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Abstract

Atherosclerosis is the leading pathology underlying cardiovascular
disease, with increasing prevalence amongst the aged population. This
inflammatory, lipid-mediated disorder is caused by the accumulation of lipid-laden
macrophages in the arterial vessels. Thus, reducing blood flow and ultimately
leading to vessel occlusion. IRF8 is a haematopoietic transcription factor that is
crucial for the development of myeloid cells and known to mediate their

inflammatory responses.

This thesis investigates the role of myeloid-IRF8 in atherosclerosis
development and the mechanism underlying IRF8s involvement. This thesis also
investigates transcriptional differences in myeloid-IRF8 expression amongst the
healthy young and aged population to determine the potential of using IRF8 as a
biomarker of ageing. Upon generating a novel myeloid-IRF8 deficient mouse
model (M-IRF8KOL™KO) mice were challenged with a high fat western diet.
Quantification of atherosclerotic lesions within the aortic root demonstrated M-
IRF8KOI™KO mice developed significantly less plaque in comparison to WTLdIKO
controls. Thus, demonstrating myeloid-IRF8 reduction retards atherosclerosis
development. Mechanistic studies, using RNA-sequencing, highlighted
significant IRF8 regulation of genes involved in inflammation, chemotaxis and
lipid metabolism. Therefore, contributing to IRF8-mediated differences in
macrophage foam cell formation, cholesterol ester content and macrophage
migration. This thesis also identifies IRF8-mediated differences in macrophage
IFNP signalling in atherosclerosis. This has enhanced our understanding of the
role of IFNp in atherosclerosis and how targeting IRF8 may alter macrophage

response to IFNp in atherosclerosis.

Taken together, this thesis has identified a novel role for myeloid-IRF8
reduction in atherosclerosis and enhanced our understanding of differences in
the transcriptional regulation of IRF8 and its target genes in response to IFNf and

in myeloid cells from the healthy aged population.
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Chapter 1. Introduction

1.1 Atherosclerosis

Atherosclerosis is a chronic inflammatory, lipid-mediated disorder and the
underlying cause of myocardial infarction and stroke [1]. It is one of the leading
causes of Cardiovascular-related deaths worldwide, accounting for 1 in every 4
cardiovascular-related mortalities [2]. Atherosclerosis is a progressive disorder
that begins during the first 20 years of life and develops slowly over time [3]. This
chronic disease is initiated by an increase in circulating low density lipoprotein
(LDL) that passively diffuses across the arterial sub endothelium, in regions of
arterial branching and disturbed blood flow [4]. The arterial endothelium functions
as a permeable barrier between the blood and tissues where it acts as a

transducer of mechanical stimuli [5].

1.1.2 Lesion initiation

Endothelial cells form the inner lining of blood vessels, where they regulate
the transport of nutrients to the underlying tissue and coordinate the formation of
new blood vessels [6], [7]. Endothelial cells are therefore, highly plastic allowing
them to switch from a resting quiescent state to a highly proliferative migratory
state [8]. Shear stress is a force that laminar blood flow exerts on endothelial cells
and can influence the phenotype, function and quiescent endothelial cell state
[9], [10]. Differences in shear stress caused by perturbed blood flow, at regions
of arterial branching, can activate endothelial signalling pathways, including NF-
kB that promotes thrombosis and inflammation [9]. This results in a compromised

dysfunctional endothelium that can contribute to atherosclerotic lesion initiation
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and development. Disturbed blood flow contributes to the altered cuboid
morphology of endothelial cells, reducing cell uniformity (Fig 1.1 A-iii). These
regions classically demonstrate a reduction in vaso-protective nitric oxide (NO),
formed by endothelial nitric oxide synthase (eNOS). Within arteries, eNOS is the
most common NOS isoform known to constitutively produce low levels of
vascular NO. This contributes to the dilation of blood vessels, by stimulating
soluble guanylyl cyclase and increasing the expression of cyclic guanosine
monophosphate (cGMP) in smooth muscle cells [11]. Vascular NO additionally
inhibits platelet aggregation and adhesion by interfering with the ability of
leukocyte cell surface adhesion molecules, I-CAM and V-CAM, from forming an
adhesive bond with the endothelial cell surface [12]. Therefore, reductions in
eNOS contribute to a compromised endothelial cell barrier [13], resulting in the
increased accumulation and retention of athero-genic LDL particles within the

arterial sub-endothelium.

In contrast, athero-resistant regions are exposed to laminar sheer stress,
resulting in the activation of pathways that maintain endothelial integrity. These
regions often display an increase in the expression of transcription factors; KLF2
and KLF4 which are activated by the MEK5/ERKS/MEF2 signalling pathway [14],
[15]. This promotes eNOS induced NO, enhancing endothelial cell survival and
proliferation therefore maintaining an effective barrier against LDL uptake.
Collectively, this contributes to the overall site-specific development of

atherosclerotic plaques.
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1.1.3 Inflammation and foam cell formation

Within the atherogenic arterial regions, the inflammatory environment of the
sub endothelium renders the LDL particles prone to oxidation by circulating
myeloperoxidase (MPO) [16], lipoxygenases (LOX) [17], INOS [18] and NADPH
oxidases [19]. Therefore, resulting in the formation of oxidized LDL (oxLDL).
Activated endothelial cells promotes NF-kB signalling, which enhances the
expression of selectins (E-selectin, P-selectin) and adhesion markers (ICAM-1,
VCAM-1) [9], [20]. This promotes monocyte rolling, adhesion and transmigration
into the arterial intima (Fig 1.1 B-3). The hyperlipidaemic environment,
associated with atherosclerosis development, promotes the frequency of pro-
inflammatory monocytes within the circulation, specifically Ly-6C" monocytes in
mouse models [21], [22]. This is due to the expansion of the bone marrow derived
common monocyte progenitor population and increased mobilisation of
monocytes from the bone marrow by the C-C chemokine receptor type 2 (CCR2)
[23]. Ly6-C" monocytes have also been shown to bind P-selectin and E-selectin
more readily than resident Ly-6C'° monocytes, suggesting preferential entry of
pro-inflammatory monocytes into the arterial intima [24]. Within the intima,
monocytes are exposed to a variety of growth factors; M-CSF, GM-CSF and
stimuli; interferon-gamma (IFN-y), toll-like receptor 4 (TLR4), tumour necrosis
factor alpha (TNFa), stimulating their differentiation into different macrophage
subsets [25]-[27] (Fig 1.1 B-5), which are addressed in section 1.1.6.
Macrophages internalize oxLDL, via cell surface scavenger receptors including;
CD36 and scavenger receptor B1 (SR-B1) [28] (Fig 1.1 B-6). The oxLDL is
degraded by macrophage lysosomes to form free cholesterol. The free

cholesterol is trafficked to the endoplasmic reticulum where it is esterified by Acyl-
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coenzyme A: cholesterol acyltransferase (ACAT) enzymes to form cholesterol
esters [29], [30]. The cholesterol esters are then stored in lipid droplets resulting
in foam cell formation [30]. Collective accumulation of foam cells contributes to
fatty streak formation which is a characteristic of one of the early stages of
atherosclerotic plaque formation [31] (Fig 1.1 A-ii).
1.1.4 Progression to fibrous plaques

Foam cell deposits within the arterial sub endothelium promotes resident
vascular smooth muscle cell (VSMC) proliferation, migration and apoptosis, upon
secretion of extracellular vesicles that contain proteins, lipids and nucleic acids
that regulates the VSMC actin-cytoskeleton pathway [32] (Fig 1.1 B-7).
Furthermore, macrophages and T-cells contribute to VSMC proliferation and
migration via enhanced production of homocysteine and angiotensin Il [33], [34].
Elevated homocysteine promotes endothelial cell dysfunction, VSMC
proliferation and intimal thickening via stimulation of MAPK-induced c-Fos and c-
Myb [35]. Alongside VSMC proliferation, binding of CD40L to its receptor CD40
is also crucial in atherosclerotic plaque formation [36]. This ligand-receptor
interaction promotes macrophage and T-cell induction of IFNy, enhancing
inflammation. This interaction has been proven highly important in the
development of atherosclerosis as inhibition of CD40L lessens plaque
inflammation whilst promoting plaque stability by enhancing fibrosis [36]. VSMCs
and macrophage foam cells produce a complex matrix of collagen, elastin and
proteoglycans forming a fibrous cap surrounding the core of the foam cell lesion,
which can later affect lesion stability [31]. As the lesions advance, increased

macrophage-induced TGF-f signalling promotes collagen formation, contributing
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to atherosclerotic plaque and fibrous cap development [37]. The fibrous cap

forms a barrier to prevent the plaque from rupturing.

1.1.5 Advanced lesions and thrombosis

The development of vulnerable plaques and resultant cardiovascular
events depends upon the composition and stability of atherosclerotic plaques. As
the extracellular lipid core increases, extracellular cholesterol forms in lipid
droplets. However, excess free cholesterol, due to reductions in ACAT1, can
saturate the endoplasmic reticulum (ER) membrane, evoking an ER stress
response [38], [39]. As the cholesterol content of the ER membrane is relatively
low [40], excessive cholesterol loading activates the ER unfolded protein
response (UPR) [41]. The UPR functions to reduce ER stress upon promoting
the transcription of genes known to re-esterify excess free cholesterol [42] or
induce cell death upon activation of the transcription factor C/EBP-homologous
protein (CHOP) [43]. Activation of CHOP promotes apoptosis of cholesterol-laden
macrophages by repressing the expression of cell-survival protein, Bcl-2 [44].
Concomitantly, the apoptotic cells are removed from the intima via the binding of
macrophage cell-surface receptors to apoptotic cell recognition motifs where they
are removed in a process known as efferocytosis. The kinase, c-Mer tyrosine
kinase (MerTK) is a macrophage receptor known to promote the effective
clearance of apoptotic cells within plaques [45]. However, the enhanced free
cholesterol within cholesterol-laden macrophage foam cells and pro-
inflammatory environment of the plaque, promotes proteolytic cleavage of
MerTK, reducing its expression and ability to remove apoptotic macrophage foam

cells from the plaque environment [45]. Inefficient removal of apoptotic foam cells
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results in the release of macrophage lipid content and tissue factor, contributing
to necrotic core formation [45], [46] (Fig 1.1 B-8). Apoptotic foam cells promote
the expression of proteases that degrade the extracellular matrix, thinning the

fibrous cap thereby affecting plaque stability.
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Fig 1.1 Atherosclerosis progression.

(A). Overview of atherosclerotic plaque development along the arterial lining and arterial branch
points. (i) Arterial lining free of atherosclerotic plaque. (ii) Moderate stage plaque with
accumulation of foam cells protruding into the arterial intima (6,7, and 8). (iii) Increased
development of atherosclerotic plaque at arterial branch point, due to altered endothelial cell
morphology, in comparison to adjacent linear arterial sub endothelium. Images adapted from [47]
and servier medical art (https://smart.servier.com). (B) The 8 stages of development of an
atherosclerotic plaque. (1 and 2) LDL moves into the sub endothelium and is oxidized by
macrophages and smooth muscle cells. (3 and 4) Monocytes transmigrate across the arterial
endothelium. (5) Monocytes differentiate into macrophages which engulf oxLDL to form (6) foam
cells. Foam cells enhance the release of growth factors and cytokines that attracts additional
monocytes and promotes (7) resident vascular smooth muscle cell proliferation. (8) Defective
clearance of apoptotic foam cells contributes to necrotic core formation and development of
advanced atherosclerotic plaque.
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1.1.6 Macrophages in Atherosclerosis

In atherosclerosis, the innate immune cells, macrophages, have a central
role in the growth, progression and stability of arterial plaques. The
proinflammatory environment of the plaque can compromise macrophage
function and promote disease progression [48]. During the early stages of
atherosclerotic plaque development, monocytes are recruited to the sub
endothelium where they differentiate into macrophages with the aim of clearing
accumulated modified lipoproteins [49]. Although initially beneficial, increased
accumulation of lipoproteins within the sub endothelium reduces the ability of
macrophages to effectively clear all lipoproteins, resulting in the development of
macrophage lipid-engorged foam cells [50]. Foam cell formation is a hallmark
feature in the onset of atherosclerotic plaque formation. The diminished migratory
capacity of macrophage foam cells causes them to accumulate within the arterial
sub endothelium (Fig 1.1 A-ii), where they secrete chemo attractants (Mcp-1)
[51], [52] and pro-inflammatory cytokines (reactive oxygen species, IL-6, TNF-a)
promoting monocyte transmigration and the modification of circulating

lipoproteins [53], [54].

Increased accumulation of modified LDL is known to promote glycolysis,
oxidative damage and inflammation via the activation of the TLR4-TLR6 cascade
[55]. The increased macrophage uptake of oxLDL, via scavenger receptors; SR-
A, SR-B1, Cxcl16 and CD36, promotes lysosomal destabilisation, impairing
cholesterol and fatty acid metabolism whilst activating the pro-inflammatory
NLRP3 inflammasome [39], [53], [55], [56]. The engagement of macrophage

scavenger receptors with oxLDL can also contribute to plaque macrophage
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proliferation [57]. Considering monocyte recruitment has been shown to
predominate early stage atherosclerotic plaque development [58], studies by
Robbins et al., 2013 demonstrate macrophage proliferation largely contributes to
the advancement of atherosclerotic plaques. Interestingly, they had shown
macrophage proliferation contributes to 30% of early stage plaques and
approximately 87% of advanced stage plaques [57]. The accumulation of
proliferating macrophages and subsequent cholesterol loading contributes to the
retention of plaque macrophages in the arterial wall. Increased macrophage
cholesterol loading has been shown to promote the expression of neuroimmune
guidance cues, including netrin-1 and semaphorin-3¢, both known to promote
macrophage retention [59], [60]. Furthermore, an increase in inflammatory
macrophage CD11d signalling has also been shown to contribute to plaque
macrophage retention, where a reduction in plagque macrophage content and lipid
deposition was identified in mice lacking CD11d [61]. Additionally, increased
vascular endothelial cell expression of junctional adhesion molecule C (JAM-C),
also contributes to macrophage retention upon blocking the reverse
transmigration of macrophages within the atheroma [62]. Collectively, this
contributes to reduced macrophage egress and increased atherosclerotic plaque

development.

Increases in the accumulation of aortic macrophages and lipid content,
leads to the resultant increase in macrophage cholesterol uptake. Under
homeostatic conditions modified lipoproteins taken up by plaque macrophages
are transported to the late endolysomal compartments where they are hydrolysed

to form free cholesterol [30]. This free cholesterol is either trafficked for cellular
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export or delivered to the endoplasmic reticulum where it is re-esterified by ACAT
enzymes to form cholesterol esters [30]. Cholesterol esters are stored as lipid
droplets within the macrophage where they contribute to foam cell formation and
are pivotal in the initiation of atherosclerotic plaque development [63], [64]. During
the initial stages of plaque development, macrophages efflux cholesterol via the
ABC cholesterol transporters; Abcal and Abcg1 [65], [66]. These cholesterol
transporters are regulated by the nuclear liver-x-receptor (LXR) which is activated
by cholesterol metabolites; 27-hydroxycholesterol and 25-hydroxycholesterol
[67]-[69]. In order for macrophages to effectively efflux cholesterol, via Abca1, a
constant supply of ATP must be provided from mitochondria to enable Abca1-
mediated cholesterol transport [65], [70]. This is due to the ability of ATP to fuel
Abca1 activity in mediating transmembrane LDL transport to ApoA1, for it to be
further metabolised in the liver. However, dysregulated macrophage
mitochondrial function compromises the ability of macrophages to effectively
efflux cholesterol via Abac1, contributing to foam cell formation and defective

reverse cholesterol transport [71].

Defects in the esterification of free cholesterol and cholesterol efflux can
lead to macrophage death within the atherosclerotic plaque [72]. Advanced
atherosclerotic plaques display enhanced ER stress which further contributes to
macrophage apoptosis [73]. However, decreasing ER stress has been shown to
reduce atherosclerotic plaque development, highlighting the importance of
macrophage ER stress in the progression of atherosclerosis [74]. Altered
macrophage phenotype and function remains pivotal to plaque progression,

specifically as the combination of defective cholesterol efflux, enhanced cell
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death and defective efferocytosis of apoptotic macrophages results in secondary
necrosis [75]. The concomitant release of cellular lipids into the plaque
contributes to the formation of a lipid rich acellular necrotic core that is amongst

the defining features of vulnerable advanced atherosclerotic plaques [31].

Macrophages have therefore, been identified as a crucial immune cell in
the development and progression of atherosclerosis. However, their function and
phenotype can vary depending upon the local tissue environment [76], genetic
and epigenetic factors [77]. For this reason, several studies have been performed
investigating plaque macrophage phenotype and function in human carotid
plaques and mouse aortic plaques [78]-[81]. Studies by Cochain and colleagues
reveal three distinct macrophage subsets from atherosclerosis prone-LDLRKC
mice [78]. They uncovered a resident like macrophage subset that harbour a
similar transcriptional profile to healthy aortic macrophages, an inflammatory
subset that were highly enriched for II-1p and trem2hi macrophages that
harboured a transcriptional profile enriched in lipid metabolic and catabolic
processes. Collectively this study [78] highlights how distinct aortic macrophage
subsets, characterised on their different gene expression profiles, may contribute
to the altered macrophage phenotype and function associated with

atherosclerosis.

To better understand the characteristics of lipid-laden foamy macrophages
that are formed during the initiation of atherosclerosis development, Kim et
al.,2018, compared the transcriptional profile of foamy aortic macrophages to

non-foamy aortic macrophages from western diet-fed LDLRX® mice [79]. Using
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RNA sequencing analysis on the CD45+ leukocyte aortic macrophage
population, Kim and colleagues reveal the intimal non-foamy macrophages
where enriched in pro-inflammatory genes, including IL-6 and IL-1f, in
comparison to foamy aortic macrophages. Furthermore, they demonstrated
foamy macrophage accumulation positively correlated with atherosclerosis
severity, thereby demonstrating foamy intimal macrophages are less likely to

drive lesional inflammation [79].

In humans, Lin et al.,, 2019 reveal a novel transcriptomic signature in
macrophages from the carotid plaques of symptomatic patients, whom previously
suffered a stroke, and asymptomatic patients whom have not suffered any
cardiovascular event [82]. Similarly to Cochain and colleagues, Lin et al.,2019
also identify clusters of macrophages that display distinct transcriptomic
differences. Macrophages from asymptomatic plaques displayed an increase in
pro-inflammatory, IL-1 and IL-6 signalling, lipid uptake and metabolism, via
enriched Apoc1 and Apoe and cholesterol transportation via Npc2 [82]. Whereas
macrophages from symptomatic plaques displayed increased enrichment of
genes involved in RXR/PPARa signalling, known to promote the polarization of
macrophages to an alternative M2 phenotype and genes enriched in iron
metabolism and iron storage [82]. This is characteristic of intraplaque
haemorrhaging [83] and has been previously associated with atherosclerotic

plaque progression and instability [31].

Collectively these data demonstrate the importance of macrophage function

across all stages of atherosclerotic plaque development. Although macrophages
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are crucial for maintaining optimal cholesterol metabolism and homeostasis,
mitochondrial maintenance and effective clearance of apoptotic cells, the
mechanism underlying their functional role in atherosclerosis is not well
understood. Many studies have uncovered transcriptional differences amongst
aortic and plaque macrophages from western diet fed mice [78], [79] alongside
macrophages from human carotid plaques [84]. However, the regulation of these
transcriptional differences by specific transcription factors is still poorly

understood.

1.2 Interferon Regulatory Factors

Interferon regulatory factors (IRFs) consist of a family of 9 IRFs that have
been identified in the mammalian and murine species. All 9 IRFs have been
characterised according to their multi domain structure. They share a common
N-terminal helix-turn-helix DNA binding domain (DBD) that binds to a core IRF
motif; GAAA. They also possess a peptide linker and a less well conserved C-
terminal interferon association domain (IAD) [85] to which they form unique
protein-protein interactions (Fig 1.2), lending to the IRFs ability to function as
transcriptional activators or repressors [86]. The carboxy terminal therefore
confers specificity to each individual IRF. Based on the structure of the DNA
binding domain, each IRF can be sub-grouped into subfamilies of IRFs that bind
to similar transcription factor partners and thus to similar response element
sequences (Fig 1.2) [87]. An additional subset of IRF proteins (IRF4,5,7) also
contain an auto-inhibitory domain. This regulates their activity based on
conformational changes that are either dependant or independent on their
phosphorylation [88]-[90]. IRFs are able to activate and expand immune

responses specifically via the IFN and TLR signalling cascades, where they form
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binding partners with transcription factors that enable activation of a select subset

of genes [91]-[94].
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Figure 1.2 Structure of IRFs, their binding site sequences and their phylogenetic tree.

(A) Phylogenetic tree of all IRFs as identified from the NCBI BLAST server. (B) Structure of the
IRF proteins and their functional domains (DBD = DNA binding domain, LK = linker region, IAD =
Interferon association domain, AR = autoinhibitory region, AD = activation domain). (C) Binding
site sequences formed from different IRF binding partners. Image from [95]
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IRF1 is ubiquitously expressed and has been implicated in the development
of many diseases. Upon exposure to tuberculosis, mice that lack IRF1 displayed
a reduction in iINOS expression and increased CD4/CD8+ T-cell ratio [96].
Reduced IRF1 in mice has also been implicated in regulating the expression of
MHC | and Il genes in CD8+ T cells demonstrating its importance in antigen
presentation [97]. The role of IRF1 in cardiovascular disease has been
demonstrated in coronary smooth muscle cells, specifically where
phosphorylation of IRF1 has been correlated with the cell-cycle arrest in coronary
smooth muscle cells [98]. Further data supporting the role for cardiovascular
disease development has highlighted novel STAT1 and NF-kB binding sites that
are specifically recognised by sequences within the IRF1 promoter. Binding of
IRF1 to STAT1 and NF-xB has been demonstrated to regulate genes across

different cell types within human atherosclerotic plaques [99].

Similarly to IRF1, IRF2 is ubiquitously expressed at low levels under
physiological conditions. However, once phosphorylated IRF2 represses
interferon sequence response elements in IRF1-induced IFNB-signalling
pathways [100]. IRF2 also represses NF-kB induced MHC-1 gene expression in
neuroblastoma. Collectively this demonstrates the repressive roles of IRF2, in

comparison to IRF1 [101].

Of all IRFs, IRF3 and IRF7 are widely known to regulate genes when bound
as a heterodimer. The IRF3/7 heterodimer is involved in the progression of
inflammatory disease, viral infection and in promoting sceptic shock [102]. Mice

lacking IRF3 and IRF7 display an aberrant increase in viral RNA load when
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infected with dengue virus [103], herpes simplex virus [104] and chikungunya

infection [105], due to the disruption in IFNJ signalling.

Interestingly, recent studies have identified polymorphisms in IRF5 in patients
with systemic lupus erythematosus and rheumatoid arthritis whom have an
increased risk of developing cardiovascular disease [106]. The IRF5
polymorphism’s in rheumatoid arthritis patients revealed protective effects
against the risk of cardiovascular disease, implicating the potential role of IRF5

in autoimmune mediated cardiovascular risk [107].

IRF6 shares a similar structure to IRF3 and is widely expressed across the
placenta, kidney and liver with the strongest expression observed in epithelial
cells [108]. Within epithelial cells, IRF6 is important for the TLR3 mediated
activation of IFNp, IL-18 and CCL5 [109]. The importance of IRF6 within epithelial
cells has also been demonstrated in a model of breast cancer, where it's known
to bind the enhancer sequence of the p63 tumour suppressor gene mediating its

expression [110].

Unlike the IRFs mentioned, IRF4, and 8 are crucial in leukocyte development.
IRF4 is required for the proper functioning and maintenance of homeostasis of
mature B and T cells, whereby mice deficient in IRF4 demonstrate a skew in B
and T cell development resulting in lymphadenopathy [111]. Both IRF4 and IRF8
are crucial for development of B-cells as they heterodimerise and regulate the

expression of genes necessary for B cell differentiation [112].
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Similarly to IRF5, IRF9 has also been implicated in systemic lupus
erythematosus (SLE). Mice with SLE lacking IRF9, demonstrate the necessity of

IRF9 and STAT1 binding in the production of IgG autoantibodies [113].

Collectively, this demonstrates the diversity in structure and function amongst

the individual IRFs owing to their importance in different immune processes.

1.3 Interferon Regulatory Factor 8 (IRF8)

IRF8 is an IFNy inducible hematopoietic transcription factor that is crucial in
myeloid cell development. As briefly discussed, the major functions of the IRFs
involve transcriptional regulation of the immune system and cellular growth
processes [114]. IRF8 functions as a transcriptional activator upon forming a
heterodimer, via it's IAD, with either members of the Ets transcription factor
family, eg PU.1, or members of the AP-1 family, eg BATF3, as demonstrated in
Fig 1.3 [115], [116]. The IRF8-PU.1 heterodimer promotes transcriptional
activation upon binding to an EICE response element (GGAANnNGAAA) proximal
to the promoter region of the target gene [117]. Similarly, the BATF3-JUN-IRF8
heterodimer also promotes transcriptional activation upon binding an AICE
response element (TGANNNnGAAA or GAA ATGA), proximal to the promoter
region of the target gene [118]. Upon binding to these response elements, when
functioning as a transcriptional activator, IRF8 is able to regulate a select number
of genes and processes that are crucial for immune effector response [86], [119].
IRF8 also functions as a transcriptional repressor, upon forming heterodimeric
complexes with other IRFs, including IRF1 and IRF2, and binding an ISRE

response element (GAAANnGAAA) on its target gene [120]. This dual
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transcriptional activity allows IRF8 to effectively regulate myelopoiesis and

immune effector processes.

N-terminal C-terminal
DBD IAD
1 I 114 200 I 375 424
CEPB/a PU.1
IRF1,2
BATF3

Fig 1.3 Schematic of IRF8 structure. The N-terminal harbours the DNA binding domain, which
is important in the repression of C/EBPa. The C-terminal harbours the interferon association
domain, which is crucial for interactions with other transcription factors, including PU.1, IRF1,
IRF2 and BATF3.

1.3.1 IRF8 and myelopoiesis

IRF8 is crucial for the development of cells in the myeloid lineage (dendritic
cells, monocytes, macrophages and neutrophils), as demonstrated in Fig 1.4. By
transcriptionally regulating key lineage pathways in haematopoietic progenitor
cells, IRF8 contributes to the maintenance, terminal differentiation and function
of myeloid cells [121], [122]. The crucial role of IRF8 in myelopoiesis was
originally discovered in global IRF8-KO mice by Holtschke and colleagues [123].
Global IRF8-KO mice displayed an aberrant increase in neutrophil accumulation,
defective plasmacytoid dendritic cell (pDC) function and significant depletion in
circulating conventional dendritic cells (cDCs), monocytes and macrophages,
collectively mimicking a chronic myeloid-leukaemia like syndrome [123]. This has

since prompted investigation into the role of IRF8 in myelopoiesis and the
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resultant effect on myeloid cell function. Recent studies using IRF8-reporter mice
identified the expression of IRF8 from the granulocyte-myeloid progenitors (GMP)
onwards. IRF8 expression was later increased in myeloid-dendric progenitors
(MDP) where cells became committed to the myeloid lineage [124]. Within MDPs,
IRF8 functions to specifically inhibit continued neutrophil development and
promote myeloid cell development. Previous studies by Kurotaki et al., 2014,
demonstrated IRF8 transcriptionally repressed the transcription factor C/EBPa
upon binding an ISRE sequence proximal to the C/EBPa promoter, via its DNA
binding domain [125]. As C/EBPua is crucial in promoting neutrophil development,
repression by IRF8 prevents C/EBPa from binding and transcriptionally activating
genes required for neutrophil development [125]. Thus, the global-IRF8KO
mouse model displays an aberrant increase in neutrophils, as IRF8 is not present
to transcriptionally repress further neutrophil development. Interestingly, Kurotaki
and colleagues also uncover different modes of action by which IRF8 suppresses
neutrophil development and promotes development of the myeloid lineage. Upon
employing two different mutations within the IAD and DBD of IRF8, Kurotaki and
colleagues demonstrated mutations within the |AD, specifically hindered
monocyte and macrophage development, whereas mutations in the DBD
hindered neutrophil development [115], [126]. Collectively this demonstrates
IRF8 transcriptionally represses C/EBPa activity via its DBD and promotes

myeloid-cell lineage via interactions with its 1AD.
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Fig 1.4 IRF8 in haematopoiesis.

IRF8 binds to and inhibits the expression of C/EBPa in MDPs and cMoPs, preventing
C/EBPa mediated neutrophil differentiation. IRF8 is also required for the development of Ly6Chi
and Ly6CLo monocytes, CDPs, pre-cDCs, CD8+ cDCs and pDCs (HSC — Haematopoietic stem
cells, LMPP - Iymphoid-primed multipotent progenitors, GMPs — Granulocyte-monocyte
progenitors, MDPs — myeloid dendritic progenitors, CDPs — common dendritic progenitors,
cMOPs — common monocyte progenitors, cDCs — common dendritic cells, pDCs — plasmacytoid
dendritic cells). Figure adapted from [119].

As previously discussed, IRF8 activates gene transcription upon protein-
protein interactions via its interferon association domain with Ets or AP-1
transcription factors. Recent studies have demonstrated the IRF8-PU.1

heterodimer is crucial in the activation of genes required for the early stages of
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monocyte development [115], [116], [119], [127]. IRF8 expression within MDPs,
is crucial for their differentiation into common monocyte progenitors (cMoP) which
initiates monocyte and macrophage development. Kurotaki et al., 2013
demonstrate IRF8 heterodimerizes with PU.1 in cMoPs and drives the formation
of H3K4me1, which is characteristic of enhancers, to induce chromatin
remodelling at sites of IRF8-target genes. Of genes transcriptionally activated by
IRF8-PU.1, the Kruppel-like factor 4 gene was identified as a crucial IRF8 target
in the development of monocytes [128]. IRF8 induction of KLF4 promotes the
development of monocytes from MDPs and cMoPs. This was supported by
studies demonstrating monocyte development was defective in KLF4 deficient
mice similarly to that observed in IRF8 deficient mice [129]. However, considering
IRF8-KO MDPs do not express KLF4, reintroduction of KLF4 resulted in partial
monocyte and macrophage development [130]. Collectively, this highlights the

importance of IRF8-KLF4 in early stage monocyte development in MDPs.

Considering IRF8 is required in monocyte lineage determination, Sichien
and colleagues have recently discovered IRF8 it is not required for the survival of
terminally differentiated monocytes [122]. Interestingly, they also uncovered IRF8
is required for the differentiation of dendritic cells from common dendritic
progenitors (CDP) that also stem from MDPs (Fig 1.4), enhancing our
understanding on the role of IRF8 in myelopoiesis. Sichien and colleagues
demonstrated IRF8 was necessary for the survival and function of conventional
dendritic cells (cDCs) and plasmacytoid dendritic cells (pDCs) [122]. Upon using
different conditional IRF8-KO mouse models to elucidate the role of IRF8 in early

stage and terminally differentiated dendritic cells, Sichien et al., 2016 discovered
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IRF8 was required for specification of CDPs to pre-cDCs and their commitment
to cDC1s, via blocking their conversion to cDC2s. Global IRF8-KO mice lack pre-
cDCs demonstrating the necessity of IRF8 for the commitment of CDPs to the
cDC1 lineage. However, unlike monocytes, IRF8 was also required for the
maintenance of terminally differentiated late stage cDC1s, as demonstrated in
the IRF8" [tgaxc® mice that specifically deletes IRF8 from pre-cDC cells
onwards. Collectively, this demonstrates IRF8 is required for the development of
pre-CDCs, from MDPs, and the terminal differentiation of pre-cDCs to cDC1s,

without impacting on cDC2s [122].

In contrary, pDCs where unaffected by IRF8 deletion in global IRF8-KO
and Itgax°® IRF8"" mice, demonstrating IRF8 is not required for the development
of pDCs, unlike cDC1s. However, Sichien and colleagues interestingly uncovered
a difference in pDC function in response to IRF8 deficiency. When challenged
with a pro-inflammatory TLR9 agonist, CpG, pDCs from IRF8-KO mice displayed
a significant reduction in IFN-o production and failed to activate and induce the
proliferation of CD4* T-cells [122]. Taken together this demonstrates IRF8
harbours distinct intrinsic cellular roles at various stages of lineage determination.
Not only is IRF8 crucial for lineage determination of monocytes and cDCs but
also for the optimal function of pDCs to produce type-l interferons and activate

and induce T-cell proliferation in response to infection.

1.3.2 IRF8 and Interferon signalling

The interferons (IFNs) are a group of cytokines that are well characterised

for their response to inflammation, apoptosis and cell proliferation, as a first line
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of defence against viral infections [131], [132]. The group is separated in three
classes of IFNs: Type I, Type Il and Type lll. The type | IFNs constitute 13
different subtypes, including IFNa, IFNB, IFNk, IFN®o and IFNe. The Type Il IFN
solely consists of IFNy and the Type Ill IFN subfamily is made up of IFNA1, IFNAZ2,
IFNA3, and IFNA4 [133]. Considering all interferons mediate the anti-viral immune
response, they all induce different transcriptional regulatory pathways resulting

in different immune responses.

1.3.2.1 Type | IFN signalling

The Type | IFN subfamily are known to directly induce an antiviral immune
response via signalling through the JAK/STAT pathway [134]. Type | IFNs are
produced when pattern recognition receptors, including the toll-like receptor 9
(TLR9), recognise circulating viral DNA and RNA [135]. This stimulates the
transcription of IRF3 and IRF7, via TLR9-induced activation of the MyD88
pathway [136]. The IRFs heterodimerise and bind an ISRE element proximal to
the IFNa or IFNB promoter, initiating their transcription and subsequent
production. The type | IFNs produced bind to their heterodimeric receptor
composed of two chains; IFNAR1 and IFNAR2. Formation of the
IFNAR1/IFNAR2 complex leads to the activation of tyrosine kinase 2 (TYKZ2) and
JAK 1 kinases. The kinases then phosphorylate and activate STAT1 and STAT2.
Upon phosphorylation, STAT1 and STAT2 heterodimerise with IRF9, to form the
interferon-stimulated gene factor 3 (ISGF3) transcription complex. The ISGF3
complex translocates the nucleus and binds the ISRE sequence of target genes,
initiating gene transcription (Fig 1.4). ISGF3 is known to promote the

transcription of almost 300 interferon response genes, all of which contribute to
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anti-viral immunity [137]. IFNa requires the heterodimerisation of both receptors
to activate JAK/STAT signalling. However, IFNJ is also able to form a stable
complex with IFNAR1 independent of IFNARZ2, thereby stimulating gene
expression independent of the JAK/STAT pathway resulting in differential gene
regulation by IFNa and IFN, as demonstrated in Fig 1.5 [138].

Considering IRF3, IRF7 and IRF9 are highly involved in regulating the
transcription of type | IFN-induced genes, IRF8 has also been identified as a
crucial transcription factor for the production of Type | IFNs in monocytes and
dendritic cells [139]-[141]. Previous work by Tailor and colleagues [140],
demonstrated the importance of IFNo production in Newcastle disease virus
infected pDCs and cDCs. Interestingly, IRF8 was required to amplify the
production of IFNa in DCs by recruiting RNA polymerase Il to the promoter of
IFNs post viral infection. Deletion of IRF8, however, abrogated IFNa production
even in the presence of RNA-polymerase Il, therefore demonstrating the
importance of IRF8 in IFN production [140]. Similarly, Li and colleagues
uncovered the importance of IRF8 in promoting IFNB production in human
monocytes. IRF8 was shown to heterodimerise with PU.1 and bind the EICE
response element identified upstream the IFN promoter site [141]. This allowed
for the recruitment of IRF3 to the promoter region and induction of IFN gene
transcription [141]. Although, both studies define the importance of IRF8 in the
production of Type | IFNs, they do not define IRF-regulated expression of
interferon stimulated genes in response to IFNB. Mancino and colleagues aimed
to further understand the possible role of IRF8 in downstream IFN signalling
[86]. Upon using a mouse model that harboured a single point mutation in the

interferon association domain (IAD) of IRF8, they generated an IRF8-silenced
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mouse model, called Bxh2, and stimulated the bone marrow derived
macrophages (BMDMs) with IFNB. Interestingly, RNA-sequencing analysis
demonstrated a significant reduction in the expression of interferon stimulated
genes in Bxh2 macrophages, implying their regulation by IFNp induction is also
dependent on IRF8 expression [86]. They also identified a large overlap in the
genomic occupancy of STAT1, STAT2 and IRF8 on many interferon response
genes, suggesting many IFNJ inducible genes regulated by STAT activation, are
also regulated by IRF8. This is amongst the first study to demonstrate that IRF8

controls the IFNJ induced response downstream of IFNp activation [86].
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Fig 1.5 Type | and Il IFN signalling transduction pathways.

Type | IFN signals via binding to the receptors; IFNAR1 and IFNAR2. This activates JAK1 and
Tyk2, thus promoting the phosphorylation and activation of STAT1 or STAT2. Activated STAT1
forms either a homodimer with STAT1 or heterodimer with STAT2 and forms a heterodimeric
complex with IRF9, forming the interferon stimulated gene factor-3 (ISFG3) complex. Upon
nuclear translocation this complex is able to bind ISRE elements proximal to the promoter of
target genes thereby regulating gene transcription. Type Il IFNs bind the NFGR1 and IFNGR2
receptor subsequently activating the JAK1/JAK2 kinases. The kinases phosphorylate STAT1
thereby activating it and mediating homodimer formation. The STAT1 homodimer then
translocates the nucleus where it binds specific gamma-activated sequences (GAS), proximal to
the promoter of its target gene, regulating gene transcription. Image components used at the
courtesy of servier medical art, Image adapted from [142].
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1.3.2.2 Type Il IFN signalling

The type Il IFN, IFNy, is a cytokine predominantly released when NK cells
and T-cells become activated in response to viral and bacterial infection [143].
IFNy is constitutively expressed in NK cells and NKT cells, allowing for its rapid
induction in response to infection [144]. The increased production of pro-
inflammatory cytokines, IL-12 and IL-18, in response to infection induces T-cells
and NK-cells to enhance production of IFNy, leading to the activation of antigen
presenting cells [145], [146]. The binding of IL-12 to its receptor activates the
Janus family kinases; TYK2 and JAK2. Upon activation they phosphorylate the
tyrosine residues of STAT3 and STAT4 enabling their dimerization to form a
STAT4 homodimer or STAT3/STAT4 heterodimer [142]. Enhanced IL-12 and IL-
18 also promotes the phosphorylation of c-Jun in the nuclear compartment. Upon
nuclear translocation, the STAT4 homo/heterodimers form a complex with the
phosphorylated c-dJun. This STAT4/c-Jun complex subsequently binds an AP-1
site proximal to the promoter region of IL-12 responsive genes and IFNy, thereby
promoting their transcription [147]. A similar mechanism surrounding enhanced
IL-18 and IL-12 has also been shown to promote IFNy production in macrophages

[148].

IFNy exerts its anti-viral immune effects upon binding to its receptors
IFNyYR1 and IFNyR2 (Fig 1.5). Upon binding, the receptors heterodimerise and
associate with JAK1 and JAKZ2, inducing their activation. This subsequently
induces the phosphorylation of STAT1 and promotes the formation of a STAT1
homodimer. The STAT1 homodimer translocates the nucleus where it binds a

gamma-activated sequence (GAS) proximal to the promoter region of its target
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interferon stimulated genes and IRFs, thereby inducing their transcription, as
demonstrated in Fig 1.5 [137]. As IRF8 harbours a GAS response element
upstream its promoter, IFNy, is known to promote its expression [149]. However,
IFNy, also harbours an EICE response element of which IRF8 binds in
conjunction with PU.1 thereby promoting IFNy expression resulting in a positive

feedback loop [150].

