of various
diseases is well established in the literature [56, 162, 239, 243, 244, 261, 387]. However,
the intrinsic function of IRF5 in the development of the MNP system was not addressed.
The work described in this thesis made use of the intestine as a model system to study the
role of IRF5 in the development and function of monocyte-derived macrophages. The
accumulation of macrophages was found to be deficient in the Irf5” Colonic Lamina Propria
(cLP) (Fig.3.12), but no major defect was observed when GM-CSF differentiated Bone

Marrow-Derived Macrophages (GM-BMDM) were cultured (Fig.3.17, Fig.3.19).

The ontogeny of macrophages and classical Dendritic Cells (cDCs) in the cLP has been
debated in recent years. Confusion may have arisen by mis-identification of macrophages
and DCs due to shared markers and functions [113, 121, 294, 388]. Adult mouse cLP
tissue-resident macrophages were demonstrated to be derived exclusively from blood
Ly6C" monocytes, and the final stages of macrophage maturation were at least partially
dependent on IL10, and TGFB [57, 138, 139]. Evidently, the tissue-specific signals and
transcription factors that promote macrophage fate in the cLP are poorly defined. The
ontogeny of cLP cDCs is also unclear, due to the sharing of functional markers between
macrophages and DCs [61, 64, 126]. cLP DCs were originally considered to be derived
from FLT3L-dependent pre-DCs that migrated from the blood, indeed Bogunovic et al.,
(2009), and Varol et al., (2009) concluded that CD11b- CD103" ID2-dependent DCs
originated from circulating pre-DCs [64, 388]. However, their conclusion that CD11b* DCs
were replenished from circulating monocytes was clouded by the inability to distinguish
between CD11b* CD103" DCs and intestinal macrophages. The adoptive transfer of CDPs
resulted in the generation of CD11b" CD103" intestinal DCs, but did not identify CD11b*
CD103" DCs, pointing to monocyte origin of CD11b* CD103" DCs, but it has come to light

that CD11b* CD103* DCs may represent terminal differentiation of the CD11b* DC lineage,
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and so the transitory CD11b* CD103 phase may have been missed at the time of analysis
[64, 128]. More recently, however, the possibility that cDCs may be replenished from a pre-

committed Cd209a* monocyte pool has been established [46, 55, 132].

The use of Mixed Bone Marrow Chimaeras (MBMCs), combined with next-generation
sequencing techniques was instrumental in defining the role of IRF5 in the process of
monocyte accumulation and promotion of macrophage fate in the cLP (Fig.4.14, Fig.15).
IRF5 promoted the accumulation of WT MNPs in the cLP of MBMCs (Fig.4.7, Fig.4.8,
Fig.4.11), but no difference was detected in the reconstitution of progenitors or myeloid
populations in blood or bone marrow at steady state (Fig.4.2-Fig.4.6). However, at d21 Hh
+ alL10R colitis, Irf57- myeloid populations were overrepresented in the bone marrow
(Fig.4.4B). This may indicate a bone marrow retention issue in Irf5”, possibly due to the
reduced expression of CCR2, and decreased responsiveness to CCL2 (Fig.4.10), which
may also affect entry of monocytes to the cLP [57, 239, 294, 301]. However, it is unlikely
that this explains the full phenotype, as the chemaokines required for monocyte entry to the
colon are poorly defined and other CCRs e.g. CCR1 are likely to be involved in the

recruitment of monocytes to the cLP [239, 298].

10X RNA sequencing (10Xseq) was used to uncover the heterogeneity of CX;CR1*
Mononuclear Phagocytes (MNPs) in the cLP (Fig.4.13) (10xgenomics.com). Analysis of
the 10X clusters revealed that more DCs (identified by reads mapped to DC markers e.g.
Napsa, Cd209a, Irf8, Cd24a, Batf3, and 1d2) were of Irf5’ origin, and macrophages were
preferentially derived from WT (Fig.4.14, Fig.4.15). Monocle analysis visualised the
development of monocytes to macrophages (mo-macrophages) or monocyte-derived DCs
(moDCs) in pseudotime (Fig.4.17) [212]. Recent papers suggest that DCs could be
replenished from a subset of Ly6C*" monocytes, thus monocle analysis would be able to
identify the trajectory of moDC transition in the cLP. Indeed, analysis of Irf5" MNPs in
isolation, resulted in the identification of monocyte-DC intermediates (data not shown). Yet,

