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Abstract

Langhans-type multinucleated giant cells (LMGCs) are observed in a selection of seemingly
disparate idiopathic pathologies including sarcoidosis, Crohn’s disease, granulomatosis with
polyangiitis, and giant cell arteritis (GCA). The origin of LMGCs is unclear, though two different
formation mechanisms have been proposed; cell-to-cell fusion and modified cell division with
failed cytokinesis involving DNA damage signalling. Present across species, they may possess
as yet undiscovered functional adaptations, and evidence suggests that they may play a
destructive role in GCA. The tissue microenvironment of GCA-affected arteries is also poorly
understood, in particular, the molecular pathways involved in driving intimal hyperplasia

remain elusive.

To facilitate the characterisation of LMGCs in the context of GCA, an in vitro LMGC culture
system was developed using GM-CSF and IFNy to differentiate primary monocytes, and
subsequently interrogated using single cell RNA sequencing. Cultured LMGCs were shown to
be morphologically representative of those in disease, and transcriptional analysis revealed
upregulation of gene modules relating to leukocyte activation, smooth muscle cell

proliferation, cell-extracellular matrix interactions and chemokine activity.

With fluorescent imaging techniques and electron microscopy it was shown that cultured
LMGCs and those from GCA-affected temporal artery tissue contain large chromatin bridges,
indicative of cytokinesis failure. Staining for the marker 53BP1 indicated that IFNy induced
DNA damage in these cells, though multinucleation rate was unaffected by additional ROS
scavengers. Live confocal imaging revealed the fusion of cultured monocytes to form LMGCs
and abnormal cell division. Investigations into the functional adaptations of cultured LMGCs
showed that they may enter a state of premature senescence with increased capacity for ROS

production.

Together these data indicate that LMGCs form by a combination of cell fusion and DNA-
damage induced cytokinesis failure, and persist in a senescent state with enhanced capacity

for the production of damaging ROS.
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Chapter 1. General Introduction

1.1. Giant cell arteritis

1.1.1. Introduction to GCA

Giant cell arteritis (GCA), also known as temporal arteritis and historically as granulomatous
arteritis or Horton arteritis, is an age-related systemic inflammatory vasculitis affecting
medium and large blood vessels with a predilection for those of the neck and head. It is the
most common form of vasculitis in North America and Western Europe, affecting
approximately 204 in every 100,000 people over the age of 50 as of 2015. There are
epidemiological factors which provide some insight into the aetiology of the pathology, the
foremost of these being age. GCA almost exclusively affects individuals over the age of 50,
with an average age of onset of 74-76 years?. In addition, GCA is more prevalent in white
people than people of any other ethnicity, and also more common in people of Scandinavian
descent. Women are more susceptible than men, and there is evidence of familial aggregation
suggesting a genetic element. Despite these factors, we still have a poor understanding of the

aetiology.

When a patient presents with suspected GCA, it is treated by clinicians as a medical
emergency due to the serious and potentially irreversible nature of the sequelae, which are
outlined in table 1. The most common symptoms involve the intracranial arteries; headaches
with scalp tenderness and jaw claudication, which are observed in 80% and 40% of cases
respectively. Headaches can be either unilateral or bilateral, and are usually severe3.
Approximately 30% of cases result in visual loss and this is irreversible in 10-15% of cases®.
Ocular symptoms, often a harbinger of visual loss, can follow scalp tenderness and headaches.
Constitutional symptoms, including malaise, anorexia, weight loss, polymyalgia rheumatica
and fatigue are also common and are associated with extracranial large vessel disease. Whilst
less common, GCA can lead to increased risk of myocardial infarction (Ml) and stroke, which
are potentially life threatening. A population-based study showed that approximately 10% of
GCA cases lead to Ml and 7.5% result in stroke. Individuals with GCA were 4 times more likely
to experience Ml in later life than age-matched controls®>. GCA patients are also 2.5 times
more likely to develop cerebrovascular complications such as stroke®; and other vascular

complications such as aneurysms and stenosis are also 2.5 times more likely’.



Frequency | Clinical features

Typical Headaches, scalp tenderness, jaw claudication, anaemia

Common Ocular symptoms (including visual loss), malaise, anorexia, weight loss

Uncommon | Myocardial infarction, stroke, limb claudication, high fever

Table 1. The clinical features of GCA and their frequency of incidence.

1.1.2. The diagnosis and treatment of GCA

GCA can be difficult to diagnose due its non-specific symptoms such as headache and malaise
and a lack of specific biomarkers. No single test is diagnostic and clinicians reply on a
combination of clinical examination, pathology (temporal artery biopsy), laboratory findings
and imaging techniques. Abnormal laboratory findings in GCA include markers of
inflammation including the erythrocyte sedimentation rate (ESR) and the C-reactive protein
(CRP) test. A non-invasive diagnostic tool commonly used is duplex sonography. With this
technique, information regarding the extent of inflammation within an artery and luminal
narrowing can be gathered without the need for surgery. It is most commonly applied to the
temporal arteries but other commonly affected vessels such as the axillary and facial artery
can be assessed. Signs suggestive of GCA include vessel obstruction or thickening of the artery
wall due to inflammation (termed a ‘halo’). While these signs can persist, often they resolve

with treatment?.

Despite these advances, the current gold standard for diagnosis remains a temporal artery
biopsy (TAB). Tissue is analysed by pathologists to assess for features suggestive of GCA such
as disruption of the internal elastic lamina and the presence of lymphocytic or granulomatous
inflammation. Although it has high specificity, TAB is less sensitive with meta-analyses
estimating 77%°. Explanations for this include the presence of skip lesions due to patchy
discrete sections of inflammation rather than in a continuous manner. Importantly, although
the condition is named for the presence of multinucleated giant cells they are not seen on

histology in around 50% of positive cases'’.

The mainstay of treatment in GCA is the use of high dose corticosteroids such as Prednisolone

or Methylprednisolone. Due to the potentially catastrophic complications of untreated



disease, glucocorticoid treatment is administered as soon as possible and typically alleviates
systemic inflammation within 24-48 hours. This is achieved by the inhibition of inflammatory
mediators such as cytokines, chemokines and adhesion molecules, and by upregulating the
expression of anti-inflammatory molecules!!. While this treatment is effective in the
alleviation of systemic inflammation, it comes with a plethora of co-toxicities, which can be
particularly problematic in older people, a demographic comprising the vast majority of GCA

patients.

1.1.3. The aetiology of GCA

The onset of GCA is undoubtedly age-related, as it presents almost exclusively in individuals
over the age of 50, yet the mechanism by which age becomes a risk factor is unknown. One
possibility is that there is a reduction in DNA methylation with age. This reduction may lead
to the overexpression of certain genes. A MARK-AGE study published in 2016 shows that
levels of DNA methyltransferase DNMT1 and DNMT3B, proteins responsible for DNA
methylation are reduced with age; a phenomenon which was significantly more pronounced

in females than males, correlating with the higher rates of GCA in females over males??,

Evidence suggests that infectious agents play a role in GCA onset, and that age is a strong risk
factor due to increased susceptibility to infection with age. Epidemiological studies note that
GCA occurs in a cyclic seasonal pattern, indicating a possible role for infectious agents in the
onset of GCA®3. However, findings of other studies do not support this hypothesis, with no
indication of a seasonal component* 15, Simplex virus, human parainfluenza 1 and chlamydia
pneumonia have been identified in temporal artery biopsies from GCA patients, but these

findings have not been reproduced by independent groups*®-12,

Associations between a number of genetic factors and GCA have been identified. There is a
strong link between GCA and the human leukocyte antigen (HLA) region?®21, The HLA region,
also known more globally as the major histocompatibility complex (MHC), is crucial for the
adaptive immune response to infection. Genes within the HLA region are highly polymorphic,
and a number of alleles have been shown to be associated with GCA, including those in HLA-
DRB1*0401, HLA-DRB1*0404 and HLA-DRB1*0408 haplotypes??24, Other polymorphic genes

which have been associated with GCA are outlined in table 2.



G Implicated Known protein Patient cohort size Replicated? P-value
ene eplicated?
polymorphism(s) function(s) (GCA/Controls) P (allele test)
-592 C/A .
IL10 ter?S Anti-inflammatory 140/220 NO 0.0002
promoter
28 Pro-inflammatory,
TNF TNFA2 allele . . 62/147 NO 0.003
angiogenesis
SNP rs7805828% | Pro-inflammatory, B 82/166 NO 0.06
IL6 cell differentiation, T
26
SNP rs1546766 cell differentiation 82/166 NO 0.0119
’ Breakdown of ECM,
MMP9 Rs2250889 . . 30/23 NO 0.009
cell migration
Pro-inflammatory,
- chemokine involved in
CCL2 SNP rs1860190 30/65 NO NS
monocyte and
basophil recruitment
. 5 | Pro-inflammatory, cell
IFNg Allele*3 intron 1 . 59/129 NO 0.01
adhesion
5 Toll-like receptor, pro-
TLR4 Rs4986790%! . 210/678 NO 0.01
inflammatory
3 Pro-inflammatory, cell
ICAM1 G/R 241 . 56/228 NO 0.00005
adhesion
SNP rs1885657%° 92/200 YES 0.019
SNP rs20109632° 103/226 YES 0.021
’ Pro-inflammatory,
VEGF SNP rs699946 . . 82/166 YES 0.0097
angiogenesis
SNP rs699947% 82/166 NO 0.0137
C634% 82/166 NO 0.0364
Pro-inflammatory,
NOS2 SNP rs2779251%¢ mediates IL-6, IL-8 82/166 NO <0.0001

synthesis

Table 2. Gene polymorphisms implicated in giant cell arteritis.

Protein functions of genes implicated in giant cell arteritis development from the literature.

The pro-inflammatory mediators and receptors IFNy, 1L-21, IL-23R, IL-17RA, TNF, IL-6, IL-18,

IL-2, IL-18, LTA, LTB, CCR7, CD6 and NLRP1 have all been shown to be hypomethylated in

temporal artery biopsies from patients with confirmed GCA34. This supports the concept of

age-induced hypomethylation as a risk factor in the onset of the condition.




1.1.4. The pathogenesis of GCA
The pathogenesis of GCA is not well understood. Current ideas and theories are represented
by the immunopathological model of GCA pathogenesis, which can be separated into four

main stages (Reviewed in®):

Stage 1 — Resident immature dendritic cells (DCs) are activated in the adventitia of
affected arteries, potentially via the activation of toll like receptors (TLRs) by danger
signals such as infectious agents. Activated DCs then take on antigen presenting
capabilities as part of the innate immune response to infection, expressing MHC-II
receptors, co-stimulatory receptors such as CD80 and CD86, and chemokines such as

CCL19, CCL20 and CCL2136 37,

Stage 2 — Activated DCs with this antigen presenting capacity interact with T cells via
MHC-II/TCR interactions and this, coupled with the presence of inflammatory
cytokines in the adventitia leads to the differentiation and proliferation of T cell
subsets which drive inflammation. Two specific helper T cell populations have been
heavily implicated; Thl cells which amongst other products secrete IFNy, and Th17
cells which secrete IL-17. Polarised T cells begin to infiltrate the media and adventitia
of the artery wall through smaller vessels penetrating the artery wall called vasa

vasorum?3&40,

Stage 3 — The inflammatory state of the artery wall is amplified due to a persistent
secretion of pro-inflammatory mediators by the ever-growing local population of T
cells. IFNy produced by Th1l cells acts on vascular smooth muscle cells, causing them
to secrete a number of chemokines including CCL2, CXCL9, CXCL10 and CXCL11. At this
stage peripheral blood monocytes are starting to be recruited to the site of
inflammation through the vasa vasorum by chemokine attraction. These monocytes
differentiate into mature macrophages and some form multinucleated giant cells via
a mechanism which is debated in the literature and will be discussed at length in this
thesis. These same chemokines are also responsible for the recruitment of cytotoxic
CD8+ T cells to the area, which also secrete IFNy amongst other pro-inflammatory
mediators, effectively causing an inflammatory positive feedback loop. CD8+ T cells

are also thought to play a role in the pathways involved in vascular remodelling.



Stage 4 — After some time, constant inflammatory signals result in a mass of immune
cells recruited to the initial site called a granuloma. The ischemic consequences of GCA
occur as a result of VSMC hyperproliferation and the formation of a ‘neo-intima’,
which is believed to be driven by mediators secreted by cells within the granuloma,

but the details of these interactions remain unclear.

1.1.5. T cells in GCA

CD8+ T cells are implicated in the pathogenesis of a number of autoimmune diseases such as
immune thrombocytopenia and rheumatoid arthritis** %2, and types of vasculitis, including
ANCA-associated vasculitis and granulomatosis with polyangiitis®® 44. Our understanding of
CD8+ T cells in the context of GCA was advanced with a recent study in which CD8+ immune
responses, potentially driven by CXCR3, are shown to be increased in patients with GCA, and
that higher proportions of CD8+ T cells in temporal artery tissue (>6% total cells) directly

correlates with disease severity®.

Once migrated to the lesions of the artery wall, CD4+ T cells are thought to play arole in large
by producing the cytokines interferon gamma (IFNy) and interleukin 17 (IL-17) amongst a host
of other cytokines and growth factors3” 4648 |n particular IL-17 is thought to be important,
with monoclonal antibodies targeting it and its receptor currently undergoing phase Il and IlI
trials. While IL-17 production is sensitive to corticosteroid treatment, in contrast, IFNy-
producing T cells are relatively unaffected by corticosteroid treatment. No consistent auto-
antigen has been identified in GCA but there is some evidence for clonality as a fraction of
CD4+ T cells from distinct sites of granulomatous inflammation in temporal arteries share

identical T cell receptor specificities®.

Studies in to changes in circulating T cell fractions in GCA have shown variable and sometimes
conflicting results. One study examining 61 patients with GCA or PMR, prior to/following
treatment in comparison with healthy controls showed a reduction in circulating blood Treg
and Thl cells of those with GCA, and an increase in Th17 cells®®. Other studies have
demonstrated a reduction in the number of circulating CD8+ T cells>'>3; However, a later
study, albeit lacking some statistical power, showed no difference in CD8+ T cells or circulating

central memory CD4+ T cells and naive T cells, but a reduction in the number of effector CD4+



T cells®*. Of these effector CD4+ T cells a greater proportion were CD161+ in GCA compared
with healthy controls, a phenotype shown to infiltrate GCA affected arteries and produce IL-
17,

1.1.6. Monocytes and macrophages in GCA

Resident macrophages are abundant in artery walls, as they are in most tissues, where they
have important roles in innate immunity and tissue homeostasis. They arise prenatally,
differentiating from yolk sac-derived progenitor cells, or fetal liver precursors. Postnatally,
the macrophage populations are bolstered by the immigration of cells of bone marrow
origin. These resident macrophages are then maintained over time due to proliferation of
local populations, and in a small part due to adult bone marrow haematopoiesis?®*. During
arterial inflammation, peripheral monocytes may enter the artery wall through vasa

vasorum, differentiating and increasing the size of the local macrophage population.

Different macrophage subsets, defined by their surface marker expression and/or their
secretome, have been shown to have distinct roles in the pathogenesis of GCA. In the
adventitia of GCA affected arteries, TGF-B1'iNOS" macrophages have been shown to
contribute to the production of cytokines such as IL-6 and IL-1B. In the intimal layer,
macrophages expressing MMP-2 are thought to play a role in the breakdown of extracellular

matrix29%293

Peripheral blood monocytes can be categorised by flow cytometry as classical
(CD14e"t'CD16"¢8), non-classical (CD149™CD16°€"), or as an intermediate subset
(CD14brishtcp 16 ret), A study which examined 42 patients with newly diagnosed GCA or PMR
showed elevated overall peripheral blood monocyte counts compared with healthy controls,
with an increased proportion of classical monocytes, and decreased non-classical, suggesting
the recruitment of non-classical monocytes to the sites of inflammation. The majority of
monocytes recruited to the affected temporal arteries of GCA patients expressed typical non-
classical monocyte surface proteins CD16 and CX3CR1. Few co-expressed CD16 and CCR2, a
classical monocyte marker®>. The CD16 expressing monocyte/macrophage lineages are
thought to possess a pro-inflammatory phenotype in vasculature with patrolling and
surveillance functionality®®. However, as arterial macrophages are considered to be self-

renewing in the steady state the role of peripheral monocytes is unclear>’.



Infiltrating monocytes differentiate into macrophages upon activation by the various
inflammatory factors released by other immune cells in the arteries of GCA patients.
Macrophages are thought to be involved in the necrosis of vascular smooth muscle and
breakdown of the elastic membrane mediated by ROS and MMP2, which lead to some of the
major sequelae of GCA, including aneurysms®8. Although the mechanism underlying this
arterial damage is poorly understood, gene expression analysis revealed the expression of
mitochondrial products by CD68+ macrophages at the junction of the media and intima of
affected arteries, and an indication that lipid peroxidation occurs to the vascular smooth
muscle cells in the vicinity of these macrophages>®. The expression of mitochondrial products
indicates that these macrophages may alter their metabolism to promote the generation and

secretion of ROS.

1.2. Polyploidy

1.2.1. The structure of the cell nucleus

Understanding of intracellular structure of cells began with the foundational discovery of the
cell nucleus. The first study to definitively identify this vital and complex organelle was carried
out in 1802, in which orchid cells were illustrated by the botanical artist Francis Bauer®®. The
nucleus was observed in a similar fashion in subsequent studies and designated various
names before being termed the ‘nucleus’ by R. Brown, although at this time its significance
was not yet understood®. Later, during work on cell theory, the importance of the nucleus
was beginning to become clear. Advancements in imaging methodology allowed visualisation

of structures within the nucleus itself, including the nucleolus and strands of chromatin®.

Intranuclear structures were not well studied until the 1980s, at which time their study was
propagated by the emergence of fluorescence microscopy techniques. Different
compartments of the nucleus are not separated by membranes, as is the case with other
intracellular organelles. However, despite this, they are thought to be distinct due to
differences in protein expression between compartments and visual differences as observed
with fluorescence and electron microscopy. The major compartments identified include the
nucleolus, the splicing factor compartments (SFCs), the promyelocytic leukaemia (PML)

oncoprotein bodies, and the Cajal bodies, which are broadly responsible for ribosome



biogenesis, splicing factor recruitment, control of transcription and viral infection, and the

assembly of small nuclear ribonucleoproteins (snRNPs) respectively®2¢7,

The nucleus contains strands of genetic material, located with differing densities in the
different nuclear compartments®®. This is observed in the form of chromosomes, which
comprise strands of DNA, RNA, and structural proteins called histones. Vast quantities of DNA
are packaged into chromosomes by the nature of their interactions with histones. DNA
strands are wound around these proteins, eight of which are typically packed together to
form a nucleosome. Many nucleosomes are then connected into a fibre-like structure,
chromatin, which makes up the eventual structure of the chromosome®’! A whole
chromosome is made up of two halves, chromatids, which are joined at a central point called
the centromere. This structure is crucial for mitosis, during which chromatids separate
following spindle fibre attachment. At the ends of each chromosome are regions of DNA
sequences composed of tandem repeats of the sequence TTAGGG. This region of DNA forms
a tertiary structure called a ‘T-loop’, a process involving the protein shelterin’? 73, These
structures, now known as telomeres, serve as a protective shield at the chromosome ends
otherwise vulnerable to DNA damage and, of particular pertinence to work later described in

this thesis, chromosome fusion events’4.
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Figure 1. The structure of chromosomes.

DNA packaging within the nucleus

1.2.2. The cellular effects of polyploidy

The term ‘ploidy’ refers to the number of complete chromosomes within a given cell. The
nomenclature used in the study of chromosomes includes the letter ‘C’ which is used to
convey the quantity of DNA content within a cell, and ‘N’ which is used to convey the number
of sets of chromosomes. A haploid cell contains a single set of chromosomes, and is labelled

1IN, and 1C. A diploid cell is therefore 2N, 2C. Following the S phase of the cell cycle, but before

10



cytokinesis, the cellular DNA content doubles up to 4C, but the number of chromosomes

remains 2N, as sister chromatids are considered a single chromosome.

Not all of our cells contain the same quantity of chromosomes. In the human body only sex
cells, egg and sperm cells, are haploid (1N, 1C); Whilst the majority of human cells are diploid
(2N, 2C). There are a number of polyploid cell types containing more than 2 sets of
chromosomes, these may also be referred to as multinucleate/multinucleated. For a cell to
be considered polyploid it must contain a minimum of three copies of the haploid genome
(3C+). Polyploidization may offer an evolutionary advantage potentially granting cells
beneficial functional adaptations, a concept which is supported by the fact that it is a highly

conserved and widespread phenomenon across animal and plant species.

Extensive polyploidy was first identified in plants, and later studies revealed it to a lesser
extent amongst numerous animal species, including fish, reptiles, insects, and mammals’>77.
The evolutionary advantages of polyploidy are not well understood, though a number of

benefits to cell survival and growth have been proposed in the literature.

There is evidence that polyploidy plays a role in tissue repair. In mammals, hepatocyte
polyploidy may support the regeneration of liver tissue following injury, or chemotoxic stress
and ageing by undergoing reductive mitoses to rapidly increase the rate of regeneration’-8°,
Similarly, in Drosophila polyploidy has been shown to not only be involved, but required for
wound-healing8? 82, The regenerative properties of these cells are thought to be a result of
their higher capacity for growth than mononucleated cells, which may be due to the ability to

synthesis proteins in greater quantities®3 84,

Polyploidy may also serve as a protective measure for the cells themselves, increasing survival
signals to strengthen apoptotic resistance®®. One possibility is that multinucleated cells form
in order to pool their mitochondrial resources in response to mitochondrial damage or
dysfunction, allowing intracellular mitochondrial fusion events to take place and rescue ATP
production by increasing oxidative phosphorylation8. Previously it has been shown that
mitochondria are indeed elongated in multinucleated giant cells of epithelioid granulomas,
though further studies are required to explore this in humans®’. In vitro macrophage-derived

multinucleated cells have also been shown to have greater concentrations of mitochondria
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than mononucleated macrophages suggesting that their functional adaptations may require

increased energy, such as active transport®,

The physical size of polyploid cells may be beneficial for the creation of tissue-protective
barriers or other functions, and there are examples of this across animal and plant species. In
drosophila, subperineurial glia are observed with up to thirty nuclei per cell, and are linked to
the maintenance of the blood-brain barrier®®. In murine models, multinucleated trophoblast
giant cells and keratinocytes are proposed to play roles in formation of the placental barrier

and protection of the skin respectively®®°2,

1.2.3. Polyploidy via incomplete cell division with failed cytokinesis

Polyploidy arises through a number of distinct mechanisms, one of which is incomplete
rounds of the cell cycle in which cytokinesis is not completed. The cell cycle is subject to a
series of checkpoints, at which protein machinery ensures the process can safely proceed. A
broad outline of the phases of the cell cycle and the regulatory checkpoints within is shown
in figure 2. Twice during interphase, regulatory checks of chromosome viability are carried
out. Known as the G1/S and G2/M cell cycle checkpoints, they prevent progression into
subsequent stages of the cell cycle in instances where DNA damage is identified, as a
preventative measure against the proliferation of damaged and potentially dangerous cells.
When these regulatory mechanisms are dysfunctional, cells carrying mutated, damaged or
dysfunctional chromosomes can be reproduced causing genomic instability®3. In the absence
of DNA damage signalling, cyclin complexes instruct the progression from interphase to
mitosis, in which two further regulatory checkpoints have been proposed; The mitotic

checkpoint and the abscission checkpoint.