The importance of IFNy in IRF8-mediated gene expression has been well
characterised in macrophages [94]. Previous studies have demonstrated the
importance of IRF8 in the response to IFNy in various cancerous carcinoma
models [151], [152]. Defective IRF8 expression, due to mutations or methylation
at the promoter region, are associated with increased prevalence of chronic
myeloid leukaemia, demonstrating the role of IRF8 as a tumour suppressor gene
[153], [154]. However, Lee and colleagues [151] further established the defective
response to IFNyin multiple carcinoma cell lines was due to decreased
expression of IRF8. Thus, confirming the importance of IFNy in IRF8 mediated
gene transcription in a cancer model [151]. However, to investigate the
mechanism by which IFNy induces IRF8 regulated gene expression, Kuwata and
colleagues performed mass spectrometry on IFNy treated macrophages [155].
Interestingly, they identified another Ets transcription factor, TEL, that was
recruited to the ISRE element of IRF8 target genes, when stimulated with IFNy.
Heterodimerisation of IRF8 and TEL, led to the suppression of many interferon
response genes containing an ISRE, via the IRF8/TEL mediated recruitment of
histone deacetylase, HDACS3. Recruitment of HDACS3 led to the remodelling of

chromatin, mediating the suppression of IFNy induced IRF8/TEL target genes
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[155]. Collectively this highlights the importance of IFNy induction in mediating
IRF8 gene regulation in conjunction with TEL and HDAC3. To further understand
the biological processes that are regulated by IRF8 in response to IFNy induction,
Langlais and colleagues performed RNA-sequencing on IFNy induced
macrophages from IRF8 mutated, Bxh2 mice [94]. Many IFNy inducible genes
regulated by IRF8 where involved in processes crucial for the activation of antigen
presenting cells, T-cells and inflammation. However, Langlais and colleagues
also identified significant regulation of genes involved in chemotaxis and

phagocytosis, processes that are crucial for macrophage function.

1.3.2.3 IFN signalling and atherosclerosis

Defective IFN signalling has been highly associated with many
inflammatory diseases, in particular atherosclerosis. Enhanced interferon
signalling, through type | and type Il IFNs, have been shown to promote
atherosclerotic plague development via increased endothelial cell activation,
foam cell formation and apoptosis of leukocytes [156], [157]. Previous studies
have demonstrated increased IFNy promotes endothelial cell activation and
leukocyte adhesion via increasing the expression of endothelial adhesion
molecules [158]. This was additionally supported by Stokes and colleagues
whom demonstrated IFNy deficiency abrogated monocyte and T-cell recruitment
to the atherosclerotic plaque, thus highlighting the importance of IFNy in

leukocyte recruitment [159].

Macrophages are amongst the most abundant leukocyte within the
atherosclerotic plaque [75] and become activated upon IFN stimulation.
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Interestingly, enhanced Type | and Il IFN signalling has also been implicated in
altered macrophage foam cell formation [160], [161]. Previous studies have
demonstrated IFNy induced lipid-laden macrophages to exhibit reduced
cholesterol efflux, due to a significant decrease in macrophage Abca1 expression
[160], [162]. This was supported by studies demonstrating IFNy negatively
regulates Cyp27a1 which is known to protect against atherosclerosis
development by promoting macrophage cholesterol efflux via Abca1 expression
[163]. Li and colleagues [161] demonstrate IFNa priming of human macrophages
promotes oxLDL uptake and subsequent foam cell formation via enhancing
scavenger receptor, SR-A, gene expression [161]. Altogether this supports the
concept that enhanced Type | and Type Il IFN signalling contributes to increasing

foam cell formation in atherosclerosis.

The IFN signalling pathway has also been shown to contribute to the
regulation of genes involved in apoptosis [164], [165]. Defective clearance of
apoptotic cells increases atherosclerotic plaque inflammation and contributes to
the formation of a necrotic core [166]. Considering differential IFN signalling has
predominantly been implicated in apoptosis within cancer models [151], [167],
recent studies have highlighted a possible role in macrophage apoptosis in
atherosclerosis [168]. Previous studies have demonstrated both IFNB and
IFNy promote the expression of apoptosis inducing genes and TNF-related
apoptosis inducing ligand, Fas and Fas ligand [164], [168]. Goossens and
colleagues have demonstrated western diet challenged, IFN receptor deficient,
IFNAR~-, mice display a reduction in necrotic core formation which corresponds

with the decreased macrophage apoptosis identified in IFNAR” mice [169].
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Altogether this demonstrates Type | and Il IFN signalling affects processes crucial
to atherosclerosis development. Upon promoting endothelial cell activation [159],
leukocyte infiltration [169], [170] and differentiation of monocytes to activated
macrophages [171], type | and Il IFNs are contributing to the initial onset and
development of atherosclerotic plaque formation. Additionally, their contribution
to macrophage foam cell formation, via dysregulation of scavenger receptor and
cholesterol transporter gene expression [160], [161], [172], alongside
macrophage apoptosis [164] demonstrates their role in advanced plaque
development. Collectively this demonstrates enhanced Type | and Il IFN
signalling contributes to atherosclerosis plaque development and progression,

making them attractive targets for future therapeutic and diagnostic applications.

1.3.3 IRF8 and atherosclerosis

Considering the role of IRF8 has predominantly been characterised in
myelopoiesis and myeloid immune response [115], [122], [173], [174], few recent
studies have identified a possible role of IRF8 in atherosclerosis development.
Doring and colleagues were amongst the first to identify an atherogenic role of
hematopoetic-IRF8 deficiency in mice challenged with a high fat western diet
[175]. Upon transplanting the bone marrow from IRF8X° mice to atherosclerosis
prone ApoeK® mice, they generated hemaotpoetic-IRF8XC mice. These mice
developed a CML-like phenotype, as characterised by an aberrant increase in
polymononuclear neutrophils (PMNs) and significant reduction in circulating
monocytes. Deletion of IRF8 from all hematopoietic cells prevented IRF8 induced
repression of the transcription factor C/EBPa which is crucial for neutrophil

development. For this reason, IRF8 deficient GMPs, in the haematopoetic-
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IRF8KO mice, were unable to commit to the myeloid lineage and prevent further
neutrophil development, resulting in the expansion of PMNSs. Interestingly, when
challenged with a high fat western diet the hematopoetic-IRF8X® mice developed
significantly more atherosclerotic plaques in comparison to the WT controls.
However, plaque development was attributed to the significant increase in
lesional apoptotic PMNs. Interestingly, Doring and colleagues also identified
IRF8KC macrophages were defective in efferocytosis, as demonstrated by the
reduction in macrophage CD36, and significant decrease in IL-10 production,
which is induced in response to phagocytosis of apoptotic cells [176]. However,
depletion of PMNs abrogated the increased atherosclerotic plaque development
in haematopoetic-IRF8XC mice. This suggests that the CML-like phenotype
caused by IRF8 deficiency resulted in enhanced atherosclerotic plaque
development. Considering IRF8 deficiency appeared to impact on the ability of
macrophages to effectively phagocytose apoptotic PMNs, the altered
macrophage phenotype did not appear to impact atherosclerotic plaque area in
the aortic root, as the absence of lesional PMNs did not impact on plaque
development [175].  Collectively, this study has demonstrated dysregulated
haematopoiesis, caused by haematopoietic IRF8 deficiency, promotes
atherosclerosis plaque development in mice challenged with a high fat western

diet.

To understand the cell-specific effects of IRF8 on atherosclerosis
development, Clement and colleagues generated a CD11c®®IRF8XCLdIrKO mouse
model and challenged mice with a high fat western diet [177]. Upon removing

IRF8 from CD11c* cells, Clement and colleagues aimed to understand the role of

52



IRF8 in dendritic cells specifically, and how IRF8 deficiency would impact on the
adaptive immune response in atherosclerosis development. Intriguingly, deletion
of IRF8 dependant DCs abrogated atherosclerosis plague development, when
compared to controls. Considering dendritic cells are required for T-cell
homeostasis, priming and activation in response to inflammation [178], it is not
surprising that CD11c®®IRF8XCLdIr*C mice displayed a significant reduction in
aortic T-cell accumulation coupled with defective western diet induced T-cell
activation. By removing IRF8 from CD11c" cells, mice lacked CD8a* and CD11b"
CD103" DCs, resulting in the profound effect of the adaptive immune response
in atherosclerosis. A subsequent reduction in IFNy expressing CD4" and CD8" T-
cells was also identified alongside a reduction in IRF8 expression in DCs from
CD11c°IRF8XCLdIrKO mice. This implies IRF8 expression is required for western
diet induced T-cell priming and activation towards T-helper, T-follicular and T-
regulatory cells. Interestingly, the atherosclerotic plaques developed in CD11c-
IRF8KC mice displayed a reduction in collagen, acellular region and no difference
in foam cell formation, when compared to controls. Collectively, Clement and
colleagues [177] have demonstrated the necessity of IRF8 in mediating the
adaptive immune response in DCs in atherosclerosis. For this reason,
CD11c*IRF8-deficiency abrogates atherosclerotic plaque development by

potentially delaying progression to advanced stage plaques [177].

Considering both studies have identified a novel role for IRF8 in the
development of atherosclerosis development, the models used resulted in
dysregulated immune cell homeostasis which was attributed to the main cause

of atherosclerosis development. Further understanding of the role of IRF8 in
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myeloid cells specifically, without dysregulating immune cell homeostasis, would

help uncover the functional role of IRF8 in mature myeloid cells.

1.3.3.1 IRF8 in Lupus and Atherosclerosis

Recent evidence surrounding the role of IRF8 in atherosclerosis has been
identified in mouse models, however, studies by Leonard and colleagues [179]
are amongst the first to identify an association of IRF8 and cardiovascular related
risk in systemic lupus erythematosus (SLE) patients. SLE patients are at a
significant increased risk of developing coronary heart disease, with a 50-fold
increase in susceptibility in comparison to the general public [180]. Although the
exact mechanism associated with increased cardiovascular risk is currently
unknown, many SLE-mediated effects including increased endothelial cell
apoptosis [181], improper endothelial repair [182], decreased lipoprotein lipase
activity [183] and increased type | IFN production [184] are all thought to
contribute to cardiovascular disease. Leonard and colleagues interestingly
uncovered a significant association between three single nucleotide
polymorphisms in IRF8 across two populations of SLE patients with coronary
heart disease [179]. The IRF8 risk allele was associated with the presence of
carotid plaques and increased intimal thickening within SLE patients.
Comparative analysis against genotyping results from SLE patients across other
populations demonstrated the IRF8 SNPs have not previously been linked to SLE
before. This demonstrates a novel association between IRF8 and coronary heart
disease in SLE patients. Interestingly, although Leonard and colleagues did not
identify a significant difference in the expression of IRF8 in the PBMCs from

healthy and lupus patients, they identified a reduction in the frequency of pDCs
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and B-cells in patients with the IRF8 risk allele. As IRF8 is important for B-cell
development and pDC function, it's possible that IRF8 contributes to cell-type
specific functions, which are masked in whole PBMCs [185]. Together, this
identifies a novel association of IRF8 in cardiovascular disease within mouse and
human studies, ultimately raising the possibility of therapeutically targeting IRF8

in cardiovascular disease.

1.4 Non-alcoholic fatty liver disease and atherosclerosis

Non-alcoholic fatty liver disease (NAFLD) is a metabolic syndrome that
encompasses a collection of several liver disorders including; steatosis,
steatohepatitis, advanced fibrosis and liver cirrhosis. NAFLD is one of the most
common liver diseases, affecting 25-30% of the adult population in western
countries [186]. This metabolic syndrome is often caused by a variety of
environmental and genetic effects that result in excessive hepatic lipid and
triglyceride accumulation resulting in increased hepatic inflammation and fibrosis
[187]. NALFD patients are known to have an increased risk of developing
coronary artery disease, particularly due to their dysregulated hepatic lipid
metabolism. The risk of cardiovascular disease in NAFLD patients has been
correlated with increased calcium deposits in arteries, coronary artery stenosis

and atherosclerosis [188], [189].

Differences in the expression of transcription factors known to regulate genes
involved in lipid-metabolic signalling pathways, including the liver-x-receptor
(LXR) regulation of Srebp2, Abcg5 and Abcg8 have been highly associated with

NAFLD development [190]. Interestingly, the IRF transcription factors have also
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been associated with the development of NAFLD, in particular IRF5, IRF6 and
IRF9 [191]-[193]. When mice where challenged with a high fat western diet, the
expression of IRF6 was crucial for the negative regulation of peroxisome
proliferator-activated receptor y (PPARy) induced lipogenesis and fatty acid
uptake, ultimately protecting against NAFLD progression [194]. Similarly, IRF9,
has been shown to protect against NAFLD development when over expressed,
due to its positive regulation of PPAR-a target genes known to maintain hepatic
fatty acid metabolism [193], [195]. In contrast, human NAFLD patients
demonstrate a significant increase in the expression of hepatocyte-IRF5, which
was correlated to clinical markers of liver damage including increased bilirubin
and plasma transaminase. Interestingly, mice lacking IRF5 in myeloid cells where
protected from hepatic stenosis and fibrosis highlighting IRFS as key transcription

factor in NAFLD progression [196].

Collectively this demonstrates IRFs are important transcription factors in
regulating signalling pathways that are differentially expressed in patients and
mice with NAFLD that are also at a higher risk of developing cardiovascular
disease. Although IRF8 specifically has not been implicated in NAFLD
development, it is a known target gene of the nuclear receptor LXR which
contributes to both NAFLD and atherosclerosis due to its regulation of genes
involved in triglyceride metabolism [190], [197]. For this reason, the association
of IRF8 and fatty liver disease, in the context of atherosclerosis development, will

be addressed later within this thesis.
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1.5 Ageing in the healthy human population

Advances in modern medicine and improvements in socio-economic
status is vastly progressing the human lifespan . Current predictions estimate the
global population to increase up to threefold, reaching approximately 2 billion
people by 2050 [198]. Biological ageing is a multidimensional process that is
established by the degradation of biological and cellular function over time. Age-
related diseases account for approximately 30% of all deaths worldwide and with
an increasing aged population, this is likely to increase. Many age-associated
disorders include Alzheimer's disease, atherosclerosis and cancer [199], [200].
Often these are caused by a dysregulation of immune cell function, due to cellular
senescence, ultimately contributing to increased susceptibility towards
inflammation and infection across the aged population [201]. With a vastly
increasing aged population, especially within developed countries, management
strategies are required to maintain healthy ageing and reduce the prevalence of

age associated diseases.

1.5.1 Ageing-associated dysregulated immune response

The process of ageing results in multiple changes at the molecular and
cellular level, including senescence, telomere attrition, transcriptomic and
epigenetic modifications [202]. Traditionally telomere attrition has been highly
associated with increasing age and cellular senescence. Telomeres are
chromatin structures located at the end of chromosomes [203]. Their associated
proteins cap the ends of chromosomes therefore protecting telomeres from
degradation. Cells without telomeres are highly unstable and often lost during cell

growth due to degradation, leading to cell loss [204]. However, with increasing
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age telomeres gradually shorten, preventing the recruitment of their associated
proteins, leaving the ends of chromosomes uncapped and open to degradation.
Uncapped telomeres resemble double stranded DNA breaks, which often leads
to the activation of the cell stress response, upon the induction of p53,
subsequently resulting in cell apoptosis and senescence [205]. The inability of
telomerase, an RNA polymerase required for the replication of the terminal ends
of telomeres, has been previously associated with a decline in tissue

regeneration and overall accelerated ageing [206].

Differences in epigenetic and transcriptomic regulation are also hallmarks
of molecular ageing [202]. Epigenetic changes involve histone post-translational
modifications, differences in DNA methylation patterns and chromatin
remodelling. This area has recently gained much interest, specifically as
increasing evidence has emerged linking epigenetic changes and age-related
disorders [207]. Differential gene expression patterns have been reported across
many tissues within the aged population which has led to the further investigation
into the regulation of these transcriptional differences [208]. Chromatin
accessibility largely influences the ability of gene transcription, with tightly packed
heterochromatin reducing the accessibility of transcription factors to bind and
initiate gene transcription, whereas open euchromatin promotes gene
transcription [209]. Chromatin is formed of several nucleosomes that contain
structures consisting of 147bp of DNA wrapped around an octamer of histone
proteins. Each octamer harbours a core of histones; H2A, H2B, H3 and H4 which
undergo select post translational modifications, including acetylation,

demethylation and phosphorylation [210]. As histone modifying enzymes,
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including histone acetyltransferases and methyltransferases are able to
subsequently deposit or remove modified histones, various histone modifications
are reversible. This enables epigenetic modifications to influence chromatin

structure and promote the activation or silencing of gene expression.

Ageing is associated with the aberrant transcriptional activation of many
pro-inflammatory genes [211]. Gene expression comparisons performed on
microarrays from young and aged tissues have uncovered many age-related
transcriptional changes that are involved in inflammation, mitochondrial and
lysosomal pathways [212], [213]. These age-associated transcriptional
signatures largely affect how immune cells respond to infection and inflammation
within the aged. Dendritic cells are amongst the central immune cells linking the
innate and adaptive immune response [214]. Although previous research has
heavily focused on the effect of immune-senescence on the adaptive immune
response [215], little is known regarding the innate immune response. Recent
immunophenotyping studies have demonstrated the aged population harbour a
decrease in circulating peripheral blood dendritic cells, in particular the monocyte
derived cDC subset, whereas no difference was observed in the proportion of
pDCs and an increase in peripheral blood monocytes was observed [93]. This
was accompanied by data demonstrating dendritic cells expressed a reduction in
IL-12, which may impact upon IFNy activation of T-cells in response to infection
[216]. Rahmatpanah and colleagues explored the differences in transcriptional
regulation in monocyte derived-DCs with the aim of uncovering differentially
regulated pathways that may contribute to the age-associated DC dysregulation

[217]. DCs are a heterogenous population of innate immune cells, comprising of
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pDCs, that phenotypically resemble plasma cells, and monocyte-derived cDCs
that are the largest DC subset within the peripheral blood [122]. As ageing
appears to impact on the number of circulating cDCs more so than pDCs,
Rahmatpanah and colleagues performed RNA-sequencing on the cDC subset of
young and aged donors to understand the transcriptional differences that may
contribute to altered cDC function [217]. Interestingly, they identified a number of
upregulated genes involved in nutrient transport and migration alongside a
decrease in genes involved in electron transport. Rahmatpanah and colleagues
also identified a decrease in genes involved in mitochondrial respiration.
Mitochondrial dysfunction is a hallmark of ageing and associated with many age
disorders [218]. Defects in mitochondrial respiration are known to enhance
inflammation, via ROS production, leading to the progressive decline of cellular
function and increased susceptibility to apoptosis [219], [220]. Such reduction in
mitochondrial respiration may explain the increase in expression of genes
involved in solute transport, to compensate for the reduction in energy production.
Collectively, this demonstrates cDCs from aged individuals exhibit metabolic
changes that may contribute to the dysregulated immune cell response often

associated with age.

Currently, little is known regarding the age induced transcriptional
differences observed in monocytes and the mechanism by which they are
evoked. Recently, few studies [221], [222] have demonstrated an expansion in
circulating monocytes within the healthy aged population, where many
monocytes exhibit an altered pro-inflammatory phenotype characteristic of

senescent immune cells. Seidler and colleagues [221] uncovered an expansion
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of non-classical monocytes within healthy aged individuals coupled with
increased serum MCP-1 levels. This was further supported by Merino and
colleagues [223] whom demonstrated the expansion of CD14*CD 16" monocytes,
observed amongst the healthy aged resembled characteristics associated with
senescent cells. This included enhanced pro-inflammatory cytokine secretion,
plasma ROS levels and decreased mitochondrial membrane potential.
Interestingly, Merino and colleagues suggest this pro-inflammatory status is likely
due to the phosphorylation and activation of NF-KB signalling. Thus, implying
age-induced transcriptional changes may underly the altered monocyte
phenotype observed amongst the aged [216], [224]. Differences in the
transcriptional activation of chemokine receptors important for endothelial cell
adhesion were also reported by Merino and colleagues, suggesting altered
monocyte function as well as phenotype [223]. The elevated pro-inflammatory
phenotype and altered chemokine receptor expression of aged monocytes has
prompted further investigation into the possible age-induced effect of
atherosclerosis. Previous studies by Du and colleagues [225], demonstrated age-
induced vascular inflammation promoted monocytosis in mice challenged with a
high fat western diet. This ultimately led to increased atherosclerotic plaque
development due to enhanced monocyte chemotaxis and inflammation amongst
aged mice in comparison to young mice [225]. Hearps and colleagues [226]
similarly show aged-induced impairment of monocyte phagocytosis, further
contributing to the notion that ageing impacts upon monocyte function and
phenotype. Collectively, this demonstrates that ageing induces an altered
monocyte phenotype resulting in functional differences within monocytes that

may contribute to age-associated disorders including atherosclerosis. Alongside
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pro-inflammatory phenotypic differences in aged monocytes, Hearps and
colleagues have also identified gender differences in aged monocyte phenotype.
Interestingly, females exhibit an increased pro-inflammatory monocyte
phenotype in comparison to men, as displayed by their elevated CXCL10 and
CD163 levels. This suggests possible age-related gender differences that may

impact upon gender specific disease specificity [226].

1.5.2 Gender differences in ageing

Many age-associated differences have been identified and characterised
within tissues and leukocytes of the healthy aged population, however, there is
still currently a lack of knowledge regarding the impact of gender related
differences in healthy ageing. Historically, females generally live longer than
males, yet have a greater risk of suffering from Alzheimer's and osteoporosis
[227]. Previous studies have also identified several features that are continuously
dysregulated with gender amongst the aged; reduced mitochondrial
maintenance, enhanced inflammation, oxidative stress and proteotoxicity
response [228]-[230]. However, the mechanisms underlying such age-induced
sexual differences are poorly understood. To aid in the investigation of
differences observed with age, gender and race, the ‘Immunomes Reference
Framework’ was generated upon combining all publicly available immunological
information on PBMCs and whole blood from the online database; Immport [231].
By combining the variations in serum cytokines and leukocytes of healthy young
and aged males and females PBMCs and whole blood, it allows for differences
to be identified amongst different genders and ages that may contribute to the

disorders more commonly associated with ageing.
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Comparative meta-analysis on multiple DNA microarrays from aged tissue
(skeletal and nervous tissue) and senescent cells (HSCs, T-cells, endothelial
cells) have also identified genes and associated pathways that are differentially
regulated with age and gender [212]. In agreement with previous studies, many
age-related differentially regulated processes across all tissue and cell types
included metabolic processes, oxidative phosphorylation and focal adhesion.
However, Voutetakis and colleagues [212] also uncover many sex-specific age-
related differences. Aged healthy males demonstrate differential regulation of
genes involved in cell adhesion, growth and inflammation whereas healthy aged
females demonstrate an overrepresentation of genes involved in cell death,
proteolysis and transmembrane transport within their skeletal muscle [212]. This
study further highlights the differences in transcriptional regulation of processes
that many contribute to age associated diseases, including cancer,
atherosclerosis and Alzheimer's. However, knowledge of the mechanism
underlying specific transcriptional differences and the resultant functional

implications are yet to be clearly defined.

1.5.3 IRF8 and Ageing

Age associated differences in transcriptional regulation has become
widely accepted as a hallmark of ageing [202]. However, differential regulation of
the transcription factors crucial to the age-associated transcriptomic changes is
yet to be uncovered. The transcription factor, IRF8, is critical for myeloid-lineage
determination and protecting against infection and inflammation [127], [153].

Previous studies by Stirewalt and colleagues have interestingly uncovered a

63



significant reduction in the expression of IRF8 amongst healthy aged HSCs and
T-cells [232]. Considering IRF8 inactivation causes the cancerous CML-
phenotype [153], it's very possible that defective IRF8 expression may contribute
to various cancers specifically associated with the aged population. Although
IRF8 is known for its regulation of myeloid cell development [129], its regulation
within aged myeloid cells has not currently been explored. Since differences in
myeloid cell composition and phenotype, in particular monocytes, have been
identified within the aged population [222], [224], the possibility of IRF8-induced

transcriptional dysregulation within aged myeloid cells remains open.

Taken together, these data highlight the importance of myeloid cells in
atherosclerosis, interferon signalling and ageing with transcriptional differences
greatly impacting on myeloid-cell function. The crucial role of IRF8 in myeloid cell
development and myeloid response to infection and inflammation has been well
characterised. However, the functions associated with differential myeloid-IRF8

transcription in a high lipid, atherosclerosis environment is poorly understood.

1.6 Hypothesis

Within the lab, we have demonstrated IRF8-KO macrophages display
reduced expression of genes known to protect against atherosclerosis
development when expressed, namely Arginase 1 and I[I-18bp [197], [233].
Furthermore, Doring and colleagues identified an atherogenic role of IRF8
deficiency whereby hematopoetic-IRF8 deficient mice displayed an increase in
atherosclerosis plaque development when challenged with a high fat western-

diet [175].
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For this reason, we hypothesized that myeloid-IRF8KO-4™O mice would

develop accelerated atherosclerosis when challenged with a high fat western-diet

1.7 Project Aims

1.

4.

To develop a myeloid-IRF8KO mouse model on the atherosclerosis prone
LDLRXC background (M-IRF8KO4™O) and subsequently determine the
role of myeloid-IRF8 reduction in atherosclerosis development upon

challenging the mice with a high fat western-diet.

To identify the atherosclerotic phenotype in M-IRF8KOM"™O mice, via
histological analysis and identify the potential mechanism associated with
the disease phenotype. This will be performed by determining differences
in the transcriptomic profile of bone marrow derived macrophages from

WTLAkO and M-IRF8KOI™O mice using RNA-Sequencing.

To determine how myeloid-IRF8 influences IFN transcriptomic signalling
in bone marrow derived macrophages from atherosclerosis prone WT-AIKO
and M-IRF8KOM™O mice when challenged with a high fat western-diet,

using RNA-sequencing.

To determine how the regulation of IRF8-target genes, identified in the
atherosclerosis prone M-IRF8KOMKO mice differ in PBMCs and
monocytes of the aged population, whom are at increased risk of

Cardiovascular disease. This will be performed via comparative analysis
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of the RNA-sequencing dataset generated from M-IRF8KOL4™C mice (Aim
2) and the Immunomes microarray dataset [231] from healthy young (20-

50yrs) and aged (60-100yrs) PBMCs.
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Chapter 2: Materials and Methods

2.1 Generation of myeloid IRF8X° mice on an atherosclerosis prone
background

2.1.1 IRF8-floxed mice

Myeloid IRF8X° mice, on an atherosclerosis prone background, where
generated by crossing IRF8-floxed mice (stock - 014175), LysMcre*" (stock -
004781) and LdIr“® mice (stock — 002207) obtained from the Jackson laboratory.
The IRF8 floxed mice harbour loxp sites at either end of exon 2 (Fig 2.1). A
targeting vector containing an FRT site flanked PGK-Neo selection cassette was
utilized in the construction of this mutant. LoxP sites were inserted upstream and
downstream of exon 2 and this construct was electroporated into C57BL/6
derived embryonic stem (ES) cells (Ozgene). Correctly targeted ES cells were
injected into recipient blastocysts and the resulting chimeric animals were
crossed to transgenic mice (on the C57BL/6 genetic background) expressing FLP
recombinase. Mice that retained the /oxP site flanked exon 2 were then bred to
C57BL/6 mice to remove the FLP transgene. Heterozygotes were crossed to

generate homozygotes.

2.1.2 LDLRX® mice

The IRF8-floxed mice where then crossed with LdIrk® mice, performed by
Dr Matthew Gage at UCL Biological Services Unit and obtained from the Jackson
laboratory. LdIrC mice develop elevated serum cholesterol levels in the region of
200-400 mg/dl, which are further increased (>2,000 mg/dl) when fed a high fat
western diet. In comparison, normal serum cholesterol in mice with LdIr is

approximately 80-100 mg/dl. For this reason, LdIrX® mice are often used for
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atherosclerosis studies as they develop atherosclerotic plaques when challenged
with a high fat western diet. Upon crossing the IRF8-floxed and LdIrk® mice, this

led to the generation of IRF8"MLdIrC mice.

2.1.3 LysMcre mice

To ensure IRF8 was removed from myeloid cells specifically, IRF8fl/fl-dI'KO
mice where crossed with mice that express cre recombinase under the Lysosyme
M promoter; LysMcre mice by Dr Matthew Gage and were also obtained from the
Jackson laboratory (stock - 004781) (Fig 2.1). In generating the LysMcre mice, a
targeting vector was designed to insert a frt-flanked neomycin resistance gene
and Cre recombinase cDNA sequence (with nuclear localization signal) into the
ATG-start site within exon 1 of the lysozyme 2 gene (Lyz2). The construct was
electroporated into 129P2/OlaHsd-derived E14.1 embryonic stem (ES) cells.
Correctly targeted ES cells were transiently transfected with a Flp expression
vector to remove the frt-flanked neo cassette. ES cells that had successfully
undergone Flp recombination were injected in blastocysts. The resulting chimeric
animals were crossed to C57BL/6 mice. The LysMcre knock-in allele has a
nuclear-localized Cre recombinase inserted into the first coding ATG of the
lysozyme 2 gene (Lyz2); both abolishing endogenous Lyz2 gene function and
placing NLS-Cre r544 expression under the control of the endogenous Lyz2
promoter/enhancer elements. When crossed with the IRF8-floxed strain, Cre-
mediated recombination results in deletion of the targeted gene in the myeloid

cell lineage, including monocytes, mature macrophages, and granulocytes.
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Figure 2.1 Generation of M-IRF8KO4'"C mice.
The Irf8 locus was engineered with LoxP recombination sites flanking exon 2. In the presence of
cre recombinase, exon 2 of IRF8 is excised in Lysozyme M expressing cells.
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2.2 Genetic identification of M-IRF8KO"4™O mice

2.2.1 DNA Isolation

Genomic DNA was isolated from ear biopsies by incubating ear biopsies
with 200pl of 50mM NaOH (pH = 12) at 95°C for 10min. The reaction was then
neutralised by placing tubes on ice and adding 20yl Tris-HCI 1 molar (M) (pH =
8). Tubes were centrifuged at 13000 revolutions per minute (rpm) for 5min 4°C to
remove debris and the supernatant was transferred to a clean tube. Samples

were stored at 4°C until analysis.

2.2.1.1 IRF8-floxed genotyping protocol

WTLAKO and M-IRF8KOM4™XO mice where genotyped for the IRF8 floxed
allele 300 base pairs (bp) and wild-type allele 214bp (Fig 2.2). PCR amplification
was performed on the isolated DNA upon using Jumpstart Taqg DNA Polymerase
(Sigma Aldrich). The PCR reagents for each reaction are shown in Table 2 and
the primers used to identify the IRF8-floxed alleles are as follows;
Irf8-floxed forward 5° TTGGGGATTTCCA GGCTGTTCTA 3’ and reverse 5

CACAGGGAGTCCCT CTTACAAT 3.

Amplification was undertaken by 35 cycles of 30 seconds of annealing at
60°C, and 1 minute of extension at 72°C. Samples were run on a 2% high
resolution agarose gel (Sigma Aldrich) in a 1X 40 millimolar (mM) Tris, 20mM
acetic acid, 1mM ethylenediaminetetraacetic acid (EDTA) TAE buffer with 1X

SYBR safe DNA gel stain (Invitrogen) for 40min at 80 volts (V).
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The expected band size for this IRF8-floxed PCR is 300bp and the WT PCR is

214bp.

1000bp P>

500bp >

< 214bp (WT)

100bp P>
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Fig 2.2 IRF8-floxed genotyping gel.
Gel electrophoresis of DNA amplified products using the corresponding primers.

2.2.1.2 LysMcre genotyping protocol

WTLAKO and M-IRF8KOMO mice where genotyped for the Mutant LysM
cre recombinase expressing allele (700bp) and wild-type allele (350bp) (Fig 2.3).
PCR amplification was performed on the isolated DNA upon using the Jumpstart
Taq DNA Polymerase (Sigma Aldrich). The PCR reagents for each reaction are
outlined in Table 2 and the primers used to identify the LysM cre recombinase
alleles are as follows; LysMcre (Mutant) forward 5
CCCAGAAATGCCAGATTACG, LysMcre (Common) 5 CTTGGGCTGCCAGA

ATTTCTC and LysMcre (wild-type) 5 TTACAGTCGGCCAGGCTGAC.

Amplification was undertaken by 35 cycles of 30 seconds of annealing at
60°C, and 1min of extension at 72°C. Samples were run on a 2% high resolution
agarose gel (Sigma Aldrich) in a 1X 40mM Tris, 20mM acetic acid, 1mM
ethylenediaminetetraacetic acid (EDTA) (TAE) buffer with 1X SYBR safe DNA

gel stain (Invitrogen) for 30min at 100V.
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The expected band size for wild-type LysMcre™* is 350bp and the band size

for Mutant LysMcre™ is 700bp.

WT Mut WT Mut

1000bp

<« 700bp (LysMcre- mutant
500bp P> Ly )

<« 350bp (LysMcre* wild type)

100bp P>

Fig 2.3 LysMcre genotyping gel.
Gel electrophoresis of DNA amplified products using the corresponding primers.
2.2.1.3 LdIrk® genotyping protocol

WTLAKO and M-IRF8KOLI™O mice where genotyped for the WT Ldlr allele
(350bp) (Fig 2.4). PCR amplification was performed on the isolated DNA upon
using the Jumpstart Taqg DNA Polymerase (Sigma Aldrich). The PCR reagents

for each reaction are outlined in Table 2 and the primers used to identify the LdIr

alleles are as follows; Ldir (Mut) forward 5
AATCCATCTTGTTCAATGGCCGATC, Ldlr (Common) 5
CCATATGCATCCCCAGTCTT and LdIr (wild-type) 5
GCGATGGATACACTCACTGC.

Amplification was undertaken by 35 cycles of 30 seconds of annealing at
60°C, and 1min of extension at 72°C. Samples were run on a 2% high resolution
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agarose gel (Sigma Aldrich) in a 1X 40mM Tris, 20mM acetic acid, 1mM
ethylenediaminetetraacetic acid (EDTA) (TAE) buffer with 1X SYBR safe DNA

gel stain (Invitrogen) for 40mins at 80V.

The expected band size for LdIr Mutant is 350bp.

1000bp

500bp P>
P <« 350bp (LdIrKO mutant)

100bp P
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Fig 2.4 LdIr genotyping gel.
Gel electrophoresis of DNA amplified products using the corresponding primers.

For each PCR reaction, the following reagents and DNA were added to a 0.5 mL
tube:
‘ Volume Reagent Final concentration

24.3uL | Water -
3uL 10x PCR buffer (with MgClz) 1x (2mM MgClz)

0.6uL | 10mM dNTPs 200uM

0.3uL | 10mM Primers 1uM

0.5uL | Tag DNA Polymerase 0.083 units/uL
1uL Template DNA n/a

30uL | Total reaction volume

Table 2 Reagent mix used for PCRs
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2.3 Animal procedures

All animal experiments were carried out in accordance with the UK
Animals (Scientific Procedures) Act 1986, Project License: 4776, Personal

License: 12265/01.

2.3.1 Housing and diet studies

Mice were maintained in a pathogen-free animal facility in a 12-hour light-
dark cycle and were housed in the same cages whenever possible. All
procedures were carried under the UK’'s Home Office Animals (Scientific

Procedures) Act 1986.

Eight-week old WT4™KO and M-IRF8KO"™O male mice were fed ad libitum
a Western diet (WD) (20% Fat, 0.15% Cholesterol; #5342 AIN-7A, Test Diet

Limited, UK) for 12 weeks. Mice were fasted overnight prior to sacrifice.

2.3.2 Plasma and tissue collection
Mice were fasted overnight prior to blood collection or terminal sacrifice.
Animals were euthanized using increasing concentrations of CO2 and death was

confirmed by cervical dislocation or by cardiac bleeding.

For organ dissections, mice were anaesthetized, using 3.5units of
isoflurane/min, after of which a small incision was made underneath the left
portion of the diaphragm where the mice were euthanized upon cardiac puncture.
Blood was collected into an EDTA- containing microtube (Microvette CB 300,
Sarstedt), centrifuged (3000xg, 6min. at room temperature) and plasma was

aliquoted and frozen at -80°C. The inferior vena cava was cut, to allow for efficient
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flushing of organs with 5mL of Phosphate Buffer Saline (PBS) that was carefully
inserted into the left ventricle of the heart. The PBS was slowly released to flush
any remaining blood remnants from the organs. The tissues dissected post-
mortem; Heart, Lung, Liver, Spleen and epididymal adipose tissue were rinsed in
1X PBS (Thermo Scientific), weighed and half were frozen at -80°C and the other
half placed into 10% (w/v) formalin (Sigma Aldrich). Tissues, including the aorta,
placed in 10% formalin were kept at room temperature for 24hrs after being
transferred into microvette cassettes and stored in 70% ethanol at 4°C until ready
for processing and paraffin embedding. Finally, the femurs and tibias were
dissected free of adherent tissue were cut from the mice, with the skin removed
and stored in High Glucose Dulbecco’s Modified Eagle Medium (DMEM) (Life

Technologies).

2.3.1.1 Plasma cholesterol and blood glucose

Plasma cholesterol levels (Wako chemicals) were determined by
colorimetric enzymatic assay kits as per the manufacturer’'s recommendations.
The absorbance of each reaction product was measured at 595 nm in a TriStar2
LB 942 Multi-detection Microplate Reader (Berthold Technologies). Blood
glucose measurements (Accu-Chek monitor and testing strips, Roche
Diagnostics) were taken from tail blood samples before and after overnight

fasting.

2.3.1.2 Blood monocyte and neutrophil composition
Animals were euthanized using increasing concentrations of CO>

and death was confirmed cardiac puncture. Blood was collected into an EDTA-
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containing microtube (Microvette CB 300, Sarstedt) and red blood cells lysed
using 9mL Ammonium- Chloride-Potassium (ACK) Lysis Buffer (Lonza) for every
1mL of blood and left to lyse at room temperature for 5mins. Cells are then
centrifuged at 300xg for 5mins at 4°C. The supernatant is discarded, and the
pelleted cells are washed in 1x PBS (Lonza) twice. The cells were then
centrifuged at 300xg for 5mins at 4°C and resuspended in 200ul of buffer (1%
FCS, 2mM EDTA in PBS). 100ul of cell suspension was then transferred to a
separate 1.5ml tube and supplemented with 1:100 of the following antibodies;
CD115, CD11b, Ly6G, Ly6C, CD3, CD19 (Further information on antibodies are
outlined in table 2.5). Cells were left to stain in the dark at 4°C for 30mins after
of which they were centrifuged at 800xg for 3mins at 4°C. The supernatant was
discarded, and cells resuspended in 300ul buffer (1% FCS, 2mM EDTA in PBS).
Compensation controls for antibodies used where also prepared as outlined in
section 2.9. Samples were analysed on the LSR Fortessa (Becton Dickinson) and

FlowdJo software (Tree Star Inc.)

2.3.1.3 Tissue macrophage and neutrophil quantification

Animals were euthanized using increasing concentrations of CO>
and death was confirmed cardiac puncture. The aorta and spleen were dissected
from mice and having removed residual fat and muscle, the tissues were placed
in ice-cold PBS. A digestion mix was prepared containing the following reagents;
450U/ml collagenase type | (Sigma), 125U/mg collagenase type Xl (Sigma),
60U/mg hyaluronidase (Sigma) and 60U/mg DNAse | (Sigma) in DPBS with
20mM HEPES (Sigma) up to a volume of 2.5mL/tissue. The aorta and spleen
were cut into small pieces before being plunged through a 70uM cell strainer into

the tissue digestion mix. The tissues were digested at 37°C for 50mins whilst
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rotating. Post digestion the digestion mix was neutralised with 5ml buffer (1%
FCS, 2mM EDTA in PBS) and the digested tissues where plunged through a
70uM cell strainer (Cornig). The cell suspension was then centrifuged for 10mins
at 300xg, 4°C. The supernatant was discarded, and the cells were resuspended
in antibody staining buffer; 1:100 CD45, CD115, Ly6g, CD11b, F4/80 and CD64
in 300ul buffer (1% FCS, 2 mM EDTA in PBS) (further details on antibodies are
outlined in table 2.5). The cells where left to stain in the dark at 4°C for 30mins
after of which they were centrifuged at 800xg for 3mins at 4°C. The supernatant
was discarded, and cells resuspended in 300ul buffer (1% FCS, 2mM EDTA in
PBS). Compensation controls for antibodies used where also prepared as
outlined in section 2.9. Samples were analysed on the LSR Fortessa (Becton

Dickinson) and FlowJo software (Tree Star Inc.)