when WT and Irf5 MNPs were analysed together, these intermediates were masked,
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possibly by the similarity of WT and Irf57 Ly6C" monocytes and the abundance of the WT
mo-macrophage transition state (Fig.4.15, Fig.4.17). Re-clustering of 10X data, to increase
the number of clusters, may help elucidate transitory stages and help to uncover IRF5-
regulated genes that promote macrophage fate at the expense of moDCs. The
microenvironmental signals that drive the process of monocyte-macrophage or monocyte-
DC transition are poorly defined. However, an in vitro system demonstrated that monocytes
preferentially differentiated into macrophages in response to M-CSF, IL4 and TNFa in a
process dependant on the transcription factor, MafB [132]. Indeed, MafB was a positive
marker for 10X Clusters 1, 2, and 5, corresponding to Ly6C" monocytes, monocyte-
macrophage transition, and tissue-resident macrophages respectively (data not shown).
Cd209a, a marker of Ly6C" monocytes with moDC differentiation potential, was also a
positive marker of Clusters 0 and 1, expressed in ~30% of Cluster 0, but only ~8% of Cluster
1. Cluster 0 (defined by expression of Napsa, Cd7, Cd209a, and the MHC molecules H2-
DMb2, and H2-Oa, indicating DC lineage) is related to Cluster 1, but not Cluster 2 in
pseudotime, and possibly represents a moDC intermediate (Fig.4.14). Cluster 0 was
preferentially occupied by Irf57 (Fig.4.15). Goudot et al., also recognised that IRF4 was a
critical transcription factor in the DC fate of monocytes [132, 386]. IRF4 and IRF5 were
shown to compete for binding to Myeloid Differentiation primary response 88 (MyD88) after
TLRA4 ligation [389], and IRF4 negatively regulates the transcription of IRF5 and IRF5
targets [226]. In the absence of IRF5, IRF4 may be able to dominate the fate choice of
monocytes, thus explaining the increased predisposition to DC fate in Irf57. Therefore, in
steady state WT mice, stochastic factors may influence the relative abundance of DC- and
macrophage-primed Ly6C" monocytes, which are stimulated by microenvironmental cues
such as aryl hydrocarbon receptor and TLR ligands. Single cell sorting of WT and Irf5"
blood monocyte populations, followed by transcriptional profiling could be used to uncover
the relative frequencies and IRF5-dependent transcriptional programs of DC-committed

and macrophage-committed monocytes.
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6.3 Consequences of preferential macrophage fate in IRF5"

monocytes

Inflammatory monocyte-macrophage intermediates are well described as pro-inflammatory
effector cells in multiple inflammatory disorders [338, 390-392]. The ability of intestinal
macrophages to produce inflammatory cytokines such as IL1[3, IL12, and IL23 is well
documented [121, 294, 299, 338], as is the ability of these cytokines to support pathogenic
T cell responses [259, 307, 353]. It was determined that both monocytes and macrophages
from the inflamed mucosa of WT Hh + alL10R treated mice expressed higher levels of
inflammatory cytokines, TNFa, IL1B, and IL12 (Fig.4.18, and Fig.4.23), and Chemokines,
Ccl3, Ccl4, Ccl5, Ccl7, Ccl8, Ccl9, Cxcl12, and Cxcl16 (Fig.4.14, Fig.4.18). IRF5 promotes
macrophage fate commitment of Ly6C" monocytes, but terminal differentiation to a tissue-
resident phenotype is blocked. IRF5 activation may therefore be a key determinant of this

differentiation block and thus promote colitis.

Intestinal cDCs fall into two major subgroups, XCR1*, BATF3- and IRF8-dependent cDCla,
and SIRPa* IRF4-dependent cDC2s [43]. XCR1" ¢cDCs are important for CD4* and CD8"*
T cell priming via retinoic acid and antigen presentation [393, 394] . XCR1* cDCl1s are
specialised in cross presentation of antigen at sites of inflammation, but can also migrate
to the Mesenteric Lymph Nodes (MLN) in a CCR7-dependent manner to prime naive T
cells [370]. BATF3-dependent DCs were shown to express IL12 to support Thl generation
at steady state and during inflammation [395-398]. BATF3-dependent cDCs are also
required for the optimal generation of inducible T regulatory cells (iTeg) in MLN following
oral administration of protein antigens, possibly due to the secretion of Retinoic Acid (RA),

and the activation of TGF(2 [393, 399].

SIRPa* cDCs have roles in Tyl7 polarisation, and Tw2 induction, indicating that they may
be important for host protection from intestinal parasites [365]. It is also possible that they

can mediate pro-inflammatory responses, as production of IL23 in response to Citrobacter

226



rodentium was required to protect mice via the induction of Type 3 Innate Lymphoid Cells

(ILC3)-IL22-epithelial repair pathways [400].