The mitotic checkpoint, also known as the spindle assembly checkpoint, occurs during mitosis
and ensures correct spindle attachment to chromosomes so that duplicated chromatids are

separated correctly during karyokinesis. This checkpoint is triggered by unattached
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Figure 2. The phases and regulatory checkpoints of the cell cycle.
Interphase (G1, S and G2), and mitosis (M). Red lines represent cell cycle checkpoints.

kinetochores, and targets the protein complex APC/C-Cdc20 which acts to degrade cyclin B1
and securin, inactivating cdk1 and liberating separase from its complex respectively. Separase
then acts to induce chromosome separation and preparation for mitotic exit occurs. APC/C is
inhibited by the mitotic checkpoint complex (MCC), ultimately blocking the release of
separase and the inactivation of cdkl, arresting the separation process until chromosomes
are properly aligned on the spindle. The MCC comprises mitotic arrest-deficient protein 2
(mad2), cdc20, budding uninhibited by benzimidazole receptor 1 (bubR1) and budding
uninhibited by benzimidazole 3 (Bub3)®*. This checkpoint is robust; The signals generated by

a single unattached kinetochore are sufficient to induce total arrest in mitosis®®.

The abscission checkpoint occurs at cytokinesis, ensuring proper separation of daughter cells

following mitosis, but is less well characterised than the other checkpoints discussed here due
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to the relative recency of its identification. Reasons for the activation of this checkpoint and
cell cycle arrest at this stage include the presence of chromatin bridges between daughter
nuclei and defective assembly of nuclear pores. The presence of chromatin in the midbody
during cytokinesis is detected by Aurora B kinase, the sole enzymatically active component of
the chromosomal passenger complex (CPC) which governs cytokinesis timing as well as
numerous functions throughout cell division®® 7. Aurora B inactivation at the midbody
typically triggers abscission, but following the detection of chromatin bridges it is activated
for a prolonged period. This sustained activation is sufficient to stabilize the kinesin-like
protein mklp1, inhibiting the ingression of the cleavage furrow®’. Binucleation is a common
result of abscission checkpoint activation, when chromatin bridges are unable to be resolved,

which will be discussed later in this thesis.

A number of multinucleated cell types arise as a result of incomplete mitosis with failed
cytokinesis®1%, Cytokinesis itself is a complex process with multiple stages and failure can
occur at any stage for different reasons. In many instances this results in cell death as a
defence mechanism against unmitigated malignancy, however, cells can avoid apoptosis and
survive in a polyploid state. The process of cytokinesis can be separated into four major
stages, induction of the cleavage plane, ingression of the cleavage furrow, formation of the
midbody, and abscission; This section will outline our current understanding of the

mechanisms involved in failure at each stage.

The induction of the cleavage plane is thought to be initiated by microtubules, with equatorial
astral microtubules, polar astral microtubules and central spindle microtubules implicated in
contraction of the cleavage furrow, inhibition of cortical contractility and delivery of signals
to ensure an appropriate division plane is achieved respectively'9-193, Of the signals delivered
by microtubules to perform these functions, activation of the small GTPase RhoA which
localises to a specific stretch of the cleavage furrow is cruciall®41%, The guanine nucleotide
exchange factor ECT2, which exists in an auto-inhibited form, is stabilised by the GTPase
activating protein MgcRacGAP4 107,108 FCT2, now in an active conformation, is able to
activate RhoA within a narrow zone of the cleavage furrow determined by tethering of
MgcRacGAP to the central spindle®. Failure at this stage can occur as a result of aberrant
microtubule elongation or spindle positioning, which perturbs the delivery of RhoA activation

signals!®. This has been demonstrated as the mechanism involved in the polyploidization of
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hepatocytes!® 119 Failure may also occur in cells in which the tumour suppressor
Adenomatous Polyposis Coli (APC) is mutated, which is thought to be critical for complete

cytokinesis playing roles in the formation of the mitotic spindle!!, 112,

Following the induction of the cleavage plane, the cleavage furrow is arranged and its
ingression is instigated by proteins which are recruited by activated RhoA!!3. This stage
involves the polymerization of actin filaments and the motor activity of myosin, mediated by
Rho Kinase (ROCK)4, Effector proteins called formins, in particular mDial which is stabilised
by Rho signalling, are important for actin filament nucleation and cytokinesis can be blocked
by injection of inhibitory antibodies!!> 116, Dysfunctional signalling leading to inhibition of
formins may result in failure of cytokinesis at this stage. The motor activity of Myosin is
necessary for cleavage furrow ingression although the mechanism is poorly understood!?'’.
Cytokinesis failure may arise due to ineffective localisation to the cleavage furrow, by
perturbations the key scaffolding proteins involved in the organisation of actin and myosin

such as anillin and septins!&122,

The third stage of cytokinesis is the formation of the midbody/midzone/central spindle, which
is necessary to keep daughter nuclei separated and ultimately ensure equal distribution of
chromosomes between daughter cells. The midbody comprises microtubules with associated
gamma-tubulin ends, and is maintained by the microtubule bundling protein PRC112% 124,
Cleavage furrow ingression can occur in the absence of PRC1 demonstrating that this stage
can be completed without the central spindle, but cytokinesis cannot be completed!?®. A
number of proteins including MKLP1, MgcRacGAP, citron kinase and ECT2 have been
implicated in the formation and maintenance of the midbody by their proximity to it, though
their functions are unclear and further studies are required to investigate any associations

with cytokinesis failure at this stage?°.

The final stage of cytokinesis, abscission, is a complex process involving many intracellular
trafficking and membrane fusion proteins which results in complete separation of daughter
cells. SNARE proteins are a family of fusion proteins which are strongly implicated in this end-
stagel?’12°, As with PRC1, an absence of SNARE proteins due to depletions or mutations
results in incomplete cytokinesis following successful cleavage furrow ingression!3°,

Trafficking proteins such as charged multivesicular body protein 3 (CHMP3), tumor-

susceptibility gene 101 (Tsg101), Alix, and centrosome protein 55 (cep55) are localised to the
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midbody during this stage and are also thought to play a key role in abscission31134,

Perturbation of the signalling of any of these factors may lead to failure to abscise and

polyploidy, though this has only been demonstrated to be true of cep55 and CHMP313% 132,

1.2.4. Polyploidy via endoreduplication

Endoreduplication is a modified cell division program during which DNA replication occurs in
the absence of chromatin condensation, chromatin segregation or cytokinesis!®®. Like cell
fusion and failed cytokinesis this only occurs in the formation of a limited number of polyploid
cell types, but is highly conserved across species having been demonstrated in protists, plants,
arthropods, molluscs, and mammals3¢138, This suggests that the process is not simply a

dysfunction, but a functionally beneficial mechanism for an as yet unclear purpose.

While evidence is lacking, there is some speculation in the literature as to what the functional
adaptations offered by endoreduplication are. Some believe it may be a mechanism to
maintain an appropriate nucleus-volume to cell-volume ratio. A greater than average sized
cell would require higher transcriptional capability due to the increased need to generate
proteins to maintain an increased number of organelles. The process of endoreduplication
may, therefore, fulfil that need by providing more DNA content for gene expression. Similarly,
increased nuclear content could also allow for rapid expansion of cell size, which would be
beneficial for certain plant cells, such as seeds which need to grow quickly!3®,
Endoreduplication cycles identified in plant tissues specialised for the storage of seeds,
cotyledons and endosperms, led to the idea that it was a mechanism for storing either free
nucleotides or nitrogen which would be needed for the development of any fertilised seed
embryo4% 141 The most widely accepted of these theories is that endoreduplication offers
increased gene expression in situations where it is necessary to rapidly elevate transcriptional

capacity!3e,

1.2.5. Polyploidy via cell fusion

Exoplasmic membrane fusion is a fundamental, essential process in both human development
and in mature individuals. The fusion of two or more of the same cell type results in the
formation of a syncytium, which are found in muscle, bone, and cartilage as well as placenta.
Many multinucleated giant cells are examples of syncytia, arising from the fusion of stem cell
precursors of the same phenotype. The fusion of different cell types results in the formation

of a heterokaryon. Some multinucleated giant cells are examples of heterokaryons, for
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example those which form by the fusion of bone marrow derived stem cells with hepatocytes,
cardiomyocytes or neurons!4? 143 Whilst the important functions of the cell fusion process
are well studied, the molecular mechanisms which drive it are less clear. Membrane fusion is
a critical step in viral infection, as cellular infection requires fusion of the viral membrane and
the membrane of the host cell; Viruses are also known to form pathological syncytia. As a
result, many molecular studies have focussed on viral fusion, providing valuable insight into
the proteins involved. Six classes of cell fusion proteins, called fusogens, have been identified
and categorised based on their tertiary structure: Class I, Il, Ill and IV virus-cell fusogens, and
class I and Il cell-cell fusogens. Fusogens act by changing their conformation upon activation,
or ‘triggering’, from metastable pre-fusion structures to structures inducive to membrane
fusion; Different classes of fusogens undergo different conformational changes. Possible

triggers for this activation include receptor binding, changes in pH and proteolytic cleavage.

1.2.5.1. Macrophage fusion

Macrophages are thought to possess an increased potential for cell fusion when compared
with other myeloid cell types, and a number of multinucleated cell types arise from
macrophage fusion. Though the specific mechanisms involved in macrophage fusion are still
being studied, our current understanding of the process can be described in four functional

steps (Reviewed in%4):
1. Cellular reprogramming to a fusion-ready state

As macrophages are exposed to certain exogenous or endogenous factors, signalling
cascades are triggered resulting in upregulation of genes necessary for cell fusion. Some
of the exogenous factors known to drive this process are produced by immune cells. The
Th2 cytokines IL-4 and IL-13 have been shown to induce macrophage fusion, as well as
IL-3, IFNy, GM-CSF, M-CSF and RANKL!44147_ Activation of macrophages by these factors
leads to transcriptional changes resulting in the upregulation of cell fusion proteins like
dendritic cell-specific transmembrane protein (DC-STAMP) and E-Cadherinl4® 149,
Factors produced by macrophages themselves may also appear to be necessary for
these transcriptional adjustments. An example of this is DNAX activating protein 12
(DAP12), a protein produced by macrophages. DAP12 associates with a number of cell
surface receptors including triggering receptor expressed on myeloid cells 2 (TREM-2),

which has been implicated in multinucleated giant cell formation®*°.
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2. Chemotaxis

Chemotaxis is the movement of cells following changing concentration gradients of
chemoattractants such as chemokines. This is a critical step in any cell fusion event to
ensure cells are sufficiently proximal. The chemokine CCL2 is thought to play a key role
in macrophage fusion, as demonstrated by a murine CCL2 knockout study in which
multinucleation was measured®®!. A number of studies have also shown that CCL2 is
required for osteoclastogenesis, though this may be in part due to the importance of
the CCL2/CCR2 axis in monocyte recruitment to sites of bone resorption'®?1%> The
cytosolic protein tyrosine phosphatase PTP-PEST may also play a role in macrophage

migration leading to fusion, having been shown to be required for osteoclastogenesis®®.
3. Membrane attachment

With macrophages in close proximity following chemotaxis, the next stage of the
process is the contact and subsequent attachment of cell membranes. A number of cell
surface proteins have been implicated in this process. One such molecule which is
thought to be a key player is the cell surface trafficking and fusion protein E-cadherin
which, when blocked, prevents in vitro macrophage membrane attachment and
fusion#. Furthermore, IL-4 treatment of macrophages has been shown to promote a
transcriptional upregulation of E-cadherin in a STAT6-dependent manner, as well as DC-
STAMP!#,  E-cadherin is also implicated in membrane attachment during

osteoclastogenesis®>’.

Integrins may also play a key role in macrophage membrane attachment. The integrin
family of proteins are crucial cell surface proteins most well studied in their capacity to
attach cell membranes with extracellular matrix to propagate cell migration®>8. Their
rolein cell to cell fusion is less well studied, though 1 and B2 integrins have been shown

to mediate mycobacterial lipid-induced and IL-4 induced macrophage fusion in vitro>*

160

4. Rearrangement of the cytoskeleton

Cytoskeletal rearrangements are critical for successful cell fusion. This has been

demonstrated in the context of syncytia formation by the fusion of myoblasts, but is less
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well characterised during macrophage fusion61-163, As cells merge, reorganisation of the
resultant multinucleated cell is necessary to maintain or adapt cellular functionality and
escape programmed cell death. This reorganisation is dependent on cytoskeletal
rearrangements by guanine nucleotide exchange factors (GEFs). Ras-related C3
botulinum toxin substrate 1 (Racl), a downstream protein activated by GEFs is involved
in FBGC formation, suggesting a similar mechanism in IL-4 induced macrophage
multinucleation to that shown in myoblasts!®*, A recent study has also demonstrated
the importance of ubiquitin in the remodelling of the cytoskeleton during mammalian

cell fusion®>,

The area of the membrane at which contact is made and adhesion occurs with the
membrane of a second cell, undergoes conformational changes. Interestingly, the
phospholipid phosphatidylserine (PtdSer) is thought to be involved. PtdSer is typically
localised to the plasma membranes inner leaflet and upon the activation of certain
signalling cascades, particularly those relating to apoptosis, ptdser is redistributed to
the outer surface of the cell membrane by proteins called flippases. This allows its
recognition by phagocytic cells as an indication that the cell is undergoing programmed
cell death and is a target for phagocytosis. Studies of the composition of the outer
membrane during cell fusion reveal that ptdser is exposed on the outer membrane

during both myoblast and macrophage fusion® 167,

A number of other factors have identified which may mediate the macrophage fusion process,
but the mechanisms by which they achieve this are less well understood than those discussed
in the four stages discussed. The intracellular adhesion molecule ICAM1 and lymphocyte
function-associated antigen 1 (LFA-1) are upregulated during in human macrophages
programmed for fusion, and ICAM1 has also been shown to localise to sites of membrane
attachment?%818° The tetraspanins CD9 and CD81 are involved in numerous cell fusion events
such as the fusion of sperm and egg cells, and myoblast syncytia formation?’%172, Despite this,
some evidence suggests they have an inhibitory effect on both viral syncytia formation and in
the fusion of mononuclear phagocytes!’® 174 There are, however, conflicting reports as CD9
has been shown to be positively involved in HIV-1-induced fusion events and
osteoclastogenesis, and both CD9 and CD81 implicated in the formation of multinucleated

giant cells from macrophages!’>'”’. Additionally, CD9 and CD81, along with further
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tetraspanins CD53 and CD63 are differentially expressed by different monocyte subsets,
which may be linked with the different capacities for cell fusion between them?’8, Other
factors implicated in macrophage fusion through poorly characterised mechanisms include

metalloproteinase 9 (MMP9), CD47 and the intracellular domain of CD4417°-181,

1.3. Multinucleated giant cells
In the above section, the broad mechanisms by which multinucleated cells arise were
discussed. As the focus of this thesis is a specific macrophage/monocyte derived

multinucleated cell

type, Langhans-type multinucleated giant cells (LMGCs), here

multinucleated cells of similar lineage will be compared. The most well characterised of these

are outlined in table 3:

Cell tvpe :; :’:::;Zi Associated Known
yp : pathologies markers Morphology
mechanism(s)
- Osteoporosis _TRAP Q
- Renal osteodystrophy C .
- Cathepsin K
Osteoclast Cell fusion - Osteopetrosis ) c-FOSp O © O
- Paget’s disease - NFATC1 O
- Rickets
) - Foreign body - CD68 Q.O
Forglgn body Cell fusion granuloma responses | - DCSTAMP OO QO
giant cell - Leprosy - E-Cadherin OO
- Giant cell arteritis
Langhans Cell fusion - Gr.anulomato?is. i CNDO658 OOQ
multinucleated . with polyangiitis B © (@)
giant cell Modified cell - Sarcoidosis - Langhans-type o) o
division - Crohn's disease 5100+ J0e)
- Tuberculosis
Touton Cell fusion - Fat necrosis -CD68 OO
(Xanthelasmatic) - Xanthoma O O
giant cell Lipid uptake - Xanthogranulomas QO

Table 3. Macrophage/monocyte derived multinucleated giant cell subsets.

Proposed formation mechanisms, related pathologies, known phenotypic markers, and

morphological representations.
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Cell fusion is widely accepted as the common mechanism for the formation of these
phenotypically distinct multinucleated giant cells, though the differences in the stimuli
required and the circumstances leading to their formation suggest that the specific signal
transduction pathways involved may be different. The marked differences in both
morphology and functional adaptations between cell types also indicates differences in the
pathways involved in their respective formations. The specific mechanism of LMGC formation

is discussed in greater detail in chapter 4 of this thesis.

1.3.1. Osteoclasts

The formation mechanism and functional adaptations of osteoclasts are relatively well
understood. They secrete collagenase, an enzyme which degrades the hydroxyapatite mineral
component of bone, and are the only multinucleated giant cells known to carry out this

function8?

. Bone resorption is an essential process for the maintenance of bone, and
deficiency in the formation of osteoclasts leads to the development of conditions such as
osteopetrosis, in which bone-matrix fills the cavity of the bone marrow as it cannot be
resorbed!®. Osteopetrosis can lead to death due to increased risk of infection and immune
deficiency® 185 Hyperactive osteoclasts are also problematic, leading to excessive bone

resorption and osteosclerosis*®®.

A number of culture systems for the generation of osteoclasts in vitro have been developed.
There are two key cytokines used to induce osteoclastogenesis, macrophage-colony
stimulating factor (M-CSF) and receptor activator of NFkB ligand (RANKL)®7-18_ Early studies
involved the isolation of osteoclasts or osteoclast precursors from the extracted bones of
euthanised animals, and subsequent tissue culture!®®1%2, They have more recently been
derived from macrophage cell lines, primary pluripotent stem cells or peripheral blood
mononuclear phagocytes (PBMCs), including those from humans by M-CSF and RANKL
stimulation in culture'®1%, The molecular pathways through which RANK-RANKL signalling
drives osteoclastogenesis are well studied. The RANK transmembrane protein interacts with
TNF receptor-associated factor 6 (TRAF6), which has shown to be necessary for
osteoclastogenesis'®®. The downstream signalling cascade of TRAF6 involves p62, TGF-beta
activated kinase 1 binding protein 2 (TAB2), TGF-beta activated kinase 1 (TAK1), IkB kinase
1/2 (IKK1/2), and p38, ultimately leading to the induction of transcription factors such as

nuclear factor of activated T cells c1 (NFATc1) which regulate osteoclastogenesis!®’-1%,
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1.3.2. Foreign body-type multinucleated giant cells

Like osteoclasts, foreign body-type multinucleated giant cells (FBGCs) are thought to form by
the fusion of myeloid precursors. They are observed as part of the ‘foreign body response’ in
which immune cells respond to invasion by large foreign objects, making them particularly
common with the insertion of catheters or biomaterials, or invasion by parasites. They are
also observed in infectious pathologies such as leprosy??. FBGCs have been demonstrated to
have enhanced complement-mediated phagocytosis, suggesting a role in particle
clearance??. There are, however, conflicting reports showing their reduced phagocytic
capacity, which may be due to the difficulty in the identification of macrophage polykaryon

subsets, and differences in the method used to measure endocytosed particles?0% 203,

Studies of the foreign body reaction have largely been performed in murine models;
Implantation of plastic or glass coverslips is used to induce FBGC formation in vivo. Tissue-
resident macrophages cluster around the implanted material and undergo cell fusion events
to form FBGCs on its surface, covering up to 25% of it2%42%_ |n vitro FBGC culture systems
have been developed which use primary monocyte/macrophages stimulated by either
interleukin 4 (IL-4) or 13 (1L-13)2°7-208_ The signalling pathways which act downstream of
these cytokines to induce macrophage fusion are not as well studied as those involved in

osteoclastogenesis, though B1 and B2 integrins have been implicated?®°.

1.3.3. Langhans-type multinucleated giant cells

LMGCs are defined by their distinctive morphology with a horseshoe-shaped arrangement of
nuclei, and are observed in a number of seemingly disparate pathologies such as Crohn’s
disease, granulomatosis with polyangiitis and giant cell arteritis (GCA). They also co-exist with
FBGCs in a number of pathologies, for example in the cutaneous lesions of sarcoidosis?®,
suggesting that they may be induced by shared factors, though this has been disproven
experimentally, with in vitro LMGCs instead forming in response to GM-CSF, IFNy, IL-13 and
TLR2 agonists®> 210, The in vitro culture systems used to generate LMGCs in the literature will
be discussed in greater detail in chapter 2 of this thesis. In brief, early efforts relied on the
implantation of glass coverslips into mice to illicit the foreign body response and cause the
generation of multinucleated giant cells, some of which morphologically resembled LMGCs.

Later studies used the in vitro differentiation of peripheral monocytes into LMGCs using a
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variety of factors; GM-CSF, M-CSF, IL-15, IFNy, TLR2 agonists, 30% AB+ human serum, IL-3,
ConA and ConA conditioned media have all been used®: 297 210214 The detection and
measurement of LMGCs has improved with technological advances, from basic staining and
light microscopy to high resolution confocal microscopy, and even more recently flow

cytometry®9 211,214,

The differences in the factors inducing the formation of different myeloid derived polyploid
cells suggest the involvement of distinct signalling pathways. It is unclear to what extent these
pathways differ though the formation of LMGCs, whilst still poorly understood, is seemingly
more compounded than the cell fusion mechanisms of osteoclasts and FBGCs. Historically,
evidence in the literature indicated cell fusion as the sole formation mechanism for LMGCs,
however, more recent evidence also implicates modified cell division with failed cytokinesis®
215217 Cell-cycle dependent polyploidy is responsible for the formation of a number of well
characterised multinucleated cell types in humans, including megakaryocytes, trophoblasts
and hepatocytes!?®® 218219 However, for these cell types polyploidy has a beneficial effect by
granting enhanced functionality. It is unclear whether this is the case for LMGCs. The

mechanism of LMGC formation will be discussed in greater detail in chapter 4 of this thesis.