2.4 Histology and image analysis

2.4.1 Slide preparation and staining

Mouse hearts and the left lobe of the livers were dissected and fixed in
10% (w/v) formalin (Sigma Aldrich) for 24-48 hours, processed in a TP 1050
Tissue Processor (Leica) and embedded in paraffin wax. Paraffin-embedded
hearts and livers were cut into 4uM sections. The paraffin-embedded hearts were
sectioned until the aortic root was visible. Sections were stained with
haematoxylin and eosin (H&E) in an automatic multiple slide stainer (Tissue-Tek
DRS 2000, Sakura). Stained sections were scanned with NanoZoomer Digital
slide scanner (Hamamatsu) and image analysis performed using Image J

software.

77



For aortic macrophage content, CD68 staining was performed on the
paraffin-embedded heart sections. Immunohistochemistry staining was
performed at the UCL IQPath Laboratory using the Ventana Discovery XT
instrument, using the Ventana DAB Map detection Kit (760-124). For pre-
treatment Ventana Protease 1 (equivalent to pronase, 760-2018) was used.
CD68 primary antibody (AbD Serotec #MCA1957), followed by Rabbit anti Mouse
(#E0354 Dako). Stained sections were scanned with NanoZoomer Digital slide
scanner (Hamamatsu) and image analysis performed using Image J v2.0
software.

2.4.2 En face analysis of aorta

Mice were perfusion-fixed with phosphate-buffered paraformaldehyde (4%
[wt/vol.], pH 7.2) under terminal anaesthesia. The entire aortic tree was dissected
free of fat and other tissue. Peripheral adipose tissue was removed from the aorta
and an incision was made across the inner aortic arch. The aorta was then
stained with a 60% working dilution of the diazol dye, Oil-Red-O (Sigma Aldrich),
which stains neutral lipids and triglycerides red. The aorta was initially rinsed in
MilliQ water for 1min, to remove excess PFA, before washing in 60% isopropanol
for 2mins; this facilitates staining as the isopropanol sustains the neutral lipids.
The aorta was then placed into 1.5mL of 60% oil-red-o and placed on a nutator
for 12mins. The excess stain was removed, using 60% isopropanol and the aorta
stored in MilliQ water ready for imaging. The aorta was then mounted onto a glass
slide before imaging (Leica, DFC310FX) under a dissection microscope (Leica,

MZ10F). Lesion area of whole aorta was analysed using Image J v2.0.
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2.4.3 Aortic sinus atherosclerotic plaque quantification

Paraffin embedded hearts where sectioned from the apex upwards, until
reaching the aortic root which is characterized by the tricuspid valve. From this
point, 5uM sections were mounted onto Superfrost Plus microscope slides
(Thermo Scientific) and stained with hematoxylin and eosin (H&E) in an
automatic multiple slide stainer (Tissue-Tek DRS 2000, Sakura). Stained
sections were scanned with a NanoZoomer Digital slide scanner (Hamamatsu).
The percentage of atherosclerotic lesions where determined as %plaque area
within the aortic root. This was performed using Image J by averaging 3 sections

from each mouse with 30-50uM intervals between sections [234].

2.4.4 Plaque complexity

Plaque severity was determined by categorising plaques into early stage,
moderate stage and advanced stage as outlined on the American heart
association guidelines, adapted for mouse models [31]. The advance stage
plaques were analysed for necrotic core and fibrous cap formation. To determine
the acellular (%) necrotic core area, the H&E stained aortic root image was
opened on the Image J software and converted to an RGB stack. The threshold
of the image was subsequently adjusted to ensure only the acellular regions were
left unhighlighted. The proportion of the unhighlighted acellular region of each
plaque was calculated as a % of the plaque area and an average of all plaques
within the root from each section was taken as the final acellular (%) necrotic core
area. To determine the (%) fibrous cap area the % area of the fibrous cap was
determined as per the total area of the plaque, after which an average of all

fibrous cap areas from each plaques within the root from each section was taken
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as the final fibrous cap (%) area [31], [235]. The diameter of the fibrous caps
identified in the advance stage plaques was recorded at the widest point of each

fibrous cap.

2.4.5 Image processing for hepatic lipid droplet identification

The identification and quantification of lipid droplets were made with the
help of Eli (Easy Lipids) v1.0, an in-house software developed in collaboration
with Dr. Vanessa Diaz and Dr. Cesar Pichardo at the Multiscale Cardiovascular
Engineering (MUSE) (University College London, UK). Scans of H&E stained
liver sections were used as input. This software uses a method based on the
Hough Transform [236] for the identification of the droplets estimating the centres
and radii of each of them. A final report is generated with the dimensions of the
droplets (i.e. diameter and area) including a histogram describing the frequency
of lipid vacuoles within specified diameter ranges (Fig 2.5). A trial of Eli v1.0 is
currently available upon request on the MUSE website at UCL

(www.ucl.ac.uk/muse/software).
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Fig 2.5 Identification of lipid droplet areas using the Eli (Easy Lipids) v1.0 software.

(1) The lipid droplets are highlighted by drawing blue circles around them. (2) the number of blue
circles were quantified as per the area of the liver section. (3) The results are exported into an
excel file, to allow for statistical analysis.

2.5 Cell culture

All bone marrow derived macrophages (BMDMs) and blood cell isolations
and cell culture were performed using aseptic technique in a class Il laminar flow
hood. Where available, purchased reagents were sterile. If needed, reagents
were sterilised by using a high temperature and high-pressure autoclave and/or
a 0.22uM filter (EMD Millipore). Cells were incubated at 37°C in a 5% CO:

atmosphere unless otherwise stated.

2.5.1 Cell enumeration
To enumerate cells and assess viability trypan blue dye exclusion staining
was performed. This involved adding equal volumes of cell suspension to 0.4%

(v/v) trypan blue solution and cells that absorbed the dye were considered non-
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viable. Cells were counted using a manual haemocytometer (Digital Bio) with a

conventional light microscope (Primo Vert, Zeiss).

2.5.2 Bone marrow derived macrophage culture

BMDMs were prepared as in [237] using L929 Conditioned Medium (LCM)
as a source of M-CSF for the differentiation of the macrophages. After 6 days of
differentiation, LCM-containing medium was removed, and cells were washed

three times in warm 1X PBS (Lonza).

2.5.2.1 BMDM stimulation

For treatment experiments, cells were incubated in Glucose Dulbecco’s
Modified Eagle Medium (DMEM) (Life Technologies), supplemented with 1% low-
endotoxin (10 EU/mL) Fetal Bovine Serum (FBS) (Life Technologies), 2mM
glutamine (Lonza) and 20ug/mL gentamycin (Sigma Aldrich), without any LCM,
before being treated. Cells where then treated with DMSO (Sigma), 10ng IFNp,
50ng native LDL (nLDL) (Bio-Rad), 50ng, acetylated LDL (acLDL) (Bio-Rad) or
varying concentrations of BMS309403 inhibitor (1mM, 5mM, 10mM, 25mM,

50mM - Tocris) for 6 or 24 hours (MRNA quantification, protein isolation).

2.5.1.1 Bone marrow derived macrophage purity

The purity of harvested BMDMs was determined by measurement of the
macrophage cell surface marker; F4/80, using flow cytometry [238] (Fig 2.6).
Harvested BMDMs where washed twice with wash buffer (PBS with 2% FCS and
2mM EDTA) and stained using an antibody mix of 1:100 F4/80 and 1/200

Live/Dead (details provided in table 2.5). Cells where stained in the dark at 4°C
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for 30mins. They were then washed twice with wash buffer before finally being
resuspended in 150uL wash buffer and transferred to a 1mL FACS tube. Samples
were analysed on the LSR Fortessa (Becton Dickinson) and FlowJo software

v10.0 (Tree Star Inc.)
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Fig 2.6 Purity of F4/80 stained BMDMs.
(A) Unstained live BMDMs demonstrating 0.05% of cells are F4/80+. (B) F4/80 stained live cells
demonstrating, 99.5% of BMDMSs are F4/80+.

2.5.3 In vitro macrophage migration assay

To investigate macrophage migration, BMDMs were cultured, as
described in 2.4.2. Cells were then washed twice in warm 1x PBS (Lonza), gently
lifted from the cell surface using a cell scraper (Thermo fisher), transferred to a
1.5mL tube and centrifuged for 5mins, 300xg at room temperature. Cells were
counted, as described in section 2.4.1, and resuspended in DMEM containing
10% low endotoxin (<10 EU/mL) FBS (Life Technologies), 2mM glutamine
(Lonza) and 20pg/mL gentamycin (Sigma Aldrich), without any LCM, before
being treated, to reach a total concentration of 1x108 cells/mL. For cell
stimulations, the following treatments where added to each Eppendorf;, DMSO,

50ng nLDL (Bio-Rad), 50ng acLDL (Bio-rad) with or without 10uM, 25uM
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BMS309403 inhibitor (Tocris) and 10uM, 25uM BMS309403 inhibitor (Tocris)
alone. A total volume of 600uL of conditioned medium, containing 100ng/uL
MCP-1 (Bio-Rad), was inserted into each well of a 24-well plate (Starsedt, non-
coated). Following this, 300uL of BMDM cell suspension, with various treatments,
was inserted into a 8uM pore transwell (Corning) and this was placed in each well
of a 24-well plate. Cells were left to migrate over 20 hours.

Post 20 hours, the transwells were removed from the 24-well plate and
their medium discarded. A cotton bud was used to remove any residual BMDMs
from the inside of the transwell, that did not migrate across the membrane. The
transwells were then fixed and stained, according to the manufacturers protocol
(Reastain kit — Gentaur). The transwells were left to dry at room temperature for
24 hours after being imaged (Leica, DFC310FX) under a microscope (Leica,
MZ10F) and migrated cells were subsequently counted at a magnification of 8x

on four individual areas of the transwell.

2.5.4 In vitro macrophage foam cell assay

To investigate macrophage foam cell formation, BMDMs were cultured, as
mentioned in 2.4.2. Cells were then gently lifted from the 6-well plates (Starsedt,
non-coated), using a cell scraper (Thermo Fisher), transferred to a 1.5mL tube
and centrifuged for 5mins, 300xg at room temperature. Cells were counted, as
described in section 2.4.1, and later resuspended in DMEM containing 10% low
endotoxin (<10 EU/mL) FBS (Life Technologies), 2mM glutamine (Lonza) and
20pg/mL gentamycin (Sigma Aldrich), without any LCM, before being treated, to
reach a total concentration of 1x10% cells/mL. For treatment experiments,

resuspended BMDMs were supplemented with either; DMSO (Sigma), 50ng
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nLDL (Bio-Rad), 50ng, acLDL (Bio-Rad) with or without 5uM, 10uM or 25uM
BMS309403 inhibitor (Tocris). 300uL of cells was transferred into each well of a
chamberwell slide (Thermo Fisher), plating triplicates/condition and incubated for
24 hours.

After 24 hours, cells were washed twice with warm 1X PBS (Lonza) and
fixed using 200uL of 4% paraformaldehyde (Sigma) for 10mins at room
temperature. Cells were then rinsed with 1X PBS for 1min to remove excess
paraformaldehyde and 100uL of 60% isopropyl alcohol was added to each well
for a further 15mins. Cells were then stained with 100uL of 60% oil-red-o for Tmin
in the dark. Cells were rinsed in 100uL of 60% isopropyl alcohol for 15 seconds
and subsequently washed in 1x PBS for 1min three times. The chamberwells
were removed, as per the manufacturer’s instructions and slides were later
imaged under a conventional light microscope (Primo Vert, Zeiss) with camera
attached. Foam cell formation was quantified, as the density of red oil-red-o

stain/macrophage using Image J analysis.

2.5.5 In vitro macrophage cholesterol ester content

BMDMs were cultured, as described in 2.4.2 in 6-well plates (Starsedt,
non-coated). BMDMs were treated with either; DMSO, 50ng nLDL, 50ng acLDL
with or without 5uM, 10uM or 25uM BMS309403 inhibitor (Tocris) in for 24 hours.
After 24hours macrophages were washed twice in warm 1x PBS before being
fixed in TmL of 2% paraformaldehyde for 15mins. Cells were then washed three
times in 1x PBS. Lipids were then extracted from the macrophages by incubating
them with 200uL of 3:2 hexane/isopropy! alcohol for 30mins at 4°C. The protocol

was then continued as per the manufacturer's instructions (A12216 -
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ThermoFisher). The plate was gently mixed, and absorbance read on a

spectrophotometer at 590nm.

2.6 RNA extraction and analysis

2.6.1 RNA extraction and cDNA synthesis

Total Ribonucleic acid (RNA) was extracted with TRIlzol Reagent
(Invitrogen) following manufacturer's protocol. Briefly, 1x10° BMDMs was
homogenized in 350uL of TRIzol Reagent. Homogenates were either stored at -
80°C until further processing or used for RNA extraction immediately after cell
lysis. Homogenates were vortexed (1min at maximum speed) after which, 70uL
of chloroform (Acros organics) was added to homogenates. These were vortex-
mixed and incubated at room temperature for 2-3mins before centrifugation
(13,000xg, 15mins at 4°C). Following centrifugation, the entirety of the aqueous
phase was transferred onto a new pre-chilled 1.5mL tube and 175uL of cold
isopropyl alcohol was added to precipitate the RNA. Tubes were then stored at -
20°C for 18 hours. The following day, the precipitated RNA was pelleted by
centrifuging samples at 13,500rpm, 20mins at 4°C. The supernatant was
discarded, and RNA was washed twice with 500uL of cold 70% molecular grade
ethyl alcohol (Sigma Aldrich) and centrifuged (13,500rpm, 20mins at 4°C). After
the last wash, supernatants were removed completely, and pellets were allowed
to dry by leaving tubes uncapped at room temperature for 5Smins. Pellets were
then resuspended with 20uL of molecular biology water (Sigma Aldrich). Sample
concentration and purity was determined using a NanoDropTM 1000
Spectrophotometer. Sample purity was assessed by 260/280 ratio and presence

of contaminants by the 260/280 ratio. The minimum 260/230 ratio accepted was
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1.80. 500ug of RNA was retrotranscribed using the qScript cDNA Synthesis Kit

(Quantabio) following manufacturer’s protocol.

2.6.2 Quantitative real-time PCT

Specific genes were amplified and quantified by PCR, using the PerfeCTa
SYBR Green FastMix, Low ROX (Quanta) on an MX3000p system (Agilent)
under the following conditions: 95°C for 30 seconds followed by 40 cycles of 55°C
for 5 seconds and 60°C for 30 seconds. Amplicon specificity was assessed after
every run by performing a dissociation (melt) curve: 95°C for 1min, 55°C for 30
seconds and 95°C for 30 seconds.
For a single reaction, the following reagents and cDNA were added to a single

well in a 96-well plate:

Quantity Final concentration
6.2uL Water -
7.5uL 2x Reaction Buffer 1X
0.15uL 10uM Primers 100nM
1uL 100ng of cDNA -
15uL Total reaction volume

Table 2.1 The concentration of reagents required for each individual gPCR reaction

All samples were run in duplicates and the relative amount of mMRNAs was
calculated using the comparative Ct method and normalized to the expression of
Cyclophylin [197]. This gene is not regulated by IRF8, as previously established
in the lab (data not shown). The following formula was used to quantify relative
MRNA levels:

ACt = Ctgene' thyclophylin
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AACt = ACtsampIe' average ACtcontrol

Fold induction= 2-2ACt

2.6.3 Primer design

Transcript sequences were obtained from the from the University of
California, Santa Cruz (UCSC) Genome Browser  database
(https://genome.ucsc.edu) [239]. Primers were obtained using the Primer3 (v.
0.4.0) online software [240], under the following parameters: amplicon size of 60-
120 base pairs, primer size of 18-25 base pairs and melting temperature of 60°C.
In order to avoid amplification of contaminating genomic DNA, primers were
designed where one half hybridized to the 3' end of one exon and the other half
to the 5 end of the adjacent exon (exon spanning). Primer efficiency was
determined by running a standard curve with known cDNA concentrations, and
only those primers with an efficiency of 90-110% were used. All primer sequences

used are in Table 2.2 and Table 2.3.
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Gene

Name

Forward sequence (5°-3’)

Reverse sequence (5’-3’)

Abcat GGACATGCACAAGGTCCTGA CAGAAAATCCTGGAGCTTCAAA
Ccl12 GAAGATTCACGTCCGGAAGC GGGTCAGCACAGATCTCCTT
Ccl3 CCAGCCAGGTGTCATTTTCC CCTCCAAGACTCTCAGGCAT
Ccl4 TTTCTCTTACACCTCCCGGC TCTGTCTGCCTCTTTTGGTCA
Ccl8 AGTCACCTGCTGCTTTCATGT | CCCTGCTTGGTCTGGAAAaC
Ch25h GCTATGACTTCCCGTGGTCC GAGAGTGATGCATGTCGTGG
Cxcl10 TTTCTGCCTCATCCTGCTGG CATTCTCACTGGCCCGTCAT
Cxcl11 CAAGCTCGCCTCATAATGCA ACGTTCCCAGGATGTCACAT
Cxcl16 CTGGATGTCGGCTAGGTGAC AGCAGCGCCAACAAGAAAAG
Cyclophilin | GGCCGATGACGAGCCC TGTCTTTGGAACTTTGTCTGCAA
Fabp4 ATGAACTTCTCCGGCAAGTACC | CTGACACCCCCTTGATGTCC
Fabpb CGGAAGGTCAAGTCACTGGT TTAGTGTTGTCTCCTGCCCG
Irf8 CAATCAGGAGGTGGATGCTT GGGTGGTTCAGCTTTGTCTC
P2ry12 TTCAGCAGAACCAGGACCAT GGGAGAAGGTGGTATTGGCT
P2ry13 TCACACAAAAGGTGCCATGT ACACAGTGGTCAGGCTAGGG
P2ry14 TTCTGTTGACGAAGCTTGCC CTGTGGTGGTGGAGTTGTTC
Scd1 TGTCAAAGAGAAGGGCGGAA | CGGGCTTGTAGTACCTCCTC

Table 2.2 Mouse gene primers used for gPCR.

Oligo Forward sequence (5°-3’) Reverse sequence (5’-3’)
Name

Abcd2 ACTGGCTTTGCAGATGGTGA ATCAGCTCCAGAGGCCAGTA
Ctsc AGACCCCAATCCTAAGCCCT TGGGCGTACTTTCCTGCAAT
Cxcl16 CGCCATCGGTTCAGTTCATG GGAGCTGGAACCTCGTGTAG
Cyclophili | GCATACGGGTCCTGGCATCTTG | ATGGTGATCTTCTTGCTGGTCT
n TCC TGC

Cyp27a1 | TCAGCTGTTCGTTCAAGGCT CATTGGACCGTACTTGGCCT
Gab1 ACACCTGGAAACTCTTGGCA ATGCGTTCTGGTGGGTTCG
Irf8 ATTTTTAAGGCCTGGGCAGT ATTTTTAAGGCCTGGGCAGT
P2ry13 GCCGCCATAAGAAGACAGAG CACCGCTCAGATCTGTTGAA

Table 2.3 Human gene primers used for qPCR.
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Forward sequence (5’-3’) Reverse sequence (5’-3’)

Fabp4 | GGTGTAGCCTAGGACTGGAC | ACCACCCACCACAACTGTAA
Fabp5 | GTTCTGGAAACTGCCCTGTG | AGTCTCTCCAAGGTGTCTGG
Pry13 TTCACTTCACCGTTCTTGCC | TAGCCAAACCCTGAAGACGG

Pry14 ACTGATGTGCGAGACTAGGG | TGTTTTGGGGAAGTGGCTTG
Table 2.4 Mouse primers used for ChiP-qPCR.

2.7 Protein Isolation and Western Blot analysis
Bone marrow cells from WTLdIrKO and M-IRF8KOLdIrKO were seeded,

at a cell density of 5x10% cells/ 10cm dish in complete DMEM and left to
differentiate into macrophages over 6-7 days. Cells were washed twice in ice cold
1X PBS, scraped from the dishes and centrifuged at 1200rpm, for 10mins at 4°C,
after which the supernatant was discarded. Total protein was isolated from the
cell pellets using radioimmunoprecipitation assay (RIPA) buffer, supplemented
with 1mM sodium orthovanadate (Sigma Aldrich) and 1x phosphatase inhibitor
cocktail IV (Sigma Aldrich). The cells where agitated for 30mins at 4°C, before
being centrifuged for 10mins at 13500rpm at 4°C. The eluted protein was
quantified using the BCA protein assay (Thermo Fisher). This assay uses the
reduction of Cu?* to Cu' by protein in an alkaline medium and produces a
colorimetric reaction of the cuprous cation (Cu1+) by bicinchoninic acid (BCA),
which was measured at 590nm on a TriStar*> LB Multidetection Microplate
Reader. Proteins were denaturalised by being boiled in a buffer containing 2%
Sodium Dodecylsulfate (SDS) and 5% p-mercaptoethanol for 10mins and
separated on a 10% acrylamide gel (BioRad) for 2 hours 30mins at a constant
voltage of 100V. Proteins were then transferred to a PVDF membrane (Millipore)

by wet transfer at 100V for 1 hour. After transfer, membranes were blocked with
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StartingBlock™ Blocking Buffer (Thermo Fisher) for 1 hour at room temperature,
and then blotted with primary antibody overnight at 4°C. Rabbit IRF8 monoclonal
antibody (Cell signalling, D20D8), rabbit Cyp27a1 monoclonal antibody (Abcam,
ab126785) and Hsp90 polyclonal (Santa Cruz, sc-7947) were used as primary
antibodies. Anti-rabbit (Dako, PO448) horseradish-peroxidase-tagged antibodies
were used for secondary binding and chemiluminescence (EMD Millipore
Immobilon™ Western Chemiluminescent HRP Substrate, Thermo Scientific) was

used to visualise proteins.

2.8 Chromatin Immunoprecipitation

50x108 BMDMs from WTLdIrKO were cultured and directly double
crosslinked with 2mM Di(N-succinimidyl) glutarate (Sigma) for 20mins at room
temperature, followed by 1% formaldehyde (Thermo Scientific) for 10mins at
room temperature. The crosslink reaction was quenched upon the addition of
glycine, at a final concentration of 200mM, for 10mins whilst agitating at room
temperature. The cells were washed twice with ice cold PBS, scraped into a
1.5mL tube and centrifuged for 10mins at 800xg, 4°C. Nuclei were isolated by
rotating cell preparations for 10mins at 4°C with the following lysis buffers: Buffer
1 (50mM Hepes-KOH, pH 7.5, 140mM NaCl, 1mM EDTA, 10% glycerol, 0.5%
NP-40 and 0.25% Triton X-100), Buffer 2 (10mM Tris-HCI, pH 8.0, 200mM NaCl,
1mM EDTA and 0.5mM EGTA), and Buffer 3 (10mM Tris-HCI, pH 8.0, 100mM
NaCl, 1mM EDTA, 0.5mM EGTA, 0.1% Nadeoxycholate and 0.5% N-
Lauroylsarcosine). Pellets were resuspended in 300uL of lysis buffer 3 and
sonicated for 25 cycles (30 seconds ON/OFF) in the UCD-300 Bioruptor

(Diagenode), to generate DNA-fragment sizes of 0.2-0.5 kilo bases (kb).
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Successful sonication was confirmed by running products on a 2% agarose gel,
in a 1X TAE buffer with 1X SYBR safe DNA gel stain (Invitrogen) for 30mins at

80V (Fig 2.7).

The concentration of sheared DNA was calculated using the NanoDropTM
1000 Spectrophotometer and multiplied by the total volume of DNA extracted
from the undiluted sheared chromatin sample. Upon quantification of sheared
DNA, 10pg of chromatin was immunoprecipitated with the following antibodies:
5ug IRF8 (ab, Cell Signalling) and 3ug H3K27ac (07-449, Merck), where antibody
specificity was assessed against the same amount of IgG from rabbit serum

(15006, Sigma).

After proteinase K (Sigma) treatment, the immunoprecipitated DNA was purified
using the QIAquick PCR purification kit (Qiagen) and analysed by quantitative
real-time PCR with corresponding primers (sequences are listed in Table 2.4).
Relative occupancies were normalized to input DNA (fold difference = 2—Ct-

sample-Ct-input).

To determine the % Input of each IP sample the following calculation was used;

Average Ct of IP’ed samples — Average Ct of Input = dCt

% Input = (POWER(2,-dCt)) x 100
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Fig 2.7 Sheared BMDM chromatin post sonication.
50x106 BMDMs where sonicated for 25 cycles at 30 seconds ON and 30 seconds OFF.

2.9 RNA Sequencing
RNA-Sequencing (RNA-Seq) is a method of high throughput sequencing

of the whole transcriptome that offers many additional benefits over other gene
screening methods including microarrays. These benefits include the ability to
detect novel transcripts, reveal splice variants and increased efficacy of low
abundance transcript detection are some of the reasons that make RNA-seq a

more attractive method of high throughput sequencing over others [7].

2.9.1 RNA preparation and sequencing

WTLAKO and M-IRF8KOM™O mice where fed a high fat western-diet for 12
weeks after which their bone marrow was isolated and cultured with LCM (see
section 2.5.2) to generate bone marrow derived macrophages from a total of n=6
mice (n=3/genotype). The macrophages were cultured with either DMSO (basal)
or IFNB for 6hrs and the total RNA was extracted using TRIzol reagent (see
section 2.5.1). The RNA was then used for sequencing, where pipeline analysis

were performed by UCL Genomics (London, UK). cDNA libraries were prepared
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from the total RNA provided using reagents and protocols supplied with the
Stranded mRNA-Seq Kit (Kapa Biosystems). Briefly, poly-A tailed RNA was
purified using paramagnetic oligo-dT beads from 200ng of total RNA, with a RNA
Integrity Number above 7.5 as determined by the Agilent Bioanalyzer (Agilent).
The purified RNA was fragmented chemically by heating samples in the presence
of Mg2+ and cDNA was synthesised using random primers supplied in the kit
(Kapa Biosystems). Adapter-ligated DNA library was then amplified with 12
cycles of PCR and library fragment was estimated using the Agilent TapeStation
2200 and confirmed to be ~150bp (~280bp when including the Illlumina adapters).
Lastly, Library concentration was determined using the Qubit DNA HS assay (Life
Technologies). Libraries were sequenced at a concentration of 1.8pM on a
lllumina NextSeq 500, NCS v2.1.2 (lllumina), with a 43bp paired end protocol.
Base calling was performed using the standard lllumina parameters (RTA

2.4.11).

2.9.2 RNA-Seq computational analysis

Reads were de-multiplexed using lllumina bcl2fastq v2.17 (lllumina) and
then were aligned using STAR-2.5.3a to the mouse GRCm38/mm9 reference
sequence. The reads where then filtered to removed singletons and unaligned
reads. Gene counts where then quantified using the Partek E/M Annotation
Model to mm9 - RefSeq Transcripts 83 - 2017-11-01 and differential expression
analysis performed with DESeq2-3.5 (using Wald hypothesis test and parametric
fit type with FDR step-up). To correct for multiple comparisons, a false discovery
rate (FDR) of 0.05 was applied, to reduce the probability of false positives being
included in the differentially regulated gene list [241] and a fold change cut off of

1.3 was applied to all gene lists produced.
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2.9.3 RNA-Seq pathway and comparative analysis

All pathway analysis was performed using the web-based platform
‘Metascape’ [242]. This online tool combines functional enrichment, interactome
analysis, gene annotation, and membership search from over 40 independent
knowledgebases. Additionally, it facilitates comparative analyses of datasets
across multiple independent experiments [242]. To perform the pathway
analyses, individual gene lists were uploaded onto the Metascape website.
Metascape is a platform that provides combined gene annotation, functional
enrichment and interactome analysis by comparing an input gene list against 40
independent knowledgebases, where each knowledgebase contains curated
genes under specific gene modalities. For example, Gene Ontology harbours
gene annotations according to their molecular function, biological process or
cellular component, whereas Reactome represents gene annotations according
to different disease states and associated infections. By combining such breadth
of knowledgebases, Metascape provides a platform by which pathway analysis
can be performed across multiple knowledgebases, instead of one, thereby
generating maximal information from a specific gene set. Although other online
tools are available that combine gene annotation data similarly to Metascape,
including g:Profiler and Webgestalt, they do not cover as many knowledgebases,
are not as user friendly or as regularly updated as Metascape [243], [244]. For
this reason, all pathway analysis performed within this thesis has been done
through Metascape. For pathway analysis, all gene ontology (GO) processes,
KEGG and Reactome annotation memberships were selected under the

‘Enrichment’ tab to allow for enriched pathways across all three membership tools
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to be identified. Metascape generates a list of significant pathways, outlining their
significance, enrichment ratio, gene members within each pathway and the
relationship between the genes within each pathway as demonstrated in a cluster
graph. Upon downloading the results, further detailed analysis sorting through
upregulated and downregulated pathways and genes was performed using
Microsoft Excel. Heatmaps of genes within each pathway was generated using
either the online tool ‘Heatmapper (http://www.heatmapper.ca), using raw
Deseq2 gene counts, or the statistical software ‘GraphPad Prism version 7’ when

plotting the linear fold change.

Comparative analysis with multiple gene lists was also performed using
‘Metascape’ [242]. Multiple gene lists were uploaded to the website and analysed
using the ‘Enrichment’ settings previously mentioned. Generated results included
circus plots that highlight the degree of overlap between significantly regulated
genes and genes that undercome the same function. Additional cluster graphs
were also generated that highlight the proportion of each independent gene list
that is enriched for a specific functional cluster. Analysis was performed on the
downloaded pathway lists to generate heatmaps and Venn diagrams (using the

online tool http://bicinformatics.psb.ugent.be/webtools/Venn) of significantly

regulated genes that were identified in both independent gene lists.

2.10 Flow Cytometry

Flow cytometry samples were analysed using the LSR Fortessa (Becton

Dickinson) and FlowJo software (Tree Star Inc.)
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2.10.1 Antibodies

The list of antibodies used, including the fluorescent conjugate.

concentration (where given) and clone is given in Table 2.6.

Flurochrome Target Dilution Supplier
CD11b V500 Mouse M1/70 100 BioLegend
CD14 A700 Human HCD14 100 BioLegend
CD16 BV786 Human 3G8 100 Sirigene
CD19 FITC Human H1B19 100 BioLegend
CD20 FITC Human 2H7 100 BioLegend
CD3 FITC Human UCHT1 100 BD Bioscience
CD45 PerCP Cy5.5 | Mouse 30-F11 100 BioLegend
CD56 FITC Human HCDS56 100 BioLegend
CD64 APC Mouse X54-5/7.1 | 100 BioLegend
F4/80 FITC Mouse BMS8 100 BioLegend
HLA-DR | V500 Human G46-6 100 BioLegend
Ly6g PeCy7 Mouse 1A7 100 BioLegend

Table 2.5 List of antibodies used for flow cytometry

2.10.2 Compensation controls

Compensation controls are employed in multicolour flow cytometry to
account for the spectral overlap of certain fluorochromes. Samples stained with
single fluorochrome are run through the flow cytometer and the compensation
matrix is calculated by the FACSDiva Software (BD Biosciences). Generally,
compensation beads (BD Biosciences) consist of beads that do not bind antibody
to provide a baseline fluorescence signal, and beads specific for the appropriate
isotype are used. For each fluorochrome in the panel, one drop of negative
control beads and one drop of antibody-binding beads were mixed in a 5mL

FACS tube (BD Biosciences). This reproducibly added up to a total volume of
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120uL. Antibodies were directly added at the right concentration and the mixture
was incubated for 30mins at 4°C in the dark. Beads were washed twice with wash
buffer at 1000xg, 3mins, 10°C before being resuspended in 500uL of wash buffer
containing 0.01% sodium azide. Beads were stored at 4°C in the dark for up to

two weeks.

2.11 Human participant recruitment

2.11.1 Ethics Statement
This study was approved by the UCL Research Ethics Committee (Refs:
2907/002 and 5061/001). Written informed consent was obtained from all

volunteers prior to their participation in the study.

2.11.2 Inclusion and Exclusion Criteria

Volunteers were non-smoking adult males and females aged 18 and over
(=65 years was considered aged). It was difficult to recruit aged volunteers who
had no chronic medical problems and/or are not on any medication, even though
they described themselves as healthy. In addition, it was imperative to avoid a
sampling bias by assessing 265 years participants with no co-morbidities nor
taking regular medications.

No screening tests were performed on recruited participants. All medical
evaluation was done using a questionnaire. Participants were asked to avoid
heavy alcohol consumption and intense exercise during the study. A summary of

the cohort is given in Table 2.6.

98



Age Group Young Aged

Mean Age 26.5 76.3
Age SD 3.58 11
Recruited 8 3
Gender (M/F) (2/6) (0/3)
Medication

Antihypertensives

Anticoagulants

Miscellaneous*
HRT**

3
2
0
3

o &~ O O

Table 2.6 Demographic data for the monocyte-ageing study.
*Includes supplements and contraceptive pills. **Includes tibolene and levothyroxine.

2.11.3 Monocyte isolation

For the purpose of this study, monocytes were isolated by an MSc student;
Nadia Nozari. Monocytes where freshly isolated from peripheral, venous blood
whole blood that was obtained from the median cubital vein of healthy, consented
volunteers using a 20-gauge butterfly needle and aseptic non- touch technique.
EDTA BD Vacutainer tubes (2mM final, Becton Dickinson) were used. To isolate
peripheral blood monocytes, the red blood cells were lysed by adding 1mL of
blood to 9mL of Ammonium- Chloride-Potassium (ACK) Lysis Buffer (Lonza) for
7mins before centrifugation at 300xg, 10mins, room temperature. Pellets were
washed twice in ice-cold PBS and spun at 300xg, 10mins, 10°C. The cells where
then resuspended in 10mL of Hank's balanced salt solution (HBSS) and counted
as mentioned in section 2.4.1. Monocytes where subsequently isolated upon use
of a negative pan monocyte isolation kit (Miltenyi biotec) whereby classical
(CD14**CD16"), intermediate (CD14**CD16") and non-classical (CD14*CD16"")
monocytes where obtained by depletion of magnetically labelled non-monocytic

cells. Isolated monocytes where then lysed in 350uL of TrlIZOL for RNA extraction
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and analysis as outlined in section 2.5. The primers used for gene expression
studies are outlined in Table 2.3 and antibodies used for flow cytometry are

outlined in Table 2.5.

Isolated monocyte purity was assessed using a simple flow cytometry panel
(Table 2.5). A lineage cocktail consisting of CD3 (T cells), CD19 (B cells), CD20
(B cells) and CD56 (NK cells) was used to exclude potential contaminants. This
method of isolation routinely resulted in >90% pure monocyte populations from

both young and aged donors (Fig 2.8).

Monocyte Purity
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Fig 2.8 The purity of isolated peripheral blood monocytes.
Representation of the purity of monocytes as a % of single cells from young and aged healthy
donors (n=3).

2.12 Statistical analysis
Data were analysed and plotted using GraphPad Prism v7.0 (GraphPad

Software). Statistical tests were also performed using this software. The tests
performed are given in the figure legends. P values of < 0.05 were considered
statistically significant. When two datasets were compared the two-tailed
students t-tests were applied unless stated. When comparing more than two
groups a one-way ANOVA was applied unless stated. In calculating differences
between liver lipid droplet size (Chapter 3), the area under the curve was

calculated and compared across both genotypes. In generating the RNA-
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Sequencing data, differential expression was performed using Deseq 2-3.5
where the Wald hypothesis test and parametric fit type with an FDR of <0.05 was
set up. When performing pathway analysis on the differentially regulated genes
identified in the RNA-sequencing dataset, the online platform ‘Metascape’ was
used to sort statistically significant pathways and cluster them into groups using
Kappa-based statistics [242]. The p-value generated in determining the statistical
significance of the pathways identified in Metascape was generated based on the

accumulative hypergeometric distribution [242].
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Chapter 3: Results - Effect of myeloid-IRF8 reduction on Atherosclerosis

3.1 Introduction

Interferon regulatory factor 8 (IRF8) is an interferon inducible transcription
factor that is crucial for haematopoietic lineage determination. The importance of
IRF8 in determining granulocyte and monocyte cell fate has been demonstrated
amongst a variety of models of global IRF8 deficiency in both mouse and human
[121], [123]. IRF8 is pivotal in promoting the differentiation of myeloid cells whilst
simultaneously inhibiting further neutrophil development [125]. Previous studies
by Watanabe et al., 2013, demonstrate global-IRF8 deficiency promotes severe
immunodeficiencies and a chronic myeloid leukaemia-like (CML) syndrome [153].
The CML syndrome is characterised by an aberrant expansion of circulating
neutrophils and significant depletion of circulating monocyte subsets; Ly6C" and
Ly6Cle [129], [153], [245] A reduction in circulating myeloid cells results in
impaired immune responses to IFN-y and production of inflammatory cytokines

leading to increased susceptibility to bacterial and viral infection [121].

IRF8 has been well characterised for its role in mediating immune cell
response to infection and inflammation [121], [246]. Adams et al., 2018
demonstrated the importance of IRF8 in the anti-viral immune response of NK-
cells, where IRF8 was necessary to promote the proliferation of virus-specific NK-
cells [246]. Although IRF8 has been well characterised for its role in promoting
myeloid-cell differentiation and development, it's role in monocyte and
macrophage function, in relation to atherosclerosis development, is poorly

understood.
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Atherosclerosis is an inflammatory lipid mediated disorder that is largely
influenced by myeloid cells — including macrophages [48]. Previous studies,
investigating the role of IRF8 in atherosclerosis development have reported
conflicting results [175], [177]. Doring et al., 2012 report haematopoetic-IRF8
deficiency accelerates atherosclerosis development, whereas Clement et al.,
2018 demonstrates deletion of IRF8 in CD11c+ dendritic cells protects against
atherosclerosis development. Considering IRF8 has been investigated in both
hematopoietic stem cells and dendritic cells, its function in macrophages has
received less attention within an atherosclerosis context. Previous studies by
Pourcet et al., uncover a novel role for macrophage-IRF8 in modulating the
expression of genes known to be involved in atherosclerosis: IL-18 binding
protein and Arginase-1 [197], [233]. Both are known to protect against the
development of atherosclerosis by preventing inflammation and nitric oxide
induced cytotoxicity [197], [233]. Interestingly, both IL-18bp and Arginase-1
where modulated by an LXR-IRF8 crosstalk, as demonstrated in Fig 3.1.
Because of the known role of LXR nuclear receptor in atherosclerosis [247]-
[249], this led to further postulation of a possible role for macrophage-IRF8 in

atherosclerosis progression.
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Figure 3.1 Schematic diagram of the LXR-IRF8 crosstalk.

LXR becomes activated via endogenous ligand allowing the receptor to bind and activate IRF8,
via IRF8 phosphorylation. This enables IRF8 to heterodimerise with binding partner, PU.1, and
promote gene expression of Arginase-1 and 11-18bp.

This chapter establishes the role of myeloid-IRF8 in atherosclerosis
development using a novel myeloid specific IRF8X® mouse model generated on
the LDLRK® background (M-IRF8KOLKO) ysing WT-I™KO mice as controls.
Previous studies by Doring et al., 2012, demonstrated hematopoietic-IRF8
deficiency resulted in a CML-like phenotype, due to the dysregulation of
myelopoiesis, which ultimately contributed to increased atherosclerotic plaque
development [175]. To prevent any undesired phenotype, such as CML, that may
independently contribute to atherosclerosis development, it is crucial that we
better characterise the blood immune cell composition and metabolic profile of

hyperlipidaemic IRF8-deficient mice [21].

Interferon regulatory factors, including IRF5, IRF6 and IRF9 have also
been implicated in the development of other metabolic diseases [192]-[194],
[250], some of which are known to contribute to atherosclerosis progression
[193]. Non-alcoholic fatty liver disease (NAFLD) is one such disease that is highly

associated with cardiovascular disease, in particular atherosclerosis by
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promoting inflammation, stenosis and vascular calcification [251], [252].
Therefore, further investigation is important to determine whether myeloid-IRF8
deficiency affects the development of fatty liver disease that may also contribute

to atherosclerosis development.