The Hh + alL10R model is dependent on the cytokine IL23 which promotes pathogenic
Tul/Tul7 and ILC3 expansion. IL23 is produced in abundance by CD11c* CD64" cells of
the monocyte/macrophage lineage, but not by intestinal DCs [124]. Although [123a was not
detected in myeloid cells using 10X and SmartSeq2, this may be due to the time of
measurement: 123a expression peaks between d3 and d5 of Hh + alL10R colitis, and
declines thereafter, whereas the data presented in this thesis were measured at d21 of Hh
+ alL10R colitis (Unpublished observations, Powrie lab). However we detected a higher
level of I112b (the second subunit of the IL23 protein) expression in macrophages at this
point (Fig.4.18). Macrophages are also important for the presentation of antigens to DCs
and activated T cells, and therefore the initiation and potentiation of immune responses
[331, 332]. Therefore, the increased propensity of monocytes to differentiate into DCs may

help to explain why Irf5 mice are protected from colitis as discussed in Chapter.4

6.4 Exosomes in inflammation and macrophages

As reported in Chapter.4, WT 10X Cluster 2 monocyte/macrophages were enriched for
transcripts encoding the tetraspanins CD9, CD63, and CD81, and reads mapping to CD53
and CD151 were also identified in Cluster 2 (data not shown). Meanwhile, CD81 was
consistently upregulated in WT MNPs compared to Irf57, both in vitro and in vivo (Fig.3.20,
Fig.4.18, Fig.5.24), and was associated with an in vitro IRF5 ChIP peak, indicating direct
regulation by IRF5 (Fig.4.19). These tetraspanins are critical components of exosomes,
and have roles in monocyte migration and cell fusion, intracellular protein trafficking, and
TNFa regulation [401-404]. Exosomes are highly conserved secretory membrane vesicles
(cytosol contained in a lipid bilayer) that are recognised as an important mechanism of
inter-cell communication, containing proteins and RNA in their cytoplasm [372, 405, 406].

Exosomes recovered from the serum of mice with experimental Acute Myocardial Infarction
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(AMI), could subsequently induce the mobilisation of splenic monocytes from naive mice
after transfer to recipient mice [372]. The micro-RNA content of these AMI exosomes was
enriched for transcripts associated with “positive regulation of cell adhesion” and
“regulation of cell motility” indicating that exosomes primed monocyte function before tissue
entry [372]. Interestingly, exosomes can be transferred between species and Kingdoms:
Grape-derived exosome-like nanoparticles could be transferred orally, and were taken up
by cLP cells and could downregulate inflammatory responses to DSS colitis, possibly via

the promotion of LGR5" stem cell proliferation and epithelial repair [407].

CD9 may have a role in MHC Il trafficking to the plasma membrane, as CD9’- GM-CSF-
differentiated monocyte-derived macrophages were less able to stimulate naive T cells
[408]. In IBD, exosomes released by Trgs Can suppress inflammation in a RAB27A and
RAB27B dependent manner. A global knockout of either of these two proteins resulted in
more severe DSS colitis [409]. However, double knockout of RAB27A and RAB27B
resulted in protection from colitis, indicating that exosome release may be able to promote

colitis, but the cellular targets were not identified [409].

Macrophages were shown to release inflammatory exosomes in response to Escherichia
coli (strain LF82) infection; macrophages treated with these exosomes subsequently
adopted a pro-inflammatory phenotype [410]. Exosomes have been shown to have both
pro- and anti-inflammatory roles in experimental colitis, but despite this, are poorly
characterised in the IBD setting [411]. Monocyte/macrophage exosome release may be
important in the pathogenesis of colitis, conditional deletion of each of the tetraspanins

CD9, CD53, CD63, and CD81 may be able to elucidate the role of exosomes in colitis.

6.5 Clg and macrophages

Schridde et al., 2017 showed that C1qg production is a marker of mature macrophages in

the cLP, and production of all three C1g components was impaired in Irf5" macrophages

228



during colitis in MBMCs, and global Irf57 (Fig.4.19, Fig.5.24) [138]. C1q is a component of
the complement system, an innate mechanism that enhances the immune response to
pathogens. The Clg complex is composed of six A chains (C1gA), six B chains (C1gB),
and six C chains (C1qC). Each chain contains an N-terminal globular region and a C-
terminal collagen-like region. These regions can bind their respective receptors, the
gC1gR, and cC1gR with differing immune responses. C1g can bind Ig molecules, including
IgG, and IgM, complexed with antigen in the Classical pathway of complement activation

[412].