Polyploidy typically offers beneficial functional adaptations, for example, osteoclasts are able
to secrete collagenase and resorb bone following multinucleation. The functional adaptations
of LMGCs are not well understood, though we have some clues from studies into the
pathologies in which they’re described. During this project LMGCs were studied in the context
of GCA, where they have previously been implicated in ROS mediated damage to arterial
walls®®, production of pro-inflammatory mediators driving intimal hyperplasia via the
breakdown of the elastic lamina and vascular smooth muscle cell hyperproliferation?20-222,
and the formation of intimal vasa vasorum further driving inflammation®. The functional

adaptations of LMGCs are explored further in chapter 5 of this thesis.
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1.4. Aims of this study

The overall aim of this research was to build on current knowledge of LMGCs in the context
of GCA, characterising them in terms of their origin and functional adaptations to ultimately
better understand their role in GCA. Existing evidence in the literature is nebulous, with
divergent studies suggesting either cell fusion or modified cell division as the sole mechanism
of LMGC formation. This variance may not be helped by the number of different in vitro
culture systems used to study LMGCs, with numerous factors shown to induce their
differentiation from primary monocytes. Speculative evidence links LMGCs to ROS mediated
arterial damage in GCA, as well as indicating their potential involvement in driving intimal

hyperplasia.

The overarching hypothesis of this research is that LMGCs in GCA form by DNA-damage
induced cytokinesis failure and exert a pro-inflammatory phenotype. By generating and
validating an in vitro LMGC culture system which recapitulates to some degree, the in vivo
process, | aimed to identify constituents of the LMGC secretome which may play a role in the
pathogenesis of GCA; | hypothesised that LMGCs express, to a higher degree than
mononucleated macrophages, cytokines known to drive the inflammatory granulomatous
reaction in GCA such as IL-6 and TNFa, and damaging reactive oxygen species which cause
lipid peroxidation of vascular smooth muscle cells in affected arteries. By uncovering the role
that LGMCs play in GCA it may highlight the importance of targeting them therapeutically,
and by better understanding the mechanism by which they form we may, with much further

investigation, identify novel therapeutic targets in the future.
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The objectives of this study were:

e To test different in vitro LMGC culture systems from the literature to identify the
protocol with highest LMGC yield, and to validate this morphologically

e To interrogate in vitro LMGCs transcriptionally using single cell RNA sequencing, as
well as temporal artery biopsies to identify LMGC transcripts in GCA-affected tissue

e Toinvestigate the mechanism of in vitro LMGC formation with high resolution imaging
techniques

e Toinvestigate the functional adaptations of in vitro LMGCs, with support from single

cell RNA sequencing data
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2.1. Introduction

Chapter 2. Generating Langhans-type multinucleated giant cells in vitro

Due to the relative rarity of pathologies in which LMGCs are present, and the difficult nature

of tissue acquisition from patients, obtaining in situ LMGCs for research can be strenuous and

time-consuming. It is therefore critical to develop a robust in vitro culture system, which

effectively recapitulates the in vivo process, to study the characteristics of LMGCs. The aims

of this chapter were to compare LMGC culture protocols from the literature, and then to

adopt, optimise and validate the most effective of these to generate a robust culture system

with high LMGC vyield, facilitating in vitro functional assays. A selection of publications in

which LMGCs have been generated in vitro are outlined in table 4:

DATE AUTHOR(S) LMGC GENERATION METHOD LMGC DETECTION METHOD
1974 M. Mariano &W. G. Spector IN VIVO - Mice implanted with glass coverslips Light microscopy

1977 A. H. Warfel IN VITRO - BCG added to rabbit alveolar cells Light microscopy / SEM
1978 H.J. van der Rhee et al. IN VIVO - Mice implanted with Melinex plastic Light microscopy

1982 A. E. Postlewaite et al. IN VITRO - Human monocytes + 30% AB+ human serum Light microscopy

1982 A.R. Murch et al. IN VIVO - Mice implanted with Melinex plastic Light microscopy

1991 R. 1. Enelow et al. IN VITRO - IL-3 and IFN-gamma Light microscopy

1994 Fais S et al. IN SITU - IFN-gamma Immunohistochemistry
1995 A. K. McNally et al. IN VITRO - GM-CSF and IFN-gamma added to macrophages Light microscopy

1997 J. Mést et al. IN VITRO - ConA conditioned media / PMA + anti HLA-DR MoAB Light microscopy

1999 A. Gasser & J. Mést IN VITRO - BCG + cytokine-containing supernatants Light microscopy

2007 G.Layetal. IN VITRO - M. tuberculosis added to macrophages Immunofluorescence

2011 H. Sakai et al. IN VITRO - ConA stimulated T cell co-culture Light microscopy

2016 L. Herrtwich et al. IN VITRO - M-CSF + TLR2 agonists added to macrophages Immunofluorescence / Flow cytometry
2018 T. C. Champion et al. IN VITRO - ConA added directly to primary monocytes Immunofluorescence / SEM
2019 S.Mezouar et al. IN VITRO - ConA added directly to primary monocytes Immunofluorescence
2020 H.Wang et al. IN VITRO - IL-15 added to primary monocytes Immunofluorescence

Table 4. A selection of notable publications in which LMGCs are generated.
in vivo/situ with animal models or excised human tissue (red
monocyte/macrophage culture systems (blue ).
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Early studies investigating the factors involved in the formation of LMGCs were largely
performed in animal models. The most common technique was to use plastic or glass
implantation in live animals to illicit a ‘foreign body’ immune response, including the
formation of inflammatory multinucleated giant cells, morphologically representative of what
are now referred to as LMGCs / Langhans giant cells / inflammatory giant cells?2322>, At this
time, in vitro studies were few in number, but some early in vitro culture systems using animal
cells were developed. A. H. Warfel, in 1977, demonstrated that rabbit alveolar cells became
multinucleated in response to culture with BCG?%®. Five years later Postlewaite et al.
generated human LMGCs using monocytes isolated from peripheral blood, a methodology

which became more common in various adaptations after 1990, and is still used® 207, 211-214,

227-230

Studies before 1990 almost exclusively used light microscopy in combination with various
staining techniques, such as May-Grunwalk-Giemsa stain, Wright’'s stain, and standard
Giemsa to detect and measure the formation of multinucleated giant cells. As experimental
techniques and technologies advanced over time there was a shift away from standard light
microscopy towards immunofluorescence and fluorescence microscopy. Staining cells with
DNA-binding dyes such as DAPI allows accurate visualisation of nuclei, and co-staining for
structural proteins such as actin or tubulin allows for visualisation of the cell cytoskeleton.
DNA staining could now also be combined with standard light microscopy to give a clearer
image detailing the gross morphology of the cell and the number of nuclei within. This
combination improved the ability of scientists to detect and quantify multinucleated giant cell

formation, reducing some of the ambiguity observed with less advanced staining methods.

Multinucleation is most commonly measured using imaging techniques, however, a recent
paper by Herrtwich et al. demonstrated that is was feasible to use flow cytometry to assess
polyploidy®®. Whilst lacking some validation, they were able to show that cell suspensions
comprising both mononucleated and multinucleated cells could be separated and sorted by
ploidy using flow cytometry, by staining cells with a DNA-binding dye. Cells with higher DNA
content were seemingly brighter in the appropriate detection channel for the dye used. The
use of flow cytometry as a tool for the measurement of polyploidy offers a number of
advantages compared with microscopy techniques. Microscopy, if not performed in a blinded

fashion, may introduce bias during selection of imaging fields, when deciding on which cells
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to count or exclude, or when manually determining areas to in which to calculate mean pixel
intensity. Flow cytometry is a high throughput method; The speed at which multinucleated
cells can be counted is higher and it can be performed easily for an entire culture, rather than
measuring a selection of representative cells as is practical for microscopy. Additionally, the
staining procedure is often quicker and cheaper, without as much need for secondary

antibody incubations.

Producing in vitro LMGCs in high quantities will be beneficial for further experimentation,
therefore | aimed to use light microscopy, fluorescence microscopy, flow cytometry and FACS
to optimise an in vitro LMGC culture system for maximal LMGC yield. First, | aimed to validate
flow cytometry as a suitable technique for the measurement of polyploidy using a
combination of FACS, cytospins, and giema staining. Initially, a combination of GM-CSF and
IFNy was used to induce in vitro LMGC formation from primary monocyte cultures. This was
chosen due to the immediate availability of cytokines, and as multiple sources in the literature

strongly implicate IFNy in the multinucleation process!4’- 168 210,231,
2.1.1. Chapter aims

The aim for this chapter given the eclectic, non-uniform nature of LMGC culture protocols in
the literature was to select, optimise, and morphologically validate a single protocol for use
in the subsequent chapters of this thesis. | hypothesised that flow cytometry would be more
suitable than microscopy techniques for the measurement of LMGC yield due to its high-

throughput, unbiased nature.
The objectives of this chapter were as follows:

1. To assess the viability of flow cytometry for the detection and measurement of
multinucleated giant cells from mixed cultures.

2. To compare published in vitro LMGC culture methods and optimise a chosen method
for maximal yield.

3. Tovalidate in vitro LMGCs in terms of their recapitulation of tissue LMGCs

morphologically.
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2.2. Using flow cytometry to assess multinucleation

2.2.1. Validation of multinucleated cell gating strategy using ImageStream

To assess the suitability of flow cytometry to discriminate populations of multinucleated cells
and mononucleated cells within mixed cell suspensions, imaging flow cytometry was used,
‘ImageStream’. This technology bridges the gap between flow cytometry and fluorescence
microscopy by providing microscopy images, both brightfield and fluorescent, for each event
that passes the detector. This allows the user to gather additional morphological information,

which we hoped would allow the visual confirmation of multinucleated cells.

Once grown, adherent LMGC cultures were incubated with trypsin to create single cell
suspensions and stained with DRAQS5, a far-red fluorescent DNA-binding dye suitable for
detection by flow cytometry. Cells were run on the imaging flow cytometer (ImageStream X
Mark 1) and DRAQS intensity was used as a gating metric to discriminate cells based on their
ploidy. Within the DRAQS5'"Y population, exclusively mononucleated cells were observed,
whereas the DRAQ5" population contained both single LMGCs, and aggregated clumps of

mononucleated cells.
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Figure 3. Imaging flow cytometry of in vitro LMGCs.

Imaging flow cytometry of mononucleated, aggregated and multinucleated cells. Gating
strategy used to distinguish suspected mononucleated (red, DRAQ5'°") and multinucleated
(blue, DRAQ5") populations shown. Representative brightfield (BF) and fluorescence (CellROX
GREEN, DRAQS5) images shown below. Scale bars = 10um. N=1.
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This data demonstrates that mononucleated cells can be partially separated from
multinucleated cells by flow cytometry using DNA-binding dyes, however, populations of
multinucleated cells were impure; Clusters of mononucleated and binucleated cells were
often observed in addition to multinucleated cells. In flow cytometry cell aggregates, often
two conjoined cells termed ‘doublets’, are eliminated using an FSC-H (forward scatter height)
vs FSC-A (forward scatter area) gate, but we later found that this would also eliminate
multinucleated cells and so could not be used. To address this technical limitation, | next
aimed to quantify the impurity of DRAQ5" populations following fluorescence-activated cell

sorting (FACS).

2.2.2. Validation of LMGC sorting strategy with FACS

To further investigate and quantify the extent to which multinucleated cells can be isolated
from mixed cell suspensions by flow cytometry, FACS was performed which was followed by
cytospins and then giemsa staining. Cultures were prepared as before, and once sufficiently
developed to the point at which large cells could be observed, all cells were harvested again
with typsin-EDTA, and stained with DRAQS5. Stained cells were run on the FACSFusion cell
sorter, and distinct populations were clear based on the brightness of the DNA dye. Three
populations were sorted, labelled as DRAQS5low, DRAQ5med, and DRAQS5hi. These were
proposed to represent populations of mononucleated cells (1N), cells with 2 or 3 nuclei (2-
3N), and cells containing more than 3 nuclei (4N+) respectively. Once these populations were
sorted, a cytospin was used to adhere cells to microscopy slides. Standard giemsa staining
was performed according the Sigma ‘Standard giemsa’ protocol, stained for 20 minutes at
room temperature, washed with dH,0 three times and air dried. Once dry, slides were
mounted with a coverslip, using DPX mountant, and air dried again before being imaged on
the Zeiss Axiolmager upright fluorescence microscope. Using a 20x objective lens, a 5x5 field
of view grid was imaged. Complete images were then analysed manually to determine the

number of nuclei per cell, for a minimum of 100 cells per population.
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Figure 4. Using FACS to validate multinucleated cell sorting strategy.

Top — Gating strategy. DRAQ5'%, DRAQ5™, and DRAQ5" gates (1, 2, and 3 respectively)
shown. Middle — Giemsa-stained representative images. Scale bars = 10um. Multinucleated
cells displayed typical LMGC nuclei arrangement. Bottom — Number of nuclei per cell of 100
cells for each gate, corresponding to the above gating strategy. N=1.
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This data shows the relative purities of the three FACS gates used. Reassuringly, the majority
of cells from gate 1 were mononucleated, with a small number of binucleated cells also
observed. This could possibly have been resolved by using a stricter gate, or it may be a result
of variation in the size of nuclei. When analysing the giemsa stained images of cells, it became
apparent that nuclei varied greatly in size, so it follows that a small selection of binucleated
cells may have had smaller nuclei, and a DRAQS5 brightness comparable to mononucleated
cells. The majority of DRAQ5™d cells of the second gate contained either two or three nuclei.
Purity was lower than gate one, with roughly a quarter of cells being mononucleated. The
most likely reason for this is the lack of ability to remove doublets, as discussed in 2.2.1. Gate
3 was the least pure, with approximately forty percent of cells containing either one, two or
three nuclei. Again, this is likely due to the inclusion of doublets, or larger cell aggregates.
Pleasingly, this was the only gate containing large multinucleated cells with 5 or more nuclei.
With more donors to provide statistical power, this data could be used to apply an adjustment
factor to subsequent flow cytometry data to account for the impurities of the gating strategy

and give a more accurate measure of multinucleation.
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2.3. Comparing LMGC culture methods from the literature

As discussed there are numerous protocols for the generation of LMGCs in vitro outlined in

the literature, a selection of which are outlined in table 4. It is therefore difficult for

researchers to determine the most effective and appropriate method for their own research.

The low quantity of LMGCs produced by many protocols is an obstacle which may impede

some experimental techniques. Using flow cytometry to assess the extent of multinucleation,

the following primary monocyte culture conditions were used to assess LMGC yield:

Granulocyte-macrophage colony-stimulating factor (GM-CSF) (5ng/mL) and
Interferon gamma (IFNy) (50ng/mL). Protocol taken from 1995 study by A. McNally
and J. Anderson?®’, The authors used concentrations of 5ng/mL GM-CSF and 50ng/mL
IFNy. Later in this chapter, these concentrations were titrated to optimise for
maximum LMGC yield.

Interleukin 3 (IL-3) (56ng/mL) and IFNy (50ng/mL). Protocol taken from 1998 study by
T. Byrd'*’. This combination of factors also used in 1992 study by R. Enelow et al?°.
GM-CSF (50ng/mL) alone. This was used to determine whether multinucleation could
be achieved in the absence of a pro-inflammatory mediator. Using IFNy alone was also
tried and found to be insufficient for cell survival in culture.

Macrophage colony-stimulating factor (M-CSF) (20ng/mL) and the toll-like receptor 2
agonist Pam3CSK4 (300ng/mL). Protocol taken from 2016 study by L. Herrtwich et al®®.
M-CSF (50ng/mL) and IFNy (200ng/mL). This was used to determine whether
multinucleation in the presence of inflammatory stimulation was also dependent on
GM-CSF.

M-CSF (20ng/mL) alone. This was used to determine whether multinucleation is

dependent on stimulation by pro-inflammatory mediators.
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Figure 5. Comparison of in vitro LMGC culture protocols from the literature.
Plot displaying relative multinucleation rate for outlined protocols. Statistical significance
determined by one-way ANOVA with Tukey’s multiple comparisons. * = P < 0.05. n=3.
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The culture conditions leading to the highest yield of multinucleated cells were GM-CSF +
IFNy, and IL-3 + IFNy. Both resulted in significantly higher yields than the combination of M-
CSF and the toll-like receptor 2 (TLR2) agonist Pam3CSK4 (p < 0.05). | decided to take forward
the use of GM-CSF and IFNy for the next chapters of this thesis as one of the most effective
combinations, and the immediate availability and reliability of these cytokines. Next, | aimed

to optimise this protocol for maximal LMGC yield.

2.4. Optimisation of my chosen in vitro LMGC culture system

2.4.1. Titrating GM-CSF and IFNy

A concentration titration for both of the factors used in the chosen culture system, GM-CSF
and IFNy, was carried out. The aim was to find the optimal concentrations, resulting in the
highest yield of LMGCs without reaching hypertoxic levels. A range of 0.05 — 500ng/mL GM-
CSF and 0.02-2000ng/mL IFNy was used and again measured multinucleation with flow
cytometry. The proportion of events captured by flow cytometry which were determined to
be cellular debris using a forward scatter-area (FSC-A) vs side scatter-area (SSC-A) plot was

used as a crude measure of culture health.
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Figure 6. Optimising cytokine concentrations.
Heatmaps showing LMGC formation rate (left) and % events captured debris (right) with
different cytokine concentrations. Debris defined using A'°%, FSC-A'®" gate. Values are mean

of three donors (n=3).
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As expected, higher concentrations of both factors correlated with increased multinucleation,
with the highest yields observed in cultures with 2000ng/mL IFNy and 500ng/mL GM-CSF. At
this concentration there was little difference when GM-CSF concentration was increased.
There was a large increase in debris in cultures with 2000ng/mL IFNy compared with
200ng/mL. Similarly, there was an increase in debris from 50ng/mL to 500ng/mL GM-CSF.
Going forward, 50ng/mL GM-CSF and 200ng/mL IFNy were used, though lower
concentrations could be used if necessary to improve culture health at the cost of a marginal

decrease in yield.

2.4.2. Optimising culture time, monocyte seeding density and culture medium

In addition to finding the optimal concentrations of IFNy and GM-CSF, three further factors
were investigated in order to generate the highest yield of LMGCs; Culture time, seeding
density and type of culture medium. A time course experiment was performed, culturing
monocytes with GM-CSF and IFNy, and using flow cytometry to measure the LMGCyield every
24 hours, beginning 144 hours after seeding, as this was when cultures began to take on a
differentiated phenotype when observed using a standard light microscope. Monocytes were
seeded at a range of densities, from 20,000 cells to 100,000 cells plated in each well of a 96
well flat-bottomed plate. In part, the premise behind this experiment was to investigate
whether a higher monocyte seeding density would increase LMGC yield due to the close
proximity of cells facilitating cell fusion, without having investigated the formation
mechanism at this stage of the project. Finally, three different culture media were tested to
grow LMGCs: RPMI, DMEM and aMEM. RPMI is typically used for the culture of primary
monocytes, as well as numerous other primary cell types, DMEM is more commonly used for
cell line culture, or for primary fibroblasts, neurons or smooth muscle cells, and aMEM is

commonly used for cells grown in monolayers, in particular, the in vitro culture of osteoclasts.
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Figure 7. Optimisation of culture conditions.

Optimisation of culture time, cell seeding density and culture medium type for the generation
of LMGCs. A) Time course experiment. A non-statistically significant increase in
multinucleated cells on days 8 and 9. P = 0.838 (One-way ANOVA). B) A non-statistically
significant slight trend towards increased multinucleation with higher seeding densities. P =
0.975 (One-way ANOVA). C) DMEM was significantly more effective in the generation of
multinucleated cells than both RPMI and aMEM (e = statistically significant, P > 0.05) statistics
performed = One-way ANOVA with Tukey’s multiple comparisons test).
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As a result of these optimisation experiments, although non-significant, | decided to seed
monocytes at 100,000 cells per well in 96 well plates, or equivalent densities in larger plates,
and culture them for 8-9 days. Unexpectedly, of the culture media tested DMEM was most
effective.

Combining these now optimised conditions would allow me to carry out the transcriptional
and functional studies required for later chapters of this thesis and provides a relatively

consistent high-yield protocol for future studies.

2.5. Morphological evaluation of in vitro LMGCs

For the final section of this chapter, | aimed to align the now optimised in vitro LMGC culture
system with in vivo LMGCs. As LMGCs of pathology are described and identified only by their
distinctive morphology by pathologists, | planned to determine whether cultured LMGCs
possessed the same distinctive morphological characteristics. Cell size and the arrangement
of nuclei are key factors used in diagnosis of GCA. Unlike other types of multinucleated cell,
LMGCs have a distinctive horseshoe arrangement of nuclei around the periphery of the
cytoplasm, and contain up to 20 nuclei. Immunocytochemistry was used to stain cultured
LMGCs for beta-actin, a structural protein to visualise the cytoplasm, and co-stained with

DAPI to visualise nuclei by confocal fluorescence microscopy.
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Figure 8. Morphological assessment of cultured macrophages, LMGCs and osteoclasts.
Top: control macrophages cultured in the presence of 50ng/mL GM-CSF only. Middle:
Representative images of LMGCs cultured in the presence of 50ng/mL GM-CSF and 200ng/mL
IFNy. Bottom: Representative images of osteoclasts, cultured in the presence of 20ng/mL M-
CSF and 50ng/mL RANKL. Blue = DAPI, Green = 3-actin. SB = 50um. Images taken using Leica
SP8 confocal microscope with 63x objective magnification. LMGCs display morphological
characteristics of tissue LMGCs, a horseshoe-like arrangement of nuclei around the periphery
of the cell. Osteoclasts displayed a more random arrangement of nuclei throughout the
cytoplasm. Control macrophages were exclusively mononucleated.
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In vitro LMGCs were morphologically representative of those found in pathology, displaying
the typical peripheral arrangement of nuclei. By visual assessment, cell size seemed to
increase proportionally with number of nuclei, with the largest cells reaching upwards of 50
nuclei, and the ring/horseshoe arrangement becoming more pronounced in larger cells.
These observations were consistent across cultured LMGCs from all donors studied in this
thesis. In comparison, in vitro osteoclasts typically displayed a random arrangement of

nuclei throughout the cytoplasm, the largest of these containing 30 nuclei.

2.6. Discussion

In this chapter | have adopted, optimised and morphologically validated an in vitro model
culture system for the generation of LMGCs. Taking optimised culture conditions forward for
the rest of this thesis, and thus achieving greater LMGC yields, will facilitate functional
experiments. | have also demonstrated the power and limitations of flow cytometry as a

technique for the measurement of multinucleation.

A common culture method used in the literature, but not shown in figure 5 is the use of
concanavalin A (conA) alone or conA conditioned medium to differentiate primary monocytes
to LMGCs. After attempting these protocols, | found that the monocytes did not survive long
enough in culture to form LMGCs, and so were not included in the final analysis. A benefit of
carrying out a cytokine titration is that it allows the use of lower concentrations in cases

where culture health is more important that high LMGC yield, and vice versa.