Considering Doring and colleagues, identified an atherogenic phenotype
of hematopoetic-IRF8 deficiency, via deletion of IRF8 from all bone marrow
derived immune cells, including myeloid cells, they have not characterised a cell
specific role of IRF8 in atherosclerosis [175]. Thus, we aimed to decipher the role
of IRF8 in myeloid cells specifically within atherosclerosis, without impacting on
non-myeloid immune cells. This will enable us to gain a clearer insight into the

possible targeting of myeloid-IRF8 in future clinical applications.

3.1.1 Objectives and aims

The objective for Chapter 3 is to determine the effect of myeloid-IRF8
reduction on the development of atherosclerosis.
Aims:
1. Confirm IRF8 depletion in myeloid cells and determine the metabolic
profile of western diet fed WTL4"™O and M-IRF8KO4™KO mice.
2. Determine the impact of myeloid-IRF8 reduction on atherosclerosis
progression.
3. Determine whether myeloid-IRF8 reduction impacts on the metabolic Non-
alcoholic fatty liver disease that could influence atherosclerosis

development.
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3.2IRF8 is reduced in bone marrow derived macrophages of M-IRF8KO4/"'KO
mice

Myeloid-cells, specifically macrophages have a pivotal role in the
development of atherosclerosis [48]. Thus, to investigate the role of myeloid-IRF8
reduction in atherosclerosis development, Dr Matthew Gage, generated a
conditional myeloid-IRF8 knock out mouse model (M-IRF8KOO)  prior to my
joining the lab. To specifically delete IRF8 from myelomonocytic cells, we
employed the cre-loxP recombination approach. Upon crossing IRF8 floxed mice
with mice that expressed cre recombinase under the lysozyme M promoter, we
were able to remove IRF8 from lysozyme M expressing cells, specifically myeloid
cells [253]. This approach of conditional-IRF8 removal from myeloid-cells has
been successfully used in other studies [254], lending to our adoption of this

approach.

First, to validate the depletion of IRF8, qPCR primers were designed that
specifically flank the region of IRF8 that was removed - exon 2. As displayed in
Fig 3.2, the gene expression of Irf8 was significantly reduced (95%) in bone
marrow derived macrophages of M-IRF8KO-IKO mice, when compared to
WTLAKO mice. This was further confirmed at the protein level as shown in western
blot and protein densitometry analysis (Fig 3.2 B & C). Relative mRNA
expression of an unrelated gene used as negative control, Caspase-1, further
supports LysMcre induced reduction of /rf8 in the bone marrow derived
macrophages, as no difference was observed in Caspase-1 gene expression (Fig
3.2 D). Collectively, this demonstrates the bone marrow derived macrophages

from M-IRF8KOM™O mice display significantly reduced expression of IRF8 at
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both the gene and protein level, when compared to WT-4™O mice. This, therefore,

validates our conditional model of myeloid-IRF8 reduction.
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Fig 3.2 IRF8 expression is depleted in bone marrow derived macrophages of M-
IRF8KOL4'™KO mice.

(A) Irf8 mRNA expression determined by quantitative-PCR of bone marrow derived macrophages.
(B) Caspase 17 mRNA expression determined by quantitative-PCR of bone marrow derived
macrophages. (C) IRF8 protein expression analysed by western blot of bone marrow derived
macrophages (n=3 per group) with subsequent (D) densitometry quantification of the western blot
bands. Data are presented as mean * SEM, statistical analysis performed using unpaired
students t-test (**P < 0.01, ***P<0.0001, relative to WT-4™O mice).
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3.3 Investigation of myeloid-IRF8 reduction on Atherosclerosis

development

3.3.1 Myeloid-IRF8 reduction protects against atherosclerosis development

Upon validating the depletion of IRF8 in the bone marrow derived
macrophages of M-IRF8KO"™O mice, we went on to further explore the effect of
myeloid-IRF8 reduction on the development of atherosclerosis. The
atherosclerotic plaque initially develops in regions of perturbed blood flow and
reduced sheer laminar stress [10]. In mice, this is often initiated within the aortic
sinus before progressing to the aortic arch, thoracic and abdomen [31]. For this
reason, we investigated plaque development within these regions by staining the
aortic roots with haematoxylin and eosin. Upon quantifying the percentage of
stained plaque area, we observed M-IRF8KO-I™KO mice developed significantly

less plaque in comparison to WT-4™© (Fig 3.3.1 A & B).

The location of plaque development is often an indication on the stage of
atherosclerosis, specifically as differences in lesional development within the
descending aorta is often seen in moderate-advanced atherosclerosis. This is
frequently due to the reduced curvature of the aorta, in comparison to the aortic
root. To investigate whether myeloid-IRF8 reduction also affects plaque
development in the descending aorta, lipids were stained with oil-red-o and
subsequently quantified as a percentage of the total aorta, aortic arch,
descending thoracic or abdomen. Interestingly, we did not observe a significant
difference in the percentage of plaque developed in the descending aorta as a

whole or within the arch, abdomen or thoracic areas (Fig 3.3.1 C, D & E).
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Although this implies possible early-stage atherosclerosis development,
specifically due to plaque formation primarily occurring within the aortic sinus
prior to advancement into the descending aorta, studies investigating the type
and severity of plaques developed would further confirm this. Interestingly, Doring
et al., 2012, identified significant differences in plaque development within the
descending aorta, as well as aortic sinus in the hematopoietic-IRF8KOAPoeKO
mice. However, such differences are likely to be attributed to the differences in
lipoprotein profile between ApoeK® and LdIr®C mice. Mice on the LdIrKC
background are less likely to develop plaque within the descending aorta, after
12 weeks of western diet, due to the reduced plasma cholesterol levels in
comparison to ApoeK® mice [255], [256]. Alongside differences in lipoprotein
profile, perturbed blood flow is also known to contribute to the site-specific
development of atherosclerotic plaques. This may contribute to the differences
observed in plaque development between the aortic sinus and descending aorta

[257].

In comparison to studies investigating hametopoetic-IRF8 deficiency
[175], we have identified an athero-protective phenotype of myeloid-IRF8
reduction upon reduced plaque development within the aortic root. This
demonstrates myeloid-IRF8 reduction retards atherosclerosis development,
complementing studies by Clement et al., 2018 whom also demonstrate myeloid

CD11c-IRF8 deficiency abrogates atherosclerosis development.
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Fig 3.3.1 Myeloid-IRF8 reduction protects against atherosclerotic plaque development in
the aortic roots of western diet fed mice, without having an effect in the descending aorta.
(A) Quantification of atherosclerotic plaque developed in the (B) H&E stained aortic roots of
western diet fed mice (n=10-11/group), 20x magnification. Quantification of Oil-Red-O lipids in
the (C) total aorta enface and (D) aortic arch, thoracic and abdomen of western diet fed mice
(n=10-11/group). (E) Representative images of Qil-Red-O stained aortas. Data presented as
mean+SEM, statistical analysis conducted using unpaired students t-test, *p<0.05 relative to
WTLAKO mice.
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3.3.2 M-IRF8KOLI"KO mice develop fewer advanced stage plaques with no

apparent physiological differences

Atherosclerotic plaque severity is often used as an insight into possible
clinical manifestations [258]. Further investigation into the phenotype and severity
of lesions developed may also highlight possible mechanisms by which myeloid-
IRF8 reduction retards the development of atherosclerosis. Therefore, we
performed lesion severity analysis, according to the American Heart Association
guidelines, adjusted to animal models, [31], [259] to identify whether myeloid-
IRF8 affected lesion severity. As demonstrated in Table 3, early stage
atherosclerotic lesions are classified by the formation of macrophage foam cells
and their subsequent accumulation across the arterial sub-endothelium forming
a fatty streak [31]. Moderate stage plaques are characterised by an increase in
foam cell accumulation and apoptosis of foam cells. The resultant release of lipids
contributes to the formation of an extracellular lipid core and a thickened artery
wall. Advanced stage plaques, however, display an increase in calcification, foam
cell apoptosis and defective clearance of apoptotic cells leading to an enlarged
necrotic core. Increasing smooth muscle cell proliferation and collagen formation
result in an increase in fibrous tissue leading to the development of a fibrous cap.
The relative thickness of the fibrous cap contributes to plaque stability,
particularly as thinning of the fibrous cap has been associated with increased risk
of plaque rupture [31], [260] (Table 3). Upon quantifying the different types of
lesions present we identified no difference in the number of early stage plaques
developed in the M-IRFK8KO™KO mice, when compared to WT-O_ However,

the number of moderate and advanced stage plaques increasingly declined in M-
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IRF8KOI™KO mice in comparison to the WT-IKO mice. This was further
highlighted upon combining the number of moderate and advanced stage
plaques developed (Fig 3.3.2 A & B). This suggests myeloid-IRF8 reduction may

prevent the development of mature advanced stage plaques.

To better define the type and severity of the advanced stage plaques
developed, analysis on the area of plaque necrotic cores and the area and
diameter of fibrous cap formation was performed. Advanced stage plaques are
characterised by the accumulation of apoptotic foam cells due to defective
efferocytosis, ultimately resulting in the formation of lipid-rich necrotic cores [261].
Continued plaque progression can result in thinning of the fibrous cap leading to
a vulnerable rupture prone plaque [262]. To determine the severity of the
advanced stage plaques developed, the area of necrotic cores and fibrous caps
formed within was determined. Intriguingly, myeloid-IRF8 reduction made no
significant difference to necrotic core formation, fibrous cap area or fibrous cap

diameter (Fig 3.3.2 C, D & E).

Overall, this data suggests that myeloid-IRF8 reduction prevents the
development of mature advanced stage plaques, without affecting the formation
of necrotic cores or fibrous caps which are characteristic of advanced stage

plaque development.
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Plaque type  Stage Description Image

Type I-lI Early Formation of isolated
macrophage foam cells that
begin to aggregate across the
arterial sub endothelium to
form a fatty streak

Type llI-IV Moderate Apoptotic foam cells release
lipids to form intracellular lipid
pools within the fatty streak.
Ineffective  clearance  of
apoptotic cells results in a
growing plaque with a mature
extracellular lipid core

Type V-VI Advanced Large lipid core with
increasing plaque fibrosis and
calcification. Thinning of the
fibrous cap contributes to
plaque  vulnerability and
possibility of plaque rupture

Table 3. Characteristics of plaque type and severity at different stages of atherosclerosis
development.

Plaque images are from H&E stained aortic roots of western diet-fed 20wk old WT-4"™O and M-
IRF8KO™O mice.
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Fig 3.3.2 M-IRF8KO"'"*© mice develop fewer advanced stage plaques with no difference in
the severity of advanced stage plaques developed.

(A) Lesion severity scoring of atherosclerotic plaques within the aortic root (n=10+11/group),
separated as early, moderate or advanced or with moderate and advanced stage plaques
combined (B). Scoring was conducted according to the American Heart Association guidelines.
(C) Fibrous cap area and (D) thickness measured in the advanced stage atherosclerotic lesions
in the aortic root. (E) Necrotic core analysis conducted on the advanced stage atherosclerotic
plaques in the aortic root (n=11 WT-KO n=5 M-IRF8KO-Y™O) . Data are representative of
mean+SEM, statistical analysis conducted using the unpaired students t-test *p<0.05 relative to
WTLA-KO mjce,
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3.3.3 M-IRF8KO!4I"’KO mice display reduced macrophage content within their

atherosclerotic plaques

Macrophages have a pivotal role in the progression of atherosclerotic
plaques, and they are found in increased abundance with increasing plaque
severity [48]. Having previously identified myeloid-IRF8 reduction retards the
development of advanced stage plaques (Fig 3.3.1), we next investigated plaque
macrophage content. CD68 is a cell surface marker, often used in the
identification of macrophages in aortic root samples [263], [264]. To identify for
possible differences in plaque CD68+ cellular content, paraffin embedded aortic
root sections where stained for CD68+ cells. Interestingly, M-IRF8KOI"™KO mice
display a significant decrease in the percentage of plague CDG68+ cells in
comparison to WT-O by approximately 43% (Fig 3.3.3 A & B). This suggests
myeloid-IRF8 reduction may impair the balance of plaque macrophage infiltration,
proliferation and apoptosis within the atherosclerotic plaque, resulting in reduced

plaque macrophage content.

To confirm the differences identified in plaque macrophage content, we
quantified the number of aortic macrophages from western diet fed mice, using
the same gating strategy as shown in (Fig 3.3.3 D). Due to the low cell numbers,
aorta from n=4 mice where pooled for one point and aorta from n=2 mice where
pooled for the other point. This resulted in only two plotted values therefore
preventing possible statistical analysis. Nevertheless, M-IRF8KO-IKO mijce

display a reduction in the percentage of aortic macrophages, (Fig 3.3.3 C) as
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expected, lending support to a novel regulation of plaque macrophage content by

myeloid-IRF8.
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Fig 3.3.3 M-IRF8KO'!KC mice display decreased CD68+ cell content within their
atherosclerotic plaques.
(A) Quantification of CD68+ cells in the aortic root of western diet fed mice, as depicted by the
(B) brown stain within the plaques (n=10-11/group). (C) Quantification of total aortic macrophages
(CD45+CD64+CD11b+F4/80), aortae from n=2 and n=3 mice were pooled in two individual
experiments (totalling n=5/group), resulting in only two data points for WT-O and M-
IRF8KOM"KC mjce and preventing possible statistical analysis on these samples. Data presented
as meantSEM, statistical analysis conducted using the unpaired students t-test, **p<0.01 relative
to WTLI-KO mice.
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3.4 Characterisation of metabolic profile and development in western diet
fed mice

3.4.1 Myeloid-IRF8 reduction does not affect the metabolic profile of mice

IRF8 has been well characterised for its role in myelopoiesis across
multiple species [119]. However, previous studies have suggested a possible role
for IRF8 in regulating genes involved in both glucose and lipid metabolism within
the granulocyte monocyte progenitors in leukaemia [265]. Previous studies by
Pourcet et al., have demonstrated IRF8 regulation of genes known to affect the
development of atherosclerosis, namely Arginase-1 and IL-18bp [197], [233].
Interestingly, previous studies by Clement et al., investigating IRF8 deficiency in
CD11c* cells in atherosclerosis, had demonstrated an increase in plasma
cholesterol levels in CD11c-IRF8XC mice [177]. Thus, we explored the effect of
myeloid-IRF8 reduction on plasma cholesterol. In contrast to Clement et al.,
2012, we did not observe a difference in total plasma cholesterol levels between

M-IRF8KOL4KO and WTLAO mice (Fig 3.4.1 A).

As previous studies have identified a role for IRF8 in regulating genes
involved in glucose metabolism [265], we further determined whether this
association was mirrored by myeloid-IRF8 reduction and initially measured blood
glucose. A 30% reduction in blood glucose of both WT-O and M-IRF8KQ-dI©
was observed when fasted, however myeloid-IRF8 reduction had no effect on
blood glucose levels at both rested and fasted state (Fig 3.4.1 B). Despite
previous studies have demonstrated global-IRF8 deficiency to impact on the
expression of genes involved in glucose homeostasis [265], we have
demonstrated myeloid-IRF8 reduction does not impact overall blood glucose
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levels. Work by Scheller et al., 2013, that identified IRF8-associated differences
in glucose homeostasis, did so in the granulocyte-monocyte progenitors of
human chronic myeloid-leukaemia (CML) patients [265]. This suggests, the IRF8-
mediated differences observed by Scheller and colleagues may be due to
differences in IRF8 expression in immune cells other than myeloid-cells, since
their model depletes IRF8 from all cells. In agreement, Shaffer et al., 2008
demonstrated CML patients that presented with altered glucose metabolism was
due to the differential regulation of glucose-related genes by IRF4 in B-cells [266].
Although IRF4 is a different interferon regulatory factor, these studies suggest
regulation of glucose metabolism related genes in CML patients may be due to

differential expression of interferon regulatory factors in non-myeloid cells.

This work demonstrates that high-fat western diet-fed M-IRF8KQd'K©

mice do not develop impaired total plasma cholesterol or blood glucose

homeostasis, when compared to WTLAIKO,
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Fig 3.4.1 Myeloid-IRF8 reduction does not impair the metabolic profile of western diet fed
mice.

(A) Plasma cholesterol concentration of western diet fed mice. (B) Blood glucose measurements
recorded from the tail vein of western diet fed M-IRF8KO4™0 and WT-4™O mice at basal rate and
fasted basal rate post 12weeks of western diet feeding. All data are representative of n=10-
11/group, no significance identified upon performing statistical analysis using unpaired students
t-test.
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3.4.2 M-IRF8KOY™O mice display normal development

Upon confirming myeloid-IRF8 reduction did not impact on plasma
cholesterol and blood glucose, we next aimed to further investigate whether
myeloid-IRF8 reduction impacted on mouse development. Body and organ mass,
are often used to detect growth and metabolic related disorders than can affect
the overall development of the mouse [267]. To determine whether myeloid-IRF8
reduction affects the growth and development of the mice, body and organ mass
where recorded. As expected for the type of western diet used [268], the body
mass of both WTL4KO gnd M-IRF8KO4™KO increased by approximately 40% upon
feeding the mice a western diet [267]. However, myeloid-IRF8 reduction had no

effect on the overall body mass pre- or post-western diet feeding (Fig 3.4.2 A).

Further investigation into organ mass, demonstrates myeloid-IRF8 reduction
appeared to have no impact on the development of the liver, epidydimal fat, lung,
kidney or heart (Fig 3.4.2 B & C). However, M-IRF8KO4™O mice developed
significantly larger spleens in comparison to WT-4™© (Fig 3.4.2 C) representing
a modest increase of 13% in mass. Interestingly, IRF8 reduction has been
previously associated with splenomegaly [269], [270]. IRF8 has been shown to
negatively regulate the expansion of myeloid-derived suppressor cells within the
spleen, known to cause splenomegaly within the global-IRF8 deficient mouse
model [269]. However, when depleted from myeloid cells, including dendritic cells
or mature macrophages from chow fed mice, this phenotype is no longer
apparent [177], [270]. This is suggestive of a possible diet-induced splenomegaly

phenotype.
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To explore the overall effect of myeloid-IRF8 reduction on splenomegaly
development, we determined the % of cre expressing mature macrophages and
neutrophils within the spleen, characterised as (CD45*CD11b*CD64*F4/80*) and
(CD45'Ly6G") (Fig 3.4.2 D, Methods 2.5). Surprisingly, we do not see a
difference in the percentage of total splenic macrophages (Fig 3.4.2 E) nor in the
percentage of total splenic neutrophils (Fig 3.4.2 F) in western diet-fed mice. This
suggests that myeloid-IRF8 reduction may affect spleen size via dysregulation of
other cre-expressing cells, including monocytes or myeloid derived suppressor

cells, that have not been explored.
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Fig 3.4.2 Myeloid-IRF8 reduction does not impact on the body mass or organ development

of western diet fed mice.

(A) Total body mass of mice recorded pre and post western diet feeding. (B+C) Organ mass of
mice recorded post 12weeks of western diet feeding (n=10+11/group). (D) Gating strategy
implemented to decipher (E) macrophages (CD45+CD64+CD11b+F4/80) and (F) neutrophils
(CD45+Ly6G+) from spleens of western diet fed mice (pooled n=5/genotype). Data are presented
as mean * SEM, statistical analysis conducted using unpaired students t-test, *p<0.05, relative to

WTLAFKO myjce.
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3.4.3 Myeloid-IRF8 reduction does not affect the number of circulating

blood monocytes and neutrophils

Global IRF8 deficiency is known to disrupt myelopoiesis resulting in a
chronic myeloid-leukaemia like syndrome resulting in a significant reduction in
circulating monocytes and an aberrant increase in circulating neutrophils [121],
[245]. Previous work by Doring and colleagues, demonstrated hematopoeitc-
IRF8 deficient mice develop this CML-like phenotype, that ultimately contributed
to atherosclerotic plaque development [175]. As lysozyme M is solely expressed
in mature myeloid cells, not haematopoietic progenitors, it is not expected to
affect myelopoiesis, resulting in a CML-phenotype similar to that observed in
Doring et al., 2012. To confirm this, we determined the number of circulating
blood monocytes and neutrophils (Fig 3.4.3 A, Methods 2.6). There was no
significant difference in the number of the circulating neutrophils or monocytes in

the M-IRF8KO4"™O mice, when compared to WT-4™XO mice (Fig 3.4.3 B & C).

Overall, this data suggests that myeloid-IRF8 reduction does not impede
myelopoiesis or subject the mice to a phenotype similar to that of chronic myeloid
leukaemia like syndrome. This demonstrates the atherosclerotic phenotype
observed in M-IRF8KOM™O mice is not likely to be due to the formation of a CML
like phenotype, as previously demonstrated in the atherosclerosis prone

hematopoetic-IRF8 deficient mouse model [175].
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Fig 3.4.3 Myeloid-IRF8 reduction does not affect the total number of circulating blood
monocytes or neutrophils.
(A) Gating strategy implemented to identify monocytes (Ly6C+CD11b+CD115+) and neutrophils
(Ly6G+) from the blood (Lineage — CD3, CD19). (B) Total frequency of (B) circulating monocytes
and (C) circulating neutrophils (n=3/group). Data are presented as mean + SEM, no significance
identified upon performing statistical analysis using unpaired students t-test.
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3.5 Western diet fed mice do not develop a liver metabolic syndrome often
associated with atherosclerosis

Non-alcoholic fatty liver disease (NAFLD) is a classic example of a hepatic
metabolic syndrome that is often associated with coronary artery disease [251],
[252]. NAFLD is characterised by an increase in hepatic triglyceride accumulation
resulting in increased hepatic inflammation and fibrosis [187]. Increases in
systemic inflammation, fibrinogen, C-reactive protein and disturbances in
lipoprotein metabolism associated with NAFLD are also risk factors for
cardiovascular disease. For this reason, it is thought many NAFLD patients are
often at an increased risk of developing cardiovascular complications, including

atherosclerosis [187], [271].

However, select interferon regulatory factors, including IRF6 and IRF5,
have also been implicated in the development of NAFLD [191], [192]. The
negative regulation of peroxisome proliferator-activated receptor y (PPARYy)
induced lipogenesis and fatty acid uptake, by IRF6 has been shown to protect
against NAFLD, when rodents are challenged with a high-fat diet [191]. Induction
of macrophage-specific IRF5, also contributes to inflammation resulting in
hepatocyte apoptosis in models of NAFLD [192]. IRF9, however, is known to
protect against NAFLD development when over expressed, due to its positive
regulation of PPAR-a target genes known to maintain hepatic fatty acid
metabolism [193], [195]. Although IRF8 has not been associated with the
regulation of peroxisome proliferator-activated receptor, it is a known target gene
of the nuclear receptor LXR, also known to contribute to NAFLD due to its

regulation of genes involved in triglyceride metabolism [190], [197].
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Therefore, we next aimed to investigate myeloid-IRF8 reduction in the
development of NAFLD. To investigate this, the diameter and area of lipid
droplets present within the H&E stained livers of both M-IRF8KQOIKO gnd
WTLAKO mice where quantified as described in section 2.3.5 [190]. Due to the
sporadic nature of both macro and microvesicular lipid droplets present within the
livers of mice fed a high fat diet, lipid droplets were quantified at four different
regions using an unbiased randomized approach. Interestingly, there was no
significant difference observed in the number and size of lipid droplets present

within the liver of M-IRF8KO4"™O mice when compared to WT-4™O mice (Fig 3.5).

Overall, this suggests myeloid-IRF8 reduction does not impact upon
NAFLD development, however, the amount of cholesterol present within the
western diet used is significantly lower than the traditional high fat high
cholesterol diets generically used to study fatty liver disease. To gauge a clearer
understanding on the effect of myeloid-IRF8 reduction on NAFLD specifically, it
would be more suitable to challenge mice with a high fat high cholesterol diet,

that is more suited to NAFLD-specific studies.
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Fig 3.5. M-IRF8KO'"™° mice display no difference in hepatic lipid droplet in comparison to
WTLIKO mice fed a western diet.

(A) Images of H&E stained livers from western diet fed mice. (B) Quantification of lipid droplets in
the livers of western diet fed mice, using Eli 2.0 analysis software (n=5/group). Data presented
as mean+SEM. No statistical significance was identified upon performing statistical analysis using
the ROC — Area under the curve test on GraphPad Prism v8.0.
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3.6. Summary

1. When challenged with a high fat western diet, myeloid-IRF8 reduction
retards atherosclerotic plaque formation within the aortic root.

2. M-IRF8KO"™O mice develop fewer advanced stage plaques. However,
the severity of advanced stage plaques developed, as quantified by
necrotic core and fibrous cap area and thickness, in both WTAO gnd M-
IRF8KO"™O mice does not differ.

3. M-IRF8KO"O mice have significantly fewer plaque CD68+ cells within
their aortic roots alongside fewer aortic macrophages.

4. Myeloid-IRF8 reduction does not impact on hepatic lipid droplet formation,

a characteristic of NAFLD, when challenged with a high fat western diet.

3.6.2 Discussions and Limitations

3.6.2.1 IRF8 and myelopoiesis in atherosclerosis

IRF8 has been well characterised for its role in the regulation of the type I
interferon immune response against infection and inflammation [272].
Throughout this study we have uncovered a novel protective role of myeloid-IRF8
reduction in protecting against the inflammatory, lipid-mediated development of
atherosclerosis (Fig 3.3.1). Upon generating a model that selectively reduces
IRF8 from mature myeloid cells, using cre/loxP recombination in lysozyme M
expressing cells, we have been able to investigate the myeloid-specific role of
IRF8 in atherosclerosis development. Our findings demonstrate, when
challenged with a high fat western diet, M-IRF8KO-"KO mice develop significantly
less atherosclerotic plaque within the aortic root in comparison to WT-4KO mjce
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(Fig 3.3.1). In contrast to previous studies by Doring et al., 2012, M-IRF8KQIKO
mice do not display a chronic myeloid leukaemia like syndrome, which has
previously been reported to promote atherosclerosis due to the expansion of
circulating neutrophils and reduction in circulating monocytes, which is not
apparent in the M-IRF8KO-4™© mice (Fig 3.4.3). Due to IRF8 deletion in mature
myeloid-cells, differences in neutrophil and monocyte number are not expected.
This is due to the role of IRF8 in preventing further neutrophil production, when
expressed in granulocyte-monocyte progenitors (GMPs). IRF8 binds and
transcriptionally represses the activation of the transcription factor, Cepb/a, that
is crucial for neutrophil development. This allows for subsequent activation of the
transcription factor KLF4, of which IRF8 forms a heterodimeric complex with and
is able to promote further development of myeloid-cells, [129], [174]. Impairment
of IRF8 expression in GMPs, has been shown to disrupt myelopoiesis, resulting
in an aberrant increase in circulating neutrophils and decrease in monocytes, as
demonstrated in human and mouse IRF8-silenced immunodeficiencies [121]. For
this reason, differences are not expected and have not been observed in the

proportion of circulating monocytes and neutrophils in M-IRF8KOL4™C mice.

3.6.2.2 Myeloid-IRF8 and atherosclerotic plaque development

Interestingly, we observed myeloid-IRF8 reduction has no impact on
atherosclerotic plaque development within the total or subsections of the
descending aorta (Fig 3.3.1). Atherosclerosis is known to develop in a site-
specific manner, where increased plaque development is often identified in

regions with lesser curvature, in particular at aortic branch points [257].
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Therefore, differences in plaque development are often observed within the aortic
root and arch during the initial months of western diet feeding [273]. However,
fluid sheer stress is also known to have a large impact on atherosclerosis site
specificity, particularly as laminar blood flow impacts on endothelial cell
morphology and subsequent gene expression. Aortic endothelial cells exposed
to disturbed blood flow demonstrate an activated, pro-inflammatory phenotype
due to an increase in NF-kB signalling resulting in enhanced inflammation (IL-1a.,
reactive oxygen species) and pro-atherogenic gene expression (ICAM-1, V-
CAM1, MCP-1, VEGF). Collectively this has been shown to promote endothelial
cell permeability and lipid uptake rendering sites exposed to disturbed blood flow
prone to atherosclerotic plaque development. This suggests that differences in
sheer stress blood flow may contribute to differences observed in atherosclerotic
plaque development in the aortic root, arch and descending thoracic and

abdomen (Fig 3.4.2).

3.6.2.3 The impact of myeloid-IRF8 reduction on atherosclerotic plaque

severity

However, plaque burden alone is often not enough to decipher the risk of
potential clinical events. Investigating the severity of atherosclerotic lesions,
using tools including histopathological analysis have proven highly beneficial in
understanding the type and severity of plaques generated. This can therefore be
used in identifying risk of clinical events [274]. To have a clearer understanding
on whether myeloid-IRF8 reduction impacted on lesion severity as well as plaque

burden, histopathological analysis was performed on the aortic root plaques.
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Considering both WTL4KO and M-IRF8KO4™XO mice develop a similar number of
early stage plaques, the number of moderate and advanced stage plaques

developed were much fewer in the M-IRF8KO-4™C mice (Fig 3.3.2).

Previous studies have demonstrated IRF8 regulation of key processes involved
in advanced lesion formation, namely efferocytosis and neointima formation via
phenotypic switching of smooth muscle cells (SMCs) [175], [275]. Defective
efferocytosis is typically associated with enhanced acellular necrotic core
formation due to the inability of plaque macrophages to effectively remove
apoptotic cells and lipids. This combined with the formation of a fibrous cap
surrounding the plaque, due to an increase in fibrotic collagen formation, is known
to contribute to advanced plaque formation [276]. Enhanced necrotic cores due
to defective efferocytosis has been observed in hematopoetic-IRF8XC mice, as
characterised by decreased macrophage expression of scavenger receptor
CD36 and removal of apoptotic neutrophils [175]. However, M-IRF8KOO mice
do not display differences in necrotic core formation (Fig 3.3.2). It must be noted,
however, that hematopoetic-IRF8%C mice displayed an aberrant increase in
apoptotic plaque neutrophils which also contributed to increased plaque size. On
the contrary, M-IRF8KO4™C mice do not display a difference in aortic neutrophil
content which may contribute to the lack of difference observed in necrotic core

formation.

Alongside plaque necrosis, fibrous cap area and thickness largely contribute to
plaque severity and stability. Historically, fibrous caps predominately form at the

advanced stage plaque, once atheroma has been established. The thickness of
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the fibrous cap indicates the probability of plaque rupture, specifically as plaques
with thin fibrous caps are more prone to rupture than plaques with large fibrous
caps [277]. IRF8 is known to regulate phenotypic switching of smooth muscle
cells when over expressed, from a quiescent to synthetic proliferative phenotype
and proliferative smooth muscle cells form a large component of the fibrous cap
[275], [278]. Previous studies investigating hematopoetic-IRF8 and CD11c-
specific IRF8 in atherosclerosis, have shown IRF8 expression to modulate
collagen formation and hence fibrous cap area [175], [177]. However, we
interestingly observe no difference in the area or diameter of fibrous cap
formation within advanced plaques (Fig 3.3.2). It is possible the study is not
powered enough to detect differences in the the formation of the fibrous cap and
necrotic core. To determine the sample size required to gain significance, we
performed a sample size and power calculations based on a priori determined
outcome, using the GPower online software. Using this software, we generated
an effect size of of 0.64, based on the mean and standard deviations of the plaque
necrotic core area in WT-4KO gnd M-IRF8KOM™O mice, combined with a power
of 0.8, demonstrating a further 31 mice would be required for significance to be
achieved. Although a larger sample size is required, the data currently suggests
myeloid-IRF8 reduction alone may not be enough to impact on atherosclerotic
fibrous cap development. It is possible that expression of IRF8 in other cells
including CD11c* plaque cells and smooth muscle cells may be sufficient to
maintain for instance collagen formation, involved in fibrous cap formation.
Overall, this implies myeloid-IRF8 reduction may delay the onset of
atherosclerotic plaque development. However, as studies where performed on

mice after only 12 weeks of western diet feeding, it raises the possibility that
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plaque formation may be delayed in M-IRF8KO-™C mice. To further explore this,

studies could be performed on mice after different periods on western diet.

3.6.2.4 Macrophage composition within the atherosclerotic plaque

Although myeloid-IRF8 reduction does not promote differences in plaque
severity, the differences elicited in plaque area and burden may be due to
differences in plaque immune cell composition as demonstrated by the significant
decrease in CD68+ cell content within the plaques. CD68 is a cell surface marker
highly expressed on monocytes, macrophages and to some degree on smooth
muscle cells also [279]. Considering the important role of macrophages in
atherosclerosis development from the initial onset to advanced lesion formation,
plaque macrophage content is also used as an indicator to possible processes
that may be influencing plaque progression. Intriguingly, M-IRF8KOL4™C mice
display a significant reduction in plaque CD68* content in comparison to WT-dKO
mice and this is further supported by the decrease in aortic macrophages present
within  M-IRF8KOM4"™O mice. This highlights a novel role for myeloid-IRF8
reduction in modulating the CD68+ cell content within the plaques. Considering
the frequency of circulating monocytes does not change between the genotypes,
the differences in aorta and plaque macrophage content may suggest differences
in macrophage apoptosis or a functional inability of myeloid-IRF8 macrophages
to be able to migrate across the subendothelial membrane and into the growing
plaque. Further investigation into chemotaxis-related gene expression and
migration of IRFBKO-"C macrophages would help clarify this, as discussed later

within the thesis.
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3.6.2.5 Myeloid-IRF8 reduction and NAFLD

Atherosclerosis is often associated with many other metabolic disorders
due to shared risk factors. NAFLD is one such example of a metabolic disease
often associated with patients with coronary artery disease. Interestingly,
interferon regulatory factors have also been implicated in NAFLD development,
specifically IRF6 and IRF9. Both IRF6 and IRF9 deficiency has been shown to
promote liver steatosis via dysregulation of PPAR-alpha and gamma signalling
pathways [194], [280]. Although IRF8 has not been implicated in fatty liver
disease before, its known positive regulation by PPAR-y in alveolar macrophages
prompted us to further explore its possible role in fatty liver disease when deficient
in myeloid-cells in mice fed a high fat western diet [281]. Upon quantifying the
diameter of micro-vesicular and macro-vesicular lipid droplets in the livers of M-
IRF8KOLKO and WTLIKO mice, we interestingly, did not observe any difference
in lipid droplet formation. This suggests myeloid-IRF8 reduction is not likely to
impact on fatty liver disease when challenged with a high fat western diet.
However, it must be noted that the high-fat western diet used in this study, is not
designed to promote NAFLD [282]. Therefore, to explore the role of myeloid-IRF8
in NAFLD, specifically, it would be more suited to use a high fat high cholesterol
diet, that is designed for NAFLD studies. Collectively, this demonstrates the
atherosclerosis phenotype identified in the M-IRF8KOL4™C mice is not likely to be
associated with NAFLD. In order to investigate the role of myeloid-IRF8 reduction
in atherosclerosis and NAFLD, the mice would need to be challenged with a high

fat high cholesterol diet.
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3.6.2.5 Conclusion

Overall, this chapter has demonstrated that myeloid-IRF8 reduction
retards the development of atherosclerosis, when challenged with a high fat
western diet. Myeloid-IRF8 reduction also hindered the development of advanced
stage plaques alongside reducing plague macrophage content. Overall, this
highlights a novel athero-protective role for myeloid-IRF8 reduction in

atherosclerosis development.
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Chapter 4: Results - Potential mechanisms underlying the athero-
protective role of myeloid-IRF8 reduction

4.1 Part A: Identifying intracellular signalling pathways affected by myeloid
IRF8-knock down.

4.1.1 Introduction

IRF8 is a transcriptional regulator of a large network of genes involved in
mediating the innate and adaptive inflammatory immune response [94], [283].
The ability of IRF8 to regulate various signalling pathways, largely depends on
the transcription factor of which it forms a heterodimeric complex [119].
Structurally, IRF8 consists of an interferon association domain, to which it binds
to its partner transcription factor, and a DNA binding domain, to which it binds a
unique IRF response element within the regulatory regions of its target gene, as
demonstrated in Fig 1.1. Upon binding and forming a heterodimeric complex with
a partner transcription factor, IRF8 can either activate or repress gene
expression, as shown in table 3 [284]. Typically, IRF8 acts as a transcriptional
activator when bound to the E26 transformation-specific or E-twenty-six (Ets)
transcription factor PU.1, of which it binds a unique Ets-interferon consensus
elements (EICE). IRF8 also functions as a transcriptional activator when bound
to an activating protein-1 family member (AP-1), such as BAFT3, to which it binds
a unique AICE response element. However, when in a heterodimeric complex
with either IRF1 or IRF2, IRF8 becomes a transcriptional repressor and
specifically represses genes upon binding an interferon stimulated response

element (ISRE).
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Co-transcription Motif name Function Sequence

factor
PU.1 EICE Activation GGAANNGAAA
AP-1 AICE Activation TGANNNGAAA
IRF1/ IRF2 ISRE Repression GAAANnGAAA

Table 4. The co-transcription factors that form a heterodimeric complex when bound to
IRF8 and their regulation of gene expression.

Through these modes of action, IRF8 regulates a wide range of
processes, that when dysregulated, result in increased susceptibility to infection

and an impaired inflammatory response [153], [285].

My findings in Chapter 3 demonstrate myeloid-IRF8 reduction retards
atherosclerotic plaque development in mice challenged with a western diet. The
aim of this chapter is to determine potential mechanisms by which myeloid-IRF8
reduction confers this athero-protection. Considering the role of IRF8 as a
transcriptional activator and repressor, the focus of this chapter is to elucidate
how the differences in transcriptional regulation elicited by myeloid-IRF8 may
functionally impact on atherosclerosis development. To investigate this, |
analysed genome wide transcriptomic differences in bone marrow-derived
macrophages from western diet-fed WT-4KO and M-IRF8KO"™O mice by RNA-

Sequencing (RNA-Seq).
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4.1.2 Myeloid-IRF8 reduction reprograms macrophage gene expression

The bone marrow from n=3 western diet-fed WT-4™° and M-IRF8KQdI'K©
mice were isolated and differentiated into macrophages in vitro. RNA was
subsequently isolated from the untreated macrophages and used for RNA-
Sequencing. RNA-Seq analysis, using the online platform Metascape,
demonstrate significant transcriptional differences between the WT-4XO and M-
IRF8KO™O mice (Fig 4.1.2). Overall, we discovered 366 genes that were more
than or equal to 1.3-fold differentially regulated in M-IRF8KOM™O mice, when
compared to controls. We identified 167 upregulated genes (orange) and 199
downregulated (blue) genes in the IRF8-KO macrophages as demonstrated in
the volcano plot (Fig 4.1.2 A), with the grey dots displaying the proportion of
genes that did not meet the applied cut offs. Additionally, the heatmap displays
the differential regulation of genes within each triplicate sample that was
sequenced from the macrophages of WTL4"™KO and M-IRF8KO-I™O mice (Fig

4.1.2 B).

To identify the biological pathways associated with the differentially
regulated genes, gene set enrichment analysis was performed using the online
web-based tool, Metascape (described in 2.8.3). Metascape is a platform that
provides combined gene annotation, functional enrichment and interactome
analysis by comparing an input gene list against 40 independent
knowledgebases, including KEGG, Reactome, Gene Ontology and MSigDB
[242]. Each knowledgebase contains curated genes under specific gene
modalities (as described in Methods section 2.8.3). Identification of pathways
selectively enriched in the uploaded differentially expressed gene list can help
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elucidate critical molecular functions and processes that may contribute to the
protective phenotype that myeloid-IRF8 reduction confers against

atherosclerosis.

This analysis identified ‘Cancer’ (Log1oP = -7) and ‘Response to growth
factor stimulus’ as the most significantly upregulated pathways, implying IRF8
regulates genes involved in cell growth. However, many genes within these
pathways; including Bcl2, Bmp2, Fos, Ednrb, Sort1, Vegfa, Nr4a1, are also
associated with ‘Positive regulation of cell death’, ‘Cell adhesion’ and ‘Cell
chemotaxis’. This demonstrates that these genes also contribute to other
atherosclerosis-related pathways [286]-[290] that may contribute to the athero-
protective phenotype exerted by myeloid-IRF8 reduction. We also identified
‘Fatty acid transmembrane transport’ as the most enriched upregulated pathway
(Enrichment Ratio = 48). The enrichment score is a measure of the number of
IRF8-target genes identified divided by the number of genes annotated to this
pathway [291] (Fig 4.1.2 C). Alongside this, ‘Inflammatory response’ and
‘Leukocyte migration’ were the most significantly (Log1oP = -12) downregulated
pathways with ‘Lipid metabolism’ being the most enriched downregulated

pathway (Enrichment ratio = 29) (Fig 4.1.2 D).