Protective roles for C1q have been described in atherosclerosis models, whilst Clq
deficiency can result in Systemic Lupus Erythematosus in humans, likely due to impaired
clearance of apoptotic material and free nucleic acid antigens [413]. A recent study reported
that Clgq could promote liver injury repair via promoting an IL4Ra-dependent M2
macrophage phenotype and tissue repair [414]. However, the role of C1q in the intestinal

immune system is unclear.

C1q” mice experienced more severe DSS colitis, and died 2.5 days after cessation of DSS
treatment, with elevated serum LPS indicating epithelial barrier repair and bacterial
handling dysfunction [415, 416]. Tissue-resident macrophages are known to be required
for epithelial homeostasis, tissue repair, and bacterial handling, therefore impairments to
differentiation and production of C1q by tissue resident macrophages may promote colitis
in this manner. This would be contrast with the results presented that Irf5” produce less
Clq (Fig.4.19, Fig.5.24). Despite the decreased expression of Clq, Irf5” macrophages
preferentially adopt an M2-spectrum phenotype, associated with resolution of inflammation,
therefore IRF5-deficiency may in fact compensate for the loss of C1q . C1q may also be
required for optimal tissue repair, and may therefore represent IRF5 beginning a tissue

repair program after injury.

Clqg was shown to promote the adhesion of monocytes to endothelial cells, and also

impaired the differentiation of human peripheral blood monocytes into moDCs via binding
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to the gC1gR [417, 418]. Some studies reported that C1q downregulated the inflammatory
function of macrophages, and promoted a phagocytic phenotype dependent on Mer,
AMPK, and PPARs, whist others reported increased macrophage pro-inflammatory

function [418-422].

Although the complement system was discovered several decades ago, the role of C1q in
cLP macrophages is unclear, and Clga, b, and c" mice have not been generated.
Therefore, the studies conducted thus far utilise global C1q” mice which are unable to
capture temporal effects of C1qg. Taken together, the results of the study indicate a complex
interaction between C1q and IRF5 which demands further investigation over the natural
course of Hh + alL10R immunopathology, including the resolution phase. It may be
possible that IRF5-driven production of C1q is essential for modulating the adaptation of
newly recruited monocytes towards a less inflammatory tissue repair phenotype to mediate

return to homeostasis and epithelial barrier function in the cLP at the resolution phase.

6.6 Future perspectives

Inflammatory Bowel Disease (IBD) is a group of inflammatory conditions including
Ulcerative Colitis (UC). Therapy for IBD aims to control active inflammation, and maintain
patients in remission. Traditional therapies, such as glucocorticosteroids, are hampered by
adverse side effects, while the use of biological therapies has radically improved IBD
prognosis for many patients, approximately 30-40% of patients do not respond to anti-TNF
(aTNF) treatment and around half of treated patients become refractory to aTNF [174]. In
addition, biologics-based therapies carry a high economic cost for health services. The
success of kinase inhibitors in the treatment of cancer, coupled with a greater
understanding of inflammatory signalling cascades, led to kinase inhibitors taking centre
stage in the pursuit for new anti-inflammatory agents. For example, the JAK kinase

inhibitor, Tofacitinib, has proved effective in treating moderate-severe UC [423].
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The transcription factor, IRF5, orchestrates pro-inflammatory macrophage function and is
a risk factor for IBD. The data presented in this thesis demonstrate a role for IRF5 in
promoting intestinal inflammation in a mouse model of colitis through the accumulation of
Ly6C" monocytes in the cLP, and the promotion of an inflammatory macrophage state.
WT:Irf5"- MBMCs were also protected from experimental colitis demonstrating that IRF5
plays a key role in modulating intestinal inflammation, potentially by suppressing anti-
inflammatory factors. The data indicate that these factors may exert a dominant effect in
the Hh + alL10R model, thus even partial modulation of IRF5 activity may be a viable
therapeutic strategy in the treatment of inflammatory disorders. However, at present there

are no clinic-fit inhibitors of IRF5 function.

6.7 Conclusion

In conclusion, IRF5 may promote colitis by facilitating the accumulation and differentiation
of pro-inflammatory monocyte-macrophage intermediates that coexpress CD11c and IL23,
and repressing CD11b* DC fate. The accumulation of pro-inflammatory effectors may be
driven by IRF5* tissue-resident macrophages that highly express monocyte chemokines
(Ccl2, Ccl3, Ccl4, Ccl8), but are avidly phagocytic. As colitis progresses and the bacterial
insult is resolved, IRF5 may also promote the production of factors (C1q) that may promote
the differentiation of tissue-repair resident macrophages from newly entered P1 monocytes

(Fig.6.2), thereby promoting return to homeostasis
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