There was a large degree of donor-donor variability. In many cases healthy donor monocytes
did not survive the harsh culture conditions required for LMGC generation, which seemed to
generally reoccur when next attempting to culture monocytes from the same donor. Often,
for those healthy donor monocytes which did survive and produce LMGCs, yields were
dramatically lower than for other donors. Again, this appeared to be persistent for specific
individuals. Approximately 30% of all efforts to generate LMGCs resulted in culture death. Of
the remaining roughly 70% of cases the LMGC yield varied greatly from as few as 2% cells
binucleated or larger to as many as 30%. It is difficult to draw any meaningful conclusions in
terms of the characteristics of those individuals whose monocytes were more or less
effective, as the vast majority of blood obtained for this study was from anonymised donors

making the sample sizes too small.
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The difference in LMGC yield between different types of culture media was unexpectedly
pronounced. Reading into the compositional differences of each media offers a potential
explanation for the significant increase in multinucleation in DMEM compared with both
RPMI and aMEM. Vitamin B12 deficiency has been implicated in increased risk of DNA
damage. Later in this thesis | will discuss the role that DNA damage may play in the formation
of LMGCs. As DMEM lacks vitamin B12, DNA damage may have been increased in these
cultures, leading to higher rates of multinucleation. With more time, | would have liked to
investigate this further, by quantifying DNA damage in cells cultured in different media, or by

supplementing DMEM with additional vitamin B12 and measuring LMGC yield.

Due to a lack of reliable biomarkers, LMGCs are defined by their morphology. | chose to use
their morphology to align our culture system to disease LMGCs, however, in order to more
completely assess the extent to which these cells recapitulate those found in disease | next
aimed to use transcriptomics to compare the RNA expression profiles of cultured LMGCs and

LMGCs from disease tissue.
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Chapter 3. Single cell RNA sequencing of in vitro LMGCs and GCA affected
temporal artery tissue

3.1. Introduction

3.1.1. RNA sequencing of in vitro LMGCs

Single cell RNA sequencing is a powerful analytical tool which has come to prominence in
recent years. While efforts are underway to sequence and characterise all of the cells of the
human body in health and disease?3?, there are currently few studies in which LMGCs have
been sequenced. The information that this methodology provides could be instrumental in
the efforts to characterise of LMGCs both in terms of their functional adaptations and

formation mechanism.

In 2016, Herrtwich et al. used scRNAseq to sequence in vitro LMGCs cultured in the presence
of M-CSF and FSL-1%°. They compared control macrophages cultured with M-CSF alone, to
both mononucleated cells and cells with 2 or more nuclei cultured with M-CSF and FSL-1.
They found differential gene expression patterns between mononucleated and
multinucleated cells treated with FSL-1, although they were not able to separate these
populations into distinct clusters using non-biased clustering techniques. This distinction in
gene expression suggests a phenotypic change upon multinucleation of LMGCs. Genes
significantly upregulated in multinucleated cells included Cdk1, Tubb5 and Mmp9, whilst
Apoe and Csflr were downregulated. Pathway analysis suggested gene module upregulation
in LMGCs relating to macrophage-attracting chemokines and ECM remodelling proteases,
which is of particular interest due to the associations of these proteins with granuloma
formation and arterial damage in GCA. These findings were expanded on in a different study
four years later, with in vitro LMGCs displaying enrichment of genes relating to a number of
interesting pathways including T cell receptor complexes such as CD8A and CD40L, T cell
activation, IFN signalling, mitochondrial oxidative pathways, DNA replication and damage

pathways?!4,

In this chapter | aimed perform single cell RNA sequencing of in vitro LMGCs, in addition to
four other cell types for comparison; Mononucleated cells and binucleated cells from the
same cultures as LMGCs, macrophages grown in GM-CSF alone, and osteoclasts cultured with

M-CSF and RANKL. By finding the gene expression profile of LMGCs | hoped to gain insight
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into their mechanism of formation and functional adaptations, which will be discussed in
chapters 4 and 5 of this thesis respectively. Here, the strategy used to sort, sequence, and

analyse these different cultured populations will be discussed.

3.1.2. RNA sequencing of GCA-affected temporal artery tissue

Insights into the tissue microenvironment of GCA-affected temporal artery walls, which is
poorly understood, can be gained using RNA sequencing. This methodology could also be
used to identify systemic biomarkers for GCA. Gene expression profiling of peripheral CD4+
and CD8+ T cells has revealed transcriptional differences in GCA patients, which could even
be used to predict long term prognosis though these biomarkers have not since been
corroborated®’. Populations of CD66b* CD15* CD10'*- CD64" neutrophils and CD66b" CD15*
CD10'- CD64*/" myelocytes have also been identified as cell types associated with GCA using

single cell technologies?®3.

| aimed to perform single cell RNA sequencing of temporal artery biopsies taken from patients
with suspected GCA, to gain insights into the cell composition of affected arteries. | also aimed
to identify tissue macrophages by their gene expression profile, and to investigate the
possibility of identifying LMGCs within this population by comparing the gene expression

profiles of macrophage populations with those of in vitro LMGCs.

3.1.3. Chapter aims

The aim of this chapter was to generate single cell sequencing datasets for both in vitro
LMGCs, and unsorted temporal artery. | hypothesised that in vitro LMGCs would possess a
unique gene expression profile which could be used to distinguish them from
mononucleated cells cultured in the same conditions. As the only difference between
LMGCs and these mononucleated cells is the fact that the LMGCs became multinucleated,
the discrepancy between the gene expression of each population could provide insight into
the mechanism of LMGC formation, or their functional adaptations, both of which are
poorly understood. | further hypothesised that this unique gene expression profile could be
then identified in temporal artery tissue, which would further demonstrate the extent to

which in vitro LMGCs recapitulate the in vivo process.

The objectives of this chapter were as follows:
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e To generate a single cell RNA sequencing dataset for in vitro LMGCs, to be used in
subsequent chapters in the study of their formation mechanism and functional
adaptations.

e To use single cell RNA sequencing to investigate the cellular composition of GCA-
affected temporal artery tissue and matched blood.

e To identify an in vitro LMGC gene signature, and seek this signature in a sub-
population of tissue macrophages in GCA-affected temporal artery tissue, to

demonstrate that LMGCs can be identified transcriptionally in disease tissue.

3.2. Single cell RNA sequencing of in vitro LMGCs

3.2.1. Single cell sorting strategy

We aimed to compare the transcriptomes of in vitro LMGCs with other cell types to gain
insight into their functional adaptations. FACS was used to isolate single cells from cell
suspensions, sorting each cell into an individual well of a 96 well plate. DRAQS5 was used to
ensure cells were sorted with the desired degree of ploidy. Three primary monocyte culture
conditions were used; GM-CSF alone, from which mononucleated cells were sorted as control
macrophages cultured without inflammatory stimulation, GM-CSF with IFNy from which
mononucleated and binucleated cells were sorted as further controls, cultured in the
presence of inflammatory stimulation but without becoming polyploid as well as
multinucleated LMGCs, and M-CSF with receptor activator of nuclear factor kappa-B ligand
(RANKL) from which multinucleated osteoclasts were sorted as an alternative multinucleated

giant cell for comparison.

Using mononucleated macrophages without any inflammatory stimulation would allow us to
investigate the transcriptional effects of IFNy, potentially revealing proteins or pathways
involved in IFNy induced macrophage multinucleation. Mononucleated and binucleated cells
from stimulated wells were used to determine the functional adaptations of fully developed
LMGCs, as they were cultured in identical conditions but did not become multinucleated.
Using osteoclasts allows comparisons between LMGCs and this more well-characterised
multinucleated cell type, and would allow us to demonstrate functional differences or
similarities between different monocyte-derived multinucleated cell types. The culture

systems & sorting strategy used are outlined in figure 9.
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Figure 9. LMGC Sorting strategy and plate layout for SS2.

Gating strategy and plate layout for single cell RNA sequencing of in vitro LMGCs and control
cell types. Cultured cells were stained with DRAQS5 to distinguish populations based on
nuclear content. From cultures grown in GM-CSF and IFNy, mononucleated (1N, red),
binucleated (2N, yellow) and multinucleated (3N +, green) populations were sorted. From
cultures grown in GM-CSF only, mononucleated cells (1N, blue) were sorted and labelled
“Macs”, and from cultures grown in M-CSF and RANKL, multinucleated cells (3N +, purple)
were sorted and labelled “OC”. 50 cells were sorted into well Al to be used as a technical

control during generation of cDNA libraries.
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The wells into which all cells were sorted contained pre-prepared lysis buffer (Buffer TCL —
QIAGEN) containing 1% B-mercaptoethanol, to break apart the cell and make the DNA
content accessible.

3.2.2. Dataset pre-processing

3.2.2.1. Applying quality control metrics

Using Seurat, a toolkit for the analysis of sequencing data in R developed by SatijaLab
(https://satijalab.org/), Data pre-processing of the now aligned dataset was performed.
Quality control was applied to remove low quality, unhealthy cells, and empty droplets from

the final analysis.

First, the number of unique genes identified for each cell, ‘nFeature_RNA” was plotted. Cells
with an abnormally low number of different genes expressed were excluded as they are likely
to be of low quality. Similarly, cells exhibiting abnormally high percentages of mitochondrial
genes ‘percent.mt’ are excluded, as apoptotic cells typically exhibit a high degree of
mitochondrial contamination. Following SatijaLab guidelines cells with unique gene counts
fewer than 200 were excluded, as well as cells with mitochondrial gene percentages greater

than 5%.
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Figure 10. Quality control plots.

Plots showing the unique feature counts (nFeature_RNA), and percentage of total genes
mitochondrial (percent.mt) for whole aligned dataset. Black dots represent single cells. Green
areas show cells taken forward for downstream analysis, blank areas excluded at this stage.
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With unwanted cells and empty droplets removed from the dataset, a normalization step in
which the gene expression measurements for each cell is normalized by the total gene
expression was performed. The result is then multiplied by a standard scaling factor of 10,000

(as demonstrated by the SatijaLab guidelines) and log transformed.

3.2.2.2. Identification of highly variable genes and principal component analysis

Following normalization, the dataset was further concentrated by selecting highly variable
genes to be taken forward for downstream analysis. This was achieved by using the function
FindVariableFeatures with the parameters selection.method = “vst” and nFeatures = 2000.
This method plots mean gene expression against normalized gene dispersion in order to
identify genes with high dispersion whilst controlling the innate correlation between variance
and gene expression in single cell RNA sequencing data. The number of highly variable genes

selected was 2000.

The dataset, now 2000 genes strong, was further simplified by performing principal
component analysis (PCA). The benefits of this are reduction in the innate error generated by
multiple test corrections, and a reduction in the computational power required for
downstream analysis. PCA allows the simplification of complex datasets by identifying
patterns such as phenotypic differences, and then transforming the data into objects with
fewer dimensions, called principal components (PC). The goal of PCA is to simplify the data
whilst maintaining the significant trends, by transforming it into as few principal components
as possible. In Seurat a variance ratio plot is generated containing every PC identified. PCs
before the point at which this plot plateaus, i.e. when each subsequent PC is no longer

significantly different to the previous PC are then used for downstream analysis.
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Figure 11. Variable gene identification and PCA.

A) Identification of 2000 highly variable genes (red) and non-variable genes (black). Top 10
highly variable genes labelled. B) Principal component plot showing the standard deviation of
each PC generated during PCA
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In later analyses the dimensionality of the dataset was defined at 30 PCs using the parameter
dims = 1:30 this was estimated to be the point at which the plot would have reached a
plateau. In truth there is very little difference when the variance between PCs is so small and
the majority of the true information is found in roughly the first 10 PCs. This was later
confirmed when trying ‘dims =" values ranging from 10-30 in later analyses and seeing very
little difference in the outcome. With the dataset now at a manageable dimensionality,

unbiased cell clustering was performed.

3.2.3. Unbiased cell clustering

To compare the sequenced cells types in an unbiased manner | performed non-linear
dimensional reduction, a technique which clusters cells in 2D space based on their
transcriptional similarity. Cells placed close together are more transcriptionally similar than
those more distant, leading to the formation of clusters containing specific cell types. There
are multiple non-linear dimensional reduction methods compatible with Seurat, the most
commonly used being t-distributed stochastic neighbour embedding (t-SNE) and uniform
manifold approximation and projection (UMAP). For our dataset UMAP projected four

discrete clusters as shown in figure 12:
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Figure 12. Unbiased population clustering by UMAP.

Above: non-linear dimensional reduction by UMAP. Four clusters projected in 2D space,
clusters 1, 2, 3 and 4, coloured black, red, maroon and pink respectively. Below: Pie charts
displaying the origin of cells comprising each cluster based on FACS sorting strategy. Blue =
Control macrophages without inflammatory stimulation (Macs), Red = Mononucleated
macrophages with inflammatory stimulation (1N), Yellow = Binucleated cells with
inflammatory stimulation (2N), Green = LMGCS (3N), Purple = Osteoclasts (OC).

53



The number of cells from each FACS sorted population comprising each cluster is shown in
figure 12. There was relatively high inter-cluster crossover between the cells subject to
inflammatory stimulation during culture, likely due in part to the FACS gating impurities
outlined in 2.2.2. Clusters were annotated by the prevailing cell type for each cluster;
‘Mononucleated LMGC’, ‘Multinucleated LMGC’, ‘Control macrophages’ and ‘Osteoclasts’ for
clusters 1, 2, 3 and 4 respectively. Cells sorted as binucleated cells were not sufficiently
transcriptionally distinct to form their own cluster, instead being shared between clusters 1

and 2.

3.2.4. Identification of cluster markers

The next stage of analysis was to identify the most differentially expressed genes for the cell
clusters. Using Seurat to read gene expression levels, the top 10 differentially upregulated
genes were found for each cluster and are displayed in figure 13. For a gene to be considered
differentially expressed, it was required to be detected in a minimum of 25% of cells in every

cluster.
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Figure 13. Identification of differentially expressed genes.
Heatmap displaying the ten most highly differentially expressed genes for each of the four
clusters generated in 4.2.3. Yellow = High expression, purple = Low expression.
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Reassuringly, a number of genes among the top differentially expressed genes for clusters 3
and 4, annotated ‘control macrophages’ and ‘osteoclasts’ respectively, were expected based
on legacy knowledge. The control macrophage cluster had high expression of known
monocyte/macrophage marker CD14, whilst the osteoclast cluster had high expression of
metalloproteinases MMP7 and MMP9, critical for the bone-resorptive properties of
osteoclasts. Both clusters 1 and 2 showed expression of a more inflammatory phenotype, in
keeping with having been cultured in the presence of IFNy; Different chemokines were highly
differentially expressed in both clusters. With these top genes for the ‘multinucleated LMGC’
cluster we can infer their functional adaptations when compared with the ‘mononucleated
LMGC’ cluster. Genes such as SLAM family member 7 (SLAMF7) and glypican 4 (GPC4) offer
some insight into the ways these cells functionally adapt following multinucleation and their

condition.

3.2.5. Pathway analysis

To investigate the functional adaptations of multinucleated LMGCs, pathway analysis was
performed, using all of the significantly upregulated genes in the ‘multinucleated LMGC’
cluster compared with the ‘mononucleated LMGC’ cluster. Using the software ‘Cytoscape’
(version 3.8.2) This list of upregulated genes was input, and by searching the ‘Gene Ontology’
(GO) database of cellular pathways the software returned a selection of pathways in which
some the selected genes are involved. There were many pathways implicated by this method
including cellular responses to inflammatory stimulation and replicative stress. Amongst
these there were some pathways relating to potential functional adaptations, four of these
which are of particular interest based on our current understanding of LMGCs are outlined in

figure 14.
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Figure 14. Upregulated gene modules in LMGCs.

A dot plot indicating four functional pathways of interest which are seemingly upregulated
in the transcriptome of our in vitro LMGCs & and the upregulated genes involved in each
pathway. Circle size = % of cells expressing that gene, Colour = relative expression, with blue
- high expression and grey - low expression. Genes are differentially expressed (adjusted p
value <0.05) between multinucleated cells and other cell types using the FindAlIMarkers with
Wilcoxon Rank Sum test in Seurat.
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It is interesting that genes relating to Cell-ECM interactions are upregulated in cluster 2
(Multinucleated LMGC). In the literature, LMGCs have been implicated in remodelling of the
extracellular matrix associated with granuloma formation; this data serves to reinforce that
hypothesis. The upregulation of genes relating to chemokine activity and leukocyte activation
suggests that LMGCs possess a pro-inflammatory phenotype, secreting mediators of
inflammation which potentially drive the chronic inflammatory states of the conditions in
which they’re found, including GCA. The upregulation of genes relating to smooth muscle cell
proliferation is particularly interesting in the context of GCA. As discussed in section 1.3.4, in
the pathogenesis of GCA it is clear that the vascular smooth muscle cells are driven to
proliferate (intimal hyperplasia), leading to luminal narrowing and ultimately occlusion of the
vessel. LMGCs have been implicated as one of the driving forces behind this and here we find

supporting evidence for this.

| next aimed to perform RNA sequencing of sections of temporal artery, taken from patients
with suspected GCA. We hoped to identify LMGCs transcriptionally by finding a sub-
population of tissue macrophages expressing a similar gene expression profile to our in vitro

LMGC cluster.

3.3. Sequencing of temporal artery

As discussed in 3.1.2, LMGCs from tissue have been seldom sequenced and transcriptionally
analysed. To support our in vitro findings, sections of excised temporal artery tissue from
patients with suspected GCA were processed for sequencing with matched blood samples.
The cells from patients ultimately receiving positive diagnoses could be compared against
cells from patients receiving negative diagnoses. With this data we also hoped to gain insight
into the tissue microenvironment of the artery walls of affected arteries in GCA, measuring

the quantities of different cell populations in cases and controls.

3.3.1. Temporal artery dissociation procedure

The receipt of temporal artery samples was arranged by Dr Gary Reynolds, including
recruitment and consent of patients. Vessel sections, typically 1-2cm in length, were first
bisected longitudinally in order for half of the section to be used by clinicians for diagnostic
evaluation. The other half was transferred to an empty, sterile dish and manually cut into
small pieces using a scalpel. A small volume of media was then added, and this mixture

transferred to a 50mL tube. A cocktail of enzymes was then added; Collagenase |, Collagenase
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Xl, DNase | and Hyaluronidase, and this was incubated at 37°C for 50 minutes, with regular
agitation. After this, red blood cells were lysed and remaining cells counted. Matched blood

samples were simultaneously processed, isolating PBMCs by standard lymphoprep.

Cells from both blood and tissue were then loaded onto a 10X Genomics controller with
chromium chips. This was performed by Emily Stephenson and Justin Engelbert of the Haniffa

Lab, who also generated the cDNA libraries which were sent for sequencing.
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Figure 15. Temporal artery digestion workflow.
Tissue was digested manually initially, followed by enzymatic digestion and red blood cell lysis
before being loaded on a 10X genomics controller.
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Four biopsies from four patients were processed in total, with cells from blood and tissue all
sequenced in the same way. Clinical assessment revealed that two of the patients received a
positive diagnosis and two received a negative diagnosis, enabling the ability to analyse

changes in the dataset by diagnosis to observe differences in health and disease.

3.3.2. Unbiased clustering and manual annotation of subsequent populations

The complete dataset was then clustered in an unbiased manner, as was done previously for
in vitro LMGCs and controls. Again, UMAP was used as the non-linear dimensional reduction
method and cells derived from both blood and tissue from all four samples were clustered
together. The most differentially expressed genes for each cluster were then used to identify

them combined with legacy knowledge of cell subset gene expression.
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Figure 16. Unbiased clustering of TAB and matched blood.

Above: UMAP plot showing the unbiased clustering of all cells from blood and temporal
artery tissue of four separate patients. Below: 23 clusters labelled and annotated based on
differentially expressed genes. Top 10 markers for each cluster shown.
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There were multiple clusters expressing genes of blood monocytes and blood B cells likely
due to the innate heterogeneity within these populations. Cluster 17 highly expressed
markers of both monocytes and natural killer (NK) cells from blood, and so has been labelled
‘Blood NK/Monocyte’. Dendritic cells from blood and tissue were not sufficiently

transcriptionally distinct to form separate clusters and have clustered together (cluster 9).

3.3.3. Cell population analysis

Using the annotated clusters, population analysis was performed by reading cell counts for
each of the clusters generated in 3.3.2. For each cluster, the counts from two positive samples
were compared with those from two negative samples, to investigate the differences in the
cellular composition of GCA affected temporal arteries and healthy controls, as well as
matched blood. It was expected that an increase in T cells and macrophages would be
observed in tissue for positive samples, as the predominant cell types of granulomas. An
increase in the number vascular smooth muscle cells (VSMCs) would also be indicative of

intimal hyperplasia.
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Figure 17. Population analysis of TAB and matched blood.

Mean cell counts for each population identified in 4.3.2. split by diagnosis. Values represent
the mean counts for samples from 2 positive (blue) and 2 negative (red) diagnoses.
Normalised by Min-Max scaling. Error bars = SEM. * = statistically significant, p < 0.05. Mann-
Whitney U tests.
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In blood samples, there was a greater number of CD4+ T cells, Tregs, a monocyte population
(cluster 5), and B cells in the peripheral blood of patients who received positive diagnoses,
although these increases were not statistically significant, with P values invariably greater
than 0.05 determined by a Kruskal-Wallace test. Conversely, these blood samples contained
fewer CD8+ T cells, and certain populations of monocytes (Clusters 2 and 4), although again
these were not statistically significant. In tissue, T cells were significantly elevated in positive
samples (P < 0.05). Macrophages and NK cells were also elevated, albeit not significantly.

Vascular smooth muscle cells were also non-significantly elevated.

We hypothesised that LMGCs may lie within the tissue population of macrophages, but were
not sufficiently transcriptionally distinct to form their own cluster given the complexity of the
whole dataset. In order to identify and isolate LMGCs by this method, the TAB macrophage

cluster was taken in isolation, and re-clustered using UMAP.

3.3.4. Identification of a LMGC gene signature in tissue

A new Seurat object was created containing only the cells from cluster 19, tissue
macrophages. This object was then re-clustered, using the same UMAP method as in 3.3.2 to
generate sub-clusters within this population. The aim was to reveal heterogeneity amongst
tissue macrophages, and to find a population expressing a similar gene expression profile to
in vitro LMGCs. Four clusters were generated, each with a unique gene signature.
Differentially expressed genes were then identified for each cluster to be compared with in

the vitro LMGC gene profile generated in 3.2.
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Figure 18a. Unbiased re-clustering of TAB macrophages, and shared DEGs with in vitro
LMGCs.