To effectively visualise the degree of association between each pathway,
a clustergraph was produced for each set of upregulated and downregulated
pathways. An additional benefit of generating clustergraphs is the ability to
visually cluster pathways hierarchically based on their similarity in function.

Hierarchically clustering each functional term into a tree, based on Kappa-
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statistical similarities among their gene memberships, prevents repetition of
associated pathways generated from different knowledgebases. The subset of
similar representative terms within each cluster form the subtrees. More
specifically, each term is represented by a circle node, where its size is
proportional to the number of input genes that fall into that term, and its colour

represents its cluster identity, as indicated on the bar chart (Fig 4.1.2 C & E).

The clustergraphs demonstrate the degree of overlap between the genes
in enriched pathways, as shown by the interconnecting purple lines. Interestingly,
the most significant downregulated pathway ‘Inflammation’ has more
interconnecting purple lines, and hence greater gene overlap, with other
downregulated pathways (Fig 4.1.2 F). This indicates, many downregulated
‘Inflammatory’ genes are also present in other pathways, in comparison to the
‘Response to growth factor’ related genes. Collectively, this implies there is a
greater functional overlap between genes that are downregulated in response to
IRF8-reduction than genes that are upregulated in response to IRF8-reduction.
In addition, the genes present in the most enriched upregulated (Lipid transport)
and downregulated (Lipid metabolism) pathways share minimal overlap with
other pathways. This indicates the IRF8 regulated genes within these pathways
are only, reportedly, specifically involved in this process when compared to all
other IRF8-regulated genes. The high enrichment ratio of 48 for upregulated
genes involved in ‘Lipid transport’, is due to 50% of the genes annotated to this
pathway also being regulated by IRF8. The enrichment ratio of 29 for
downregulated genes reported in ‘Lipid metabolism’, is due to 75% of genes

annotated to this pathway being regulated by IRF8, as displayed in Fig 4.1.1.
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Genes annotated to Upregulated genes in
‘Lipid transport’ pathway IRF8-KO macrophages

Used to calculate enrichment ratio

Fig 4.1.1 Derivation of enrichment score.

This demonstrates IRF8 regulates a niche subset of genes specifically
involved in lipid homeostasis. However, whether the differential regulation of
these genes by IRF8 has direct functional implications on atherosclerosis

development remains to be further explored.

Collectively, these results demonstrate IRF8 acts as both a transcriptional
activator and repressor in macrophages from western diet fed M-IRF8KQ-dK©
mice, as shown by the 199 downregulated and 167 upregulated genes. Although
a similar number of up and downregulated genes were uncovered, the pathways
associated with the downregulated genes were more significantly enriched
(highest downregulated pathway Log10P = -12) when compared to the
upregulated ones (highest upregulated pathway Log10P = -7). This may be due
to the larger number of downregulated genes sharing similar functions and being
associated to a specific pathway in comparison to the upregulated ones. This

information allows us to investigate the mechanism by which IRF8 regulates the
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identified significantly enriched pathways and explore their potential contribution

to atherosclerosis development.
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Fig 4.1.2 Myeloid-IRF8 deficiency reprograms macrophage gene expression.

(A) Volcano plot of fold change vs. P value of differentially expressed genes comparing 12-wk-
old, WD-fed M-IRF8KQ-I™K® and WT4"™O hone marrow-derived macrophages (n = 3/group). The
grey line indicates an adjusted P value threshold of 0.05 (Wald test for logistic regression). (B)
Clustered heat map of RNA-seq normalised gene counts in WD-fed macrophages (n = 3
mice/group). Gene set meta-analysis demonstrating most significant (C) upregulated and (D)
downregulated pathways of genes differentially regulated by myeloid-IRF8 deficiency with their
corresponding enrichment score indicated. The red box indicates the largest enrichment score.
Pathway enrichment network visualisation showing the intra-cluster and inter-cluster similarities
of enriched terms for (E) upregulated and (F) downregulated pathways. Novel atherosclerosis
specific IRF8 regulated pathways, when compared to WT"KO, are highlighted in light pink, where
the degree of regulation in the most significant differentially regulated pathway is further
highlighted in the corresponding heatmap, showing normalized gene counts. Remaining cluster
annotations are shown in colour code on the (C) upregulated and (D) downregulated pathway
analysis bar chart. Pathway analysis and enrichment visualisation was performed using
Metascape. Data presented are Linear fold change 1.3, FDR 0.05, p<0.01.

4.1.3 Myeloid-IRF8 positively regulates inflammatory gene expression

The ‘Inflammatory response’ pathway was the most significant IRF8-
downregulated pathway (LogioP = -12) identified amongst the differentially
expressed genes in IRF8-KO macrophages. This pathway encompasses 40
genes, where the top 4 differentially regulated genes include the pro-
inflammatory chemokines (Cxcl11 FC -7.3, Cxcl10 FC -3, Ccl8 FC -4.6, Ccl12
FC-3.5) all known to contribute to atherosclerosis development when their

expression is induced [292]-[294] (Fig 4.1.3 A).

The hyperlipidaemic, atherosclerosis-prone environment, caused by the
deficiency of the LDL-receptor in M-IRF8KO4™O mice, combined with the fat-rich
diet, contributes to the altered regulation of pro-inflammatory genes and
signalling pathways. As IRF8 is known to be crucial for macrophage response to
infection and inflammation, we next interrogated whether the hyperlipidaemic
environment of M-IRF8KO"™KO mice impacts on the regulation of IRF8-target
genes. To do this, we compared IRF8-target genes identified in western diet-fed

M-IRF8KOI™O mice to IRF8-target genes identified in an independent study in
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normolipidemic mice [86], [94]. The Bxh2 mouse model harbours a single point
mutation within the interferon association domain of IRF8, effectively silencing
IRF8 expression, mimicking the global-IRF8KO mouse model [86], [94].
Differences in transcriptional regulation elicited by IRF8 deficiency was explored
in the macrophages from Bxh2 mice by Langlais et al., 2016 and Mancino et al.,
2015. To identify for differences in the regulation of ‘Inflammatory’ genes
identified in macrophages from M-IRF8KOM™KO mice and Bxh2 mice,
comparisons of genes, with a linear fold change cut of off = 1.3, were performed

using Metascape.

Interestingly, we identified a 50% overlap of inflammatory genes regulated
by IRF8 in western diet challenged, hyperlipidaemic M-IRF8KO-I"™KO mice when
compared to normolipidemic Bxh2 mice (Fig 4.1.3 B). This 50% overlap
encompasses a limited number of 21 genes and demonstrates a select number
of ‘inflammatory’ genes that are regulated by IRF8 in both a hyperlipidaemic and

normolipidemic environment.

With advances in next generation sequencing, recent studies have
investigated the transcriptional profile of macrophages from the aorta of western
diet fed LDLRKX® mice [78]. Plague macrophages arise from both circulating
monocytes and the proliferation of local aortic macrophages [57]. However, the
majority of proliferating aortic macrophages originate from circulating monocytes
[22]. The hyperlipidaemic environment of western diet-fed mice promotes
monocytosis in the bone marrow, leading to increased circulating bone marrow-

derived monocytes that ultimately contributes to the aortic plaque macrophage
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content [21], [295]. Therefore, we aimed to determine how the regulation of the
366 IRF8 target genes identified in hyperlipidaemic M-IRF8KO™KO mice,
compare to aortic macrophages from atherosclerosis prone LDLRX® mice from
an independent study by Cochain and colleagues [78]. To investigate this,
comparisons were performed between the aortic macrophage subsets identified
by Cochain et al., 2018 that are enriched in pro-inflammatory markers (TNF-a,
IL-6, IL-1B); trem2hi and inflammatory [78], and the myeloid-IRF8 target genes
identified in our study. The inflammatory macrophage subset is enriched in
classic pro-inflammatory genes, including; /I-145, TNFea, IL-6, Nf-xb, whereas the
trem2hi macrophage subset display enriched expression of genes involved in
lipid metabolism, oxidation and calcification, including Cxcl/16, Lpl, Lgmn, Fabp¥,
Fcer1g [78]. Interestingly, 174 out of a total 582 genes that were enriched in
inflammatory aortic macrophages overlapped with genes enriched in trem2hi
aortic macrophages, with IRF8 being one of them. This demonstrates IRF8 is
differentially regulated in the macrophages from atherosclerosis-prone mice and
warrants further investigation of IRF8-target genes within the inflammatory and
trem2hi aortic macrophage subsets (Fig 4.1.3 C). Upon performing comparative
analysis with Metascape, we identified 14 IRF8 target genes from M-IRF8KQ-dKO
macrophages are enriched in lipid-associated trem2hi aortic macrophages and
26 IRF8 target genes macrophages are enriched in inflammatory aortic
macrophages (Fig 4.1.3 C). Although these are a limited number of genes, a
large degree of functional overlap between the IRF8 target genes that were not
differentially regulated within inflammatory and trem2hi aortic macrophages was
revealed. This is demonstrated by the light blue overlapping lines on the circos

plot (Fig 4.1.3 C). Collectively these results show a greater proportion of IRF8-
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target genes share functional similarities to both inflammatory and trem2hi aortic

macrophages.

To determine the regulation of the overlapping 24 IRF8-target genes with
inflammatory and trem2hi aortic macrophages, a heatmap of the fold changes
from each gene list was generated (Fig 4.1.3 D). Interestingly, a striking majority
of genes in IRF8-KO macrophages showed reduced expression in comparison to
aortic and trem2hi macrophages. This uncovers the anti-inflammatory properties
of IRF8-KO macrophages and implies IRF8 may contribute to the regulation of
differentially expressed pro-inflammatory genes enriched in the aortic
inflammatory and trem2hi macrophages of LDLRK® mice [78]. Overall, this
identifies a role for myeloid-IRF8 in regulating a select subset of pro-inflammatory

genes, that are enriched in an atherosclerosis-prone environment.
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Fig 4.1.3 Macrophage-IRF8 positively regulates inflammatory gene expression.

(A) RNA-seq normalised gene counts of the topmost significantly downregulated pro-
inflammatory genes in Western Diet-fed M-IRF8KO4™0 and WT"K® macrophages (n=3/group,
grey = WTHIO green = M-IRF8KO4™O) (B) Venn diagram comparing the differentially regulated
genes identified in basal IRF8-KO macrophages (green) and IRF8 target genes from
normolipidemic IRF8-silenced Bxh2 mice (Langlais et al, 2016) (purple). The most significantly
regulated genes (fold change) are highlighted in each Venn section. (C) Circos plot highlighting
the overlap of differentially regulated genes (purple lines) identified in untreated IRF8-KO ,
inflammatory aortic and trem2hi aortic macrophages (as described in Cochain et al., 2018). The
blue lines link the different genes that share the same gene ontology, whereas the purple lines
link overlapping genes. The attached Venn (right) further highlights the number of differentially
regulated genes that overlap between the (C) three input gene lists. (D) Heatmap of fold changes
of the 24 genes present in the three gene lists. Fold changes shown (Linear, 1.3+ for all gene
lists). Data presented are Linear fold change 1.3, FDR 0.05, p<0.01.
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4.1.4 Myeloid-IRF8 promotes macrophage migration via regulation of

chemotaxis-related genes

Aberrant chemotaxis of leukocytes is one of the hallmarks of
atherosclerotic plaque initiation [48]. Amongst the top regulated pathways,
‘Leukocyte chemotaxis’ was the second most significantly reduced (Log1oP =-8)
in BMDMs from M-IRF8KOM4™O mice. Due to the pivotal role of chemotaxis in
atherosclerotic plaque progression, we further explored the regulation of IRF8-
target genes involved in this pathway. A total of 26 pro-chemotactic genes
implicated in atherosclerotic plague progression were down regulated in M-
IRF8KOI"™KO macrophages. The most strongly regulated genes (Ccl3 FC -1.6
fold, Ccl4 FC -2.3 fold, Ccl8 FC -4.6 fold, Ccl12 FC -3.5 fold, Cxcl10 FC -3 fold,
Cxcl16 -1.6 fold) were validated in a separate independent set of animals (Fig
41.4 A & B). This demonstrates myeloid-IRF8 positively regulates pro-
chemotactic gene expression. However, among the most significantly regulated
pro-chemotactic genes, we uncovered a subset of G-protein coupled receptors
that have not been previously associated with macrophage migration in
atherosclerosis (P2ry12, P2ry13, P2ry14). To determine the regulation of these
purinergic receptors by IRF8, we performed chromatin immunoprecipitation, to
detect IRF8 occupancy of these genes. As shown (Fig 4.1.4 C & D), we observed
increased IRF8 occupancy at an IRF-site proximal to the promoter and enhancer
region of P2ry12 and P2ry13, when compared to the IgG control. These regions
of IRF8 binding, originally identified as IRF8 binding sites by Natoli and
colleagues, using chromatin immunoprecipitation sequencing [86], also

demonstrated increased acetylation of H3K27 which is representative of open
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chromatin often identified in promoter and enhancer regions of active

transcription (Fig 4.1.4 C & D) [296].

Having shown the regulation and occupancy of pro-chemotactic P2ry13
and P2ry14 by IRF8, we next questioned the functional impact this may have on
macrophage migration. Enhanced myeloid-cell chemotaxis contributes to
atherosclerotic plaque initiation [297]. Upon investigating whether the differential
regulation of pro-chemotactic genes by IRF8 influences migratory ability of
BMDMs from M-IRF8KOMKO mice, would guide us towards the potential
mechanism by which myeloid-IRF8 deficiency retards atherosclerotic plaque

development.

The pro-atherosclerotic macrophage chemotactic protein, MCP-1, plays a
crucial role in the recruitment of myeloid cells to the atherosclerotic plaque [298].
The hyperlipidaemic environment, caused by the western diet, promotes MCP-1
expression, resulting in enhanced monocyte recruitment [51]. For this reason, we
used MCP-1 as a chemoattractant to monitor changes in macrophage migration.
Interestingly, we observed a significant decrease in the number of IRF8-KO
macrophages, migrating towards MCP-1, in comparison to WT macrophages,
under basal conditions over 20 hours (Fig 4.1.4 E). This demonstrates a novel
functional role of myeloid-IRF8 deficiency impairing the migratory capacity of
macrophages.

To determine whether myeloid-IRF8 deficiency impacted on the migration
of macrophage foam cells towards MCP-1, BMDMs from M-IRF8KQO-4K® gnd

WTLAKO mice were also exposed to native or acetylated LDL for 24 hours, thus
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inducing foam cell formation. Interestingly, in this experimental setting addition of
acLDL had no impact on the number of migrating macrophages, as demonstrated
by the similar number of WT-Basal and WT-acLDL macrophages migrating
towards MCP-1 (Fig 4.1.4 E). Similarly to basal macrophages, myeloid-IRF8
reduction also impaired the migration of macrophage foam cells by ~50% (Fig
4.1.4 E & F). This suggests that, myeloid-IRF8 reduction impairs the migration of

macrophages irrespective of foam cell formation, in vitro.

Overall, these results uncover a role for myeloid-IRF8 reduction in
negatively regulating chemotactic gene expression that may contribute to the
impaired macrophage migration under basal conditions and in response to native
and acetylated LDL. Therefore, these results imply myeloid-IRF8 reduction may
lead to the reduced recruitment of myeloid-cells to the atherosclerotic plaque,
resulting in reduced plaque CD68+ cellular content (Fig 3.3.3 B) thereby

contributing to the observed reduced atherosclerosis development (Fig 3.3.1).

151



Chemotaxis Chemotaxis related genes

Celg

qmtclﬂ § c

Ch2sh x.o

} (Cxeito E 2

L] Ceiz S g-

‘ P2ry12 T X

Gpr18 E o

Ccl4
‘ ApoD

Fpr2

Ccl3

Aift

Cxcl11
Cxcl16
P2ry12
Ch25h
Cxcl10
Ccl4
Ccl12
Ccl8

Fcerlg
Ptgerd
Ccl3

Cxcl16
o B
Cmkirt T o |:| WTLdIrKO

Fpr1
[ ] m-IRFgko-a©

M}

Row Z-Score

WTLAIKO M-IRF8KOLdIrko
+ +1

Payts ' w00 payta L -sesop
H o poa D P d
ISRE D ISRE
P2ry13 P2ry14
15 8
2 ,
s 3 6
& 10- ]
E E
5 s 4
= =
§ ° & .
T k)
© o
w Q- w o-
IRF8 27ac 19G IRF8 27ac 1gG
Migration assay F WTLAKO  M-IRF8KOLAIKO
100 ek 4 o .
g 80 e .
nLDL | -7 ¢, 2% ;
S 60 B L R
2 40 v
E o8
S 20 acLDL
=z
o .. . S ' :-.‘. i
Basal nLDL aclLDL st oM e AT

Fig 4.1.4 Myeloid IRF8 positively regulates chemotaxis-related gene expression and
macrophage migration.

(A) Clustered heatmap of RNA-seq chemotaxis related normalised gene counts in macrophages
from Western diet-fed mice (n = 3/group). (B) Relative gene expression of chemotaxis-related
genes validated in an independent experiment, Western diet-fed macrophages (n=3/group). IRF8
occupancy and H3K27 acetylation (H3K27Ac) at the P2ry13 (C) and P2ry14 (D) identified IRF8
binding sites [86] at chromatin from BMDMs from WT-4™0 Western diet-fed mice are shown. Data
are normalized to input compared with IgG as a negative control. One representative experiment
of two (each using n = 2/genotype) is shown. (E) Macrophage migration assay demonstrating
number of Western diet-fed M-IRF8KO-4"KO and WT-4"KO macrophages migrating over 8um
membrane towards 100ng MCP-1 over 20hrs, at basal (untreated) and challenged with nLDL and
acLDL (n=3/group, grey = WT-4™O green = M-IRF8KO4™0)_(F) Representative images of PFA-
fixed, violet stained macrophages post migration (40x optical zoom). Statistical significance
calculated using unpaired Student’s t-test *p>0.05, **p>0.01, ***p>0.001, ****p>0.0001, relative
to WTLI-KO mice.
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4.1.5 Myeloid-IRF8 regulates macrophage foam cell formation via regulation

of lipid-biosynthesis genes.

Overrepresented functional pathways, obtained from differentially
regulated gene lists, are often categorized according to their level of significance.
Therefore, categorizing pathways according to their enrichment score provides
an alternative effective method to elucidate critical pathways that may contribute
to the phenotype observed, in this case atherosclerosis. Upon ranking pathways
according to their level of enrichment, ‘Fatty acid transmembrane transport’ was
the most enriched upregulated pathway, with the highest enrichment score of 48,
(Fig 4.1.2 C). ‘Lipid metabolism’ was the most enriched downregulated pathway,
with an enrichment score of 29 (Fig 4.1.2 D). Due to the importance of
dysregulated lipid metabolism within the pathogenesis of atherosclerosis [29],
[299], IRF8 regulation of genes identified within these pathways was also
confirmed. Investigating the differential regulation of these pathways may
uncover functional differences in lipid-mediated processes important in
atherosclerosis progression, such as foam cell and cholesterol ester formation,
that could contribute to the athero-protective phenotype observed in myeloid-

IRF8 reduced mice.

Genes involved in reverse cholesterol transport (P2ry12, P2ry14) [300],
[301] cholesterol metabolism (Ch25h, Cyp4f18) [302], [303] and lipid transport
(Fabp4, Fabpb, Scd1) [304]-[306] are downregulated in IRF8-knock down mice
(Fig 4.1.5 A). Their regulation by IRF8 was confirmed in a separate independent
experiment (Fig 4.1.5 B). The fatty acid binding proteins Fabp4 (FC -3.2) and

Fabp5 (FC -2.5) are known to promote macrophage foam cell formation and
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cholesterol ester content, contributing to atherosclerotic plaque formation [307],
[308]. They have the largest fold decrease within the ‘Lipid transport’ pathway
and have not been previously associated with IRF8 in an atherosclerosis context.
For this reason, we additionally confirmed their regulation by IRF8, upon
performing chromatin immunoprecipitation on the WT-KO macrophages, to
identify for IRF8 occupancy. Our collaborator (Dr Antonio Castrillo) kindly
provided us with the sequence of the ChIP-Seq peak for Fabp4, Fabp5, P2ry13
and P2ry13 (taken from Langlais et al., 2016 datasets) that was used to detect
IRF8 binding. Using ChIP-gPCR, we identified 32% increased IRF8 binding,
when compared to the IgG control, proximal to the sequence of the peaks
provided for Fabp4 and 45% increased IRF8 occupancy at Fabp5 (Fig 4.1.5C &
D). The amplified sequences — 84bp in length, where also regions associated

with increased H3K27 acetylation, a marker of chromatin accessibility.

This work demonstrates IRF8-reduction promotes macrophage foam cell
formation (Fig 4.1.5 F & G), whilst inhibiting macrophage migration, towards the
pro-atherogenic chemoattractant MCP-1, when compared to WT-4"K© (Fig 4.1.4
E) Considering IRF8-KO macrophages show the same concentration of cellular
free cholesterol after treatment with acLDL (Fig 4.1.5 E), they become
significantly foamier than WT-4™O macrophages. This is consistent with reports
showing that foamy aortic macrophages are in fact less inflammatory [79] which
we also show for IRF8-KO macrophages when compared to aortic plaque

macrophages (Fig 4.1.3),
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Altogether we have identified IRF8-regulation of genes involved in lipid
metabolic processes, that may contribute to the enhanced foam cell formation
identified in IRF8-KO macrophages. Since these findings have not been
previously associated with IRF8 in macrophages from a hyperlipidaemic
environment, it would be informative to additionally measure foam cell formation
within the aortic root, via oil-red-o staining of plaques [309] to determine if the

foaminess of plaque macrophages differs with IRF8 reduction.
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Fig 4.1.5 Macrophage-IRF8 regulates macrophage cholesterol content and foam cell
formation via its association with lipid metabolism related genes.

(A) Clustered heatmap of RNA-seq normalised gene counts, for lipid metabolic processes,
Western diet-fed macrophages (n = 3/group). (B) Relative gene expression of lipid metabolism
related genes validated in an independent experiment, Western diet-fed macrophages
(n=3/group). IRF8 occupancy and H3K27 acetylation (HK27Ac) at the Fabp4 (C) and Fabp5 (D)
identified IRF8 binding sites in BMDMs from WT-4"™KO Western diet-fed mice are shown. Data
shown are normalized to input compared with IgG as a negative control. One representative
experiment of two (each using n=2/genotype) is shown. (E) Cholesterol ester content of Western
diet-fed macrophages post 24hr culture with 50ng nLDL or acLDL. (F) Macrophage foam cell
formation after 24hr culture with 50ng nLDL, and acLDL. (G) Quantification of oil-red-o stain
performed using Image J, images taken at 40x optical zoom. Data representative of n=3/group,
statistical analysis conducted using one-way ANOVA or unpaired students t-test, *p<0.05,
**p<0.01, ***p<0.0001, ****p<0.00001, relative to WT-4"KO mjce.
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4.1.6 Impaired macrophage foam cell, cholesterol ester content and
macrophage migration by Fabp4 and Fabp5 inhibition is dependent on

IRF8.

Pharmacological and genetic inhibition of Fabp4 and Fabp5 has been
shown to prevent macrophage foam cell formation by limiting the transfer of lipids
into macrophages [310], [311]. Selective inhibition of both Fabp4 and Fabp5
using the competitive inhibitor BMS309403, in western diet-fed mice, has been
shown to abrogate foam cell formation in vivo and in vitro as well as reduce
cellular cholesterol content via enhanced reverse cholesterol transport [307],
[311]. Having shown both Fabp4 and Fabp5 gene expression is regulated by
IRF8, we aimed to investigate their role in the IRF8-mediated athero-protection

in M-IRF8KQIKO mice.

Of the genes previously shown [307], [312] to be affected by Fabp4 and
Fabp5 inhibition, we observed a significant increase in the expression of ATP
binding cassette cholesterol transporter Abca? [310] in response to 10uM of the
competitive Fabp4/5 inhibitor, BMS309403, when cells were cultured with acLDL
to mimic foam cell formation. Interestingly, this significant upregulation of Abca1
was only apparent in WT-4O byt not IRF8-KO macrophages, proposing the
increased expression of Abca? in response to Fabp4 and Fabp5 inhibition is

dependent on IRF8 expression (Fig 4.1.6 A).

To investigate whether known functional atherosclerosis-related pathways
impacted by Fabp4 and Fabp5 inhibition were also dependant on IRF8

expression, we next assessed the cholesterol and neutral lipid content of
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macrophages subject to acLDL treatment and the Fabp4/5 BMS309403 inhibitor.
As expected based on previous reports [307], we observed a significant reduction
in cholesterol content with increasing, optimised, concentrations of the
BMS309403 inhibitor at 10uM and 25uM in the WTA™KO put not in the IRF8-
KOO macrophages (Fig 4.1.6 B). This implies macrophage cholesterol ester
levels are regulated by IRF8 induced Fabp4 and Fabp5 expression. This
intriguing discovery prompted additional investigation into the impact of IRF8
mediated regulation of Fabp4 and Fabp5 on foam cell formation. Here, we
identified a significant reduction in foam cell formation using 25uM BMS309403
inhibitor in the WT-4KO byt not IRF8-KOM"O macrophages (Fig 4.1.6 C & D).
This demonstrates Fabp4 and Fabp5 inhibition prevents macrophage cholesterol
ester content accumulation and foam cell formation in the presence of IRFS8.
However, as both Fabp4 and Fabp5 is regulated by IRF8, their expression is
subsequently reduced in IRF8-KO macrophages (Fig 4.1.5 B) and the inhibitor is
unable to prevent the Fabp4 and Fabp5 mediated effect on macrophage
cholesterol ester content and foam cell formation (Fig 4.1.6 B & C). This may be
due to the remaining genes differentially regulated by IRF8- reduction, known to
promote cholesterol ester content and foam cell (Scd? [313], Sort1 [286], Hcar2
[314]). Their differential expression, due to IRF8-deficiency may contribute to the
enhanced foam cell formation and cholesterol ester content observed in IRF8-

KO macrophages.

We previously identified differential regulation of chemotaxis-related
genes in IRF8-KO macrophages. When combined with previous reports

demonstrating a role for Fabp4 in mediating cancerous cell invasion and
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migration [315] this led us to explore the impact of IRF8-Fabp4/5 inhibition on
macrophage migration. Upon subjecting the macrophages to increasing
concentrations of BMS309403 inhibitor, we identified a significant reduction in the
migration of WT4"™KO macrophages (Fig 4.1.6 E & F). To investigate whether this
difference in macrophage migration was sustained in macrophage foam cells,
cells where treated with acLDL and increasing concentrations of the BMS309403
inhibitor. This resulted in a significant 40% reduction in macrophage migration

specific to WTL4™KO and not the IRF8-KO-4"™KO macrophages (Fig 4.1.6 G & H).

This implies the athero-protective benefits of Fabp4/5 inhibition is
dependent on the expression of macrophage-IRF8. This work has increased our
understanding of how IRF8 impacts on cellular lipid accumulation, foam cell

formation and macrophage migration, via its regulation of Fabp4 and Fabp5.
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Fig 4.1.6 Athero-protective role of Fabp4/5 inhibition is dependent on macrophage-IRF8
expression.

(A) Relative gene expression of Abca1, validated in an independent experiment, in western diet-
fed macrophages (n=3/group), challenged with or without 50ng acLDL and Fabp4/5 inhibitor
BMS309406 at 10uM. (B) Cholesterol ester content of western diet-fed macrophages post 24hr
culture with 50ng acLDL in the presence of BMS309406 at either 5uM, 10uM or 25uM
(n=3/group). (C) Quantification of oil-red-o stain performed using Image J, images taken at 40x
optical zoom. (D) Macrophage foam cell formation after 24hr culture with 50ng nLDL, acLDL and
25uM BMS. Number of macrophages migrating towards 100ng MCP-1 over 20hrs with (E) 10uM
or 25uM BMS309406 and when challenged with (G) 50ng acLDL. (F) Representative images
captured at 20x optical zoom. Data representative of n=3/group, statistical analysis conducted
uging paired students t-test, *p<0.05, **p<0.01, ***p<0.0001, ****p<0.00001, relative to WTLd"-
KO mice.
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4.2 Part B: Identification of IRF8 target genes that are differentially
regulated in lipid-laden aortic macrophages: comparison with published
datasets

4.2.1 Introduction

Next generation sequencing has revolutionised the amount of genomic
data obtainable from molecular biology experiments [316]. The huge advances
in sequencing over the past 10 years have led to increased availability of
sequencing tools at an overall reduced cost. This has led to many researchers
adopting sequencing methods to maximise the amount of data obtained from
their experiments [316]. Upon taking advantage of publicly available recent
sequencing data, it has become possible to perform comparisons against
different datasets. Each dataset may have been generated using different
methodologies; RNA-Sequencing, microarrays or single cell-RNA sequencing.
However, by taking into consideration the different parameters used to correct for
multiple comparisons, it is still possible to identify trends in similarities or
differences in gene expression that are as a result of impaired genomic or cell-

specific gene regulation, age or disease phenotype.

The focus of this section of the chapter is to maximise our understanding of
myeloid-IRF8 regulation in atherosclerosis. We aim to do this by comparing how
the differentially regulated genes identified in the macrophages of M-
IRF8KOL™KO mice differ from aortic macrophage subsets (inflammatory, resident
like, trem2hi) [78], foamy macrophages [79] and IRF8-silenced macrophages

[86], [94] in a non-atherosclerotic background, as demonstrated in Fig 4.2.1. The
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differences between the experimental methods used to generate the gene lists

are outlined in Table 4.1.

In order to investigate the following:

1. Whether the hyperlipidaemic environment and diet of M-IRF8KO-C mice
alters the regulation of IRF8 target genes, in comparison to known IRF8-
regulated genes from macrophages in a normolipidemic environment,
identified in IRF8-silenced Bxh2 macrophages [86], [94].

2. Determine whether IRF8KOMC macrophages share transcriptional
similarities to aortic macrophage subsets; resident-like, trem2hi and
inflammatory from western diet fed mice as identified in Cochain et al, 2018
[78].

3. Determine whether the regulation of IRF8-target genes identified in our
studies resembles changes in foamy aortic macrophages from western diet

fed mice as described in Kim et al, 2018 [79].
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Fig 4.2.1 Summary of RNA-Seq gene list comparisons.
Genes differentially regulated in M-IRF8KO¥™0 macrophages will be compared to differentially
regulated genes in inflammatory, resident-like, trem2hi aortic macrophage subsets, alongside

foamy aortic macrophages and IRF8-silence macrophages.
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Publication = RNA-seq Experimental Platform used Cut offs applied
type conditions
Langlais et Bulk e Chow-fed e Sequencing e Genes were retained
al., 2016 [94] | RNA-Seq mice performed on HiSeq that had a minimum of
2000 Sequencer five counts per million
(Hlumina). reads in at least 2 of the
e Reads were mapped 12 samples
to the mouse UCSC e Genes that were 2-fold
mm9 reference change differentially
e Normalisation and expressed and had
differential adjusted p-values of <10
expression analysis ® were considered
were conducted significant
using edgeR
Bioconductor
package
Mancino et | Bulk e Chow-fed e Sequencing e Genes that were 2-fold
al.,21015 RNA-Seq mice performed on HiSeq change differentially
[86] 2000 Sequencer expressed and had
(Hlumina). adjusted p-values of
e Reads were mapped <0.05 were considered
to the mouse UCSC significant
mm9 reference
¢ Differentially
expressed genes
were called using
cufflinks 1.2.1
Kim et al., Bulk e High fat e Sequencing e Differential expression
2018 [79] RNA-Seq western performed on HiSeq was obtained by DeSeq?2
diet-fed 3000 Sequencer guidelines (all P-values
mice for 28 (Humina). corrected for testing
weeks multiple genes using
e ApoeX° Bonferonni correction)
mice were e Genes with an adjusted
used p-value of <0.05 were
considered significantly
differentially expressed
Cochain et Single- e High fat e Single cells were e Differential expression
al., 2018 [78] | cell RNA- western encapsulated in was identified using the
Seq diet-fed for droplets using 10X Bayesian approach
1llweeks Genomics GemCode where genes with
e ApoeX® Technology absolute adjusted z-
female e Sequencing was score of >1.96 or <-1.96
mice used performed on rhe and a p value <0.01

Illuminase HisEq
2500

where identified as
statically significant

Table 4.1 Summary of the different RNA-Seq and experimental methods used in articles
used for gene list comparisons.
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4.2.2 Myeloid-IRF8 transcriptomic regulation is different in normolipidemic

to hyperlipidaemic mice

We next investigated whether the hyperlipidaemic environment of M-
IRF8KO"™O mice alters the regulation of IRF8 target genes. Although it would
have been more ideal to compare the transcriptomes of western diet fed M-
IRF8KO4™KO mice and chow fed M-IRF8KOMO mice, it was not possible within
the time frame of this thesis. As an alternative approach we performed gene
comparisons with a published dataset from normolipidemic IRF8-silenced (Bxh2)
mice, as described in Mancino et al., 2015 and Langlais et al., 2016 [86], [94].
The Bxh2 mice, carry a single point mutation in the interferon association domain
of IRF8, preventing it from forming protein-protein interactions with its binding
partners and hence silencing IRF8 function [285]. By comparing the M-
IRF8KOIKO gene list with two independent studies reporting basal IRF8
regulation in normolipidemic Bxh2 mice, we identified 42 genes that were present
in all three lists (Fig 4.2.2 A). Interestingly, of these, about 80% showed
decreased expression in macrophages from M-IRF8KO-4™KO mice and the Bxh2
mice from the Mancino et al., 2015 and Langlais et al., 2016 studies. This
confirms the basal regulation of these IRF8 targets is the same across different

models of IRF8 reduction (Fig 4.2.2 B).

To elucidate the functional pathways associated with these 42 overlapping
genes, Metascape pathway analysis was performed. The most significant
enriched pathways included ‘Cellular defence response to external stimuli and
IFNB’ alongside ‘Complement activation’ and ‘Cell migration’ (Fig 4.2.2 C). This

implies inflammatory, defence response related IRF8-target genes are regulated
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in both a normolipidemic and hyperlipidaemic, atherosclerosis prone
environment. The increased number of blue lines within the circus plot (Fig 2.2.2
B), in comparison to the purple lines, indicates a greater proportion of non-
overlapping genes share the same function. Whether these genes are similarly
regulated across hyperlipidaemic atherosclerosis prone M-IRF8KOMKO mice

and normolipidemic Bxh2 mice is yet to be investigated.

Upon identifying the ‘Defence response’ pathways are subject to IRF8
regulation in macrophages from both normolipidemic and hyperlipidaemic
environment, we aimed to understand how the pathways that are significantly
enriched in hyperlipidaemic M-IRF8KO-C mice and normolipidemic IRF8-
silenced Bxh2 mice, compare with each other. As demonstrated in Fig 4.2.2 D,
the heatmap of significance displays pathways that are enriched in macrophages
from M-IRF8KOMO and Bxh2 mice. Interestingly, although ‘Inflammation’, ‘IFN
response’ and ‘Chemotaxis’ are regulated in both M-IRF8KO-"KO and Bxh2 mice,
they are much more significantly regulated in macrophages from M-IRF8KQd’KO
mice, thus implying the hyperlipidaemic atherosclerosis prone environment of M-
IRF8KOI™KO mice promotes IRF8 regulation of these pathways more strongly

than in mice from a normolipidemic environment.

To determine the proportion of genes that contribute to the significant
pathways highlighted in Fig 4.2.2 D, a Metascape clustergraph was generated.
This demonstrates how each pathway cluster is connected (Fig 4.2.2 E). Each
node within the clustergraph, is presented as a pie chart where the colour of slice

relates to a corresponding gene list (blue — M-IRF8KOM™KO = green, Bxh2
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macrophages from Mancino et al.,2015 and red — Bxh2 macrophages from
Langlais et al., 2016). The clustered pie chart further highlights the proportion of
genes that are differentially regulated within a cluster from each specific gene list
or study. Overall, this analysis shows that considering inflammatory-related
pathways are regulated by IRF8 in both hyperlipidaemic and normolipidemic
mice, the number of genes regulated by IRF8 in these pathways is somewhat
higher in atherosclerosis prone mice, (44 genes in M-IRF8KO-4"™KO macrophages,
16 genes in Bxh2 macrophages from Langlais et al.,2016 and 30 genes in Bxh2
macrophages from Mancino et al., 2015). Therefore, owing to the increased
significance of the inflammatory-related pathways in atherosclerosis prone M-
IRF8KOI"™KO mice. This is consistent with previous reports demonstrating the
hyperlipidaemic environment of atherosclerosis prone mice promotes the
induction of inflammatory related genes [317]. Interestingly, we have also
identified 234 genes that are preferentially regulated in M-IRF8KOM™KO mice,
proposing their regulation may be promoted by the hyperlipidaemic environment.
However, studies would be required to confirm regulation of IRF8-target genes is
specific to a hyperlipidaemic environment by directly comparing to transcriptomes
in macrophages from non-western diet fed M-IRF8KO4™® mice. This would help
identify how the hyperlipidaemic environment of atherosclerosis prone mice alters
the regulation of inflammatory IRF8 target genes that are crucial to

atherosclerosis development.
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Fig 4.2.2 High lipid atherosclerosis environment influences IRF8-target gene expression
when compared to a normolipidemic environment.

(A) Circos plot highlighting the overlap of differentially regulated genes (purple lines) identified in
Western diet-fed untreated IRF8-KO BMDMs and two independent studies (Langlais et al., 2015
in red and Mancino et al., 2016 in green) investigating the IRF8 transcriptome in chow-fed basal
IRF8-silenced BMDMs from Bxh2 mice. The purple lines connect overlapping genes across each
dataset and blues lines connect the different genes that fall into the same ontology.
Corresponding Venn diagram highlights the number of overlapping genes from all 3 lists of
differentially expressed genes. (B) Clustered heatmap of linear fold changes of overlapping genes
in IRF8-deficient macrophages. (C) Gene set meta-analysis of overlapping IRF8-target genes,
displaying the most significantly regulated pathways with enrichment ratio to the right of each bar.
(D) Heatmap displaying the p-value of the most statistically enriched pathways across all four
gene lists. Grey areas indicate lack of enrichment for that term in the corresponding gene list. (E)
Pathway enrichment network visualisation showing the intra-cluster and inter-cluster similarities
of enriched terms across all three gene lists. Pathways with a proportion of differentially regulated
genes in M-IRF8KO'I™O mice are highlighted in light pink. Remaining cluster annotations are
shown in colour code on the (D) ‘Most significant pathways’ heatmap. (F) The same enrichment
network whereby nodes display the proportion of genes from each gene list within that specific
pathway node. Colour code for pie sector follows; Red = Langlais et al., 2016, Green = Mancino
et al., 2015, Blue = IRF8-KO macrophages. Pathway analysis and enrichment visualisation was
performed using Metascape. Data presented are Linear fold change 1.3, FDR 0.05, p<0.01.

4.2.3 Myeloid-IRF8 regulates genes enriched within aortic macrophage

subsets

Macrophages present within the atherosclerotic plaque have been shown
to exhibit differential phenotypes, owing to their pro-inflammatory and anti-
inflammatory functions within the plaque [25], [75], [318]. Recently, differences in
the phenotype of macrophage subsets have been thought to contribute to
atherosclerosis progression whilst providing an indication on plaque phenotype
and atherosclerosis severity [319]. Cochain et al., 2018, have discovered a novel
transcriptomic signature of three aortic macrophage subsets; Resident-like,
Inflammatory and trem2hi, from western diet-fed mice that may individually
contribute to select processes that promotes atherosclerosis development [78].
The resident-like subset identified are transcriptionally similar to aortic
macrophages from non-western diet-fed mice, [78] whereas the inflammatory
subset display enriched pro-inflammatory gene expression (NF-«B, IL-1f). The

novel trem2hi macrophage subset, identified by Cochain and colleagues [78],
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demonstrate a gene expression signature reminiscent of osteoclasts, advocating
a potential role in lesion calcification. The trem2hi macrophages also display
enrichment of genes involved in lipid metabolism and catabolism and oxidative
stress, processes that are vital to atherosclerosis plaque development [78], [320],

[321].

Using this information, we aimed to determine whether the genes enriched
within the macrophage subsets, where also identified as IRF8-target genes in M-
IRF8KO-4™KO mice. Therefore, possibly identifying a macrophage subset enriched
in IRF8-target genes [78]. This would help identify transcriptional signatures
unique to aortic macrophage subsets from western diet-fed mice that are
regulated by IRF8, thereby having the potential to be targeted in future clinical

applications.

Meta-analysis of all four gene lists using Metascape demonstrated a large
degree of gene overlap, as shown by the purple lines in the circus plot (Fig 4.2.3
A). This was largely observed between the three macrophage subsets; Resident-
like, inflammatory and trem2hi, suggesting many genes are enriched in all three
aortic macrophage subsets. However, there was a greater degree of functional
overlap between the genes enriched in the three macrophage subsets and IRF8-
KO macrophages as shown by the blue connecting lines on the circos plot (Fig
4.2.3 A). This indicates, many non-overlapping genes share functional
similarities. By investigating the regulation of IRF8 target genes, identified in M-
IRF8KOI"™KO mice, compared to the genes enriched within the inflammatory

macrophage subset (Fig 4.2.3 B), we discovered ~80% of genes enriched within
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the inflammatory subset where negatively regulated in IRF8-KO macrophages.
This implies IRF8-KO macrophages are less inflammatory than inflammatory
aortic macrophages. Interestingly, ~80% of genes enriched within resident-like
aortic macrophages where negatively regulated in IRF8-KO macrophages (Fig
4.2.3 C), whereas only ~60% of genes enriched in lipid-associated tremZ2hi
macrophages where negatively regulated in IRF8-KO macrophages (Fig 4.2.3
D). However, upon comparing genes IRF8-target genes enriched in all
macrophage subsets, we identified IRF8-KO macrophages negatively regulates
all enriched target genes within inflammatory, resident-like and trem2hi aortic

macrophages (Fig 4.2.3 E).

Overall, this shows IRF8 differentially regulates genes that are also
enriched within inflammatory, resident-like and trem2hi macrophage subsets
from hyperlipidaemic mice. IRF8-KO macrophages show negative regulation of
most target genes that are enriched in both inflammatory and resident-like aortic
macrophages. However, we demonstrate IRF8-KO macrophages positively
regulates a greater proportion of target genes that are also positively regulated
within the lipid-associated trem2hi macrophages. Collectively, this has increased
our understanding of IRF8-regulated genes that are enriched within aortic
macrophages from western diet-fed mice. This provides an insight into future
potential therapeutic targets aimed at macrophage lipid metabolism within

atherosclerosis development.

As a large proportion of non-overlapping genes between the aortic

macrophage subsets and M-IR8KO™O mice share functional similarities (light
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blue lines in Fig 4.2.3 A), we aimed to determine the significance of pathways
enriched amongst these genes. Interestingly, ‘Inflammation’ and ‘Defence
response’ were the most significant regulated pathways across all gene lists (Fig
4.3.2 F & G), demonstrating the atherosclerosis prone environment promotes

these processes across all macrophage subsets.

To identify the proportion of genes that contribute to the significant
pathways highlighted in Fig 4.2.3 F, a Metascape clustergraph was generated.
This shows how each pathway cluster is connected (Fig 4.2.3 G). Each node
within the clustergraph is shown as a pie chart where the colour of each slice
relates to a corresponding gene list (blue — Inflammatory macrophages, Green,
resident-like macrophages, red — IRF8-KO macrophages and purple — trem2i
macrophages). This further highlights the proportion of genes that are
differentially regulated within that cluster from each specific list. As shown in Fig
4.2.3 H, an equal proportion of genes are involved in IL-1 production,
inflammation, migration and MAPK signalling, indicating these processes are not
only enriched amongst all atherosclerotic macrophage subsets but also regulated

by IRFS8.

Overall, this comparative meta-analysis has identified a total of 22 IRF8-
target genes, from M-IRF8KO"™KO BMDMs, that are differentially regulated in
aortic inflammatory, trem2hi and resident-like macrophage subsets from western
diet-fed mice. This demonstrates that IRF8 regulates genes that may contribute
to macrophage functional processes that are key in atherosclerosis development.

This work also proposes profiling BMDMs could provide an alternative method to
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investigating aortic macrophages directly. Although direct comparative studies of
aortic macrophages and BMDMs from the same animals would need to be

performed to confirm this.
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Fig 4.2.3 Myeloid-IRF8 regulates genes enriched within aortic inflammatory macrophage
subsets.

(A) Circos plot highlighting the overlap of differentially regulated genes (purple lines) identified in
Western diet-fed IRF8-KO macrophages, inflammatory macrophages, resident-like macrophages
and trem2hi macrophages. The purple lines connect overlapping genes across each dataset and
blues lines connect the different genes that fall into the same ontology. The corresponding Venn
diagram highlights the number of overlapping genes from all 4 input gene lists. Table with the fold
changes of IRF8 target genes in IRF8-KO macrophages that are differentially regulated in (B)
inflammatory macrophages, (C) Resident-like macrophages, (D) trem2hi macrophages and (E)
all four gene lists (Cochain et al., 2018). (F) Heatmap displaying the p-value of the most
statistically enriched pathways across all four gene lists. Grey cells indicate the lack of enrichment
for that term in the corresponding list. (G) Pathway enrichment network visualisation showing the
intra-cluster and inter-cluster similarities of enriched terms across all four gene lists. Pathways
with a proportion of differentially regulated genes in M-IRF8KO4™C mice are highlighted in light
pink. (F) Remaining cluster annotations are shown in colour code on the ‘Most significant
pathways’ heatmap. (H)The same enrichment network is shown where the nodes display the
proportion of genes from each list that are present within the same pathway. Colour code for pie
sector; Blue = inflammatory macrophages, green = resident-like macrophages, red = IRF8-KO
macrophages. Pathway analysis and enrichment visualisation was performed using Metascape.

4.2.4 IRF8-KO macrophages are transcriptionally similar to aortic foamy

macrophages

Macrophage foam cell formation is a hallmark in the initiation of
atherosclerosis, were the foam cell content of atherosclerotic plaques often
contributes to plaque phenotype and severity [31], [79], [320]. We have identified
a signature of IRF8 target genes that are differentially regulated in inflammatory,
resident-like and trem2hi aortic macrophage subsets that may contribute to
atherosclerosis progression (section 4.2.3). Upon combining this knowledge with
our previous data, identifying a role for IRF8 reduction in promoting macrophage
foam cell formation (Fig 4.1.5 F), we questioned whether IRF8 differentially
regulates genes that are enriched within foamy aortic macrophages, as identified

by Choi et al., 2018 [79].

To determine this, comparative meta-analysis was performed on the
differentially regulated genes identified in IRF8-KO macrophages and foamy

aortic macrophages by Choi et al., 2018 [79]. Interestingly, we observed an
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increase in the number of genes that shared the same function, in comparison to
the number of over-lapping genes between IRF8-KO macrophages and foamy
aortic macrophages (Fig 4.2.4 A). This suggests IRF8 may regulate select
functional pathways that are enriched in aortic foamy macrophages. To
determine the functional pathways that are enriched within the over-lapping
genes present in both foamy and IRF8-KO macrophages, gene set enrichment
analyses was performed as before. ‘Inflammatory response’ and ‘Lipid metabolic
processes’ were the two most significant enriched pathways in this gene list. Of
these pathways, 65% of genes (9 out of 14 genes) involved in ‘lipid metabolic
processes’ were positively regulated in both IRF8KOMKO and foamy
macrophages, whereas 80% of genes (14 out of 17 genes) involved in
inflammation were downregulated in IRF8KO"O macrophages and upregulated
in the foamy macrophages (Fig 4.2.4 B). This demonstrates IRF8 differentially
regulates genes that are enriched within foamy aortic macrophages. Taken
together this indicates, IRF8-KO macrophages regulate select genes involved in
lipid metabolism that are similarly regulated in foamy aortic macrophages.
However, the regulation of IRF8 target pro-inflammatory genes are negatively

regulated within foamy aortic macrophages.

To identify the pathways that were significantly regulated amongst the
genes that share functional similarities, as depicted by the blue lines on the circus
plot (Fig 4.2.4 A), in both IRF8-KO and foamy macrophages, comparative
analysis was performed. Pathway analysis results showed genes involved in
‘Chemotaxis’, ‘Cell death’ and ‘Inflammation’ were significantly regulated in both

IRF8-KO and foamy macrophages. This suggests, IRF8 may also regulate
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chemotaxis and cell death processes in foamy macrophages that are crucial in

atherosclerotic plaque development.

In summary, our studies imply IRF8-KO macrophages share a similar
transcriptional profile to foamy aortic macrophages. IRF8 differentially regulates
genes involved in lipid-biosynthetic processes, similarly to foamy macrophages
whilst negatively regulating pro-inflammatory genes. This implies the genes
involved in lipid-metabolic processes that are enriched in foamy macrophages
and regulated by IRF8, may contribute to the increased foam cell formation

previously identified in IRF8-KO macrophages (Fig 4.1.5 H).
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Fig 4.2.4 IRF8 differentially regulates genes enriched in foamy aortic macrophages.

(A) Circos plot highlighting the overlap of differentially regulated genes (purple lines) identified in
Western diet-fed basal IRF8-KO macrophages and foamy aortic macrophages. The purple lines
connect overlapping genes across each dataset and blues lines connect the different genes that
fall into the same ontology. The corresponding Venn diagram highlights the number of
overlapping genes from IRF8-KO macrophages and foamy aortic macrophages (Kim et al., 2018).
(B) Pathway enrichment network visualisation of overlapping IRF8-target genes present in aortic
foamy macrophages, showing the intra-cluster and inter-cluster similarities of enriched terms
across both gene lists. Highlighted in light pink are two of the most significantly regulated
pathways with differential gene expression within the pathway presented in a clustered heatmap
of fold changes (M-IRFBKOMI™O yg WTLIKO and Foamy macrophages vs non-foamy
macrophages) for lipid biosynthetic processes (Left) and Inflammatory response (Right). (C)
Heatmap displaying the p-value of the most statistically enriched pathways across both gene lists.
Grey cells indicate the lack of enrichment for that term in the corresponding gene list. (D) Pathway
enrichment network visualisation showing the intra-cluster and inter-cluster similarities of
enriched terms across both lists. Pathways with a proportion of differentially regulated genes in
M-IRF8KO™O mice are highlighted in light pink. Remaining cluster annotations are shown in
colour code on the (C) ‘Most significant pathways’ heatmap. (E) The same enrichment network
as (D), where significant pathways are highlighted, and nodes display the proportion of genes
from each gene list within that specific pathway. Colour code for pie sector; blue = IRF8-KO
macrophages and red = foamy macrophages. Pathway analysis and enrichment visualisation was
performed using Metascape. Data presented are Linear fold change 1.3, FDR 0.05, p<0.01.
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4.3 Summary
As summarised in Fig 4.3, this chapter has established the following;

1. Myeloid-IRF8 reduction transcriptionally reprograms macrophage gene
expression in bone-marrow derived macrophages.

2. IRF8 positively regulates inflammatory, chemotactic and lipid-metabolic
pathways.

3. Inhibition of Fabp4/5 retards foam cell formation, macrophage cholesterol
ester accumulation and macrophage migration.

4. The in-vitro athero-protective effects of Fabp4/5 inhibition are dependent
on myeloid-IRF8 expression.

5. The regulation of IRF8-target genes differs between hyperlipidaemic M-
IRF8KO4™KO mice and normolipidemic IRF8-silenced (Bxh2) mice [86],
[94].

6. Myeloid-IRF8 differentially regulates genes that are enriched within the
aortic resident-like, inflammatory and trem2hi subsets from western diet-
fed mice [78].

7. IRF8-KO macrophages share a similar transcriptional profile to foamy
aortic macrophages [79], in regards to genes involved in lipid-biosynthetic

processes.
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4.4 Discussion

The results in this chapter demonstrate a novel dual-transcriptional role of
myeloid-IRF8 reduction in the activation and repression of multiple biological
pathways, that may collectively contribute to the athero-protective phenotype of
myeloid-IRF8 reduction. To understand the potential athero-protective
mechanism elicited by myeloid-IRF8 reduction, we investigated the
transcriptional differences in the bone marrow derived macrophages (BMDMs)
from western diet fed WT-IO and M-IRFK8KO-4™XO mice by performing high

throughput RNA-seq.

Aortic leukocyte infiltration is a hallmark of atherosclerosis [48], [322], with
many infiltrating cells, in particular monocytes, originating from the bone marrow
[279]. Previous studies have demonstrated that during the initiation of
atherosclerosis and early stage plaque development, a large proportion of
lesional macrophages originate from the circulation [22], [57]. The
hypercholesteraemic environment of LDLRK® mice, results in an expansion of
circulating monocytes, in comparison to chow fed mice, contributing to the
increase in monocyte-macrophage differentiation and transmigration across the
arterial wall [21]. The pro-inflammatory environment of the atherosclerotic plaque
has been shown to promote macrophage heterogeneity [75], [78]. Previous
studies have uncovered the benefits of using BMDMs to increase our
understanding of macrophage dynamics in atherosclerosis [323]. For this reason
and the increased availability of BMDMs in comparison to plaque macrophages,

RNA-Seq analysis was performed on the BMDMs of western diet fed mice.
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Analysis of the RNA-Seq datasets uncovered 366 differentially regulated
genes in IRFBKO"KO macrophages, with 167 genes upregulated and 199 genes
downregulated, when compared to WT-"KO  Gene set enrichment analysis
identified 16 upregulated enriched biological pathways and 15 downregulated
enriched biological pathways amongst the differentially regulated genes. Of the
upregulated pathways, the most significant biological processes involved ‘Cell
growth’ (Log1oP = -5.8), ‘Cancer’ (Log1oP = -7) and ‘Lipid transport’ (Log1oP = -
4.5) (Fig 4.1.2). This is possibly due to the tumour suppressor properties of IRF8
[324], coupled with the decreased global-IRF8 expression being highly
associated with multiple cancers, including breast, myeloma and chronic myeloid
leukaemia [153], [324], [325]. For this reason, it is not surprising that many
‘Growth factor’ and ‘Cancer’ related pathways are amongst the most significantly
upregulated. It must, however, be noted that many of the differentially regulated
genes (Bmp2, Fos, Dusp1, Ednrb) within the growth pathways are highly
associated with other pathways including ‘Cell chemotaxis’ and ‘Cell death’. This
is also shown by the large degree of overlap in pathway nodes on the upregulated
clustergraph (Fig 4.1.2 E). This suggests that myeloid-IRF8 reduction
transcriptionally reprograms macrophages to display an increased enrichment of
pathways associated with growth and development. However, the genes present
within such pathways are also associated with other pathways, including ‘Cell
chemotaxis’ and ‘Cell death’, that may collectively contribute to the athero-

protective function of myeloid-IRF8 reduction.

Alongside the upregulated pathways, a further 15 downregulated

pathways were identified in the IRF8-KO macrophages. The downregulated
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pathways displayed an increased level of significance in comparison to the
upregulated pathways. Interestingly, ‘Inflammation’ (LogioP = -11.7) and
‘Leukocyte chemotaxis’ (LogwoP = -7.6) were the most significantly
downregulated pathways, indicating a possible anti-inflammatory and anti-
migratory transcriptional phenotype of the IRF8-KO macrophages. The dual
activation and repressive transcriptional activity of IRF8 is determined by the
cofactor of which it forms a heterodimeric complex with and the subsequent
sequence to which it binds proximal to the promoter region of its target genes
[115], [326]. Previous studies investigating IRF8 genomic occupancy in
macrophages, show the majority of constitutive IRF8 binding was at sites
harbouring an EICE sequence, characteristic of transcriptional activation [94]. It
is for this reason, IRF8 reduction has been predominantly associated with
pathways that are negatively regulated in the absence of IRF8, including impaired
innate immune response [116] and increased susceptibility to infection [121], as
IRF8 promotes the expression of genes that are crucial for the maintenance of
these processes. We next aimed to investigate the pathways and genes that
were downregulated in IRF8-KO macrophages and understand how they may

contribute to the athero-protective phenotype of myeloid-IRF8 reduction.

4.4.1 IRF8 and Inflammation

Of the most significant regulated genes within this pathway; Chemokine
interferon-y inducible protein 10 kDa (Cxcl/10, FC -2.99), Chemokine like receptor
1 (Cmkir1, FC -1.51), Absent in melanoma 2 (Aim2, FC -1.34) and Fc Fragment
Of IgE Receptor Ig (Fcerg? FC -1.66), have been implicated in the promotion of

atherosclerosis. The chemokine ligand Cxcl10 is known to promote chemotaxis,
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cell proliferation, plaque instability and inflammation, whereby reduction in Cxcl10
significantly reduce atherosclerotic plaque progression [327], [328]. Similarly,
Aim2 and Fcer1g,have been associated with enhanced inflammatory NF-kB
signalling, promotion of lesion size when overexpressed and increased apoptosis

[329], [330].

Previous studies have demonstrated the importance of IRF8 binding and
regulation of inflammatory processes in the macrophages of IRF8 mutated (Bxh2;
IRF8™™) mice on a normolipidemic environment [86], [94]. Using this information,
we aimed to determine whether the regulation of IRF8 target genes identified in
hyperlipidaemic M-IRF8KOI™O  mice, differed to those identified in
normolipidemic Bxh2 mice. This would enhance our understanding on the
previously uncharacterised area of how IRF8 regulation differs in a high lipid
atherosclerosis prone environment. The Bxh2 mice used in the studies conducted
by Langlais et al., 2016 and Mancino et al., 2015, carry a single point mutation
(Arg294>Cys) in the IRF8 interferon association domain (IAD), that’s crucial for
making protein-protein interactions with its binding partners. Mutations within this
domain significantly impair IRF8 function, rendering the mice phenotypically
similar to global IRF8X® mice, as they harbour a CML-like phenotype and lack
CD8a+ conventional DCs [331], [332]. Upon comparing the inflammatory IRF8-
target genes identified in IRF8-KO macrophages from western diet-fed mice, to
the differentially regulated genes identified in the IRF8™™ macrophages from
Bxh2 mice, we observed a 50% overlap of genes (Fig 4.1.3 B). Many of the
overlapping genes were involved in atherosclerosis-related processes including

chemotaxis and vascular calcification in conjunction with inflammation. However,
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pathway analysis performed on the 18 inflammatory genes specific to M-
IRF8KOIKO displays their enrichment in processes surrounding apoptosis and
inflammation. This suggests, IRF8-regulation of select apoptotic genes may be
specific to the hyperlipidaemic environment of M-IRF8KOC mice. We then
determined the pathways that were enriched across all differentially regulated
genes in IRF8-KO and Bxh2 macrophages. Although, the Bxh2 mouse model
used by both Langlais et al., 2016 and Mancino et al., 2015 are genetically the
same, they both applied different parameters to generate a list of significantly
regulated genes; Langlais et al., 2016 selected genes with a fold change>2 and
p-value <10 whereas Mancino et al., 2015 selected genes with a fold change of
>2 and p-value 0.05 For this reason, the number of differentially regulated IRF8-
target genes reported are different between the two reports.

Comparisons of IRF8-target genes identified in M-IRF8KO-4™© mice and
the Bxh2 mice from Langlais et al., 2015 and Mancino et al., 2016, uncovered a
total of 42 overlapping genes across all gene lists. Pathway analysis of the 42
overlapping genes, show significant regulation of genes involved in ‘Inflammation’
and ‘External stimulus response’ (Fig 4.2.2). All 42 overlapping genes were
negatively regulated in the absence of IRF8, in macrophages from M-
IRF8KO4™KO mice and Bxh2 mice. This shows IRF8 regulation of select genes
involved in inflammation does not differ based on the hyperlipidaemic
environment of atherosclerosis prone mice, when compared to normolipidemic
mice and in the different models of IRF8 reduction. The pathway analysis also
uncovered a greater number of non-overlapping genes that shared functional
similarities (Fig 4.2.2 A). This implies macrophage-IRF8 may regulate other

functional processes, outside of inflammation, in both normolipidemic and
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hyperlipidaemic environment. However, to enhance our understanding on the
differential regulation of IRF8-target genes in response to a normolipidemic or
hyperlipidaemic environment, additional studies comparing IRF8 gene regulation
would be required in chow diet-fed M-IRF8KO™O mice. Collectively, we have
identified an anti-inflammatory transcriptional phenotype of IRF8KQMIKO
macrophages, from a hyperlipidaemic environment, which share similar

transcriptional characteristics to other models of IRF8 reduction.

IRF8- reduction has been well characterised in enhancing susceptibility to
infection within a normolipidemic environment, via impairment of myeloid
inflammatory signalling pathways [121]. However, recent insight into the
transcriptional differences in aortic macrophage subsets from western diet fed
LDLRK® mice, highlighted significant enrichment of IRF8 expression within an
inflammatory subset of aortic macrophages that was only identified in
atherosclerotic mice [78]. Using this information, we aimed to explore how the
regulation of IRF8-target genes identified in M-IRF8KOM™KO mice, compared to
the aortic macrophage subsets from atherosclerotic LDLRX® mice. Cochain et al,
2018 performed unsupervised clustering on the single-cell sequencing analysis
from the aortic macrophages and identified two distinct subsets of aortic
macrophages exclusively within atherosclerotic LDLRX® mice. These included
the inflammatory subset; highly enriched for inflammatory markers (111, NIrp3,
I11a) and trem2hi subset; highly enriched for the trem2 macrophage marker which
is involved in phagocytosis and lipid metabolism [333] as well as regulating
oxidative stress and lipid metabolism [78]. Interestingly, IRF8 was amongst the

most enriched genes in the inflammatory (FC -2) and trem2hi (FC -1.8)
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macrophage subsets. This proposes a potential role for IRF8 in the inflammatory

and trem2hi aortic macrophage subsets.

To determine whether the number and regulation of IRF8-target genes,
identified in M-IRF8KOL4™C mice, differed in aortic macrophages, we performed
comparative analysis amongst |IRF8-KO, inflammatory and tremZ2hi
macrophages. Intriguingly, we identified a large degree of functional overlap
amongst the gene lists. This implies many IRF8-target genes share functional
similarities in inflammatory and lipid associated macrophages that may contribute
to atherosclerosis development. We also identified 22 downregulated IRF8 target
genes that were significantly enriched in, resident-like, inflammatory and trem2hi
macrophage subsets (Fig 4.1.3). This discovery implies IRF8 transcriptionally
regulates select genes that are enriched within aortic macrophages from
hyperlipidaemic mice. The negative regulation of pro-inflammatory genes in
IRF8-KO macrophages, in comparison to inflammatory aortic macrophages
further highlights the anti-inflammatory nature of IRF8-KO macrophages from an

hyperlipidaemic environment.

4.4.2 IRF8 and chemotaxis

Chemotaxis is a crucial process in the development and progression of
atherosclerosis. It involves the movement of leukocytes, including monocytes,
along a chemical gradient, allowing for their adherence to the arterial wall and
ultimate transmigration into the intima [48]. Many IRF8-target genes identified in

the chemotaxis pathway are crucial in the development of atherosclerosis. Of the
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top regulated genes, Ccl3 deficiency has been shown to prevent atherosclerosis
progression via inhibition of neutrophil accumulation [334]. Enhanced expression
of Ccl4, Ccl8 and Ccl12 have also been identified in the atherosclerotic plaques
of mice and human, where they have been shown to promote leukocyte

transmigration [335].

We became increasingly interested in the IRF8 regulated purinergic
receptors; P2ry12, P2ry13 and P2ry14 since they have not previously been
associated with IRF8 in an atherosclerosis context. These purinergic receptors
have been well characterised for their role in reverse cholesterol transport,
specifically within hepatocytes and endothelial cells. In an atherosclerotic
environment, the lipid-free apolipoprotein A-1 (ApoA-l) binds to the ecto F1
ATPase, on endothelial cells, stimulating hydrolysis of ATP. The purinergic
receptors are subsequently activated by the ADP generated, allowing for HDL
transcytosis, involving cholesterol uptake, within the arterial intima and
cholesterol efflux from foam cells via the activation of ABC cholesterol
transporters [300], [336]-[338]. The released cholesterol is taken up by HDL and
transported to the liver for removal. The hepatocyte purinergic receptors are also
activated upon the generation of ADP, allowing for cytoskeleton reorganisation
and subsequent uptake of HDL holoparticles. Therefore, the purinergic receptors;
P2ry13, P2ry14, have been deemed as athero-protective and many studies have
displayed their protection upon using global P2ry-KO mouse models fed a high
fat western diet [300], [339], [340]. Interestingly, recent studies have identified a
novel role for purinergic receptor signalling in macrophage migration in a spinal

cord injury model [341]. Kobayakawa et al., 2019 had shown the importance of
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IRF8-regulated purinergic signalling, by using a cocktail of inhibitors targeted
towards all P2X and P2Y receptors. This work revealed the reduction in P2X/P2Y
mediated macrophage migration along a C5a chemical gradient, was dependent
on IRF8 expression [341]. This is amongst the first study to identify a crucial role
of IRF8 in purinergic signalling, however, little information is currently known on
the regulation of specific purinergic receptors by IRF8 within a hyperlipidaemic,

atherosclerotic environment.

This thesis demonstrates IRF8 transcriptional regulation of P2ry12, Pry13
and P2ry14 and also identifies increased binding of IRF8 at a distinct site proximal
to the promoter of both P2ry13 and P2ry14, in hyperlipidaemic mice. Our studies
also show IRF8- reduction impairs the ability of macrophages to migrate towards
the pro-atherosclerotic chemoattractant; MCP-1, by ~50%. Collectively, we have
discovered myeloid-IRF8 reduction functionally impairs the migration of
macrophages from a hyperlipidaemic environment, in vitro, via its regulation of
key chemotactic ligands and purinergic receptors that are crucial for macrophage
chemotaxis. This may also explain the reduced CD68+ cellular plaque content in
M-IRF8KOI™XO mice and raises the possibility that reduced macrophage
migration, may contribute to the reduced atherosclerotic plaque development
identified in M-IRFBKO-I"KO mice. Considering macrophage migration has
currently been assessed in vitro, it would be necessary to confirm the reduced
migratory capacity of IRF8-KO macrophages in vivo by recruitment of
radiolabelled macrophages in the atherosclerotic plaque [58]. Additional
investigation into the definitive role of purinergic receptor signalling and

chemokines, using specific inhibitors [342], [343]to these receptors, would help
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further clarify the mechanism by which myeloid-IRF8 reduction inhibits

macrophage migration.

4.4.3 IRF8 and lipid metabolism

Alongside the regulation of inflammatory and chemotaxis-related
pathways, genes involved in lipid metabolism where also amongst the most
enriched (Enrichment ratio = 29) downregulated pathways in IRF8-KO
macrophages (Fig 4.1.2 D). Dysregulated lipid metabolic processes are one of
the key hallmarks for atherosclerosis progression and this study identifies a novel
regulation of lipid metabolic gene expression by macrophage-IRF8 in
hyperlipidaemic mice. Of the genes involved in ‘Lipid metabolism’, many are
involved in the metabolism of cholesterol, including Cyp27a1 and Ch25h, known
to hydroxylate cholesterol at different carbon chains, resulting in the production
of 27-hydroxycholesterol (27-HC) and 25-hydroxycholesterol (25-HC)
respectively. Due to their high polarity, in comparison to cholesterol, they are
much easily transferred across the phospholipid membrane and removed from
macrophages [344]. They have also been implicated in impacting atherosclerotic
plaque development by promoting inflammation via iINOS, and macrophage
chemotaxis [69], [345]. Previous studies have demonstrated both 25-HC and 27-
HC activate liver X receptors and promote macrophage cholesterol efflux via the
ATP binding cassette transporters, ABCA1 and ABCG1 [346]. Other IRF8-
regulated genes involved in lipid metabolism include, the purinergic receptors;
P2ry12, P2ry13, P2ry14 [336], [339], [347] and Lgmn, which suppresses oxLDL
induced apoptosis of macrophages in atherosclerotic plaques, promoting plaque
instability [348].
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The ‘Lipid metabolism’ pathway encompasses genes that are involved in
the promotion and reduction of atherosclerotic plague development. To
determine the overall impact of this differential gene expression on key lipid
metabolic functions crucial to atherosclerotic plaque development, we assessed
the generation of macrophage foam cells and cholesterol esters, in vitro, when
challenged with acetylated LDL. Considering myeloid-IRF8 reduction retards
atherosclerotic plaque development in M-IRF8KOM"™O mice, we surprisingly
identified a significant increase in foam cell formation of IRF8-KO macrophages
in comparison to the WT-4XO macrophages. This proposes, myeloid-IRF8
reduction increases the ability of macrophages to become foamy in response to
acLDL. Interestingly, recent studies by Kim et al., 2018, uncovered an enriched
anti-inflammatory gene signature in foamy aortic macrophages from western diet-
fed LDLRK® mice, in comparison to non-foamy aortic macrophages [79].
Interestingly, we also identified a decreased inflammatory gene signature in the
BMDMs from M-IRF8KOI™KO mice (Fig 4.1.3). When challenged with acLDL in
vitro, there was a significant increase in foam cell formation in IRF8-KO
macrophages in comparison to controls. However, to confirm this in aortic plaque
macrophages it would be necessary to stain aortic plaques with oil-red-o to
identify differences in plaque macrophage foam cell formation. Based on this
information, we aimed to determine how the regulation of IRF8-target genes in
M-IRF8KQOI™KO  macrophages compared to foamy macrophages in
hyperlipidaemic LDLRX® mice [79]. Interestingly, we identified IRF8 differentially
regulates genes enriched within foamy aortic macrophages, in particular those

involved in ‘Inflammation’ and ‘Lipid metabolism’ (Fig 4.2.4). The differential
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regulation of these IRF8-target genes may, therefore, contribute to the increased
foam cell formation, identified in acLDL treated IRF8-KO macrophages (Fig 4.1.5
F).

The cholesterol ester content of foamy macrophages is another important
indicator of cellular cholesterol content and is often measured when assessing
foam cell formation. Foam cells are generated upon the uptake of modified
lipoproteins via cell-surface scavenger receptors, CD36 and SR-A. The
cholesterol ester associated with ingested lipoproteins is hydrolysed by
lysosomal acid lipase to form free cholesterol. The free cholesterol is then re-
esterified by the enzyme ACAT1 to form cholesterol esters which are stored in
lipid droplets, resulting in macrophage foam cell formation [38], [162]. Therefore
increased macrophage cholesterol ester content is generally associated with
increased foam cell formation [349]. While the IRF8-KO macrophages display
significantly increased foam cell formation, they show no difference in cholesterol
ester content when compared to WT4"O macrophages. This may be due to the
expression of other lipid metabolism related genes regulated by IRF8, known to
promote cholesterol uptake, including Sortillin-1 (FC 2.5) [286]. It is possible that
during in vitro cell culture, these genes may have a larger net impact as the
number of macrophages used per condition and genotype are the same, in
comparison to in vivo where we have identified fewer aortic plaque CD68+

macrophages.

Many IRF8-target genes involved in lipid metabolism are crucial in
macrophage cholesterol uptake, efflux and metabolism - processes that are

critical in atherosclerosis plaque development. We identified IRF8-regulation of
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the fatty acid binding proteins which are known for their role contribution to
macrophage foam cell formation in atherosclerosis. The fatty acid binding
proteins; Fabp3, Fabp4 and Fabp5, function as intracellular lipid chaperones that
bind saturated and unsaturated long chain fatty acids and facilitate their transport
[350]. Recent studies displayed inhibition of Fabp4 inhibits macrophage foam cell
formation, therefore reducing atherosclerotic plaque development, as shown in
table 5 [307]. For this reason, Fabp inhibition has been deemed an attractive
therapeutic target in the prevention of atherosclerosis. However, inhibition studies
indicate global-Fabp4/5 inhibition can promote the levels of circulating free-fatty

acids due to decreased hepatic uptake and metabolism [308].
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Gene Inhibitor Outcome Role in Reference

atherosclerosis

Fabp4 8g (Synthetic | Reduced Inhibitor reduces | [307]
small macrophage atherosclerosis
molecule foam cell
inhibitor) formation v l

Reduced

cholesterol ]

ester content

Reduced

inflammation
Genetic Increased Inhibitor reduces | [310], [311]
macrophage | cholesterol atherosclerosis
deletion efflux

|

Decreased l

inflammation
Fabp5 Increased . Biomarker of [305]
serum increased
expression in atherosclerosis
atherosclerosis
Fabp4 BMS-309403 | Reduced Inhibitor reduces | [312], [351]
and plasma atherosclerosis
Fabp5 triglycerides

Reduced foam
cell formation ¢
Inhibits

macrophage
MCP-1 release’
Reduced

inflammation v
Table 5. Summary of fatty acid binding proteins implicated in atherosclerosis

We investigated whether IRF8 regulates the athero-protective properties
of Fabp4/5 inhibition in IRF8-KO macrophages from M-IRF8KO4"™KO mijce. This
may potentially provide an insight into the mechanism by which IRF8 reduction
reduces atherosclerotic plaque burden in M-IRF8KOIKO mice. We used the

selective, cell permeable Fabp4/5 inhibitor, BMS-309403, that interacts with the
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fatty-acid-binding pocket within the interior of the protein, competitively inhibiting
binding of endogenous fatty acids. Interestingly, we observed a significant
decrease in foam cell formation when using 25uM of BMS-309403 only in the
WTLAKO macrophages. This was mirrored by macrophage cholesterol ester
content that was reduced upon increasing concentration of BMS-309403. This
suggests IRF8-regulation of Fabp4 and Fabp5 may contribute to the athero-

protective phenotype of myeloid-IRF8 reduction (summarised in Fig 4.4).

Alongside inflammation and lipid metabolism, Fabp4 and Fabp5 inhibition
is also known to impact on the expression of chemoattractant MCP-1. We
therefore interrogated whether inhibition of Fabp4 and Fabp5 impacted on the
impaired migratory phenotype of IRF8-KO macrophages. We identified
increasing concentrations of BMS-309403 reduced the migratory ability of
WTLAKO byt not IRF8-KO macrophages towards MCP-1 (Fig 4.1.6 E). This
decreased migratory phenotype of WT-4C macrophages remained with the
addition of acLDL, while IRF8-KO macrophages displayed no difference in
macrophage migration under these conditions. This highlights a role for Fabp4/5
inhibition in negatively regulating macrophage migration, that is dependent upon
IRF8. Considering MCP-1 gene expression is not dependent on IRFS, it is
possible that Fabp4/5 regulation of macrophage migration, to the atherosclerotic
plaque, occurs by impacting on chemokines regulated by IRF8, including Ccl/3
[334], Cxcl10 [327], P2ry13 or P2ry14 [341] that have not yet been identified as

genes affected by Fabp4/5 inhibition.
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Fig 4.4 Schematic demonstrating the athero-protective benefits of Fabp4/5 inhibition are
dependent on IRF8 expression.

Expression of Fabp3,4 & 5 (Top) promote macrophage cholesterol ester content, foam cell
formation and migration. Whereas, inhibition (bottom) using the BMS309403 inhibitor, prevents
macrophage cholesterol ester content, foam cell formation and macrophage migration.

Collectively, we have identified IRF8-regulation of ‘Inflammatory’,
‘Chemotaxis’ and ‘Lipid-mediated’ pathways that may all contribute to the athero-
protective mechanism of myeloid-IRF8 reduction. We have also shown the
athero-protective properties of Fabp4/5 inhibition are dependent upon IRF8
expression. Overall this implies IRF8 reduction may prevent the development of

atherosclerosis via its transcriptional regulation of pro-chemotactic and lipid-
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metabolic genes that are crucial for atherosclerosis promoting processes
including; macrophage migration, foam cell formation and cholesterol ester

content.
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Chapter 5: Results - IRF8 regulates macrophage responses to IFNf in an

atherosclerotic environment
5.1 Introduction

Type 1 interferon (IFN) signalling (IFNo and IFNB) has been well
characterised for its role in host defence against viral infection [352]—[354].
Recent evidence uncovering a type-1 IFN signature amongst inflammatory
disorders, including atherosclerosis, has prompted our investigation into the role
of type 1 IFNs in atherosclerosis. Previous reports have shown type 1 IFNs to
promote atherosclerosis and increase cardiovascular risk in systemic lupus
erythematous patients, by inducing endothelial dysfunction, which was reversed
upon silencing the type 1 IFN receptor [355]. IFNB has emerged as an important
regulator of inflammation and atherosclerosis, and has been studied to a greater
extent, in the context of atherosclerosis, in comparison to other type 1 IFNs, such
as IFNa [169]. Previous studies have demonstrated the crucial role of IFNf in
promoting TNF and IL-6-induced inflammation both of which are known to
contribute to atherosclerosis development [356], [357]. Goossens et al, 2010,
demonstrated an increase in IFNJ promotes atherosclerosis development upon
enhanced macrophage recruitment and adhesion to atherosclerotic lesions via
increased CCL5/CCR5 and MCP-1/CCR2 signalling [169]. This study also
complemented reports demonstrating unstable human atherosclerotic plaques,
that were prone to rupture, displayed increased expression of type-1 IFN induced
interferon stimulated genes, due to an increase in IFN-signalling[169]. This
highlights the importance of IFNB signalling in atherosclerotic plaque

development across both mouse and human studies.
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The type 1 IFN signalling pathway regulates a selection of genes known
to form an IFN signature, as described below [358]. This signature includes a
host of interferon stimulated genes (ISGs) that actively promote inflammation,
predominantly via IFN binding to the IFN receptor and subsequent activation of
the JAK/STAT pathway. Activation of STAT1 and STAT2 are known to form
heterodimeric complexes with IRF3 and IRF9, forming transcriptional activators
[134], [359]. These transcriptional activators bind and regulate a selection of
interferon associated genes (/fit1, Ifit2, Trem1, Mmp14, Ccl2, Ccl3), that

contribute to the interferon-mediated inflammatory response [138].

IRF8 has been shown to promote the production of type | IFNs in models
of infectious Newcastle Lyme disease as well as in monocytes from healthy
human adults [141]. Although Mancino and colleagues have uncovered

differential IFNB signalling in macrophages [86], little is known regarding the role

of IRF8 in IFN signalling in an atherosclerotic environment.

IRF8 and IFNJ individually display an important role in atherosclerosis
development [169], [175], [177]. The focus of this chapter is to understand how
myeloid-IRF8 influences IFNB regulated gene expression in BMDMs from
hyperlipidaemic WT-4XO and M-IRF8KO'"KO mice by comparing IFNp-
stimulated differentially regulated genes, as demonstrated in Fig 5.1.

This chapter aims to determine:
1. The impact of myeloid-IRF8 reduction on macrophage IFNp signalling by
identifying IRF8 target genes and pathways that are induced/repressed by

IFNpB. To determine this bone marrow derived macrophages from western
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diet-fed WTL4™KO and M-IRF8KOMIKO (n=3/group) were stimulated with
10ng IFNP for 6hrs after of which the RNA was extracted and used for
RNA-Sequencing.

. Upon performing pathway analysis on the differentially regulated IRF8-
target genes that have been identified in Aim 1, | aim to investigate the
pathways that have been induced/repressed by IFNB in M-IRFK8KQL4KO
BMDMs, when compared to WT-4KO  that may be used as future

therapeutic targets.
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Fig 5.1 Summary of RNA-seq comparisons between untreated and IFNB treated WT-d/"<0
and M-IRFSKO-¥'"K0 transcriptomes.