Above: Unbiased re-clustering of tissue macrophage cluster by UMAP method. Four
transcriptionally distinct clusters produced. Below: Genes upregulated in cultured LMGCs.
Dot size = percentage of cells expressing that gene. Blue = High expression. Grey = Low
expression.

64



SPP1

CA2 TSC22D1
25 3
2.0
4
2
K] ] T
3 315 H
3 3 3
s 8 8
32 2 ]
14 8 4
3 1.0 )
a2 i o] ;
05
0 0.0 0
e\\\@ 5 .§® 5 5 5
§ & § & § &
EGR2 CDCP1 ccLs
2.0
2
1.0
5 T _ _15
3 [ [
3 2 2
E 3 3
S J 8 8
2 @ @
5 8 810
X1 S o
w & os I
05
0 0.0 0.0
< < e @ @ @
& & & & N &
& & & & & &
DHRS9 SLAMF7 HPGD
2.0 25
2.0
20
1.5
= _15 °
2 ° 3 15
[ 3 3
< = 5
c 9
S 10 2 2
a ? 2
g 1.0 g 10
X < n}
ul n}
05 05
05
0.0
0.0
0.0 ) @
4 &
@ @
0;)4 6»““ %\\\@ 0,\\40 & &
§ & § &

Figure 18b. Lack of an in vitro LMGC gene signature in GCA negative patients

Gene expression in the macrophage tissue sub-cluster (cluster 19, Figure 16). Nine genes
outlined in figure 18a, differentially upregulated by both in vitro LMGCs and tissue
macrophage cluster 0 are upregulated by a number of cells in GCA positive patients compared

with GCA negative patients.
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Four clusters were generated by UMAP indicating four transcriptionally distinct macrophage
sub-populations. Of these, cluster 0 was the most transcriptionally distinct, as represented
by its physical separation in 2D space. In cluster O there was high expression of numerous
genes identified earlier as in vitro LMGC markers. Relatively low expression percentages for
some genes could represent heterogeneity between tissue LMGCs themselves, or impurity of
the cluster due to insufficient clustering power. With this finding we demonstrate that LMGCs
can potentially be isolated by their transcriptomes from temporal artery tissue, though
proteomic validation of markers will be necessary to make this claim reliably. We also further
validate our in vitro LMGC model by showing cultured LMGCs may recapitulate tissue LMGCs
effectively, displaying a similar gene expression profile. Furthermore, | have demonstrated
that components of this transcriptional crossover are only expressed in patients with
confirmed GCA, and not those who received negative diagnosis. The relatively small
proportion of cells expressing the genes could represent the fact that LMGCs are scarce in

tissue compared with the total number of macrophages.

3.4. Discussion

In this chapter we show that in vitro LMGCs are transcriptionally distinct from mononucleated
cells from the same cultures, macrophages, and osteoclasts, and they can be computationally
isolated and analysed using this distinction. Whilst this data alone may be insufficient to draw
robust conclusions regarding the functional adaptations of tissue LMGCs in the artery walls
of GCA patients, we have demonstrated that the in vitro model recapitulates tissue LMGCs
both morphologically in section 2.5 and now transcriptionally. Sequencing of temporal artery
cells from GCA patients revealed a macrophage sub-population expressing a similar gene
expression profile to our in vitro LMGCs, demonstrating the potential to transcriptionally
isolate tissue LMGCs. This finding also further demonstrates the validity of our optimised in

vitro LMGC culture system as a means of characterising these cells in future studies.

This data could also be used to identify specific biomarkers for tissue LMGCs, by taking highly
upregulated genes in the tissue macrophage sub-population of interest and using
immunohistochemistry to validate associated protein expression in biopsied sections of
temporal artery. Effective identification of biomarkers would benefit both the study of the

conditions in which LMGCs are found and their clinical diagnosis and treatment. Insights into
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the pathogenesis of GCA are difficult to gleam from this data with a limited number of
samples and time. With a greater number of samples, and more time for analysis, the

populations of cells identified could be scrutinised in greater detail.

In the next chapters of this thesis, the in vitro LMGC sequencing data generated here will be
used to build hypotheses and support molecular and functional data relating to LMGC

formation and functional adaptations.
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Chapter 4. The mechanism of LMGC formation; The role of DNA damage in
failed cytokinesis
4.1. Introduction

4.1.1. The mechanism of LMGC formation

The molecular pathways which instruct macrophage polyploidy in chronic inflammation are
likely to be a salient factor in the understanding of the pathogenesis of the conditions in which
LMGCs are found. Until recent studies, the consensus in the literature was that they form
exclusively by cell-to-cell fusion, as their myeloid derived equivalents have been shown to
do?01, 215,234 ' As of 2021 the LMGC formation mechanism is contested, with evidence in the

literature for both cell to cell fusion and incomplete cell division due to failed cytokinesis.

Early studies into macrophage fusion used electron microscopy and radiolabelling. 3H-
thymidine incorporation of tissue in live animals resulted in LMGCs with both labelled and
unlabelled nuclei, suggesting fusion of labelled and unlabelled mononuclear precursors?!®,
The presence of intracellular vacuoles was demonstrated by electron microscopy, and with
the lack of a phagocytic phenotype questions were raised as to their origin. It was suggested
they may have been autophagic vacuoles, or that they may have been introduced during
macrophage fusion?’. These findings alone were far from conclusive, and it took advances in
laboratory techniques years later to amass further supporting evidence for macrophage

fusion in the generation of LMGCs.

Mediators of cell fusion appear to play a role in LMGC formation. The protein DC-STAMP,
known to be critical for the formation of both osteoclasts and foreign body type giant cells, is
necessary for LMGC formation, and proteins of cell fusion machinery CD40, ADAM9 and [31-
integrin have all also been implicated!>® 21> 229 |n addition, stimulation of macrophages with
IFNy has been shown to increase the expression of the protein ICAM1, which localises on
areas of cell to cell contact during monocyte aggregation leading to LMGC formation?®®, This
evidence together led many scientists to accept cell fusion as the sole formation mechanism,
despite the lack of direct experimental evidence. The use of live cell imaging has now revealed
the increased complexity of the story, demonstrating the involvement of an alternative

mechanism; incomplete cell division with failed cytokinesis.

Murine bone marrow derived macrophages have been shown to undergo modified cell

division when cultured in vitro in the presence of the toll like receptor 2 agonist FSL-1%°. Live
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cell fluorescence imaging with a DNA-dye revealed multiple instances of mononucleated
macrophages entering mitosis, completing DNA synthesis and separation of daughter nuclei,
but then failing to abscise, leaving cells polyploid. In this study, successful divisions also
occurred at a rate of approximately 40% of total mitoses compared with above 80% in
unstimulated controls. Micronuclei (MN) were observed in 10% of FSL-1 stimulated cells
compared with 2% in controls, a possible result of anaphase lagging chromosomes due to
spindle misalignment, or the formation and subsequent resolution of chromatin bridges. The
presence of MN is a strong indication of genome instability?3®>. The macrophages used to
demonstrate this mechanism were of murine origin, it is not clear whether the same

mechanism is active in humans.

There is a precedent for cell-cycle dependent polyploidy in a number of well characterised
multinucleated cell types in humans. Megakaryocytes are multinucleated cells found in
human bone marrow, and are crucial for the process of coagulation by producing platelets.
They form by endomitosis (mitosis without cytokinesis), exhibiting deficiencies in cleavage
furrow formation and Rho/Rock signalling during the action of the contractile ring, and even
failure during karyokinesis?18 236:237 Hepatocytes, polygonal epithelial cells of the liver, have
also been shown to undergo cytokinesis failure, while trophoblasts, key cells of human
developmental processes, display rounds of endoreduplication to achieve polyploidy%21° |t
seems that these cells express these differentiation pathways with the distinct purpose of
bypassing cell cycle checkpoints which ordinarily would safeguard against this modified
mitotic activity, in order to obtain specific functional adaptations beneficial to the organism.
It is unclear whether the process of LMGC formation by failed cytokinesis is specialised in this
way or whether it’s a segregated by-product of the inflammatory environments which drive
it. The generation of genomic instability during LMGC formation, which is absent during the
differentiation of the other multinucleated cell types mentioned, perhaps suggests the

latter®® 238,

4.1.2. The role of DNA damage signalling in macrophage polyploidy

The molecular pathways by which chronicinflammatory stimulation leads to failed cytokinesis
of macrophages are poorly understood, however, the DNA damage response (DDR) is thought
to play a key role. Stimulation of macrophage precursors with bacterial lipoproteins (BLP) is

effective at inducing polyploidy, and these polyploid macrophages exhibit significantly
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increased levels of phosphorylation of the histone variant H2AX (yH2AX), indicating increased
DNA damage® 2%, In vivo yH2AX was found in greater quantities in tissue LMGCs in human
M.tuberculosis biopsies®®. This H2AX phosphorylation pathway as a result of DNA damage is

mediated predominantly by the ataxia telangiectasia and Rad3 related protein (ATR)24°,

While the specific mechanism underlying DNA damage-induced polyploidy is unclear in the
case of granulomatous macrophages, parallels may be drawn from a telomere damage-
associated pathway which has been implicated in tetraploidisation of human cancer cells?**.
Persistent damage signalling as a result of telomere damage in p53-deficient cells correlates
with increased rates of tetraploidy. As cells progress through the cell cycle, abnormalities
begin at the G2 phase, which is prolonged, before resolving by bypassing cytokinesis and
beginning a new cycle at G1. This appears to be achieved by suppression of the Cdk1/CycB
protein complex, which under unperturbed conditions is involved in progression into, and out
of, the ‘M’ phase of the cell cycle?*2. The protein ATR plays a role here, responsible in
combination with the related kinase ataxia-telangiectasia mutated (ATM) for Cdk1/CycB

suppression?4!,

Additionally, DNA damage may lead to cytokinesis failure indirectly by promoting mitotic
defects involving aberrant strands of chromatin. As discussed in section 1.1.1, chromosome
ends are protected by telomeres, tandem repeats of the DNA base sequence TTAGGG. In the
absence of telomeres, or when telomeres are damaged or dysfunctional, catastrophic
chromosome fusion events can occur leading to failure of complete chromosome segregation
during the G2 phase of the cell cycle?** 244, Chromosome fusion is thought to be a protective
mechanism serving to prevent further chromosome degradation in the event of telomere
damage or dysfunction, however, it leads to significant genome instability when it occurs
during the S phase of the cell cycle, as the majority of telomere fusions do?*> 246, As the cell
cycle progresses into G2/M phases, daughter chromosomes, now fused at telomeres, attempt
to segregate. This leaves strands of chromatin, often highly condensed, spanning the cell and
connecting the daughter nuclei. These condensed strands are known as chromatin bridges,

or anaphase bridges, as they bridge the midbody of a mitotic cell following anaphase.

Chromatin bridges can be resolved as the cell enters the M phase of the cell cycle through

sufficient physical tension induced by actomyosin, which provides the hyperextension
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necessary for bridge rupture?*’. This breaking of the bridge often leaves behind micronuclei
(MN), cytoplasmic chromosome fragments of varying sizes contributing to genome instability
and potentially activating cytoplasmic DNA-sensing senescence pathways?*8. The exonuclease
TREX1 has been implicated in chromatin bridge resolution, suggesting that there may also be
protein-mediated chromatin bridge resolution pathways, although this is not well

understood, and physical rupture appears to be more common?4> 247,

Without the force necessary for rupture, or sufficient enzymatic intervention, chromatin
bridges persist into cytokinesis. As chromatin is now present in the midbody of the cell as it
attempts to initiate cleavage furrow regression proteins of the abscission checkpoint are
activated, predominantly the protein kinase aurora B, which then acts downstream on other
factors including ANCHR and ULK3, ultimately delaying abscission. Perturbations in the
abscission checkpoint can result in binucleation, as the cell attempts cytokinesis regardless of

the presence of chromatin bridges, and daughter cells are physically unable to abscise®” 24°

It is unclear whether LMGC formation by cytokinesis failure involves either the suppression
of Cdk1/CycB protein complex or the formation of chromatin bridges and perturbation of the
abscission checkpoint. In this chapter | aimed to address this by performing a combination of
high-resolution imaging techniques to observe in vitro LMGCs as they form, and their nuclear

morphology once formed.

4.1.3. Chapter aims

The aim of this chapter was to investigate the formation mechanism of LMGCs. | hypothesised
that DNA damage signalling plays a role in their formation by failed cytokinesis, as was
demonstrated recently by Herrtwich et al. in a murine model®®. | further hypothesised that
failed cytokinesis would arise following, and due to, the formation of DNA damage-induced

chromatin bridges between nuclei.
The objectives of this chapter were as follows:

e To use live cell imaging to observe in vitro LMGC formation and gain evidence
for cell fusion and/or cytokinesis failure.
e To explore the molecular pathway for LMGC formation by DDR-signalling-

induced cell cycle modification proposed by Herrtwich et al. in our in vitro
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human LMGC culture system by finding evidence for DNA damage and
replicative stress.
e Toinvestigate the mechanism by which DNA damage signalling may promote

polyploidy in response to chronic inflammatory stimulation.

4.2. Live cell imaging: In vitro LMGCs appear to form by a combination of cell fusion and
incomplete cell division

To investigate the formation mechanism of LMGCs our optimised model of LMGC formation
was used to perform live cell imaging to capture time-lapse footage of the multinucleation
process. Primary monocyte cultures were prepared as described in chapter 2, however,
standard culture plates were replaced by glass-bottomed dishes suitable for live confocal
imaging (CELLview imaging dishes, Greiner Bio-one). Live imaging was performed after 7 days
of culture growth, a time point at which we expected LMGCs at various stages of their
differentiation to exist. Cells were stained with SiR DNA, a dye with low enough toxicity levels
to enable the visualisation of nuclei in live cells with fluorescence microscopy. In order to see
the effect of culture conditions on cell division, images were taken every 5 minutes to ensure
resultant time-lapse footage possessed a frame-rate high enough to clearly observe any
mitotic events. Imaging was performed for a total time period of 17 hours. As well as our
optimised LMGC culture conditions, imaged cells were cultured in the presence of GM-CSF
only as a control. Four fields of view were captured for both conditions (GM-CSF +/- IFNy),
and for each field of 8 images were taken at a range of heights (Z focal planes), to ensure
entire cells were captured even whilst ‘rounding up’ during any mitoses. Time lapse footage
was compiled and analysed using Nikon Elements Viewer software, and annotated in Adobe

Illustrator.
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Figure 19. Capturing LMGC formation by live confocal imaging.

Live cell imaging suggests a combination of cell fusion and incomplete cell division with failed
cytokinesis as the formation mechanism of in vitro LMGCs. Imaging initiated after 7 days of
culture. A) Control macrophages, cultured in the presence of GM-CSF alone demonstrating
successful mitosis. Arrows indicate a mitotic cell in panels 1-4, and resultant daughter cells in
panels 5-6. B) In the presence of IFNy, a binucleated cell seemingly enters abscission and is
unable to complete cytokinesis, resulting in a binucleated cell. Arrow indicates the cell
midbody. C) In the presence of IFNy, a binucleated cell seemingly enters abscission and after
multiple attempts, cytokinesis is completed. Arrows indicate the cell midbody in panel 1-5,
and resultant daughter cells in panel 6. D) In the presence of IFNy, multiple mononuclear cells
(yellow and white arrows) fuse with a large LMGC (cyan outline). BF = Brightfield, Red = nuclei
(SiR DNA). Imaging time shown as Hours:Minutes.
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Analysis of the time-lapse footage revealed that complete and normal mitoses occurred,
albeit infrequently, in the absence of IFNy. Each round of mitosis took between one and two
hours to complete. These mitotic events were not observed in in cultures with IFNy, however,
there were many examples of polyploid cells undergoing attempted cytokinesis. In some
instances, cytokinesis was eventually successful, after prolonged cytokinesis with what
appeared to be multiple attempts at abscission, whereas in other instances cytokinesis was
ultimately unsuccessful and cells remained binucleated. Cell fusion events were clearly ev-
ident and frequent in cultures with IFNy. Fusion of mononucleated cells with each other,
mononucleated cells with binucleated cells, and mononucleated cells with already large

multinucleated cells was observed.
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Figure 20. Live cell imaging quantification of mitoses and fusion events.

Quantification of (A) complete mitoses and (B) cell fusion events in LMGC culture conditions
and control conditions. Complete mitoses and cell fusion events shown as the number
observed in total across four fields of view at 40X objective magnification. In the presence of
GM-CSF alone, Complete mitoses totalled 8 and there was a single fusion event between a
mononucleated cell and multinucleated cell. The addition of IFNy led to complete absence of
complete mitoses, and a higher number of fusion events between mononucleated,
binucleated and multinucleated cells. N=1.
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Quantification is limited by the low number of cells it was possible to image. Five-minute
intervals were maintained to ensure mitotic events could be fully captured (So that stages
were not missed between frames), and this limited the number of fields of view it was
possible to capture. Complete mitoses were absent in the presence of IFNy. While time lapse
footage demonstrated evidence of prolonged cytokinesis in this condition we were unable to
conclusively identify this at mitosis as we did not observe G1, S or G2 phases of the cell cycle
in these cells. Whilst this time lapse evidence suggests the possibility of cytokinesis failure,

alone it was inconclusive.

4.3. The presence of chromatin bridges supports incomplete cell division

4.3.1. In vitro LMGCs exhibit large chromatin bridges between pairs of nuclei

To further investigate the possibility of cytokinesis failure we used confocal microscopy was
used to study the morphology of nuclei within LMGCs. As discussed in 4.1.2, chromatin
bridges can arise as a result of catastrophic DNA damage, specifically telomere damage, and
can cause cytokinesis failure when chromatin is detected in the midbody during abscission.
LMGCs were cultured as previously described, on glass coverslips. Once sufficiently grown for
maximal LMGC vyield, coverslips were removed from culture plates, fixed with a
formaldehyde-based fixative, permeabilised with triton-X and stained with the DNA-dye DAPI
to visualise DNA. Coverslips were mounted on microscope slides to allow images to be taken
by confocal microscopy. Taking Z-stack images allowed the rendering of DAPI fluorescence in
3 dimensions, so we could view the full extent of the nuclei and their connections which

weren’t necessarily apparent single slices.
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Figure 21. Confocal imaging of in vitro LMGCs, osteoclasts and FBGCs.

A) Nuclei within cultured LMGCs containing large chromatin bridges connecting pairs of
nuclei. B) Nuclei within cultured osteoclasts (OC) with M-CSF and RANKL. Chromatin bridges
were absent within OCs. C) Nuclei within cultured foreign body giant cells (FBGCs) with M-CSF
and IL-4. Chromatin bridges were absent within FBGCs. Nuclei stained with DAPI. Scale bars =

20um.



Figure 22. Chromatin bridges within in vitro LMGCs by confocal imaging.

A, B, C) Polyploid LMGCs of different sizes. Grey = Chromatin (DAPI). Images grey-scaled for
clear visualisation of chromatin bridges. Images taken with Leica SP8 confocal microscope
with 63x objective lens with oil immersion. Scale bars = 10um. D) 3D reconstruction of an
LMGC Z stack image. Slices were analysed in Microscopy Image Browser software (MIB
Helsinki), and DAPI positive pixels were highlighted and segmented by contrast thresholding
(pink). This was repeated for all slices, and the resultant segmented object was rendered as a
3D model in MIB, before being visualised using Matlab volume viewer.
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Chromatin bridges were large and extensive within in vitro LMGCs, connecting pairs of nuclei
only. Connected nuclei were commonly adjacent within LMGCs, although there were also
examples of more distal pairs with chromatin bridges spanning the centre of the cell. The
absence of chromatin bridges within osteoclasts and foreign body giant cells supports the
hypothesis than polyploidy resulting from chronic inflammation is by a distinct mechanism to
other macrophage-derived MGCs. We next aimed to align this finding to LMGCs from GCA

affected temporal artery tissue.

4.3.2. Electron microscopy reveals chromatin bridges between pairs of nuclei in LMGCs
from GCA affected temporal artery tissue

With the presence of chromatin bridges within in vitro LMGCs established by fluorescence
microscopy, we aimed to match this finding in LMGCs from GCA affected temporal artery
tissue. Scanning electron microscopy was used to investigate the morphology of nuclei within
tissue LMGCs and in vitro LMGCs to support fluorescence microscopy findings and to act as a
comparison. Electron microscopy would also allow the identification of any changes in the
gross morphology of in vitro LMGCs when compared to mononucleated cells from the same

cultures.

A small section, roughly 1mm? in volume was dissected from a temporal artery biopsy (TAB)
sample from a patient with suspected (and later confirmed) GCA. This was placed in
glutaraldehyde to fix the tissue, before being prepared and imaged by the Electron
Microscopy Service at Newcastle University. Images were pre-processed in Microscopy Image
Browser (MIB) software, where Z stack images were cropped to show only the region of
interest, corrected to have consistent contrast, and aligned to allow 3D rendering.
Segmentation of nuclei was performed in the same software, using the ‘2D watershed’
function in combination with a manual brush tool to highlight and segment nuclei slice by

slice.
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Figure 23. Nucleus segmentation from scanning electron microscopy images of in vitro,
and TAB LMGCs.

Scanning electron microscopy images of (A) An in vitro LMGC, and (B) An LMGC from GCA
affected temporal artery tissue. Images shown are single sections of full Z stacks. Nuclei
(highlighted in red) were manually segmented using MIB software. Nuclei display
characteristic peripheral ring/horseshoe arrangement. Images taken using a Zeiss Sigma
Scanning Electron Microscope.
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In total, three LGMCs from in vitro cultures from two different donors, a single
mononucleated macrophage taken from one of these cultures, and a single tissue LMGC were
imaged. It was not possible to image entire cells, instead sectioning began part way through.
This was because LMGCs had to be manually identified while sectioning was taking place, and
it was not clear whether a cell was multinucleated or mononucleated until a certain amount

had already been processed and polyploidy could be determined.

A number of morphological observations were made. All imaged multinucleated cells, both
from in vitro cultures and TAB tissue, displayed the peripheral ring/horseshoe arrangement
of nuclei characteristic of LMGCs. In vitro LMGCs contained numerous vacuoles and a
distinctive spherical section in the very centre of each cell, seemingly separated from the rest
of the cell by a sphere of organelle-free cytoplasm. This is displayed and discussed in further
detail in the following chapter of this thesis (5.4). Both of these characteristics were absent
in the TAB LMGC. Within the unusual spherical sections were what appeared to be
fragmented or disformed organelles, and cellular debris, although this was unclear. In vitro
LMGCs also possessed distinctively long projections emanating from their plasma
membranes, similar to those observed on healthy dendritic cells. The TAB LMGC imaged was
larger than cultured LMGCs, and contained nuclei which were not as spherical as cultured
LMGCs, taking on more of a creased, distorted appearance. Nucleoli were observed as dark

areas within each nucleus, and were used to confirm single nuclei.