Differential gene expression was assessed between; untreated WT macrophages and IFNJ
treated WT macrophages (Fig 5.3 — blue), untreated IRF8-KO macrophages and IFNp treated
IRF8-KO macrophages (Fig 5.4 - yellow), IFNB treated WT and IFNp treated IRF8-KO
macrophages (Fig 5.2 — green) and IFNp sensitive genes regulated by IRF8 (Fig 5.5 — orange).
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5.2 IRF8 differentially regulates macrophage response to IFN

To understand the effect of myeloid-IRF8 reduction on IFNp signalling we
compared genes that were differentially regulated in IRF8-KO macrophages in
comparison to WT 4O macrophages, when treated with 10ng IFNB for 6hrs. We
generated a list of differentially regulated genes, using the same parameters as
previously discussed in the analysis of untreated BMDMs from M-IRF8KQIKO
macrophages (Chapter 4) (FDR = 0.05, FC = 1.3) to keep uniformity amongst
comparison parameters. We identified a total of 373 differentially regulated
genes, in response to IFNB treatment, in macrophages from M-IRF8KO4"™O mice
when compared to IFNB-treated WT-4"™KO macrophages. This is demonstrated in
the volcano plot (Fig 5.2 A) and in the heatmap where the degree of differential
regulation is highlighted amongst samples (Fig 5.2 B). To explore the biological
pathways enriched within the gene set, we performed pathway analysis on the
differentially regulated genes. ‘Leukocyte chemotaxis’ (Fig 5.2 C) was identified
as the most significant upregulated pathways (LogioP = -7.9) and TGF-beta
signalling as the most significant downregulated pathway (Log1oP = -5.8) (Fig 5.2
D). This reveals IFN treatment reverses the positive regulation of IRF8-target
genes involved in chemotaxis, as previously identified in untreated macrophages
(Fig 4.1.4). This is also highlighted in the clustergraph with the corresponding
heatmap, where certain chemotaxis-related genes (Ccl12, Ccl22, Tnfsf14) that
were previously downregulated in IRF8KOMC macrophages are now

significantly upregulated (Fig 4.1.4 E).
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Overall, we have demonstrated myeloid-IRF8 reduction alters the
macrophage transcriptome in response to IFNf stimulation, as demonstrated by
the 373 differentially regulated genes in IFNB-treated IRF8-KO macrophages, in
comparison to IFNB-treated WT cells. We have uncovered a series of IFNp
inducible pathways that are positively regulated by IRF8, including ‘Chemotaxis’,
‘ABC transport’ and ‘GAP-junction formation’. As these processes have not been
previously associated with IFN stimulation, this work implies that IRF8 reduction
may alter cellular response to IFNp in hyperlipidaemic mice which may contribute

to atherosclerosis development.
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Fig 5.2 IRF8-reduction alters macrophage response to IFNB stimulation in a
hyperlipidaemic environment.

(A) Volcano plot of fold change vs. P.value of differentially expressed genes comparing 12-wk-
old, Western diet-fed M-IRF8KO-4KO gnd WT-"KO BMDMs (n = 3/group). The grey line indicates
an adjusted P value threshold of 0.05 (Wald test for logistic regression). (B) Clustered heatmap
of RNA-seq normalised gene counts in Western diet-fed macrophages (n = 3/group). Gene set
enrichment analysis demonstrating the most significant (C) upregulated and (D) downregulated
pathways of genes differentially regulated by myeloid-IRF8 reduction with their corresponding
enrichment score at the end of each bar. Pathway enrichment network visualisation showing the
intra-cluster and inter-cluster similarities of enriched terms for (E) upregulated and (F)
downregulated pathways. Novel atherosclerosis specific IRF8 regulated pathways, in response
to IFNP treatment, when compared to WT-4"™KO_are highlighted in light pink, where the degree of
regulation in the most significant differentially regulated pathway is further highlighted in the
corresponding heatmap, showing normalized gene counts. Remaining cluster annotations are
shown in colour code on the upregulated and downregulated pathway analysis bar chart. Pathway
analysis and enrichment visualisation was performed using Metascape. Data presented are
Linear fold change 1.3, FDR 0.05, p<0.01.

5.3 IFNB stimulated macrophages from hyperlipidaemic WT-4"KO mice are

pro-inflammatory

To determine the impact of IFNP stimulation on the gene expression of
WTLAKO macrophages, from a hyperlipidaemic environment, we compared the
differentially regulated genes identified in IFNP treated WT-4"™KO macrophages to
untreated WTLIO macrophages. Altogether we identified 1923 differentially
regulated genes in response to IFNp stimulation in WT-4™O macrophages, when
compared to untreated BMDMSs, as highlighted in both the volcano plot and
heatmap (Fig 5.3 A & B). We identified 1000 upregulated genes in response to
IFNB treatment that were significantly enriched in pathways including
‘Inflammation’ (Log1oP = -20) and ‘Response to IFN’ (Log1oP = -33) (Fig 5.3 C).
This implies IFNB treatment significantly induces inflammatory response

pathways in macrophages from a hyperlipidaemic environment.

We also identified 923 downregulated genes in IFNB stimulated WT!dO
macrophages, that were significantly associated with ‘Cholesterol biosynthesis’
(Log1oP = -7.8) and “Fatty acid metabolism’ (Log1oP = -7.2) (Fig 5.3 D). This
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suggests, IFNB may have a role in defective macrophage cholesterol metabolism
in atherosclerosis, by negatively regulating genes crucial for atherosclerosis-

related lipid metabolic processes [313], [360].

To determine the degree of overlap between genes in different significantly
regulated pathways, a clustergraph was produced using Metascape. The
upregulated clustergraph displays a clear overlap in genes involved in ‘IFN
response’, ‘Cell adhesion’ and ‘Cytokine production’, as demonstrated by the
purple interconnecting lines between the different coloured nodes. This implies,
genes upregulated in response to IFNB are involved in multiple processes
surrounding cell defence (Fig 5.3 E). However, the genes involved in each
downregulated pathway do not appear to overlap with many other pathways, as
demonstrated by the disparate clustering of each coloured tree with few purple
interconnecting lines between the nodes (Fig 5.3 F). This suggests, genes
downregulated in response to IFNB treatment are enriched in singular pathways.
This provides insight into the IFNB-negatively regulated signalling pathways that
may contribute to atherosclerosis progression with the potential for future

investigation as a therapeutic target.

To summarise, we have demonstrated IFNB treatment promotes the
expression of genes involved in pro-inflammatory and defence response
pathways in macrophages from a hyperlipidaemic environment. Alongside this,
we have identified a role for IFNf in negatively regulating genes involved in lipid
metabolism and transport, many of which are known to protect against
atherosclerosis development [307], [361]. Collectively this suggests that IFN
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treatment transcriptionally reprograms macrophages, from a hyperlipidaemic
environment, to become more inflammatory and less responsive to lipid

metabolism and transport.
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to lipid-metabolic processes in hyperlipidaemic mice.

(A) Volcano plot of fold change vs. P.value of differentially expressed genes comparing 12-wk-
old, Western diet-fed WT 4O BMDMs challenged with or without 10ng IFNpB (n = 3/group). The
grey line indicates an adjusted P value threshold of 0.05 (Wald test for logistic regression). (B)
Clustered heat map of RNA-seq normalised gene counts in Western diet-fed macrophages (n =
3/group). Gene set enrichment-analysis demonstrating the most significant (C) upregulated and
(D) downregulated pathways of genes differentially regulated by IFN stimulation with their
corresponding enrichment score at the end of each bar. Pathway enrichment network
visualisation showing the intra-cluster and inter-cluster similarities of enriched terms for (E)
upregulated and (F) downregulated pathways. The most significant and enriched pathways are
highlighted in light pink, where the degree of gene regulation in the most significant differentially
regulated pathway is highlighted in the attached clustered heatmap of the RNA-seq normalized
gene counts. Remaining cluster annotations are shown in colour code on the upregulated and
downregulated pathway analysis bar chart. Pathway analysis and enrichment visualisation was

performed using Metascape. Data presented are Linear fold change 1.3, FDR 0.05, p<0.01.
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5.4 Myeloid-IRF8 reduction promotes IFNP stimulation of pro-apoptotic

genes whilst negatively regulating fatty acid biosynthesis

Upon identifying differentially regulated pathways in response to IFNf in
WTLAKO macrophages from a hyperlipidaemic environment, we next investigated
whether the response to IFNp in hyperlipidaemic IRF8-KO macrophages was any
different. We analysed the differentially requlated genes identified in IFNB-treated
IRF8-KO macrophages when compared to basal IRF8-KO macrophages. RNA-
seq analysis identified 1698 genes were differentially regulated in IFNB-treated
IRF8-KO macrophages, in comparison to untreated IRF8-KO macrophages (Fig
5.4 A & B). Although the number of genes induced by IFNf-stimulation in IRF8-
KO macrophages was similar to WT-4"O macrophages (983 in IRF8-KO vs 1000
in WTHAIKO) " slightly fewer where repressed in IRF8-KO macrophages (784
repressed in IRF8-KO vs 923 in WTL4O) 'as shown in the heatmap. This shows
IRF8 is specifically required for the induction of 139 genes in response to IFNf,
in macrophages from western diet-fed mice that may also contribute to the

previously identified IFNB-induced pro-atherogenic phenotype [169].

Pathway analysis demonstrated ‘Response to IFNB’ (Log1oP =-37.8) was
the most significantly upregulated pathway, similarly to that identified in IFNf
treated WT-4"™KO macrophages (Fig 5.4). This implies the genes involved in ‘IFNB
response’ that are differentially regulated in response to IFNB, may not be
dependent on IRF8 expression. ‘Cell death’ (Casp1, Casp2, Casp3, Bcl-2) was
also amongst the most upregulated (Log1oP = -10) pathway (Fig 5.4 C & E),

suggesting IRF8 may regulate IFNB-stimulation of macrophage cell death in a
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hyperlipidaemic environment. In comparison, IFNB treatment significantly
downregulates genes involved in the ‘RNA metabolic processes’ (Rps14, Rps15,
Rps16, Rcl-1) (Log1oP =-19.7) and ‘Fatty acid biosynthesis’ (Acat1, Acat2, Acat3,
Abcd1) (Log1oP =-4.8) (Fig 5.4 D). This shows, IFNf treatment induces pathways
associated with cell death, preferentially in the absence of IRF8, in
hyperlipidaemic mice. Whereas, IFN( treatment represses genes associated with
pathways that are involved in RNA and fatty acid metabolism, in macrophages
from both WT-4™O (Fig 5.3 D & F) and M-IRF8KO4™O mice (Fig 5.4 D & F). This
suggests IRF8 regulates IFNB inducible genes involved in cell death and lipid
metabolic-related processes that may contribute to the role of IFNB in

atherosclerosis development.
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Fig 5.4 IFNp differentially regulates ‘Cell death’ and ‘Fatty acid’ related genes in the
absence of IRF8.

(A) Volcano plot of fold change vs. P value of differentially expressed genes comparing 12wk old,
Western diet-fed M-IRF8KO-4"K© BMDM s challenged with or without IFNB (n=3/group). The grey
line indicates an adjusted P value threshold of 0.05 (Wald test for logistic regression). (B)
Clustered heatmap of RNA-seq normalised gene counts in Western diet-fed macrophages
(n=3/group). Gene set enrichment analysis demonstrating the most significant (C) upregulated
and (D) downregulated pathways of genes differentially regulated by IFNB with their
corresponding enrichment score at the end of each bar. Pathway enrichment network
visualisation showing the intra-cluster and inter-cluster similarities of enriched terms for (E)
upregulated and (F) downregulated pathways. The most significant and enriched pathways are
highlighted in light pink, where the degree of gene regulation, for that pathway, is highlighted in
the attached clustered heatmap of the RNA-seq normalized gene counts. Remaining cluster
annotations are shown in colour code on the upregulated and downregulated pathway analysis
bar chart. Pathway analysis and enrichment visualisation was performed using Metascape Data
presented are Linear fold change 1.3, FDR 0.05, p<0.01.
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5.5 IFNB regulation of lipid metabolism, chemotaxis and apoptosis related

genes is dependent on IRF8

Thus far, we have identified genes and pathways that are differentially
regulated in response to IFNJ treatment and myeloid-IRF8 reduction. To better
understand the pathways associated with genes that are dependent on IRF8-
expression and differentially regulated in response to IFNP treatment,
comparisons were performed on the list of differentially regulated genes in IFNf3
treated WTL4KO (1923 genes — Fig 5.3) and IFNB-treated IRF8-KO (1698 genes

— Fig 5.4) macrophages.

In total, we uncovered 1036 genes that were not dependant on IRF8
expression, as they were regulated in both IFNp-treated WT-4™© and IRF8-KO
macrophages, when compared to untreated macrophages (Fig 5.5 A). Pathway
analysis on the 1036 overlapping genes, demonstrated significant enrichment of
processes including; ‘Response to IFNB’ (LogioP = -33), ‘Response to virus’
(Log1oP = -27) and ‘Cytokine production’ (LogioP = -12) (Fig 5.5 C). The
increased significance of these pathways is further demonstrated in the heatmap
of significance in Fig 5.5 E. This implies IRF8 does not regulate IFNp-induced
pathways involved in inflammation and defence response, in hyperlipidaemic
mice. Alternatively, we identified a number of genes differentially regulated in
response to IFNP treatment that were either regulated in response to IRF8
expression (887 genes), or in the absence of IRF8 expression (667 genes), with

the most significant genes highlighted in the Venn diagram (Fig 5.5 A).
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Pathway analysis revealed genes regulated by IFNB treatment
preferentially in IRF8-KO macrophages, were highly enriched in processes
surrounding ‘Leukocyte migration’ (Log1oP = -5.8), ‘Cell death’ (Log1oP = -5.8)
and ‘Cell adhesion’ (Log1oP = -4.9) (Fig 5.5 B), with the top regulated genes
included on the Venn (Fig 5.5 A). This supports previous studies demonstrating
the importance of IFNB in modulating monocyte cell migration and promoting
FasL mediated cell death in dendritic cells and thyroid follicular cells [165], [167].
However, this study is the first to suggest IFN regulation of these processes is

negatively regulated by IRF8, in macrophages from western diet-fed mice.

In comparison, the 887 genes differentially regulated in response to IFNf3
treatment that were dependent on IRF8 expression, as identified preferentially in
WTLAKO  macrophages, where highly enriched in processes including;
‘Cholesterol biosynthesis’ (Log1oP = -7), ‘Small molecule metabolism’ (Log1oP =
-9.6) and ‘Lipid metabolism’ (Log1oP = -5) (Fig 5.5 D). This suggests, IRF8
regulates pathways associated with cholesterol biosynthesis and metabolism,
that are enriched in response to IFNB-treatment, in macrophages from western

diet-fed mice.

Collectively, we have identified IFN treatment modulates many pathways
independently of IRF8 and the significance of these pathways is highlighted in
the ‘Significant pathways heatmap’ (Fig 5.5 E). The clustergraphs represent the
overlap of genes present within each pathway (Fig 5.5 F) where the proportion
of genes from each gene list is presented as a slice of the pie chart in each node
(Blue = WTHIKO |ENB vs basal and red = M-IRF8KOM™O |FNB vs basal). The
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blue highlighted cluster represents small molecule processes and the purple

highlighted cluster represents amino acid metabolism (Fig 5.5 G).

Altogether this data demonstrates, IRF8 significantly regulates the
following pathways; ‘Cholesterol Biosynthesis’, ‘Lipid metabolism’, ‘Migration’
and ‘Apoptosis’, in response to IFNf treatment in western diet-fed mice. These
pathways are pivotal in the development and progression of the atherosclerotic
plaque [38], [52], [162], [362]. Their differential regulation by IRF8 in response to
IFN, has increased our understanding of IRF8-IFN signalling pathways that are

enriched in macrophages from an atherosclerosis-prone environment.
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Fig 5.5 IFNB-induction of genes involved in ‘Cholesterol metabolism’, ‘Apoptosis’ and
‘Migration’ are regulated by IRF8.

(A) Circos plot highlighting the overlap of differentially regulated genes (purple lines) identified in
Western diet-fed WT-4™© BMDMs stimulated with 10ng IFNB for 6hrs and IRF8-KO BMDMs
stimulated with 10ng IFN for 6hrs. The purple lines connect overlapping genes across each
dataset and blues lines connect the different genes that fall into the same ontology. The
corresponding Venn diagram highlights the number of overlapping genes from both input gene
lists. Gene set enrichment analysis highlighting the most significantly enriched pathways of genes
differentially regulated solely in (B) IFNp stimulated IRF8-KO macrophages (667 genes), genes
differentially regulated in (C) both IRF8-KO and WT-4"K© macrophages (1036 genes) and genes
differentially regulated solely in (D) IFNB stimulated WT-4© macrophages (887 genes). (E)
Clustered heatmap of significance displaying the most statistically enriched pathways across all
genes in both lists. (F) Pathway enrichment network visualisation showing the intra-cluster and
inter-cluster similarities of enriched terms across both lists. Pathways with a proportion of
differentially regulated genes in both lists are highlighted in light pink. Remaining cluster
annotations are shown in colour code on the (E) ‘Significant pathways’ heatmap. (G) The same
enrichment network where nodes display the proportion of genes from each gene list within that
specific pathway node. Color code for pie sector; blue = IFNB stimulated WT-4"K® macrophages,
red = IFNp stimulated IRF8-KO macrophages. Pathway analysis and enrichment visualisation
was performed using Metascape. Data presented are Linear fold change 1.3, FDR 0.05, p<0.01.
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5.6 Myeloid-IRF8 reduction transcriptionally reprograms macrophage

response to IFNf stimulation

In total, the RNA-sequencing performed on IFNB-stimulated BMDMs from
western diet-fed mice uncovered over 4000 IRF8-target genes that were
differentially regulated in response to IFNB stimulationin WT and IRF8-KO
macrophages (Fig 5.6.1). Hierarchical clustering of normalised gene counts
identified four distinct clusters of genes (clusters A-D) that are differentially
regulated by IRF8 and/or IFNp—treatment. To understand the biological pathways
enriched amongst the differentially regulated genes, pathway analysis was

performed on the genes in each cluster.

Genes that are downregulated in response to IFNp, in the absence of
IRF8, are highlighted in cluster A of the heatmap. The top GO term associated
with these genes include ‘Aminoacyl tRNA biosynthetic processes’ that is crucial
for protein translation. In this pathway, Cxcr4 and /I-17ra were the most significant
and are known to contribute to atherosclerosis via promoting endothelial cell
integrity and leukocyte migration respectively [363], [364]. Altogether, this
demonstrates genes involved in protein translation are differentially regulated by
IRF8 in response to IFNB-treatment. When stimulated with IFN(, genes involved
in protein translation are significantly downregulated in IRF8-KO macrophages.
This implies, increased IFNB-induced JAK-STAT signalling may promote the
interaction of STATs with co-repressors and their subsequent recruitment to the
gene promoter site [365], [366], of which they are only able to access in the

absence of IRF8 expression.
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Cluster B highlights a subset of IRF8 target genes that are positively
regulated preferentially in response to IFNJ and are enriched in the pathway ‘Fat
cell differentiation’. Within this pathway, the pro-inflammatory Smad7 and
scavenger receptor Cxcl16, show a significant decrease in expression in the
WTLAKO macrophages when stimulated with IFN (Fig 5.6). This suggests, IFNB
regulation of ‘Fat cell differentiation’ in macrophages from an atherosclerosis

environment is dependent on IRF8 expression.

On the contrary, cluster C highlights a subset of genes that are negatively
regulated by IRF8 irrespective of IFNB. Genes within this cluster are enriched in
processes involving macrophage cholesterol efflux, as demonstrated by the term
‘ABC transporters’ [367]. ABC transporters have a crucial role in macrophage
cholesterol efflux, where their deficiency has been shown to promote foam cell
formation and atherosclerosis progression [65], [70]. This demonstrates, IRF8
reduction reverses IFNB-induced repression of select genes, many of which are

involved in ABC-mediated cholesterol transport.

Genes in cluster D, were significantly enriched in ‘Inflammatory response’
(Log1oP = 2.6E-10). Most genes within this cluster are positively regulated by
IFNB, with increased regulation evident in IRF8-KO macrophages. This implies
many |FNpB-inducible genes involved in the ‘Inflammatory response’ are
negatively regulated by IRF8 in macrophages from an atherosclerosis prone

environment.
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Overall, we have identified a series of IRF8 target genes and pathways
that are both responsive and non-responsive to IFNB treatment. Interestingly,
many IFNB-regulated genes that are dependent on IRF8 expression are enriched
in lipid associated pathways (Clusters B and C) suggesting IRF8 may regulate

IFNP induction of such pathways in macrophages from western diet-fed mice.
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Fig 5.6 Myeloid-IRF8 reduction transcriptionally reprograms macrophage response to IFN stimulation.

Log2 transformed normalized RNA-seq gene counts, from Deseq, of WD-fed BMDMs from M-IRF8KQO-4™0 and WT-4"KO mice (n=3 per group) at basal or treated with
10ng IFNB for 6hrs. Four patterns of gene expression (clusters A-D) were identified amongst differentially expressed genes by hierarchical clustering of normalised
gene counts. Bar graphs of counts of two representative genes from each cluster are displayed alongside the most significantly enriched gene ontology term and
genes present within the cluster of this term. Data presented are raw gene counts. Statistical significance calculated using the Wald parametric test, FDR 0.05, p<0.01.
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Fig 5.6.1 Summary schematic of IRF8-regulated pathways in response to IFN[.
Images adapted from Servier Medical Art.

5.7 Summary

As summarised in Fig 5.7, this chapter has established the following;
1. IRF8 reduction differentially regulates macrophage response to IFNf
treatment in hyperlipidaemic mice.
2. IRF8 does not regulate IFNB induction of genes involved in ‘Defence
response’ pathways in macrophages from a hyperlipidaemic environment.
3. IRF8 differentially regulates the expression of genes, in response to IFNf
treatment, that are involved in ‘Cholesterol biosynthesis’, ‘Apoptosis’ and

‘Migration’ in macrophages from a hyperlipidaemic environment.
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Fig 5.7 Summary diagram of key findings from gene list comparisons of IFNp stimulated
macrophages from WT-4™0 and M-IRF8KO"™° mice.

5.8 Discussion

IFNB has been well characterised for its role in mediating the immune cell
response to inflammation and bacterial infection [131], [352], [354]. Recent
studies by Goossens and colleagues [169] have identified an atherogenic role of
myeloid-IFNp signalling via the promotion of plague macrophage infiltration,
impaired cholesterol efflux via Abca? and increased cholesterol uptake via
scavenger receptor Sr-A [172]. The atherosclerosis-inducing western diet is
known to trigger IFN-signalling pathways in myeloid cells [169]. Previous studies

have demonstrated IRF8 positively regulates type | IFN production in monocytes
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and plasmacytoid dendritic cells [140], [141]. Furthermore, studies by Mancino
and colleagues have demonstrated IRF8 differentially regulates macrophage
response to IFNf simulation in normolipidemic mice [86]. Considering IRF8 and
IFNB are independently implicated in atherosclerosis development [169], [175],
[177], and IRF8 regulated IFNp signalling has been identified in normolipidemic
mice [86], we aim to determine whether IRF8 reduction impacts the IFNf induced
gene expression in macrophages from hyperlipidaemic western diet-fed mice.
This information would enhance our understanding of IRF8 regulation of IFNf
signalling in atherosclerosis, providing insight for future possible therapeutic
targets. For this reason, RNA-sequencing was performed on IFN( treated

BMDMs from M-IRF8KOQ4KO gnd WTLAIKO mijce.

5.7.1 IRF8 differentially regulates macrophage response to IFNf3

To determine the transcriptional effect of myeloid-IRF8 reduction on
macrophage response to IFNp treatment, we compared differentially regulated
genes in IFNP stimulated IRF8-KO macrophages to IFNP stimulated WT
macrophages. Altogether, we identified 373 differentially regulated genes in
response |IFNp treatment in IRF8-KO macrophages (Fig 5.2). Pathway analysis
demonstrated genes enriched for processes involving ‘Leukocyte migration’ and
‘ABC transport’ where significantly upregulated in IRF8-KO macrophages,
suggesting IRF8 reduction positive regulates IFNf induction of pathways known
to promote atherosclerosis. Increased IFNp signalling has been highly associated
with modulating chemotaxis of monocytes, dendritic cells and macrophages in
various models of inflammation [169], [170], [368]. However, many chemotactic

ligands upregulated by IFNB (Ccl12, Ccl8) in IRF8-KO macrophages, were
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previously downregulated in untreated IRF8-KO macrophages. This suggests
their regulation by IFN may involve another IFN-induced transcription factor that
is negatively regulated by IRF8 in basal macrophages [86]. Amongst the
upregulated pathways, genes involved in ABC-cholesterol transport, syncytium
formation and gap junction trafficking where also significantly enriched.
Syncytium formation involves the fusion of cells, often in response to viral
infections and has been shown to amplify the IFNp elicited immune response
[369]. Similarly, genes involved in gap junction trafficking also mediate cell-cell
interaction and are important in monocyte-endothelial cell adhesion [370] and
the formation of immunological synapses [371]. The differential regulation of
these pathways in macrophages from hyperlipidaemic mice, suggest, IFNp-
induction, may impact on macrophage cholesterol efflux and its ability to form
interactions with other cells. Such processes are crucial during the early stages
of atherosclerotic plaque progression [249] and these results uncover a
previously unknown route by which IRF8 modulates macrophage response to
IFNP in atherosclerosis. To confirm these results, macrophage cholesterol efflux
assays and measurement of cellular adhesion (using methods such as fluidic-

probe force microscopy) in response to IFN, would be required [372].

In contrast, there was a 30% decrease in the total number of upregulated
genes in IFN treated IRF8-KO macrophages, when compared to IFNp treated
WT macrophages (Fig 5.3 and Fig 5.4). This may be due to the main role of
IFNB in the activation of genes, via the JAK/STAT pathway, rather than
repression of gene expression [138], [359]. Pathway analysis of downregulated
genes in IFNB-treated IRF8-KO macrophages, when compared to WT,

demonstrated high enrichment in processes including ‘TGF-f signalling’ and
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‘Amino acid transporter activity’. Previous studies have demonstrated IRF3-
induced TGF- signalling promotes IFN signalling, via the binding of IRF3 to the

interferon response element present upstream the IFN promoter [373].

5.7.2 IFNB stimulation of ‘Defence response’ genes are not dependent on
IRF8

Comparative analysis on the differentially regulated genes identified in
IFNB stimulated WT macrophages, when compared to untreated WT
macrophages, allowed us to determine the transcriptional impact of IFNp
treatment on macrophages from a hyperlipidaemic environment. As expected
[353], IFNP significantly induced genes enriched in processes surrounding
‘Response to virus’, ‘Response to external stimulus and IFNB’ in WTHIKO
macrophages. However, we became interested in the negative regulation of lipid-
metabolic pathways by IFNB stimulation in WT macrophages, particularly as
previous studies have reported conflicting results in the role of type-1 IFNs in lipid
induced processes, including foam cell formation [161], [169]. Goossens et al.,
2010 demonstrated IFN priming of myeloid cells had no impact on oxLDL uptake
in vitro [169], whereas Li et al., 2011 demonstrated IFNo promoted oxLDL uptake
in THP-1 cells [374]. Enhanced oxLDL uptake was also mirrored in
atherosclerotic LDLRXC macrophages that harboured an altered heparan
sulphate structure, which was linked to increased type-l IFN signalling [3795].
Upon considering the impact of IFNB stimulation in lipid-mediated processes
crucial for atherosclerosis development, it was intriguing to discover a large
proportion of downregulated genes are in fact involved in cholesterol biosynthesis
(Cyp1ai, Scd1, Acat2, Acat3), fatty acid metabolism (Scd7, Scd2, Acot2, Acot 3)

and fatty acid beta-oxidative pathways (Acad12, Pccb, Hacd3, Acot13). Reduced
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expression of genes within these pathways, in particular the Acyl-CoA:cholesterol
acyltransferases (ACATSs), have been shown to reduce the progression of pre-
existing atherosclerotic lesions [30], [38]. Therefore, our data suggests, in
western diet-fed mice, IFNp treatment results in the negative regulation of genes
important for macrophage cholesterol metabolism that may contribute to
atherogenesis. To determine whether the differential gene regulation elicited by
IFNP stimulation, impacts on atherosclerosis development, it would be beneficial
to measure in vivo macrophage cholesterol uptake, efflux, ester content and foam
cell formation in response to IFN to increase our understanding on the functional

implications elicited by this differential gene regulation.

5.7.3 IFNB differentially regulates ‘Cell death’ and ‘Fatty acid’ related genes
in the absence of IRF8

To determine the regulation of IFNB-treated genes in IRF8-KO
macrophages from a hyperlipidaemic environment, comparative analysis was
performed on IFN treated IRF8-KO macrophages, when compared to untreated.
Similarly, to IFNB treated WT macrophages, we identified an increased
enrichment of genes involved in 'Response to IFNB’ and ‘Viral response’. We also
discovered increased enrichment of genes involved in ‘Cell death’ pathways,
suggesting myeloid-IRF8 reduction may negatively regulate IFNB-induced pro-
apoptotic genes. Considering studies by Yang and colleagues demonstrate IFNf
promotes cell survival via activation of NF-KB signalling [347], others have
reported no differences in macrophage cell death in atherosclerosis prone mice
lacking the IFNpreceptor, IFNAR [169]. This data demonstrates, IRF8
transcriptionally regulates IFNB-induced cell death related genes that may

contribute to the role of IFNB in apoptosis within atherosclerosis. However,
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additional functional experiments would be required to assess aortic macrophage
cell death, for instance via TUNEL staining [376]. Considering previous studies
have demonstrated IRF8 to positively regulate Fas mediated apoptosis in non-
haematopoietic cells, via IFNy activation [377], this is the first study to suggest
IRF8 regulates IFNB-induced macrophage cell death in an atherosclerotic

environment.

5.7.4 IFNB-induction of genes involved in ‘Cholesterol metabolism’,
‘Apoptosis’ and ‘Migration’ are regulated by IRF8

Having identified transcriptional differences elicited by myeloid-IRF8
reduction in response to IFNP treatment, we aimed to determine which
differentially regulated processes where specific to IRF8 expression. Additional
comparative analysis was performed on the list of differentially regulated genes
identified in the IFNJ treated IRF8-KO vs untreated IRF8-KO macrophages and
the IFNp treated WT vs untreated WT macrophages (Fig 5.6). Interestingly, we
identified a large degree of overlapping genes that were differentially regulated
in both IFNP treated WT macrophages, when compared to untreated, and IFNf
treated IRF8-KO macrophages, when compared to untreated. We demonstrated
IFNB induction of genes involved in Viral response (/fit1, Ifit2, Ifit3, IL-1b),
Cytokine production (/I-10, II-12, II-1, ll-7) and Immune response (Dnas1/3, Fcgr1,
TIr9, TIr3), was not dependant on IRF8 expression, in hyperlipidaemic mice. We
also discovered an increased enrichment of genes involved in ‘Lipid-metabolic’
and ‘Cholesterol biosynthesis’ processes, in response to IFNJ treatment that
were also dependant on IRF8 expression. This suggests IRF8 is important for the
regulation of IFNB-induced lipid metabolic processes in atherosclerosis (Fig 5.6

D). Interestingly, the Acyl-CoA cholesterol transferase enzymes, Acat1, Acat2
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and Acat3 were amongst the most significantly regulated within the lipid-
metabolic pathways. These enzymes are crucial in the esterification of
macrophage free cholesterol, to form cholesterol esters that are stored in lipid
droplets, contributing to macrophage foam cell formation [38]. Interestingly,
previous studies demonstrated IFN( induced activation of Acat7 was associated
with decreased cholesterol efflux via the ABC transporter; ABCA1 in
macrophages stimulated with acLDL [38]. In contrast, we observe a reduction in
the ACAT enzymes and ABC cholesterol transporters in IFNf treated IRF8-KO
macrophages, when compared to untreated macrophages. The western diet has
also been shown to induce epigenetic reprogramming of innate immune cells that
subsequently alters cellular response to secondary stimulus [378]. Upon taking
this into consideration, it's possible that macrophages from western diet fed mice,
may be epigenetically reprogrammed allowing for differences in IFNB-induced

gene expression between western diet fed mice and non-western diet fed mice.

In contrast, many genes differentially regulated in response to IFNf
treatment, in the absence of IRF8 expression, were highly enriched in processes
surrounding ‘Leukocyte migration’ (Ccl3, Ccl4, Ccl8, P2ry12) and ‘Cell death’
(Fas, Bmp2, Casp8, Casp12). Interestingly, Mancino et al., 2015 demonstrated
genomic IRF8-occupancy in IFN treated BMDMs from normolipidemic IRF8™M
mice for several genes highly enriched in these pathways, including Ccl3, Ccl/4,
Ccl8, Casp8 and Casp12 [86]. The lack of IRF8 occupancy at Fas, however,
suggests IRF8 regulation of Fas in a hyperlipidaemic environment, may be
dependent on the potential epigenetic reprogramming of IRF8-KO macrophages
by the western diet. To investigate this epigenetic reprogramming, it would be

beneficial to determine differences in binding of transcription factors, such as
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IRF8, via ChlP-sequencing [379] and measure the activity of the enhancer and
promoter landscape using ATAC-sequencing [209]. It would also prove beneficial
to couple this data with differences in gene regulation, identified using RNA-
sequencing, on M-IRF8KQO4KO gnd WT-O mice challenged with a western and
chow diet. This would increase our understanding of the diet induced epigenetic

effects on IRF8 reduction and the impact this has on secondary IFNf signalling.

In conclusion, this data has demonstrated that IRF8 is required for the
regulation of several previously uncharacterised pathways, that are differentially
expressed in response to of IFNf stimulation in atherosclerosis. These pathways
include; chemotaxis, apoptosis and lipid-metabolism related genes and are often
dysregulated in atherosclerotic plaque formation [334], [362], [380]. This data has
increased our understanding of IRF8-regulated IFNp signalling in macrophages
from an atherosclerosis prone environment, identifying pathways that could be

further explored in therapeutic applications aimed at atherosclerosis.
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Chapter 6:Results - Investigation into the emerging role of myeloid-IRF8

signalling in ageing

6.1 Introduction

Human life expectancy is vastly increasing, with the population aged over
60 years predicted to increase more than threefold by 2050 in more economically
developed industrialised countries [198]. Ageing is associated with a plethora of
diseases, including Cardiovascular disease, Stroke and Alzheimer's disease
[199], [200], [381]. This is due to the age-related dysfunction of the innate and
adaptive immune response, in particular for age-associated Cardiovascular
disease [226]. Currently, the mechanisms underlying this dysregulated immune
response are unclear. However, recent evidence has emerged indicating
impaired monocyte function may contribute to the dysregulated innate immune

response identified amongst the aged population [224], [226].

Peripheral blood monocytes are a heterogenous population of bone
marrow derived cells that constitute between 10-20% of the total blood leukocyte
population [382]. Three individual subsets have been identified; Classical pro-
inflammatory monocytes (CD16°CD14%) that are the most abundant (90%),
intermediate monocytes (CD16'°CD14*) and non-classical monocytes
(CD14'°CD16%) [383], [384]. Collectively, they protect against infection via the
activation of pattern recognition receptors (PRRs), including toll-like receptors
(TLRs) [385]. They also support the adaptive immune response via the
production of pro- and anti-inflammatory mediators whilst differentiating into
antigen presenting cells. Previous studies, have identified an expansion in CD16™

monocytes within the aged human population; a characteristic resembling the
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response to bacterial infection, alongside decreased expression of cell surface
markers (CX3CR1 and CD62L) that may affect monocyte survival and migration
to inflammatory sites [221], [386]. This, therefore, demonstrates defective

monocyte function within the aged population.

To elucidate the potential mechanism of immune cell dysregulation,
studies have investigated the transcriptomic differences amongst select aged
immune cells. Stirewalt and colleagues identified a significant association
between reduced IRF8 expression in hematopoietic stem cells (HSCs) and
mature CD34" T-cells in aged humans and mice, suggesting a possible role for
dysregulated IRF8 in these aged cells [232]. Due to the crucial role of IRF8 in
monocyte function [121] combined with the dysregulated monocyte phenotype
observed in the aged, we interrogated whether the expression of IRF8 and its

target genes, differ in aged monocytes.

The 10,000 immunomes project consists of a human immunology
reference database, publicly available from ImmPort, of young and aged genes
identified within the PBMCs and whole blood of males and females [231]. This
provides a platform allowing for the study of age and gender related differences
to be identified within the healthy human population. This information can be used
in comparative studies to help identify specific genes and signalling pathways
that may potentially be used as age-related biomarkers. Currently, little
information in known regarding gender differences within the aged population,
however, studies have implied the innate immune response may differ with
gender as well as age [228], [230]. Interestingly, healthy aged women display a

reduction in the proportion of circulating CD16" monocytes, with no difference in
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phagocytic function when compared to men [387], [388]. Hearps et al., 2012 also
identified women to exhibit an increase in plasma CXCL10, characteristic of
monocyte/macrophage activation, in comparison to men. Collectively, this data
implies the innate immune response is altered amongst different genders within
the aged population, however, the mechanism underlying such differences is
poorly understood. With many age-related inflammatory disorders impacting
men and women differently, it's important to further understand the transcriptional
differences amongst different aged genders, to help identify potential biomarkers

that could be used for certain gender-specific age-related diseases.

This chapter establishes how the regulation of IRF8-target genes,
identified in hyperlipidaemic M-IRF8KO4"™KO mice, differ in the monocytes and
PBMCs of different age and gender healthy human populations. This analysis
would help identify IRF8-regulated genes that have the potential to be used as
biomarkers of cardiovascular disease in the healthy aged population in a sex-

specific manner.

Aims:

1. Determine the regulation of IRF8 in human monocytes from young and
aged individuals

2. ldentify IRF8-target genes that are differentially regulated in aged PBMCs
from males, and females as identified in the 10,000 human immunomes
project [231].

3. Confirm differential regulation of IRF8-target genes, identified in the above
comparative analysis, in human monocytes from young and aged

individuals.

231



6.2 Aged human monocytes and monocyte subsets, display reduced
expression of IRF8

Differences in transcriptional regulation of immune cells, including;
hematopoietic stem cells, mature T-cells, peripheral blood mononuclear cells
(PBMCs) and monocytes, are one of the seven hallmarks of ageing [202].
Previous studies by Stirewalt et al., 2009, identified a significant reduction in IRF8
expression within healthy aged HSCs and cells of the adaptive immune response,
including mature T-cells [232]. Although age-induced differential gene expression
within innate immune cells are less well reported, few studies have displayed
differential gene expression within aged monocytes and their subsets. This
prompted our investigation into the expression of IRF8 and its target genes within
healthy aged monocytes. Interestingly, we identified a striking decrease in the
gene expression of IRF8 within aged monocytes, when compared to young, thus,

implying an age-induced reduction in myeloid-IRF8 signalling (Fig 6.1 A).

Age-related differences in the quantity and cell-surface expression of
monocyte subsets has also been previously reported [221]. This prompted our
investigation into the expression of IRF8 in monocyte subsets. Similarly, to the
total monocyte population, we also identified a decrease in IRF8 expression in
classical (Fig 6.1 B), intermediate (Fig 6.1 C) and non-classical monocytes (Fig
6.1 D). Collectively, this shows an age-associated reduction in IRF8 expression
within monocytes and monocyte subsets of healthy human subjects. This may
impact on the ability of aged monocytes to respond to bacterial and viral infection.
However, to confirm this it would be beneficial to determine the regulation of
previously identified IRF8-target genes in monocytes from healthy aged

individuals at baseline and in response to inflammatory stimuli, including LPS and
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interferon at gene and protein level [389], [390]. This would help underpin the

role of IRF8 in healthy ageing.
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Fig 6.1 IRF8 expression is reduced in aged monocytes and monocyte subsets.