When the chromatin of all sections had been highlighted and segmented as shown in figure
23, the segments were compiled into three dimensional objects using the ‘Models with

Matlab isosurfaces’ function within MIB, and visualised in Matlab volume viewer.
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Figure 24. Reconstructing chromatin bridges from scanning electron microscopy images in
3D.

Confirming the presence of chromatin bridges within LMGCs using electron microscopy.
A, B) Chromatin bridges of different sizes connecting pairs of nuclei within in vitro cultured
LMGCs. Examples from two separate donors. C, D, E) Chromatin bridges within a LMGC from
the artery wall of a temporal artery biopsy taken from a patient with confirmed GCA. All
examples taken from a single LMGC. Electron microscopy images processed, segmented and
rendered as 3D models using microscopy image browser (MIB) software and visualised using
Matlab.
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In vitro LMGCs displayed clear chromatin bridges, supporting what we observed by
fluorescence microscopy. All chromatin bridges connected two distinct nuclei but never
more. In three cells analysed, four chromatin bridges were found, two of which are shown

above (Figure 24A, Figure 24B). Chromatin bridges varied in and thickness and length.

Like in vitro LMGCs, the imaged cell from TAB tissue displayed the characteristic morphology
of a LMGC, with a horseshoe shaped arrangement of nuclei around the periphery of the cell.
Within this cell, three examples of chromatin bridges were identified, bearing a resemblance
to those observed in our cultured LMGCs when rendered as 3D models. The imaging of this
cell began part-way through the nucleus shown in figure 24D, and so the beginning of a
possible chromatin bridge was seen but was not confirmed to have been connected with a
second nucleus. Figure 24E shows two nuclei, one significantly greater in volume that the

other, connected by two separate chromatin bridges.

As discussed, chromatin bridges can arise as a result of catastrophic telomeric DNA damage.
Next, | aimed to investigate whether this was the case in the formation of LMGCs by looking

for evidence of DNA damage and replicative stress in IFNy treated cultures.
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4.4. IFNy driven DNA damage and replicative stress in LMGCs
4.4.1. LMGCs express ‘DNA damage response’ gene signature
To investigate the hypothesis that DNA damage plays a role in chromatin bridge development
and LMGC formation we first analysed the single cell RNA sequencing dataset generated in
3.2. Among the differentially expressed genes of the LMGC cluster, a number of genes relating

to the activation of the DNA damage response and cellular responses to oxidative damage

were found.
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Figure 25. Differentially expressed genes of LMGCs relating to the DNA damage response.
Dot plot displaying eleven differentially expressed genes for the LMGC (Multinucleated)
cluster. Genes relate to or are involved in the activation of the DNA damage response. Circle
size represents the percentage of cells expressing the gene within the cluster, and colour
represents relative gene expression, blue = high and grey = low. Clusters assigned to
osteoclasts, control macrophages (GM-CSF only) and mononucleated cells from the same
cultures as LMGCs were included as comparators. Genes are differentially expressed
(adjusted p value <0.05) between multinucleated cells and other cell types using the
FindAlIMarkers with Wilcoxon Rank Sum test in Seurat.
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The eleven genes identified within LMGC cluster differentially expressed genes (DEGs) are all
known to play a role in the activation of the DNA damage response, suggesting that LMGCs
do exhibit a degree of DNA damage or replicative stress. Interestingly, mononucleated cells
from the same cultures typically expressed these same genes to a slightly lesser extent than
LMGCs, although still significantly greater than control macrophages and osteoclasts. This
points to the IFNy as the cause, present in the culture media of those cells highly expressing
these genes and absent in those not. It is possible that DNA damage must reach a certain
threshold before chromatin bridges are likely to form, which would explain why the
‘multinucleated’ cell cluster exhibit marginally higher levels of gene expression than the
‘mononucleated’ cluster. To support this transcriptional evidence of DNA damage, we next
aimed to perform immunocytochemistry to measure protein expression of the DNA double

strand break marker 53BP1.

4.4.2. IFNy induces DNA double strand breaks

Immunocytochemistry was used to measure 53BP1 expression, a protein upregulated in
response to DNA double strand breaks and an indication that the DNA damage response is
activated under replicative stress?®°. LMGCs and control macrophages were cultured as
described in 7.2.1.5. After 8 days of culture, coverslips with now adherent cells attached were
removed from the culture plates, and prepared for immunocytochemistry by fixation with a
formaldehyde-based fixative, and subsequent blocking and permeabilization as described in
methods section 7.2.5. After this, primary antibody staining was performed with an anti-
53BP1 antibody (Novus Bio) at a dilution of 1:100 in 0.5% BSA. This concentration was
determined to be optimal following a titration experiment not shown. One coverslip was
incubated in the absence of the primary antibody to serve as a negative imaging control
(Secondary only). Secondary antibody staining was then performed with an anti-rabbit, AF647
conjugated secondary antibody (Abcam), at a 1:200 dilution in 0.5% BSA, as recommended
by the supplier. Coverslips were finally stained for 20 minutes with DAPI (Sigma), at 1ug/mL
in PBS, rinsed with PBS, and mounted onto microscopy slides. Images were captured with the
Zeiss Axiolmager wide field fluorescence microscope with 63X objective magnification with

oil immersion.
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Figure 26. Measuring IFNy induced DNA damage by 53BP1 immunofluorescence.

IFNy induces DNA damage and activation of the DNA damage response (DDR). A)
Representative images of nuclei within cells cultured in GM-CSF only (left) and GM-CSF with
IFNy (right). Numerous 53BP1 foci are visible in cultures containing IFNy. B) The mean number
of foci per nucleus was found for 100 nuclei in each condition. The mean of these means for
all three samples was then calculated. Laser power set using secondary only (2° only) as
negative control. Foci were manually counted using Imagel. Values represent the means of
the means for cells from three donors (n=3). **** = statistically significant, p < 0.0001 using
Mann-Whitney U tests. Error bars = SEM. Scale bars = 10um.
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The number of 53BP1 foci were counted per nucleus, for 100 nuclei per condition. Microscope
settings were determined using secondary only (2° only) as a negative control. Cells cultured
in the presence of IFNy contained significantly greater quantities of 53BP1 foci per nucleus
than those cultured in the absence of IFNy, suggesting that IFNy induces DNA double strand
breaks. Furthermore, 53BP1 nuclear bodies can be an indication of mitotic transmission of
chromosomes during a state of replicative stress®*°. To further explore the mechanism by
which IFNy signalling leads to DNA damage, we next investigated the hypothesis that IFNy

leads to oxidative damage via the generation of reactive oxygen species (ROS).

4.4.3. Culture with a reactive oxygen species scavenger has no effect on LMGC formation

To investigate the role ROS may play in IFNy induced DNA damage and multinucleation, LMGC
culture assays were performed in the presence or absence of a ROS scavenger, MitoTEMPO
(Sigma) at a range of concentrations. Concentrations were chosen based on ranges used in a
study where similar culture assays were performed with MitoTEMPO?3!, Cultures were
maintained for 9 days before being harvested as described in 7.2.2.1, and stained with DRAQ5
before measuring multinucleation using the Fortessa X20 flow cytometer. This was repeated

with monocytes from four separate donors.
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Figure 27. The effect of MitoTEMPO in culture on LMGC formation.

Measuring multinucleation of primary monocytes cultured to generate LMGCs (50ng/mL GM-
CSF +200ng/mL IFNy) in the presence of MitoTEMPO. MitoTEMPO concentrations used were
0.1, 1, 10, 100 and 1000ng/mL. veh = DMSO. There was no significant change in
multinucleation with increasing concentrations of mitoTEMPO, p > 0.05 determined by
Kruskal Wallace test. n=4.

Culture with the (ROS) scavenger MitoTEMPO had no significant effect on LMGC formation.
There were only two values at a concentration of 1000ng/mL mitoTEMPO as the mitoTEMPO
became hypertoxic at this concentration and cultures from two of the donors did not survive.
This may indicate that IFNy causes DNA damage through a mechanism independent of ROS

mediated oxidative damage.

4.5. Discussion

In this chapter we aimed to investigate the mechanism of LMGC formation using the in vitro
LMGC culture system optimised in chapter 2. We have demonstrated that in vitro LMGCs form
convincingly by cell fusion, and have found compelling evidence that incomplete cell division
with cytokinesis failure is also involved. Our findings suggest that human macrophages have

the same capacity for polyploidy by induction of replicative stress and activation of the DNA
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damage response as was demonstrated by Herrtwich et al. in murine macrophages, although

unlike this study we also demonstrate the contribution of cell fusion events®.

With the data generated in this chapter | propose a potential mechanism by which chronic
inflammation promotes cytokinesis failure and macrophage polyploidy. IFNy, the cytokine
responsible for driving LMGC formation, induces DNA damage in macrophages by an
unknown pathway, which may be ROS-independent. Telomeric DNA damage may then lead
to the formation of chromatin bridges through chromosomal fusion events during anaphase
as discussed in 4.1.2, although it is not clear from this data whether the DNA damage
observed is localised to telomeres, and further experimentation is required to confirm this.
The presence of chromatin bridges in both in vitro LMGCs and those from GCA affected
temporal artery tissue further validates our in vitro LMGC culture system, and indicates that

the same pathways are active in human granulomas.

As chromatin bridges were almost exclusively observed between pairs of nuclei, it suggests
that the mechanism of incomplete cell division occurs exclusively in mononucleated cells,
which go on to fuse with other cells to generate large LMGCs. This would suggest that cells
with two or more nuclei are no longer mitotically active, exhibiting a more pro-fusion,

prematurely senescent phenotype.
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Chapter 5. Investigating the functional phenotype of LMGCs

5.1. Introduction

5.1.1. The role of LMGCs in GCA pathogenesis

LMGCs are associated with arterial damage in GCA. Damage to the vascular smooth muscle
cells (VSMCs) of the artery wall intima can cause vessel fragmentation, and ultimately
rupture. The damage observed may be mediated by ROS as 4-Hydroxy-2-nonenal adducts,
products of lipid peroxidation, can be found on VSMCs in GCA affected temporal artery
tissue®8. LMGCs are implicated in this damage due to their proximity to areas of lipid
peroxidation®®. In support of this hypothesis, a number of studies demonstrate enhanced
capacity for the production of ROS by multinucleated giant cells, both osteoclasts and

LMGCSZZS, 252—254.

Inaddition to ROS, LMGCs are proposed to produce a number of pro-inflammatory mediators,
contributing to granulomatous infiltration. Metalloproteinase 9 (MMP-9) and platelet derived
growth factor (PDGF) are implicated in GCA pathogenesis, associated with degradation of the
elastic lamina and VSMC hyperproliferation respectively??® 221, LMGCs have been shown to
release both of these factors in GCA affected temporal artery tissue, though evidence
suggested PDGF was also produced by VSMCs and mononucleated macrophages??% 2>, In
combination these factors may contribute to intimal hyperplasia and luminal occlusion by
promoting vascular remodelling and the hyperproliferation of VSMCs. LMGCs are also the
main source of vascular endothelial growth factor (VEGF) in GCA affected temporal arteries,
levels of which are elevated in rheumatic diseases including GCA% 222, This suggests a role for
LMGCs in promoting the formation of medial and intimal vasa vasorum, contributing to

granulomatous inflammation by driving the recruitment of immune cells*.

5.1.2. Premature senescence and the senescence associated secretory phenotype

Eukaryotic cells typically possess the capacity to proliferate. However, in response cellular
stresses including persistent DDR signalling, dysfunctional telomere signalling or oncogene
activation they can enter a state of permanent cell cycle arrest; Senescence?>®. Senescence
was first demonstrated in human fibroblasts, which were shown to have a limited number of
cell cycles before entering a terminal non-proliferative state?’. There is a clear relationship

between the programs of apoptosis and senescence as there is a significant overlap between
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the principal proteins involved, in particular those of the p53 pathway, and senescent cells

have improved viability due to increased apoptotic resistance?® 259,

Telomere shortening, which occurs naturally in proliferative cells as we age, is strongly
associated with the induction of cellular senescence?®. As telomeres shorten or DNA damage
accumulates over time the DDR is activated, which signals through a cascade including ATM,
ATR, CHK1, CHK2 and p53 to arrest the cell cycle?®t. While this process naturally becomes
more common with age, it also occurs prematurely in instances of sudden atypical telomeric

damage, regardless of telomere length?62,

Recently an alternative senescence induction pathway has been identified, in which cyclic
GMP-AMP synthase (cGAS) senses cytosolic chromatin fragments and promotes senescence

via the stimulator of interferon genes (STING) pathway?%3

. CGAS undergoes a conformation
change upon binding with phosphate-sugar backbone of double stranded DNA, allowing the
stimulation of STING by cGAMP following catalysis of the second messenger GMP-AMP2%4,
STING activates interferon-regulatory factor 3 (IRF3) and nuclear factor kappa B (NF-kB), and
causes their translocation to the nucleus where they exert transcriptional changes?®® 2%, This
results in an enhanced secretory, pro-inflammatory phenotype with increased expression of
pro-inflammatory mediators including chemokines and cytokines?®’. This cell state is known
as the senescence associated secretory phenotype (SASP), and is associated with the
increased secretion of a number of factors including type 1 interferons, chemokines such as

CXCL8, CCL2 and CCLS, cytokines IL-1, IL-6, and other inflammatory factors, proteases and

soluble factors such as GM-CSF, metalloproteinases and IGFBPs267-27>,

The presence of chromatin bridges within LMGCs is suggestive of catastrophic telomere
damage and the physical rupture of these bridges may result in fragments of cytoplasmic
DNA, both of which can cause premature senescence through different molecular pathways.
Evidence in the literature indicates increased secretion of numerous pathology-driving factors
by LMGCs in GCA affected temporal arteries. | hypothesise that LMGCs enter a state of
premature senescence following cytokinesis failure, and exhibit an enhanced senescence-

associated secretory phenotype.
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5.1.3. Chapter aims

The aim of this chapter was to characterise LMGCs in terms of their functional phenotype. |
hypothesised, based on data generated in previous chapters and evidence for an increased
secretory phenotype demonstrated in the literature, that LMGCs enter a state of premature
senescence and exhibit a senescence-associated secretory phenotype. | further
hypothesised that cytokines involved in the pathogenesis of GCA, namely TNFa, IL-6 and IL-
1B, as well as reactive oxygen species, would be constituents of their secretome. |
additionally hypothesised that, based on electron microscopy data generated in the

previous chapter, LMGCs may be specialised for enhanced phagocytosis.
The objectives of this chapter were as follows:

e To measure the protein expression of the senescence marker p21 to investigate the
premature senescence of in vitro LMGCs.

e To gain experimental evidence exploring the expression of a senescence associated
secretory phenotype by in vitro LMGCs.

e Toinvestigate the capacity for the production of ROS by in vitro LMGCs.

e To further characterise the functional adaptations of in vitro LMGCs by measuring

their phagocytic capabilities.

5.2. LMGCs exhibit increased P21 expression

To investigate the senescence of LMGCs, they were cultured as described in chapter 2 on glass
coverslips, and immunofluorescence staining for the senescence marker p21 was performed.
The kinase inhibitor p21 (CIP1/WAF1) is used as an intracellular marker of cellular senescence;
As a key downstream component of the p53 pathway it is upregulated during cell cycle
arrest?’®2’7 The cells were fixed with a formaldehyde-based fixative (BD) and blocked before
consecutive primary and secondary antibody incubations, which were performed at 1:100
and 1:200 dilutions in 0.5%. BSA respectively. The primary antibody was raised against p21
(Cell Signalling) and the secondary, AF647 conjugated, against the rabbit mAb primary
(Abcam). A secondary antibody only (2°) control was used by incubating a coverslip in the
absence of the primary antibody, in order to eliminate imaging artefacts due to non-specific
secondary antibody binding. Cells were then briefly stained with DAPI as previously described

and mounted onto microscopy slides using VECTASHIELD (Vectorlabs). Images were taken
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using the Zeiss Axiolmager fluorescence microscope with 63x objective magnification with oil
immersion. Images were analysed by outlining nuclei first in the DAPI channel, before
overlaying the measured area onto the p21 channel and taking an MPI measurement. This
step was taken to eliminate a degree of input bias, ‘blinding’ the measurements as much as

possible.
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Figure 28. P21 immunofluorescence.

Immunofluorescence showing the expression of protein P21 in response to IFNy treatment
and multinucleation. Cells were cultured as previously described on glass coverslips for
immunofluorescence. Cells were fixed and stained with DAPI to visualise nuclei (blue) and
with a primary antibody against the protein P21 with an AF568 conjugated secondary
antibody (red). Mean pixel intensity (MPI) measured for individual nuclei of a minimum of 15
cells per condition using ImagelJ software, and the mean values for three separate donors
calculated. Error bars = SEM. ¢ = p < 0.05 determined by Mann-Whitney U test). No statistical
significance between any other groups.
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Of the conditions measured only multinucleated cells cultured in the presence of IFNy (>2N)
showed significantly increased p21 expression compared with the negative control (2°).
There was a non-significant increase in cells cultured with IFNy compared with those
cultured in the absence of IFNy. Of the cells cultured with IFNy there was non-significant
increased expression in multinucleated cells compared with mononucleated cells. Although
lacking statistical power, this data suggests that LMGCs have increased p21 signalling and
therefore greater inhibition of the cell cycle. Next, | aimed to determine whether this

heightened state of cell cycle arrest is associated with SASP in LMGCs.

5.3. Investigating the exhibition of senescence associated secretory phenotype by LMGCs
5.3.1. Secretion gene module upregulation by LMGCs

The single cell RNA sequencing dataset of in vitro LMGCS generated in 3.2 was studied to
investigate any transcriptional evidence for SASP. Several genes relating to the process of cell
secretion were upregulated amongst the differentially expressed genes of the LMGC cluster.
These are displayed in figure 29, with the clusters of osteoclasts, control macrophages (GM-

CSF only), and mononucleated cells from LMGC cultures for comparison.
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Figure 29. Secretory gene module upregulation by in vitro LMGCs.

Dotplot displaying genes relating to the process of secretion, upregulated in the LMGC cluster
(multinucleated). All genes were amongst the significantly differentially expressed genes of
the LMGC cluster. Circle size = percentage of the cells expressing the gene. Colour = relative
gene expression of that gene, blue = high expression, grey = low expression. Genes are
differentially expressed (adjusted p value <0.05) between multinucleated cells and other cell
types using the FindAllIMarkers with Wilcoxon Rank Sum test in Seurat.

The genes identified in figure 29 were identified as part of the ‘secretion’ pathway in the gene
ontology pathway database, and are known to have roles in cytoplasmic vesicle formation,
trafficking and membrane fusion. This transcriptional evidence supports the hypothesis that
LMGCs may exhibit SASP. Whilst this suggests in vitro LMGCs have increased secretion, the
constituents of the secretome were still unclear, so we next aimed to measure the production

of specific factors by in vitro LMGCs.
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5.3.2. Measuring cytokine production by LMGCs

The increased production of cytokines is a characteristic of cells exhibiting SASP, and in the
tissue microenvironment of GCA affected temporal arteries a number of cytokines are
enriched. This includes key drivers of inflammation TNFa, IL-6 and IL-1B3* 278, The capacity for

production of these three cytokines by in vitro LMGCs was investigated using flow cytometry.

LMGCs were cultured as described in chapter 2, including control wells of monocytes cultured
in the absence of IFNy. Once LMGCs had formed the media was aspirated and replaced with
fresh media containing 20ng/mL GM-CSF only to maintain the cultures in the absence of
inflammatory stimulation for 48 hours. The purpose of this was to allow the cells a recovery
period before the next step, which was to stimulate the cells with 1ug/mL LPS for 6 hours at
37°C. Brefeldin A (BFA) was also added at a concentration of 10ug/mL for the duration of this
incubation. LPS was added to induce cytokine production, and BFA to block secretion via
inhibition of vesicle assembly and protein transport from the endoplasmic reticulum, ensuring
any cytokines produced remained intracellular to be measured. Control wells were included,
incubated in the absence of LPS and in the presence of BFA. Following this incubation, cells
were removed from wells using Accutase incubation, fixed and permeabilised using a
formaldehyde-based fixative (BD), and stained with antibodies raised against TNFa, IL-6 and
IL-1B conjugated to AF647, PE, and FITC fluorophores respectively (all Biolegend) at 1:100
dilutions in permeabilization buffer (BD). After 1 hour at room temperature, cells were
washed with permeabilization buffer and DAPI was then added at a concentration of 1ug/mL

Samples were analysed using the BD symphony flow cytometer.
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Figure 30. Measuring the production capacity of TNFa, IL-6 and IL-1[3 by in vitro LMGCs.
GM-CSF only well was used to set gate in the DAPI channel to separate 1N from >2N,
unstimulated control (-LPS) was used to set cytokine gates. The percentages of cytokine
positive cells in 1IN and 22N quadrants were measured and the mean values of three
experiments with different donors were calculated (n=3). There was significantly reduced
expression of TNFa by multinucleated cells (22N) compared with mononucleated (1N). eeep
< 0.05 determined Mann-Whitney U test.
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The data shown in figure 30 demonstrates that despite increased expression of a secretory
gene module, in vitro LMGCs do not have increased capacity for the production of the GCA
associated pro-inflammatory cytokines measured, and in the case of TNFa their capacity was
reduced. This would suggest that LMGCs are not the source of these mediators of
inflammation in GCA, though further studies in tissue are required to substantiate this. It also
opposes the hypothesis that LMGCs exhibit SASP, though they still may secrete alternative

pathology driving factors. We next investigated their capacity for the production of ROS.

5.3.3. LMGCs exhibit high capacity for ROS production

To measure the capacity for ROS production by LMGCs, the fluorogenic dye MitoSOX Red
(Biolegend) was used. This dye emits red fluorescence upon oxidation, therefore, when taken
up by cells it can be used as an indicator of intracellular superoxide. LMGCs were cultured as
before, and once grown were incubated with 5uM MitoSOX red reagent for 30 minutes at
37°C to allow dye uptake. Cells were then gently washed and trypsinised, before being
pipetted into FACS tubes containing FACS buffer and 5uM DRAQS5. In order to induce maximal
ROS production cells were then incubated with antimycin A at a range of concentrations (0,
1uM, 5uM, 10uM and 20uM). Antimycin A inhibits complex Ill of the electron transport chain,
leading to high rates of superoxide production?’®, DRAQ5 intensity was used to determine

ploidy, and compare the MitoSOX fluorescence of mononucleated and multinucleated cells.
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Figure 31. Measuring capacity for ROS production by LMGCs using MitoSOX.
low cytometry plots showing MitoSOX intensity of cells treated with or without antimycin A
at a range of concentrations. A) Cells without antimycin A treatment, used as unstimulated
control to determine gating strategy. B) Cells with antimycin A treatment at 1uM, 5uM, 10uM
and 20uM concentrations. There was no change in mononuclear cell mitoSOX intensity with
increasing Antimycin A concentration, whereas multinucleated cells showed an increase in
intensity, maximal at 10uM (2.95% of events). N=1.
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This data suggests that LMGCs may have increased capacity for ROS production compared
with mononucleated cells of the same culture, supporting the evidence in the literature for
ROS production by LMGCs in lesions of GCA2%8 252,253 Attempts to repeat this experiment
were unsuccessful, due to both poor culture viability or hypertoxicity following Antimycin A
administration. These may have been the result of donor variability, as all other variables
were consistent. We were therefore unable to use statistical testing to reinforce this finding,
and sought an alternative methodology for the measurement of ROS producing capacity in

support.

CellROX Green, like MitoSOX, is a fluorescent probe used to measure intracellular superoxide.
It emits green fluorescence upon oxidation and binds DNA, and because it is fixable it can be
detected by fluorescence microscopy which was chosen due to its strengths over flow
cytometry for the morphological confirmation of LMGCs. Primary monocytes were cultured
as before to generate LMGCs on glass coverslips. Once grown, wells were incubated with
400uM tert-butyl hydroperoxide (TBHP) (Thermofisher) for 30 minutes at 37°C, to stimulate
ROS production. Like Antimycin A, TBHP induces superoxide production, but through the
alternative mechanism of inducing oxidative stress?®°. Following this, CellROX green reagent
was added at a final concentration of 1uM, and cells were incubated for a further 30 minutes
at 37°C. TBHP and CellROX concentrations used were as suggested in the supplier’s guidelines.
After this, cells were gently washed with PBS, fixed and permeabilised with a formaldehyde-
based fixative (BD), washed again, and incubated with PBS containing 1ug/mL DAPI for 10
minutes at room temperature to stain nuclei. Coverslips were then removed from wells and
mounted onto microscopy slides with VECTASHIELD, before being imaged with the Leica SP8

confocal microscope with 40x objective magnification and oil immersion.
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Figure 32. Measuring the capacity for ROS production by LMGCs using CellROX.

CellROX staining of LMGC cultures and measurement by confocal microscopy. Above:
Representative image of LMGC culture stained with DAPI and CellROX GREEN reagent,
stimulated with TBHP, blue = DAPI, green = CellROX. Scale bars = 50uM. Shown are both
mononucleated (1N) and multinucleated (22N) cells. Below: Mean pixel intensity (MPI) for
cellROX GREEN channel. Means of the mean values for three donors shown. Comparison
between cells treated with TBHP, both mononucleated (1N), and multinucleated (>2N) and
cells not treated with TBHP as an unstimulated control. Multinucleated cells exhibited greater
CellROX intensity than both mononucleated cells from the same fields of view and
unstimulated controls (p < 0.05). P values determined by Mann-Whitney U tests. N=3.
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This data supports the hypothesis that LMGCs have higher capacity for the production of
superoxide than mononuclear cells from the same cultures. The MPI was calculated for a
minimum of ten whole cells of each group taken from a range of areas on the coverslip, and
this was repeated for cells from three separate donors to calculate the values shown in figure
32. CellROX staining was also performed on LMGC cultures to be analysed by imaging flow
cytometry (ImageStream X Mark Il), by the same staining protocol. We found further
supporting evidence of the increased capacity for ROS production by LMGCs, which has

significantly increased CellROX intensity than mononucleated cells from the same cultures.
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Figure 33. Analysing CellROX-stained LMGCs by ImageStream.

LMGC cultures stained with CellROX GREEN following TBHP stimulation and analysed by
imaging flow cytometry. Top: cytometry plot and gating strategy to separate mononucleated
and multinucleated cell populations using DRAQS5 intensity. Middle: Representative images
taken of events from the resultant gates, showing brightfield (BF), CellROX (Green) and
DRAQS5 (Red), and a composite of all three. Below: Mean fluorescence intensity (MFI) of the
CellROX channel for all mononucleated cells, and all LMGCs confirmed by their morphology.
4446 mononucleated cells and 23 LMGCs were measured. There was a significant difference,
eeeep < (0.0001, determined by Welch’s T test. N=1.
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These data together demonstrate that LMGCs have a higher capacity for the production of
ROS than mononucleated cells of the same cultures, and supports evidence in the literature
which suggests that they may be the source of ROS mediated damage in GCA affected
temporal arteries. It also supports the hypothesis that LMGCs enter premature senescence
and exhibit SASP, as ROS are known to be secreted by cells with this phenotype, though
further studies are required to identify their full secretome. With more time, it would have
been of particular interest to measure other factors associated with LMGCs in GCA including
MMP9, various chemokines, PDGF and VEGF, as well as other common SASP factors

mentioned in 5.1.2.

5.4. Investigating the phagocytic properties of in vitro LMGCs

In addition to SASP, we aimed to investigate the phagocytic properties of in vitro LMGCs.
Phagocytosis is a form of endocytosis, and is a key effector function of tissue macrophages
whereby they remove damaged, apoptotic cells or foreign particles from areas of infection or
damage. This function is enhanced by the multinucleation of macrophages into foreign body
type multinucleated giant cells, which are specialised for enhanced complement uptake?®™.
However, this may not be true of LMGCs which are unable to perform mycobacterial uptake

in granulomas of tuberculosis, suggesting divergent specialisation of these multinucleated cell

228

types=®. We used SEM images taken of LMGCs, generated in 4.3.2, to observe any

intracellular morphology which could indicate a phagocytic phenotype.
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Figure 34. Scanning electron microscopy sections of a single LMGC at a range of heights.
Unusual central area identified containing mixed organelles with damaged morphology and
cellular debris (Yellow dashed line). Images taken with Zeiss Sigma Scanning Electron
Microscope, performed by Dr K. White of the Electron Microscopy Service at Newcastle
University.
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Cross sectional SEM imaging revealed a previously unidentified, unusual intracellular
structure in the centre of LMGCs. This roughly spherical area was ‘walled off’ from the rest of
the cell by a boundary of cytoplasm which was absent of organelles. Within this area was a
darker, denser region containing morphologically irregular organelles, and debris. It is difficult
to discern the specific contents of this structure, though it is a possibility that it may be
specialised for the degradation of intracellular debris and phagocytosed material, proposing
a novel LMGC functional adaptation. To test the phagocytic phenotype of in vitro LMGCs a

FITC dextran endocytosis assay was performed.

Primary monocytes were cultured as described in chapter 2 to generate LMGCs, in addition
to a control well cultured in the absence of IFNy. Once grown, 2mg/mL FITC dextran (Sigma)
with an average molecular weight of 10kDa, was added to the culture medium. Cells were
then incubated for 30 minutes at 37°C, or on ice as a negative uptake control. The ice reduces
the temperature of the cells in order to inhibit cellular processes including endocytosis, so
cells positive for FITC dextran under this condition are not considered true measures of
endocytic activity. Following this incubation, cells were trypsinised to lift them from the wells,
washed with PBS and resuspended in flow buffer containing 5uM DRAQS5. Samples were then

analysed using the BD Symphony flow cytometer using DRAQ5 intensity to determine ploidy.
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Figure 35. FITC dextran uptake assay of in vitro LMGC cultures.

Flow cytometry plots for primary monocyte cultures grown with or without IFNy and
incubated with FITC dextran to measure endocytosis. FITC Dextran incubation was performed
on ice (4°C Control) as a negative control. DRAQ5 was used to determine ploidy. In the 4°C
control, 0.946% of mononucleated cells were FITC dextran positive, compared with 4.24% of
multinucleated cells. In 37°C samples 3.66% of mononucleated cells were FITC dextran
positive, compared with 19.16% of multinucleated cells. n=1.

Although cells incubated at 4°C were not completely negative for FITC dextran uptake (later
confirmed by fluorescence microscopy), there was an increase when incubated at 37°C. The
ratio of positive events between mononucleated and multinucleated cells in the negative
control was 1 :4.48. Applying this ratio to adjust the 37°C sample in order to account for false
positives results in 3.66% positive mononucleated cells to 4.28% positive multinucleated cells.
This marginal increase in endocytosis by LMGCs is not significant, however, | next aimed to
observe the intracellular localisation of endocytosed FITC dextran using fluorescence
microscopy. SiR DNA was used to stain nuclei, added at a concentration of 250uM to culture

medium simultaneously with FITC dextran, and incubating together for 30 minutes.
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Figure 36. Representative fluorescence microscopy images taken of FITC dextran
incubated LMGC cultures.

Red: Nuclei (SiR DNA), Green = FITC dextran. A, B, C) Large LMGCs exhibit central localisation
of FITC dextran at distinct locations within nuclei ring. D, E, F) Smaller multinucleated cells,
binucleated cells and mononucleated cells exhibit FITC dextran dispersed throughout the
cytoplasm. Images taken using Zeiss Axioimager fluorescence microscope with 63x objective
magnification and oil immersion. Scale bars = 20um.
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Although repeated experiments are required to draw meaningful conclusions, this data
suggests that in vitro LMGCs do not exhibit a significant change in endocytic activity compared
with mononucleated macrophages from the same cultures, though they may be specialised
to contain a central intracellular region to which endocytosed material is trafficked. The
purpose of this is unclear, and further experimentation is required to determine whether
material in this area is degraded, and whether this is more or less efficient than the
phagocytosis process of diploid tissue macrophages. While present in all four in vitro LMGCs,
this central area was not observed in the single tissue LMGC imaged by SEM in 4.3.2, so this
phenomenon may not be aligned to disease. Again, further experiments are necessary to
explore this, particularly as imaging began halfway through this cell and it may have been

missed.

5.5. Discussion

In this chapter we have explored the functional phenotype of in vitro LMGCs. First, in keeping
with the findings of chapter 4, we have found evidence that they enter a state of premature
senescence upon polyploidy, likely relating to the DNA damage and chromatin bridge
formation which we previously observed. Further experiments are required to identify the
specific mechanism by which this occurs, in particular whether the cytosolic-DNA-sensing
cGAS pathway plays a role following the physical rupture of chromatin bridges. With more
time, p21 upregulation would have been validated at protein level by proteomic techniques
such as western blot, and further senescence assays performed such as B-galactosidase

staining.

We have investigated the exhibition of SASP by in vitro LMGCs. Single cell RNA sequencing
data indicates increased expression of genes relating to the machinery responsible for the
formation, trafficking and membrane fusion of intracellular vesicles, suggesting an increase
in secretion. However, the contents of the secretome are unclear. Investigating some of the
key cytokines involved in the tissue microenvironment of GCA-affected temporal artery, we
have found that the secretion of both IL-6 and IL-1f is unchanged in LMGCs compared with
mononucleated cells from the same cultures, and secretion of TNFa was reduced. While the
upregulated secretory gene module cannot be attributed to increased secretion of these

cytokines, it may be associated with increased ROS production. With a combination of flow
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cytometry, ImageStream, and fluorescence microscopy we have found evidence that in vitro

LMGCs possess an increased capacity for the production of superoxide.

Finally, we have made preliminary investigation into the phagocytotic properties of in vitro
LMGCs, a primary function of mononucleated tissue macrophages and a process shown to be
enhanced by polyploidy in the case of FBGCs?°L. Our findings suggest that in vitro LMGCs do
not possess increased phagocytic activity, though may traffic endocytosed material to a
specific intracellular structure found in the centre of each cell. This may also provide some
insight into the reason behind the distinctive nuclear arrangement of LMGCs, in a ring around
the periphery of the cell. It is not possible to draw significant conclusions from this data,

however, until performed with sufficient repeated measures.

109



Chapter 6. General discussion and future work

6.1. General discussion

LMGCs are a poorly characterised polyploid cell type arising from monocyte/macrophage
precursors through an unclear mechanism. They appear in a number of idiopathic diseases
including GCA. Investigations into their characteristics are challenging due to the scarcity of
disease tissue available for research, although these efforts have been facilitated by a number
of in vitro culture systems. In this thesis, a number of in vitro culture systems which have been
previously used for LMGC generation were tested and optimised, and facilitated by the used
of an optimised model, the mechanism of formation and functional adaptations of LMGCs
were investigated. The initial aim of this research was to develop an optimised in vitro culture
system for the generation of LMGCs, and to validate this against disease LMGCs across
multiple levels, including morphologically and transcriptionally. A secondary aim was to
explore function of LMGCs by investigating common gene modules active in in vitro LMGCs
and temporal artery tissue LMGCs compared with control populations. The third aim of the
project was to study the formation mechanism of in vitro LMGCs with imaging techniques,
with reference to the transcriptional data derived in earlier sections. The final aim was to
perform functional assays in order to investigate their functional adaptations and potential

roles in disease.

An optimal method of in vitro LMGC generation from primary monocytes, using GM-CSF and
IFNg was found and then adopted for subsequent experimentation. The mechanism of LMGC
was identified as a combination of cell-to-cell fusion and incomplete cell division, with
evidence for DNA-damage induced chromatin bridge formation contributing to the latter. A
transcriptional programme of DNA damage response activation was identified in these cells,
in keeping with recent findings in the literature linking activation of the DDR to LMGC
formation by modified mitoses®. The upregulation of proteins 53BP1 and p21, indicating DNA
double strand breaks and premature senescence respectively, was also found in these cells.
Additionally, upregulation of genes relating to vesicular transport and secretion was
identified, as well as an increased capacity for the production of ROS, though other
constituents of the secretome were not found. Overall, these data further our understanding
of the transcriptional control of, and the role that DNA damage signalling plays in LMGC

formation, and provide supporting evidence for a tissue-destructive role in GCA and other
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pathologies in which they’re found by enhanced ROS production. LMGCs appear to form by a
combination of binucleation by incomplete cell division, and cell fusion events. Incomplete
cell division may be the result of DNA-damage induced chromatin bridge formation,
preventing cytokinesis due to the presence of chromatin at the midbody. LMGCs undergo
transcriptional changes supporting the involvement of DNA damage response signalling in
their formation, and hinting at functional adaptations including a heightened secretory
phenotype. Both senescence associated genes and anti-apoptotic genes were shown to be
upregulated suggesting that LMGCs may escape the programmed cell death that DNA damage
would typically induce and persist in a prematurely senescent state, producing factors which

mediate inflammation and drive tissue damage.

6.1.1. In vitro model generation and validation

The relative rarity of LMGC-related pathologies and the invasive nature of tissue acquisition
are significant barriers to investigations into the characteristics of LMGCs, highlighting the
need for an effective, reliable in vitro culture system. There have been a multitude of culture
systems used to induce LMGC differentiation from primary monocytes, resulting in difficulties
in selecting the most effective or suitable for new investigations, and with standardisation
across studies. Many studies have used isolated PBMCs to develop LMGC cultures, growing
them in the presence of conA, which stimulates T cells to produce the factors which drive
LMGC differentiation. A number of studies differentiated LMGCs from purified populations of
monocytes, with T cells depleted, by adding specific factors such as IFNy, GM-CSF, M-CSF, IL-
3 and TLR2 agonists to drive LMGC differentiation. The measures of output introduce an
additional hurdle to the standardisation of LMGC cultures across studies, with investigations
using either flow cytometry or microscopy, and measure LMGC yield by either fusion rate (the
total number of nuclei as a function of the number of cells), or by counting the sheer numbers

of multinucleated cells.

The data presented in this thesis demonstrate that, of cytokine combinations used previously
in the literature for the generation of in vitro LMGCs from primary monocytes, GM-CSF and
IFNy was most effective, and this culture system was subsequently optimised for maximal
LMGC yield. Optimisation of culture conditions led to the use of DMEM as culture medium, a
monocyte seeding density of 100,000 cells per well of a 96 well plate, and increased

concentrations of both IFNy and GM-CSF to those used in the literature, up to 200ng/mL and
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50ng/mL respectively. As concentrations increased the LMGC yield also increased, at the cost
of culture viability. These concentrations were chosen as a reasonable middle ground
between high yield and preserved culture viability. Flow cytometry was used to assess
polyploidy, which was first used for this purpose in a recent study on murine LMGC
formation®. It was therefore necessary to assess the suitability of flow cytometry for this
purpose, which was achieved using ImageStream and FACS. Of the conditions tested, the
combination of M-CSF and Pam3CSK4 was found to be least effective for the generation of
LMGCs. As murine macrophages were used in the study from which this protocol was
adopted, this disparity could be the result of interspecies variation. There was also high donor
variability throughout the study; cultures grown from the primary monocytes of different
donors in identical conditions exhibited a wide range of LMGC vyields. Furthermore, a
significant proportion of cultures lost viability before sufficient time had passed for LMGC
differentiation. It is unclear whether this high donor variability is any indication of an
individuals’ susceptibility to the pathologies in which LMGCs form, and the demographic
information for the donors used in this study was not available as donations were often made
anonymously. It would perhaps be of interest to assess the rate of LMGC differentiation of
primary monocytes taken from groups with higher predisposition to GCA, and even from
patients with confirmed GCA. It may also provide valuable insight to conduct a study in which
the predisposition to form LMGCs of peripheral monocytes from patients with GCA, and those
from patients with alternative inflammatory pathologies is compared. This may reveal
whether propensity to form LMGCs is innate to individuals with GCA or whether the
environment the cells are in is what drives LMGC formation. Various clinical metrics could
also be measured to assess whether LMGCs form more readily in individuals who are, for
example, older or a particular sex. | would hypothesise that, with GCA being an age-associated
pathology and now we’ve demonstrated that DNA damage plays a role in LMGC formation,
the monocytes of older individuals would return greater LMGC vyields. ConA is a factor
commonly used in the literature for the generation of in vitro LMGCs, but was excluded here
due to consistent loss of culture viability. Neither conA conditioned media or conA alone was
sufficient to maintain the health of primary monocyte cultures for more than 48 hours, falling

short of the time period required for LMGC differentiation.
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The alignment of the now optimised in vitro culture system to tissue LMGCs was two-fold.
Morphological assessment by confocal microscopy revealed consistent, distinctive
horseshoe-like nuclear arrangement within LMGCs in keeping with previous analysis of

disease tissue LMGCs?8!

, and this was absent in cultured osteoclasts. The distinctive nuclear
morphology was consistent throughout this study, with examples displayed in chapters 4 and
5. In chapter 3, the gene signature of cultured LMGCs was identified and sought within tissue
macrophage population of dissociated GCA-affected temporal artery tissue. This included a
number of gene modules relating to inflammatory processes such as leukocyte activation and
chemokine activity, as well as cell-ECM interactions and smooth muscle cell proliferation
which are both of biological significance, implicating LMGCs in the propagation of intimal
hyperplasia in GCA. This gene signature was partially identified within a population of
macrophages from GCA-affected temporal artery tissue, providing further support that the
chosen in vitro culture system recapitulates the disease process. The sequencing data
generated from temporal artery biopsies could be further interrogated to gain insight into the
pathogenesis of GCA. Firstly, additional biopsies, if available, could be sequenced to improve
the power of the study. Then, the transcriptional differences between biopsies from patients
whose diagnosis was ultimately either positive or negative for GCA could be observed. This
could offer insight into the cellular mechanisms underpinning aspects of GCA pathogenesis,
such as the cellular composition and phenotypic switching contributing to intimal hyperplasia.
Transitional changes in cellular phenotype could be interrogated using the ‘scVelo’ toolkit for
RNA velocity analysis, which could also enable the identification of putative genes driving any

changes.

6.1.2. The mechanism of LMGC formation

Different studies have identified disparate mechanisms of LMGC formation, providing
evidence for either cell to cell fusion or modified cell division with incomplete cytokinesis. The
early consensus that LMGCs form exclusively by the fusion of myeloid precursors was largely
a result of investigations into the involvement of cell fusion mediating factors. The protein
DC-STAMP was shown to be necessary for the process, and other factors including CD40,
ADAM9, ICAM1 and B1l-integrin were thought to be involved!>® 168 215,234,282 A |ater study
using more advanced imaging techniques such as live confocal unveiled unanticipated

intricacy by demonstrating LMGC formation by incomplete cell division®®, a mechanism which
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had previously been identified in a number of more well characterised multinucleated cell

types but never LMGCs%% 100,218

DNA damage signalling is implicated in LMGC formation by modified cell division. Cultured
LMGCs differentiated from murine macrophage precursors using BLP as inflammatory
stimulated have increased yYH2AX, an indication of DDR activation®. Similarly, human
M.tuberculosis infected tissue LMGCs expressed YH2AX%®. DNA-damage induced polyploidy
may occur through different pathways involving either the suppression of the Cdk1/CycB

241 or by the formation of chromatin bridges following chromosome fusion

protein complex
events?%, The mechanism by which chronic inflammation leads to DNA damage is unclear. In
the literature, inflammation has been shown to induce DNA damage by the increased

production of reactive oxygen and nitrogen species (RONS)223,

Here, live cell confocal imaging showed clear cell fusion events between mononucleated,
binucleated and multinucleated cells leading to the development of large LMGCs, as well as
numerous abnormal cytokinesis events resulting in binucleation, suggesting that the process
may be a combination of both mechanisms. In support of the hypothesis that DNA-damage
induced cytokinesis failure plays a role in LMGC formation, large chromatin bridges
connecting pairs of nuclei were observed in both cultured and tissue LMGCs, and IFNy was
shown to induce DNA double strand breaks in these cells. Increased transcriptional expression
of genes relating to the DDR were found in cultured LMGCs, and increased levels of the DNA
double strand break marker 53BP1 were shown in primary monocyte cultures grown in the
presence of IFNy. Chromatin bridges were observed between pairs of nuclei within both in
vitro and tissue LMGCs, suggesting DNA damage may promote polyploidy by causing
chromosome fusion events. Telomeric DNA damage typically lead to chromosome fusion
events severe enough to result in chromatin bridge formation, but the localisation of 53BP1
expression within cultured monocytes was not found in this study. To clarify this, further
experimentation could be performed to investigate whether DNA double strand breaks are
localised to telomeres by co-staining LMGC cultures with a telomere marker, such as

fluorescent polyamides, and a DNA damage marker, such as 53BP1.

Further experimentation is required to clarify the mechanism by which persistent

inflammatory stimulation leads to DNA damage, though the data shown in figure 27 suggests
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a ROS-independent mechanism. This could be further explored with the use of alternative
ROS-scavenging agents, and a measurement of ROS levels in culture in order to confirm the
scavenging actions of mitoTEMPO would help to draw more meaningful conclusions. It is
unclear whether LMGCs are an inadvertent product of the inflammatory environments in
which they are found, or whether their formation is a more aimed process to elicit enhanced
functionality in the immune response. Given that DNA damage induced by inflammation is
an aberrant cell programme contributing to pathologies including carcinogenesis, it is
surprising that here, it appears to be more purposeful?®3. RNA sequencing data generated in
this thesis supports the unlikely hypothesis that LMGC formation is indeed purposeful. Many
factors upregulated by LMGCs were anti-apoptotic genes; they appear to escape the cell
death programmes which high levels of DNA damage would conventionally elicit, allowing
them to persist and effectuate, as yet unclear, functional adaptations. Future experiments
could explore the anti-apoptotic properties of LGMCs, by using annexin v staining to measure
the number of apoptotic cells in LMGC cultures, compared with cultures of other comparator
cells and mononucleated cells of the same culture, when subjected to culture under varying
degrees of cellular stress. Stress could be induced by various means, perhaps starvation or

hypoxia.