(A) Relative IRF8 gene expression in human aged monocytes compared to young (n=8 young,
n=3 old). (B) Mean fluorescence intensity of IRF8 expression in classical monocytes from young
and old donors. (C) Mean fluorescence intensity of IRF8 expression in intermediate monocytes
from young and old donors. (D) Mean fluorescence intensity of IRF8 expression in non-classical
monocytes from young and old donors. Monocyte subset data generated from MSc student Nadia
Nozari. Monocyte subset data is representative of n=3 young and n=2 old. Statistical significance
calculated using an unpaired students t-test, *p>0.05, due to sample size of n=2 for aged
monocyte subsets in (B), (C) and (D), statistical analysis was not possible.
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6.3 Age and gender impact on IRF8-regulated transcriptional network

Myeloid-IRF8 regulates a network of genes that are crucial for monocyte
and macrophage response against inflammation and infection [285]. Having
identified reduced IRF8 expression in aged monocytes and monocyte subsets
(Fig 6.1), we aimed to explore whether differences in IRF8 expression impacted
on the regulation of previously identified IRF8-target genes in aged monocytes.
This would allow us to identify a possible age-induced difference in IRF8-
regulated pathways. The 10,000 immunomes project encompasses a human
immunology reference network, formed from the combination of 242 independent
studies. Collectively this database highlights a number of genes and proteins that
are regulated in the PBMCs or whole blood amongst a population of >10,000

individuals aged between 20-100 years [231].

Amongst the ~20,000 genes identified in PBMCs of young males and
females (20-50years) and aged males and female (60-100years) [231], we
identified 1795 differentially regulated genes with age and 4127 genes
differentially regulated with gender (Fig 6.2 A). This demonstrates, gender-
related gene differences are more prominent amongst PBMCs from a healthy
human population. To determine whether previously identified IRF8 target genes,
from M-IRF8KO-I™C mice, were differentially regulated with age and gender in
human PBMCs, comparative analysis was performed on the list of IRF8-target
genes against the list of genes that were differentially regulated with age and
gender in PBMCs (Fig 6.2 B). Interestingly, many IRF8-target genes appeared
to share functional similarities between differentially regulated genes in “Young
vs Old’ PBMCs, as shown by the overlapping blue lines on the circus plot (Fig

6.2 B). This implies genes regulated by IRF8 and genes differentially regulated
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with age are involved in similar functional processes. However, a significant
proportion of differentially expressed genes (DEGs), identified in ‘Men vs Women’
PBMCs, displayed an absence of functional overlap between the gene lists (Fig
6.2 B). This indicates that most genes differentially regulated with gender are
enriched in functional processes that are different to those in M-IRF8KQ:dKO
mice and those enriched in the aged population. These functional differences
could potentially contribute to gender-related differences in disease development

such as Sepsis [391].

Investigation into the quantity of IRF8-target genes that overlap between
the two gene lists, identified a total of 70 overlapping IRF8 target genes, with only
5 genes regulated amongst all three lists (Fig 6.2 B). Of the 69 overlapping
genes, many are significantly different in young males, young females or aged
females, with altering patterns of regulation amongst the groups (Fig 6.2 C).
Pathway analysis of the differentially regulated overlapping genes, highlighted
many where significantly enriched for terms including ‘Chemotaxis’,
‘Inflammatory response’ and ‘Fat cell differentiation’ to name a few (Fig 6.2 D).
Understandably, there may be cross-species differences that may contribute to
the relatively low number of IRF8 target genes identified in the human PBMCs.
However, such comparative analysis allows for the identification of genes that are

differentially regulated in healthy aged monocytes.

Collectively, we have identified a total of 4405 genes that are differentially
regulated by either age or gender in PBMCs from the healthy human population.
Although only 70 genes overlap with myeloid-IRF8 target genes, they are highly

enriched in process that are known to be dysregulated in the aged population,
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specifically the ‘Inflammatory response’ [226], [392]. Therefore, this comparative
analysis highlights a series of IRF8-target genes that, with validation in human

monocytes, may provide as useful biomarkers in healthy ageing.
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Fig 6.2 IRF8 target genes are differentially regulated with age and gender.

(A) Overview of differentially regulated genes identified in the Inmunomes PBMC database [231]
comparing genes from young (20-50yrs) males and females and aged (60-100yrs) males and
females. (B) Circos plot highlighting the overlap of differentially regulated genes (purple lines)
identified in Western diet-fed BMDMs from M-IRF8KO"4™0 mice (n=3/group) and DEGs identified
in the Immunomes male vs female PBMCs and Old vs Young PBMCs. (C) Clustered heatmap
displaying the raw gene counts of DEGs in PBMCs of young males, females and old males and
females that are also regulated by IRF8. (D) Pathway analysis of the top differentially regulated
overlapping genes, highlighting the most significant pathways with corresponding enrichment
score at the end of each bar.
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6.4 Transcriptional regulation of key genes involved in lipid-mediated
disorders are differentially expressed with age and gender

Age-related disorders, including atherosclerosis and Alzheimer’s, are
often associated with a dysregulated immune response due to impaired
transcriptional regulation of key metabolic processes [200], [225]. Within this
study, we have uncovered a role for myeloid-IRF8, in retarding the development
of atherosclerosis, when deleted from myeloid cells, possibly due to its
transcriptional reprogramming of macrophages (Chapters 3 and 4). Of the IRF8-
target genes differentially regulated with age and gender in PBMCs, identified in
Fig 6.2, many were enriched in lipid-associated ‘Fat cell differentiation’ (GAB1,
CTSC, CYP27A1) (LogioP = -3.8). This implies, IRF8 regulation of genes
involved in lipid metabolic processes could be altered in the healthy ageing of

immune cells.

Having identified a significant decrease in IRF8 expression within healthy
aged monocytes (Fig 6.3 A), we aimed to determine whether the downstream
IRF8 target genes, identified in IRF8-KO macrophages, where also differentially
regulated in human monocytes from healthy young (18-30yrs) and aged (65+yrs)
humans. This would allow for identification of IRF8-regulated age-associated
differences in healthy monocytes that may contribute to certain age-related
diseases. We identified a significant decrease in the expression of cholesterol
transport receptor, P2RY13 (Fig 6.3 A), and atherosclerosis associated
cathepsin, CTSC (Fig 6.3 B) and protein kinase adaptor GAB1 (Fig 6.3 C) in

aged monocytes [393], [394].
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To compare how the regulation of these IRF8 target genes differed
amongst men and women, we plotted their expression in PBMCs, taken from the
Immunomes raw data set [231]. The expression profile of Gab7 (Fig 6.3 H) was
very similar in aged men and women PBMCs, when compared to the young.
However, CTSC (Fig 6.3 I) was significantly increased, by 45%, in aged PBMCs
of males and females and P2RY13 (Fig 6.3 G) displayed no difference in aged
PBMCs. Considering monocytes only form between 10-20% of the population of
PBMCs [382], it's possible that some age-related differences observed in human
monocytes may be masked in the immunomes PBMC data due to different

expression profiles within other cells including T-, B- and NK cells.

In comparison, although not significant, a trend to decrease was observed
in the expression of cholesterol metabolizing enzyme, CYP27A1, (Fig 6.3 F) with
no difference observed in the scavenger receptor, CXCL16, (Fig 6.3 E) or the
fatty acid transporter, ABCD2, (Fig 6.3 D) in aged monocytes. CYP27A1 and
ABCD2 show age-related differential expression in PBMCs (Fig 6.3 K & L),
however, CXCL16, (Fig 6.3 J) only shows gender related differences in PBMCs

from the young.

This implies genes, previously identified as IRF8 targets in a mouse model
of atherosclerosis, are also differentially regulated in the PBMCs of young and
aged individuals. Interestingly, 3 genes are negatively regulated in aged
monocytes (GAB1, CTSC, P2RY13) also. However, due to the low sample size
of male-only aged donors, it's not possible to infer gender related differences from
the monocyte data. To determine the sample size required to gain significance,

power calculations were conducted based on a priori determined outcome, using
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the GPower online software. This generated an effect size of 1.65 from the mean
and standard deviation of IRF8 in both young and old donors (Table 6). Upon
increasing the sample size, to a minimum of 9 individuals per group, using an
effect size of 1.65, it would be possible to determine the age-associated and
possible gender associated regulation of lipid-associated genes in monocytes,

that may collectively contribute to the increased prevalence of lipid-mediated

disorders amongst the aged population.

Power Effect o-err Power Degrees Sample
analysis size probability of size/group
and test freedom
A priori, 1.65 0.05 0.9 16 9

T-test

Table 6. Sample size required to generate significance in genes differentially regulated in
monocytes from young and aged individuals.
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Fig 6.3 IRF8-regulated lipid-metabolic genes are differentially expressed in aged human
monocytes.
(A) P2RY13, (B) CTSC, (C) GAB1, (D) ABCD2, (E) CXCL16 and (F) CYP27A1 mRNA expression
determined by quantitative-PCR of healthy young and aged monocytes (n=7 young, n=3 aged).
(G) P2RY13, (H) GABH1, (I) CTSC, (J) CXCL16, (K) CYP27A1, (L) ABCD2 gene expression,
determined by microarray [231] in healthy young and aged PBMCs from men and women (n=33
young women, n=22 young men, n=24 aged women, n=18 aged men). Plots of difference data
are presented as mean + SEM (A-F) and mean (G-L), statistical analysis performed using
unpaired students t-test (a= P £ 0.001 young women vs aged women, b= P < 0.001 young women
vs aged men, c= P < 0.001 young men vs aged men, d= P < 0.001 young men vs aged women,
e= P < 0.001 aged women vs aged men, f= P < 0.001 young women vs young men).
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6.5 Summary

As demonstrated in Fig 6.4, this chapter has established the following:

1. The gene expression of IRF8 is significantly reduced in aged human
monocytes and monocyte subsets from healthy donors.

2. We have identified 70 IRF8-target genes that are differentially regulated
with age and gender in PBMCs from healthy humans.

3. IRF8-regulated genes that are differentially expressed with age or gender
in healthy PBMCs, are highly enriched in processes including
‘Chemotaxis’ and ‘Inflammatory response’.

4. |IRF8-target genes, that differ with age and gender in PBMCS and are
enriched in ‘Fat-cell differentiation’ were also differentially regulated in

healthy aged human monocytes.
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Fig 6.4 Summary diagram displaying the enriched processes in IRF8 target genes that are
differentially regulated with age/or gender.
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6.6 Discussion

Age-related disorders are becoming increasingly more prevalent,
particularly as the aged population increases with improvements in healthcare
and available medical treatments [202], [395]. Atherosclerosis is one such lipid-
mediated inflammatory disorder that is highly prevalent amongst the aged
population, specifically in individuals aged over 50 years [396]. Although young
women are less likely to suffer from cardiovascular related diseases than men,
due to the protective benefits of oestrogen, their risk increases with age [397].
Having identified an athero-protective role of myeloid-IRF8 reduction in mice
(Chapter 3), we were intrigued to discover a significant reduction in the
expression of IRF8 within aged monocytes and monocyte subsets. This
complements studies from Stirewalt et al., 2009, whom display an age induced

reduction of IRF8 within aged HSCs and T-cells.

6.6.1 Inflammatory and chemotaxis-related pathways are dysregulated

within aged immune cells

Having identified a reduction in IRF8 in aged monocytes (Fig 6.2 A), we
interrogated whether the regulation of genes regulated by IRF8, in M-
IRF8KOIKO glso differed with age and gender. Comparative analysis of IRF8-
target genes with the age-related DEGs, identified in human PBMCs, led to the
discovery of 70 DEGs that where associated with IRF8, age and gender. Pathway
analysis identified ‘Chemotaxis’ as the most significantly regulated pathway,
inferring possible age-induced differences in cell chemotaxis (CCR4, CXCL11,
NR4A1) (Fig 6.3). Previous studies have shown defective neutrophil migration

within aged mice challenged with Staphylococcus aureus infection, due to a
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reduction in ICAM-1, owing to the defective resolution of inflammation phase
[398]. This suggests, ageing impairs the migratory ability of neutrophils in
response to infection, however, little evidence has been generated supporting

defective age-induced migration of myeloid-cells.

Alongside ‘Chemotaxis’, ‘Inflammatory response’ was also amongst the
most significantly enriched pathways. Age-related defective inflammatory
response has been well studied amongst the aged population [399], [400].
Previous studies have demonstrated impaired production of TNFa in aged
macrophages, impairing cutaneous T-cell entry in response to tuberculin purified
protein [401]. In conjunction, Stout-Delgado et al., 2009, displayed aged
plasmacytoid dendritic cells exhibit defective TLR9-induction of Type | IFNs in
response to herpes simplex virus-2, that was concomitantly associated with
impaired IRF7 upregulation [93]. Together, these studies highlight the
dysregulated immune response to external stimuli, ultimately rendering the aged
population at an increased risk of infection. Interestingly, Molony et al., 2017,
were the first to identify the age-induced reduction of IRF8 was pivotal in defective
type-l IFN production in monocytes [402]. Their studies investigating RIG-1
signalling in monocytes, in response to Influenza A virus concluded IRF8
expression was necessary to induce Type-l IFN production in monocytes [402].
Collectively, this highlights the crucial role of IRF8 in mediating immune
responses within the aged population. Validation of IRF8 target genes identified
that also differ with age and gender, would help identify possible biomarkers of

ageing that may be used in future therapeutic diagnostics.
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6.6.2 IRF8 regulates genes involved in lipid-mediated disorders that are

differentially expressed with age and gender

Age-associated biomarkers of dysregulated lipid metabolism and lipid-
mediated disorders are currently not well defined. Recent studies have
uncovered an association between lipid-metabolism and chromatin remodelling,
that may contribute to life longevity [403]. Plasma lipid and triglyceride protein
complexes are known to increase with age, including free fatty acids and
triglycerides [404]. Previous studies have displayed the fatty acid oxidation
product, Acetyl-CoA, to impact on chromatin landscape. Histone
acetyltransferases, including p300, are known to use Acetyl-CoA as a co-factor
to add an acetyl group to the lysine on histones, thereby changing chromatin
accessibility, impacting on gene transcription [405]. This implies altered plasma
lipids may contribute to differential gene expression associated with ageing and

age-related disorders, such as atherosclerosis [225], [396].

Diseases caused by the dysregulation of lipid metabolism, such as
atherosclerosis, are more prevalent within the aged population [199], [396]. For
this reason, our previous findings identifying a role for IRF8 in modulating genes
crucial for lipid metabolism and atherosclerosis, prompted our investigation into
the regulation of lipid-associated genes by age and gender. Although a limited
number of differentially regulated genes where identified (Fig 6.4), possibly due
to species variation of gene comparisons between human and mouse, we
identified a series of genes that have been highly associated with cardiovascular
disease, specifically atherosclerosis. The purinergic receptor, P2RY13, was
significantly decreased by 60%, in aged monocytes (Fig 6.4 A) and this was also

mirrored in aged female PBMCs, in comparison to the young equivalent (Fig 6.4
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B). Interestingly, age-induced reduction of this receptor has been implicated in
dysregulated neurogenesis within Alzheimer’'s disease that is thought to
contribute to disease progression [406], [407]. Considering P2ry13 contributes to
macrophage migration in a model of spinal cord injury [341], and reverse
cholesterol transport in atherosclerosis [339], this raises the possibility that
P2RY13 may also contribute to dysregulated leukocyte chemotaxis and reverse

cholesterol transport within a high lipid environment of aged females.

GAB1, known for its role in growth receptor signalling, cell proliferation and
survival, was also significantly reduced in aged monocytes [408], [409].
Interestingly, deficiency of GAB1 has been associated with increased
atherosclerosis, mitochondrial damage and cardiomyocyte apoptosis which
increases in an age-dependant manner [408], [410]. Therefore, implying age-
dependant reduction of GAB1 in monocytes may contribute to the increased
atherosclerosis often observed amongst the aged population. Aged PBMCs from
males and females also show reduced Gab1 expression, however, the significant
difference in GAB1 expression between young males and females is not
replicated in aged males and females (Fig 6.4 H). This suggests GAB1 may also

have a role in protecting young women against cardiovascular related disease.

Aged monocytes also display a significant reduction in CTSC expression,
and a trend to decrease in CYP27A1. CTSC is known for its role in leukocyte
activation, where, recent studies have demonstrated an athero-protective role
when reduced in expression, via its modulation of macrophage polarization within
the atherosclerotic plaque [411]. In contrast to aged monocytes, aged PBMCs in

both males and females, display a significant increase in CTSC expression (Fig
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6.4 1). This implies, CTSC expression maybe highly expressed in other cell types
(T-, B-, NK-cells) other than monocytes, within PBMCs, owing to its substantial
increase in expression, whilst also inferring a possible contribution in promoting
the development of atherosclerosis in aged males and females. The cytochrome
P450 enzyme, CYP27A1, however, is significantly reduced in aged male PBMCs
only. CYP27A1 is well known for its role in the hydroxylation of cholesterol to form
the oxysterol 27-hydroxycholesterol (27HC) that exhibits both athero-genic and
athero-protective functions [69], [345]. 27HC activates the athero-protective
nuclear liver-x-receptor (LXR), enabling promotion of cholesterol efflux by Abca1
and Abcg1 [69]. However, an abundance of 27HC in vivo, due to Cyp27a1
overexpression, promotes leukocyte chemotaxis, inflammation and reduces
vascular repair ultimately contributing to an increase in atherosclerosis

development [361], [412].

In contrast, the expression of the fatty acid transporter, ABCD2, or
scavenger receptor, CXCL16, did not change in aged monocytes, however both
their expression was significantly increased in aged PBMCs. ABCD2, is involved
in the oxidation of monounsaturated fatty acids, where its deficiency is
associated with hepatic steatosis and loss of glycaemic control [413]. On the
other hand, CXCL16, is involved in macrophage cholesterol uptake, whereby
increased expression has been implicated in promoting macrophage foam cell
formation and atherosclerosis development [56]. Altogether this indicates,
differential regulation of these genes may contribute to the increased prevalence

of age-associated lipid-mediated disorders.
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Collectively, we have identified a network of IRF8 target genes that are
differentially regulated by age and gender in both human PBMCs and monocytes
in young and aged individuals. Many IRF8-target genes are involved in
processes, including chemotaxis and inflammation that are dysregulated within
the aged population. Further experimental validation of these genes in human
monocytes and their regulation by IRF8, would help identify a network of IRF8-
regulated genes that may provide useful biomarkers in the onset of certain age-

associated disorders.
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Chapter 7: Discussion

7.1 Summary of findings

This thesis uncovers a novel role for myeloid-IRF8 reduction in retarding
the development of atherosclerotic plaque development, when challenged with a

high fat western diet.

Secondly, the data presented in this thesis highlights an IRF8 induced
reprograming of the macrophage transcriptome, within a hyperlipidaemic
environment. This ultimately resulted in the significant differential regulation of
inflammatory, chemotaxis and lipid-mediated pathways. From this data, we
postulated a potential mechanism by which myeloid-IRF8 reduction confers

athero-protection, via its regulation of Fabp4 and Fabp5.

Thirdly, this study demonstrates a novel transcriptomic signature of IRF8-
regulated IFN-inducible genes that are specific to myeloid cells from an
hyperlipidaemic environment. Collectively, this data has identified novel
IFNB regulated process that are repressed by IRF8 (Cholesterol biosynthesis,
transport and lipid metabolism) and induced by IRF8 (apoptosis and leukocyte

migration) in BMDMs from an atherosclerotic environment.

Fourthly, this thesis has uncovered an association of differentially
regulated IRF8 target genes in young and aged monocytes from a healthy
population. Comparative analysis, against previously published results,
highlighted novel genes and pathways previously shown to be regulated by IRF8,
in western-diet fed mice, that have the potential to serve as IRF8-regulated

biomarkers of healthy ageing.
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The next section will discuss the value of investigating the role of myeloid-
IRF8 reduction in atherosclerosis development and the interpretation of each
principal finding. Consideration of alternative interpretations and limitations of the

experiments within this present study will also be discussed.

7.2 Discussion

7.2.1 Myeloid-IRF8 reduction retards atherosclerotic plaque development

Atherosclerosis is a disorder that stems from the dysregulation of
inflammation and lipid metabolism. Imbalances within cellular and systemic
cholesterol homeostasis result in the retention of cholesterol rich lipoproteins
within the artery wall. This predominantly occurs in regions of altered blood flow
where the quiescent endothelium is disturbed. The sequestered lipoproteins
undergo various modifications (enzymatic cleavage, oxidation), causing the
lipoproteins to become pro-inflammatory triggering the activation and recruitment
of monocytes and their differentiation into macrophages. Macrophages engulf the
modified lipoproteins, forming cholesterol-laden foam cells. Defective clearance
of macrophage foam cells contributes to plaque burden and severity whist
increasing the production of pro-inflammatory cytokines that amplify the immune
response. Macrophages, therefore, have a pivotal role in the pathogenesis of

atherosclerosis.

IRF8 is a dual transcriptional activator and repressor of many processes
that are crucial for the development and differentiation of myeloid-cells, in

particular monocytes and macrophages [119], [125], [130]. However, current
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understanding of the functional role of myeloid-IRF8 beyond myelopoiesis is
limited. Previous work by Doring and Colleagues identify an atherogenic role for
heamtopoetic-IRF8 deficiency. However, their primary focus involved the
investigation of how dysregulated myelopoiesis, caused by IRF8 deficiency,
impacts on atherosclerosis development without addressing the myeloid cell-
specific role for IRF8 [175]. Considering macrophage-IRF8 has been previously
shown to transcriptionally regulate IL-18bp and Arginase-1, both known to
contribute to atherosclerosis [197], [233], our aim was to define the specific role

of myeloid-IRF8 in the inflammatory, lipid-mediated disorder atherosclerosis.

The data generated within this thesis uncovers a novel role for myeloid-
IRF8 reduction in retarding the development of atherosclerosis in M-IRF8KQ-dIO
mice, when compared to WTLA™KO mice. Similarly, to Clement et al., 2018, we
demonstrated M-IRF8KO"O mice also develop fewer advanced stage plaques
in comparison the WT-"O mice. However, myeloid-IRF8 reduction did not impact
on the severity of advanced plaques generated, as demonstrated by the lack of
difference observed in the formation of necrotic cores, fibrous cap area and
diameter. Intriguingly, Clement et al., 2018 identified a similar plaque phenotype
in CD11c-IRF8KO mice, with no differences observed in necrotic core or fibrotic
collagen formation. Thus, suggesting IRF8- reduction in myeloid cells specifically
result in a similar atherosclerotic plaque phenotype. In contrast, Doring et al.,
2012, demonstrate IRF8-deficient macrophages display defective efferocytosis
of apoptotic PMNSs, contributing to their increased plaque necrotic cores.
However, it must be noted that the increased plaque development was attributed
to an expansion of PMNs due to the CML-like phenotype identified in the

hematopoeitc-IRF8XC mice. In contrary to Doring et al., 2012, M-IRF8KO"™O do
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not develop a CML-like phenotype, demonstrated by the lack of difference in the
number of circulating monocytes and neutrophils. Therefore, it is unlikely that the
atherosclerotic plaques present within the WT-4™XO and M-IRF8KOMC mice
display an abundance of apoptotic neutrophils of which macrophages are unable
to effectively clear. This would, however, need to be confirmed by measuring the
number of apoptotic cells, for example; via plaque TUNEL staining and
performing an efferocytosis assay, for example where the number of fluorescently
labelled cells efferocytosis by macrophages are counted [414]. This possibility is
also supported by Clement and colleagues whom also demonstrate no difference
in plague neutrophils or necrotic cores within myeloid specific CD11c-IRF8KO
mice. Collectively this raises the possibility that deletion of IRF8 within myeloid
cells specifically is not sufficient to promote the development of advanced stage
plaques, after 12 weeks of western diet.

To characterise the severity of advanced plaques generated, it would be
beneficial to quantify collagen formation to identify for differences in plaque
vulnerability. This could be achieved by, using Hoechst staining to measure the
acellular region, and using oil-red-o to measure foam cell quantity. However,
RNA-Seq gene expression studies from BMDMs of M-IRF8KO-4™C mice do not
demonstrate a differential regulation of genes involved within the above
processes, apart from lipid metabolism and possibly apoptosis. Thus implying,
myeloid-IRF8 reduction does not differentially regulate genes crucial to many of
the processes required for advanced plaque formation, and therefore resulting in
minimal differences between the severity of advanced stage plaques developed

in M-IRF8KOL™O mice when compared to WT-4O mice.
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7.2.2 Myeloid-IRF8 reduction promotes the formation of foamy

macrophages that are less inflammatory

RNA-Seq analysis on the BMDMs of western diet fed mice, demonstrate
IRF8 reduction transcriptionally reprograms macrophages. This transcriptional
reprograming may contribute to the athero-protective phenotype of myeloid-IRF8
reduction. Pathway analysis of the differentially regulated IRF8 target genes in
the BMDMs of western diet fed M-IRF8KO-U™O mice highlight significant
regulation of genes involved in inflammation and lipid-metabolism. Although, the
role of IRF8 in mediating immune response to IFNy-induced inflammation is well
known [94], its transcriptional role in lipid-metabolism within a hyperlipidaemic
environment is poorly understood. We demonstrate myeloid-IRF8 reduction
negatively regulates pathways crucial for macrophage foam cell formation,
including lipid transport (Fabp3, Fabp4, Fabpb) [307], cholesterol metabolism
(Ch25h, Cyp27a1) [415] and reverse cholesterol transport (P2ry12, P2ry13,
P2ry14) [337]. Although subsequent functional analysis demonstrated a lack of
difference in the cholesterol ester content of acLDL challenged macrophages
from M-IRF8KO4™KO mice compared to controls. We intriguingly discovered
myeloid-IRF8 reduction significantly increased macrophage foam cell formation
in comparison to controls. M-IRF8KO-"KO mice develop less atherosclerosis and
display a reduction in inflammatory gene expression in their BMDMs. Previous
studies have demonstrated foamy macrophages to develop a reduced
inflammatory phenotype, due to LXR-mediated suppression of pro-inflammatory
cytokines [79], [416]. Although we have not discovered IRF8-regulation of LXR
target genes specifically involved in suppressing inflammation, for example,
Srebp2, we identified a significant overlap of genes regulated by IRF8 and genes

differentially expressed in foamy macrophages. Remarkably, many pro-
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inflammatory IRF8 target genes where negatively expressed in IRF8-KO
macrophages, whereas many IRF8 target genes involved in lipid metabolism
within the foamy macrophages share a similar expression profile within
IRF8KO4"™KO mice also. This is supported by our comparative data comparing the
transcriptional regulation of IRF8KO-4"™KO macrophages against inflammatory and
lipid-related trem2hi aortic macrophages from western diet fed mice.
IRF8KO4"™KO macrophages, importantly, display decreased expression of pro-
inflammatory genes enriched within inflammatory aortic macrophages and an
increased expression of genes enriched within lipid-associated trem2hi
macrophages. However, additional studies quantifying the lipids within aortic
macrophages, via oil-red-o staining would be required to verify in vivo differences
in macrophage foam cell formation. Collectively this suggests, myeloid-IRF8
reduction promotes foam cell formation whilst maintaining an anti-inflammatory

transcriptomic phenotype similar to that of aortic foamy macrophages (Fig 7.1).
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(Choi et al., 2018)
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Fig 7.1 Schematic depicting transcriptional similarities between acLDL treated BMDMs
from M-IRF8KOLdIrKO mice and foamy aortic macrophages from Choi et al.,2018.
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7.2.3 Myeloid-IRF8 reduction negatively regulates macrophage migration

Leukocyte chemotaxis is a pivotal process in the development of
atherosclerosis. It involves the adhesion and transmigration of cells, in particular
monocytes, across the arterial membrane, aiding their entry into the lipid-
enriched subendothelial space whereby monocytes differentiate into
macrophages and subsequently become foam cells. Many studies blocking
leukocyte chemotaxis, via inhibition of pro-migratory chemokines, Ccl2, Ccl5
Cx3cr1, abrogate atherosclerotic plaque formation [23], [417], [418]. This,
therefore, demonstrates the importance of chemotaxis in atherosclerosis
development. Surprisingly, we identified myeloid-IRF8 reduction negatively
regulates genes involved in chemotaxis, ultimately resulting in the reduced
migratory ability of IRF8KOM™KO macrophages towards the chemoattractant
MCP-1. Interestingly, we did not observe differences in the expression of well-
known atherogenic, pro-chemotactic genes; Ccl2, Ccl5 and Cx3cr1. Instead, we
identified significant IRF8 regulation of the purinergic receptors; P2ry12, Pry13
and P2ry14 whose role in leukocyte migration within atherosclerosis has not been
well characterised. Interestingly, previous reports have uncovered an
atherogenic phenotype of global P2ry12 and P2ry13 deficiency suggesting
deficiency of purinergic receptors may contribute to atherosclerosis progression
[419]. However, this was attributed to the inability of hepatic cells to effectively
remove circulating cholesterol, via p2ry mediated holoparticle endocytosis
resulting in significantly increased plasma cholesterol and subsequent plaque
development. Although cell-specific deletion of P2ry12/13/14 has not been
explored, to prevent hepatic-induced atherogenesis, previous studies exploring

the global role of P2ry2 deficiency demonstrate a unique role in preventing ATP-
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induced monocyte recruitment to atherosclerotic plaques [336]. Interestingly, this
role in monocyte recruitment was further supported by recent studies
demonstrating IRF8 regulation of P2x receptors was crucial for macrophage
migration in a spinal cord injury [341]. Kobayakawa et al., 2019, demonstrate
inhibition of IRF8 prevented macrophage migration via its regulation of purinergic
receptors. This is one of the first studies to suggest that IRF8 regulates
chemotaxis via purinergic receptors. Based on this exciting discovery, combined
with our novel finding of the reduced migratory ability of IRF8KQ.-AIKO
macrophages it is possible that myeloid-IRF8 reduction negatively regulates
macrophage migration in a hyperlipidaemic environment due to its negative
regulation of the purinergic receptors P2ry12/13/14. Additional investigation
specifically inhibiting P2ry12/13 and P2ry14, using inhibitors or siRNA-mediated
deletion, would clarify their role in macrophage migration within an
hyperlipidaemic environment. Thus far this thesis has identified a novel functional

role of myeloid-IRF8 reduction in negatively regulating macrophage migration.

7.2.4 IRF8 regulation of Fabp4 and Fabp5 modulates macrophage foam cell

formation, cholesterol ester content and migration

The fatty acid binding proteins; Fabp3, Fabp4 and Fabp$, are involved in
the transport of unsaturated and saturated fatty acids and have proven crucial in
the maintenance of lipid-biosynthetic processes [350]. Previously, inhibition of
Fabp4 and Fabp5 has been shown to abrogate atherosclerosis development via
reduction of lipid accumulation and pro-inflammatory cytokine production [307],
[420]. For this reason, we were intrigued when we identified a significant
reduction of Fabp3, Fabp4 and Fabp5 gene expression in IRF8KQMIIKO

macrophages.
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To elucidate the role of the fatty acid binding proteins in response to
myeloid-IRF8 reduction we measured macrophage foam cell formation,
cholesterol ester content and migration in the presence of the Fabp4/5 inhibitor,
BMS309403. In agreement with previous studies [307], [312], we identified a
significant reduction in cholesterol ester and foam cell formation in WT-dKO
macrophages. However, no difference was observed in IRF8KQ:IIKO
macrophages. This discovery suggests the athero-protective benefits of Fabp4
and Fabp5 are dependent on IRF8 expression. Previous studies demonstrate
Fabp inhibition promotes ABCA1-induced cholesterol efflux, thereby reducing
atherosclerotic plague development [310]. Although we also saw a significant
decreased in Abca1 gene expression within Fabp4/5 inhibitor treated WT-dKO
macrophages, further quantification of macrophage cholesterol efflux, by
performing a cholesterol efflux assay, would help determine whether IRF8

regulation of Fabp also functionally impacts on cholesterol efflux.

Inhibition of Fabp4/5 has also been associated with reduced expression of
the chemoattractant MCP-1 [307], although related differences in leukocyte
chemotaxis in atherosclerosis have not been reported. Surprisingly, we
demonstrated Fabp4/5 inhibition significantly reduces the migration of WT-dKO
macrophages towards MCP-1, without affecting IRFBKO4™C macrophages. This
supports the inhibitory effect of Fabp4/5 inhibition on macrophage migration is

dependent on IRF8 expression.

Although Fabp4/5 inhibition is an attractive target for the prevention of

atherosclerosis, many reports have highlighted adverse effects on aberrant
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adipogenesis and severe hypoglycaemia in global Fabp4/5 deficiency. We have
uncovered a novel myeloid-specific role of Fabp4/5 that is dependent on IRF8
that may prevent the previously identified adipocyte associated effects, due to
the myeloid-specific reduction of the fatty acid binding proteins. Altogether this
demonstrates, macrophage-IRF8 is a promising therapeutic target in the
prevention of atherosclerosis development. By using small molecule siRNA-
inhibitors encapsulated within lipid nanoparticles, it may be possible to reduce
the expression of IRF8 and its target genes in myeloid cells specifically. Thus,

reducing toxicity associated with global IRF8 and Fabp4/5 deficiency [421].

7.2.5 IRF8 reduction differentially regulates macrophage response to IFNf

The interferon family constitute an array of widely expressed cytokines that
form an integral part of the immune response to bacterial and viral infections. The
IFN family constitutes two main classes of cytokines; Type | IFNs (o and ) and
type Il IFNs (y) [134]. IFNy has been highly associated with atherosclerosis, with
many studies demonstrating the athero-protective benefits of IFNy deletion [422],
and athero-genic properties of exogenous IFNy administration [423]. However,
there is currently limited knowledge on the role of type | IFNs in atherosclerosis.
Interestingly, a study by Goossens et al., 2010 was amongst the first to
demonstrate myeloid-IFNB  signalling promotes atherosclerosis upon
enhancement of macrophage recruitment [169]. This prompted our investigation
into the role of myeloid-IRF8 in IFNJ signalling. RNA-Seq analysis on the IFNf-
treated BMDMs from IRF8KOMO gand WTLAO mice, revealed 373 significantly
differentially regulated genes in response to IFNp treatment. Pathway analysis

demonstrated the differentially regulated genes, regulated by IFNf stimulation,
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were enriched in processes involving the anti-viral immune response and
response to external natural stimulus. However, we intriguingly discovered a
collection of IFNp inducible genes that were positively regulated by IRF8 and
involved in cholesterol biosynthesis and fatty acid metabolism. Previous studies
have demonstrated differential type | IFN signalling transcriptionally reprograms
lipid-biosynthetic processes via STATZ2 [424] whilst promoting fatty acid oxidation
allowing for activation of plasmacytoid dendritic cells [425]. These studies,
however, have not eluded to the type of IFN responsible for the increase in type-
| IFN induced lipid biosynthetic processes. In contrast, our data demonstrate IFNf
induces genes involved in lipid-biosynthetic processes in BMDMs from a
hyperlipidaemic environment and their regulation is dependent on IRF8

expression.

Western diet-induced hypercholesteremia is known to induce chromatin
remodelling of myeloid cells, resulting in epigenetic changes that alters myeloid
cell response to a secondary stimuli [53], [378]. This phenomenon is termed
innate ‘trained’ immunity [53], [378]. Previous studies have demonstrated
monocytes from western diet fed mice display an enhanced inflammatory
phenotype in comparison to chow fed mice. However, monocytes stimulated ex
vivo with LPS or TLR2 displayed a stronger cytokine response than controls. This
differential response was attributed to epigenetic remodelling due to changes in
chromatin structure that were only present in western diet fed mice, as
demonstrated by RNA-Seq and ATAQ-seq [378]. This raises the possibility that
the hyperlipidaemic environment of western diet fed mice may transcriptionally

alter the response of BMDMs to IFNB, when stimulated ex vivo. Although we

have not determined the IFNf-induced IRF8 regulated differences in normal vs
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western diet fed mice, we have uncovered previously unidentified genes enriched
in processes including lipid metabolism and apoptosis that are dependent upon

IRF8 expression when induced by IFN.

7.2.6 IRF8 and Ageing

Ageing is one of the most significant and prevalent risk factors in the
development of disease, from cancer [229] to autoimmunity [226],
neurodegeneration [407] to cardiovascular dysfunction [225]. One of the
hallmarks of ageing is transcriptional dysregulation within immune cells, resulting
in increased inflammation. As immune cells age, they undergo distinct epigenetic
changes including reduced global closed heterochromatin and differences in
DNA hypo- and hypermethylation [426]. Therefore, consequences of such
epigenetic changes include changes in gene expression, resulting in aberrant

transcriptional regulation of select processes in aged immune cells [427].

IRF8 is a transcriptional regulator of many processes that are differentially
regulated in ageing, including; inflammation and lipid metabolism. Previous
studies have identified reduced expression of IRF8 in hematopoietic stem cells
and mature T-cells in humans [232]. Molony and colleagues have also
acknowledged the importance of IRF8 expression in IFNf response within aged
monocytes, whereby diminished IRF8 resulted in a dysregulated IFNJ response
[402]. Differences in the metabolism of lipids have also been shown to alter cell
longevity, via chromatin remodelling [428]. This prompted our further
investigation into how the newly identified IRF8 target genes in hyperlipidaemic
mice, identified within this thesis, differ with age. Comparative analysis with the
publicly available gene expression data from young and aged PBMCs from
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ImmPort [231] uncovered a number of IRF8 target genes that were differentially
regulated with age or gender (Chapter 6). Of the significant differentially regulated
genes, 25% were involved in lipid-metabolic processes (Cyp27a1, Gab1, Cxcl16,
Ctsc, Abcd2 and P2ry13). Of these genes 6 also demonstrated gender specific
differences (Fig 6.4). Although we were limited in aged samples and were
therefore unable to investigate gender differences in young and aged monocytes,
studies have demonstrated gender differences to have an impact on life span.
Podolskiy and colleagues reported in cancers common to men and women,
somatic DNA mutations where more prevalent amongst men than women. This
suggests DNA damage occurs at different ages in both men and women [229].
Furthermore, studies have demonstrated gender-specific transcriptional
differences in the brain resulting in differences in central nervous system

associated mitochondrial metabolism and inflammation [228].

Collectively, these studies demonstrate sexual dimorphism impacts on the
prevalence of age-associated diseases. Currently, we have identified a limited
number of IRF8 target genes that differ with both age and gender in human
PBMCs. However, it is possible that their differential regulation may contribute to
the pathogenesis of certain age-associated diseases. To explore this concept in
human monocytes, a powered study of at least an additional 9 subjects in each
group would be required with additional validation of their regulation by IRF8, for
example, by using siRNA targeted towards IRF8 in vitro. However, our current
preliminary results suggest IRF8 may differentially regulate select genes involved
in lipid metabolism that could serve as diagnostic biomarkers in the healthy aged
population. Collectively, this data has the potential to be used as a pilot study that

would be used to support a larger follow up investigation with 9 or more subjects.
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7.3 Conclusion

Collectively, this thesis has uncovered a novel role for myeloid-IRF8
reduction in retarding the development of atherosclerosis. We have
demonstrated IRF8 reduction transcriptionally reprogramed the macrophage
transcriptome resulting in the differential regulation of many genes involved in
inflammation, chemotaxis and lipid metabolism. Comparative analysis to
published datasets have suggested macrophages from M-IRF8KO-O mice
transcriptionally resemble less-inflammatory, foamy aortic macrophages, from
western diet fed mice. The data presented within this thesis suggests myeloid-
IRF8 reduction may confer athero-protection upon decreasing the migratory
ability of macrophages and reducing macrophage cholesterol ester content and
foam cell formation via regulation of the fatty acid binding proteins; Fabp4 and

Fabp5.

Furthermore, we have identified a novel signature of IRF8 regulated IFNf
inducible genes that are enriched in processes including lipid metabolism,
inflammation and apoptosis within western diet fed BMDMSs. Interestingly, many
IRF8 regulated genes involved in lipid metabolism were also demonstrated to be
differentially regulated with age in human monocytes, suggesting a potential

IRF8-signature of lipid metabolic genes that differ with age.

In conclusion, this thesis identifies and reveals the impact of type | IFN
signalling on myeloid-IRF8 regulated transcription in lipid metabolism. This thesis
also highlights the reduction of myeloid-IRF8 regulated signalling pathways may

serve as a potential therapeutic target in atherosclerosis.
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Appendix 1

Western blot scans
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Fig S1.1 IRF8 western blot.
Cell lysates from WT4™O gnd M-IRF8KO™O were subjected to immunoprecipitation using an
anti-IRF8 antibody, expected band size 48kDa.
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Fig S1.2 Hsp90 western blot.
Cell lysates from WT4™O gand M-IRF8KO™O were subjected to immunoprecipitation using an
anti-Hsp90 antibody, expected band size 90kDa.
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