6.1.3. The functional adaptations of LMGCs

In well characterised polyploid cell types, polyploidy offers novel functional adaptations
which are often beneficial to the organism. Osteoclasts, for example, gain the capacity to
secrete collagenase and degrade bone following the fusion of their myeloid precursors®?. It
is unclear whether this is the case for LMGCs; their functional adaptations are poorly
understood. Some evidence suggests they have a detrimental effect in GCA by causing ROS-
mediated arterial damage, which correlates with evidence that they possess an enhanced
capacity for the production of ROS®® 228 253, | MGCs are implicated in the secretion of a
number of additional factors which are thought to play a role in the pathogenesis of GCA,
including VEGF, PDGF and MMP9 which may contribute to novel vasa vasorum formation,
VSMC hyperproliferation and breakdown of the elastic lamina respectively??°222, These
indications that LMGCs possess an increased secretory phenotype, coupled with the genomic
abnormalities and DNA damage involved in their formation may be indicative of SASP.

Telomere shortening is linked with the induction of senescence and telomeric damage, which
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as discussed in 4.1.2 can lead to chromatin bridge formation, may also promote premature
senescence regardless of telomere length?%2, The fragmentation of chromatin bridges can also
cause premature senescence through the detection of cytoplasmic chromatin fragments by

cGAS and subsequent activation of the STING pathway.

In support of findings in the literature, the data presented in this project show that in vitro
LMGCs possess enhanced capacity for ROS production. They also demonstrate the
heightened expression of senescence marker p21 and increased expression of genes relating
to endocytosis and secretion, supporting the hypothesis that they enter premature
senescence and exhibit SASP. With the exception of increased ROS production, the
constituents of the LMGC secretome were not identified. TNFa, IL-1B, and IL-6, cytokines
elevated in GCA and which correlate with the intensity of systemic inflammation were not
produced in higher quantities by in vitro LMGCs?’8. This finding may have been affected by
the fact that the cells used had been in culture for sufficient time for LMGCs to form, and
while a 48-hour rest period was allowed before LPS stimulation, they may have been
exhausted and unable to produce cytokines to their maximal capacity. While both CellROX,
and MitoSOX dyes indicated increased capacity for ROS production upon stimulation with
TBHP and antimycin-A respectively, CellROX was more reliable. MitoSOX staining with
antimycin-A stimulation was successful once, and in all subsequent attempts to repeat the
experiment, cultured cells found the antimycin-A treatment to be hypertoxic. This may be
another consequence of donor variability in terms of the cellular capacity to cope with the

additional stresses of antimycin-A incubation, given that all other variables were consistent.

The lab-time lost during the COVID-19 pandemic resulted in a number of experiments
included in this thesis without repeated measures. This had an impact on section 5.4 in which
the phagocytic properties of LMGCs were explored. As a result, the conclusions drawn are
done so with the caveat of needing substantiation with additional experiments. Phagocytosis
is a key effector function of tissue macrophages, which are specialised for the endocytosis
and degradation of foreign particles or debris. FBGCs have also been shown to have enhanced
complement uptake, giving them improved phagocytic capability?®®. It is unclear whether
LMGCs are specialised in this way, or even maintain the phagocytic properties of the
macrophages from which they originate. The data shown in 5.4 indicates that LMGCs exhibit

a similar rate of endocytosis as mononucleated cells from the same cultures, and primary
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monocytes differentiated into macrophages by being cultured with GM-CSF alone, but that
endocytoses particles are trafficked to a specific intracellular area in the centre of the cell.
This may be the area observed by SEM in cultured LMGCs (Figure 34), a walled off zone of
damaged or partially degraded organelles. Further investigations are required to determine
the functionality of this area, and whether it is a specialisation to enhance the process of
phagocytosis in defence against infection. A possible experiment to perform as a next step
could be a pHrodo assay. pHrodo is a dye which becomes fluorescent in response to changes

in pH, so indicates the degree of active phagocytosis.
6.1.4. COVID-19 mitigation statement

This project was impacted by the COVID-19 pandemic. Due to the national lockdown and the
closure of the university, | was unable to access the laboratory for a period of approximately
9 months. Because of this a number of planned experiments, repeats of those for which the
n number was 1in particular, were unable to be completed. | lacked the interaction with other
researchers and colleagues which is ordinarily crucial to develop deeper understanding of

underlying science and stimulate ideas and discussion about research.

6.2. Future work
The work carried out in this thesis has generated a number of additional questions that

warrant further investigation.

The data produced by the single cell RNA sequencing of cultured LMGCs identified numerous
upregulated genes and gene modules of interest that, due to time constraints, were not
explored further in this project. The gene TM4SF1 was amongst the most significantly
upregulated genes in LMGCs, a protein expressed highly by pancreatic cancer cell lines which
is thought to promote metastasis by mediating invadopodia formation?84, Invadopodia are
structures found on the surface of cells which are specialised for the breakdown of ECM, and
are observed protruding from the plasma membrane of metastatic cancer cells, whereby they
promote both ECM breakdown and directional movement?®> 286 Following proteomic
validation of increased TM4SF1 expression by cultured LMGCS by western blot or flow
cytometry, an investigation into their capacity to breakdown ECM could be performed.

Previously it has been shown that a FITC gelatin degradation assay can be used to measure
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this, showing changes in gelatin breakdown following transcriptional perturbation of

TMA4SF1%84,

Another highly upregulated gene was SLAMF7, a cell surface protein which plays a role in
activation of natural killer cell cytotoxicity?®’. Analysis of temporal artery cell populations in
section 3.3.3 demonstrated an increase in the number of NK cells in patients with confirmed
GCA versus patients without, albeit this was not sufficient to reach statistical significance due
to a lack of statistical power. The relationship between LMGCs and NKs could be explored, by

experimentally assessing the ability of LMGCs to activate NKs in co-culture systems.

The link between DNA damage and failed cytokinesis, which was recently implicated in the
formation of LMGCs from murine macrophages and supported by this project, warrants
further investigation. As discussed in 4.1.2, chromatin bridges arise as a result of catastrophic
telomeric damage. To cement the role of DNA damage in the formation of LMGCs due to
cytokinesis failure, experiments could be performed to investigate whether IFNy induced DNA
damage is localised to telomeres. Investigations into the molecular pathways involved in DNA
damage-induced cell cycle arrest could provide insight into this process. IFNy signals largely
through signal transducer and activator of transcription 1 (STAT1), so to clarify the role that
IFNy plays in the induction of DNA damage a STAT1 inhibitor could be used in culture?®. If
LMGCs form to the same extent in the presence of a STAT1 modulating drug such as
pravastatin?®®, then it may be true that DNA damage occurs through an independent
mechanism. A reduction in multinucleation rate would confirm the importance of IFNy
signalling, though would not necessarily further implicate DNA damage as cell fusion
machinery would also be affected. The role of chromatin bridges in polyploidy could be
further explored by culturing monocytes with an additional p38 inhibitor. The p38 family of
kinases are activated in response to cellular stresses, and are effectors of numerous processes
such as autophagy and apoptosis, as well as playing a role in the G2/M cell cycle checkpoint.
Deficiency of p38 has been shown to increase chromatin bridge formation?®®; By blocking
their actions chromatin bridge formation may be supplemented and the effect of this on
multinucleation rate could be measured. Depending on the capacity of monocyte-like cell
lines to form LMGCs, knockdown/knockout studies could be performed for both p38 kinases

and STAT1, to support any tissue culture investigations.
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Repeated live cell imaging experiments at varying stages of LMGC differentiation may clarify
the extent to which cell fusion and incomplete cell division contribute. For example, as
chromatin bridges were observed exclusively between pairs of nuclei, it may be the case that
only mononucleated cells undergo modified cell division and subsequent fusion of
binucleated cells results in larger LMGCs. By capturing time-lapse footage of LMGC cultures
at earlier time points one may hypothesise that a greater number of modified cell division
events would be observed, followed by a higher proportion of cell fusion events at later stages

as larger LMGCs enter premature senescence and are no longer actively cycling.

Electron microscopy was used to analyse the morphology of nuclei within LMGCs, but with
more time additional morphological analysis could have been performed. Previously it was
shown that within MGCs of tubulo-interstitial nephritis, mitochondrial volume densities were
comparable to blood monocytes, however, the mitochondrion shape was significantly
different with evidence for mitochondrial elongation in MGCs®’. Mitochondrial elongation
acts as a mechanism to rescue partially damaged mitochondria from removal by autophagy,
promoting fusion with healthy mitochondria with typical short-ellipsoidal morphology to
become longer structures. The process occurs in response to cellular stresses such as
starvation, which induce autophagy. The possibility that LMGC polyploidy occurs in response
to inflammatory cytokine-induced cellular stress as a mechanism to preserve ATP production
by pooling mitochondrial resources and promoting mitochondrial elongation could be

investigated.

As described in chapter 5, electron microscopy revealed a large ‘walled off’ section of what
appeared to be damaged or partially degraded organelles in the centre of cultured LMGCs.
One hypothesis is that endocytosed materials, and intracellular debris are trafficked to this
zone to be degraded. This could lead to an investigation into the properties of this zone, with
a particular focus on the capacity for active degradation within this zone compared with

mononuclear phagocytes.
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Chapter 7. Materials and Methodology

7.1. Materials

7.1.1. Antibodies
The antibodies used during this thesis for both flow cytometry and immunofluorescence are

outlined in table 5.

Target protein Fluorophore Supplier Clone
p21 Unconjugated Cell Signaling 12D1
53BP1 Unconjugated Novus Bio E-10
IL-6 PE Biolegend MQ2-13A5
IL-18 FITC Biolegend H1b-98
TNFa AF647 Biolegend MAb11
CD14 BUV737 BD M5E2
CD9 APC BD M-L13
TMA4SF1 PE Miltenyi REA851
SLAMF7 PerCP Cy5.5 Biolegend 162.1
Anti-Rb 2° AF647 Abcam Ab150075

Table 5. Antibodies used for this research.

120



7.1.2. Tissue culture materials

The reagents used for tissue culture during this thesis are outlined in table 6:

Item

DMEM
FCS
Glass coverslips 13mm
Culture plates
Culture flasks
GM-CSF
M-CSF
IFNy
CELLview imaging dishes

Glass coverslips

24x60mm
RF10
aMEM
RANKL
IL-3
IL-4

Pam3CSK4

Supplier

Life Technologies
Life Technologies
VWR INTERNATIONAL
CORNING
Greiner
Biolegend
Biolegend
Biolegend

Greiner bio-one

CORNING

Sigma
Life technologies
STEMCELL technologies
Biolegend
Biolegend

InvivoGen

Catalogue number / reference

#41965-039
#10270-106
#631-0150
#3894
#690160
#572904
#574804
#570204

#627871

#2975-246

#R0883
#22561-021
#78214
#578002
#574002

#tlrl-pms
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Table 6. Tissue culture materials used for this research.

7.1.3. Other materials

The reagents and materials used for all experimentation other than tissue culture are outlined
in table 7. This includes all reagents for the isolation of monocytes from peripheral blood,
flow cytometry and microscopy preparation, intracellular cytokine staining, cell counting, cell

washing and harvesting, preparation for single cell sequencing, tissue digestion and 10X

loading.

Catalogue number /
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Supplier
reference
STEMCELL
Lymphoprep solution #07851
Technologies
CD14 microbeads Miltenyi Biotec #130-050-201
Phosphate buffered saline Sigma #D8537
Lipopolysaccharide Sigma #L2654
Brefeldin A Sigma #B7651
DAPI Sigma #D9542
DRAQ5 Biolegend #424101
EDTA Sigma #E7889
MACS COLUMNS Miltenyi Biotec #130-042-401
HBSS LONZA BioWhittaker #BE10-543F
TRYPSIN-EDTA Sigma #59418C
Accutase Sigma #A6964
Trypan blue Sigma #T8154




SiR DNA
Glycine
BSA
Tween20
TritonX20
Giemsa stain
FITC DEXTRAN
Edu Kit
Vectashield + DAPI
Glass coverslips 24x60mm
DPX mountain medium
DNA isolation kit
FIX/PERM kit
MitoSOX
CellROX
MitoTEMPO
Collagenase XI
Collagenase |
Collagenase IV
Hyaluronidase
DNase |

MgCl2

Spirochrome
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma

Thermofisher

VECTOR laboratories
CORNING
Sigma
QIAGEN
BD
Invitrogen
Life technologies
Sigma
Sigma
Sigma
WORTHINGTON
Fox Pharma
Sigma

Sigma
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#SC007
#50046
#A4503
#P1379
#79284
#G5637
#FD10S
#C10337
#H-1200
#2975-246
#06522
#80204
#554714
#M36008
#C10414
#SMLO737
#C7657
#SCR103
#L5004186
n/a
#11284932001

#M8266




10um filters
20um filters
Leupeptin
Ammonium chloride
B-mercaptoethanol
Buffer TCL
96 well PCR plates
Superfrost slides
Cytoslides
Methanol
Ethanol
Cell strainers
96 well plates
RNA-SPRI beads
RT primer
dNTP mix
RDil
Maxima buffer
Betaine
TSO
RNAse inhibitor

Maxima RnaseH-minus RT

Pluriselect
Sysmex
Sigma
Sigma
Sigma
QIAGEN
Eppendorf
VWR INTERNATIONAL
Thermofisher
Sigma
Sigma
Fisher Scientific
QIAGEN
Beckman Coulter
IDT
Thermofisher
Takara
Thermofisher
Sigma
Qiagen
Takara

Thermofisher
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#43-50010-01
#04-004-2325
#2884
#254134
#M3148
#1031576
#0030129512
#631-0108
#5991056
#322415
#443611
#352360
#19581
#A63987
n/a
#R0192
#2313B
#EPO751
#B0300
n/a
#2313B

#EPO751




ISPCR Primer IDT n/a

KAPA HiFi Hot Start Ready Mix Roche #7958935001
AMPure beads Beckman Coulter #A63881
Qubit reagent Thermofisher #Q32854

Table 7. All other materials used for this research.

7.2. Methodology

7.2.1. Tissue culture
All cell culture was performed in class Il microbiological safety cabinets. Sterile technique was

observed throughout.

7.2.1.1. Primary monocyte acquisition

The primary monocytes used in this study were acquired from healthy blood donors. Healthy
donor blood was obtained most frequently through the ‘Lime Survey’ blood donation system,
arranged by the immunity and inflammation theme within the Faculty of Medical Sciences at
Newcastle University. Through this ethical approval, healthy donors volunteered to donate,
with fully informed consent. Phlebotomy was performed by trained individuals. Blood
samples received ranged in volume from 10ml — 100ml, and were drawn directly into EDTA-
coated tubes to prevent coagulation. Blood samples were diluted 1:1 with HBSS (LONZA) +
2.5mM EDTA (SIGMA) before proceeding. Blood samples were always processed on the same

day they were taken.

Alternatively, leukocyte apheresis cones were used. These were prepared by the Newcastle-
Upon-Tyne Donor Centre of the NHS Blood and Transplant Service (NHSBT) by using
centrifugation to separate peripheral blood into layers of platelets, plasma, leukocytes and
erythrocytes. Many of these cells were subsequently used for clinical purposes or returned to
the donor, and any remaining leukocytes were procured for research. Leukocyte cones were
diluted 1:4 with HBSS + 2.5mM EDTA before continuing. Leukocyte cones were always used

on the same day they were procured.
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7.2.1.2. PBMC isolation from healthy donor blood

Density gradient centrifugation was used to isolate peripheral blood mononuclear cells;
Between 10mL and 20mL of diluted blood was gently pipetted onto 15mL of lymphoprep
solution (STEMCELL), and centrifuged at a speed of 900RPM, for 30 minutes at room
temperature with acceleration and deceleration at minimum values. Centrifugation resulted
in separation into three distinct layers, a Pasteur pipette was used to extract the cell at the
plasma:Lymphoprep interface containing PBMCs into a new tube. This was made up to 50mL
with 4°C HBSS containing 1% FCS (Life Technologies), and centrifuged at a speed of 600RPM
for 8 minutes at 4°C. The supernatant was aspirated and the pellet resuspended in HBSS
containing 1% FCS. The tube was twice more centrifuged, supernatant aspirated and pellet
resuspended in HBSS containing 1% FCS, this time at 300RPM for 8 minutes at 4°C. 5uL of the
resultant cell suspension was mixed with 5uL 0.4% trypan blue solution (SIGMA), and this

mixture was applied to a haemocytometer (Fisher Scientific) to perform cell counting.

7.2.1.3. Cell counting

Cell suspensions were combined with 0.4% trypan blue solution at a 1:1 dilution, and 10uL of
this mixture was pipetted under a coverslip placed on a glass haemocytometer. Cells within a
4x4 grid were counted, those in contact with the uppermost and leftmost sides of the squares
were not included. Cells coloured blue due to trypan blue uptake were excluded from the
count. This was repeated three times, and the mean of these multiplied by 2 to account for
the dilution with trypan blue, and then by 10,000 to account for the difference in volume
between the cell suspension and the volume within the counting grid to achieve the final cell

count.

7.2.1.4. Monocyte isolation from PBMCs

Isolated PBMCs, now counted, were centrifuged at a speed of 400RPM for 8 minutes at 4°C
and the pellet resuspended in MACS buffer, comprising PBS (SIGMA) with 1% FCS (Life
technologies) and 0.5% EDTA (SIGMA), to which CD14 microbeads (Miltenyi Biotec) were
added. Volumes of each were determined by PBMC cell count; 80uL of MACS buffer and 10uL
of CD14 microbeads were used for every 10 million PBMCs. This was mixed by gentle pipetting
and incubated at 4°C for 20 minutes. The mixture was then made up to 50mL with MACS
buffer, and centrifuged at 400RPM for 8 minutes at 4°C. During this time, a MACS LS column

(Miltenyi Biotec) was attached to a magnetic stand (Miltenyi Biotec) and 3mL MACS buffer
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was pipetted through the column to lubricate it. Once centrifuged, the PBMC pellet was
resuspended in 500uL MACS buffer then pipetted into the MACS LS column attached to the
magnetic stand. Once dripped through, 3mL MACS buffer was added to the column and again
allowed to drip through which was then repeated two more times. Finally, the LS column was
removed from the magnetic stand, and 5mL MACS buffer was forcefully pipetted through the
column, into a collection tube. This final flow through contained purified monocytes, which

were counted as described in 7.2.1.3.

7.2.1.5. Generation of macrophages and multinucleated giant cells

Purified monocytes in suspension were centrifuged at 400RPM, and resuspended in culture
medium. Different media were used throughout the study; RPMI (SIGMA), aMEM (Life
Technologies) and DMEM (Life Technologies) were used, all containing 10% FCS (Life
Technologies). DMEM was ultimately determined to be most effective for LMGC generation
(Described in 2.4.2.). Cells were resuspended at a concentration of 5x10° cells per ImL media.
This cell suspension was pipetted into flat-bottom culture plates (CORNING), either 96 well,
48 well or 24 well depending on the requirements of the experiment. Cytokines and growth
factors were added to wells to induce multinucleation according to the experiment. GM-CSF
(BioLegend), M-CSF (Biolegend), RANK-L (STEMCELL), IFNy (Biolegend), IL-4 (Biolegend), IL-3
(Biolegend) and Pam3CSK4 (InvivoGen) were added in various combinations and
concentrations, described throughout chapter 2. Ultimately the combination of 50ng/mL GM-
CSF and 200ng/mL IFNy was deemed most effective for the production of LMGCs and was
more frequently used in subsequent chapters unless otherwise stated. Plates were incubated
in a 37°C, 5% CO: incubator for between 5-10 days. Time varied due to donor dependent
differences in the rate of LMGC development, which was assessed daily by visual inspection
using standard light microscopy (Amscope, 40X-2000X Trinocular Biological Compound

Microscope).

7.1.2.6. Cell culture maintenance

All cultures were grown in incubators maintained at 37°C, with a 5% CO, environment.
Incubators were shared between numerous lab users and regular checks and maintenance
performed by the core technical staff of the immunity and inflammation theme. Monocytes
were typically seeded into plastic, flat-bottomed 6 well, 24 well, 48 well or 96 well plates

(CORNING), although for live cell imaging experiments, glass-bottomed plates (CELLview)
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were used. All cultures were refreshed roughly every 72 hours, by gently aspirating 45% of
the volume, and replacing this with 50% volume of fresh media containing the same
concentrations of FCS, and cytokines. Fresh media was warmed in a 37°C water-bath for a
minimum of 20 minutes before use. More media was added than removed to account for

minor reduction of volume over time due to evaporation.

7.2.2. Flow cytometry
Flow cytometers used in this study were the FACSymphony, and LSRFortessa X-20, and FACS
was performed using the FACSAria Fusion cell sorter (All BD Biosciences). Data was analysed

using FlowJo v8.0 (Treestar) and FACSDiva 6.1.3 (BD Biosciences).

7.2.2.1. Using flow cytometry and FACS to assess ploidy

LMGCs were cultured as described in 7.2.1.5. Cells were dissociated from plastic flat-
bottomed wells by incubation with accutase for 5 minutes at 37°C followed by gentle
pipetting. Cells were then washed twice with flow buffer, and resuspended in flow buffer
containing 0.1% DRAQS5 to label nuclei in individual 5mL capacity round bottom test tubes
(Fisher Scientific). Tubes were stained for a minimum of 10 minutes, and analysed without
further washing steps. The preparation procedure was performed with ice-cold buffer, and

test tubes were kept on ice during staining and data acquisition.

The ploidy of cell suspensions was analysed using the FACSymphony flow cytometer,
illuminating samples with a 637nm excitation laser and detecting DRAQ5 signal using a 780/60
bandpass filter. A minimum of 10,000 events were captured for every sample. Cells were
sorted based on ploidy by running DRAQS5 stained cell suspensions on the FACSAria Fusion
cell sorter, illuminating samples with a 640nm excitation laser and detecting with a 780/60
bandpass filter. Between 10,000 and 2,000,000 events were processed and sorted. FACS-
enriched LMGC populations were subsequently used for cytospins and giemsa staining,
electron microscopy and for the generation of scRNAseq data, described in sections 7.2.3,

7.2.4,and 7.2.8.1 respectively.

7.2.2.2. ImageStream
LMGCs were cultured as described in 7.2.1.5. Once fully grown, CellROX GREEN reagent
(Thermofisher) was added to the culture medium at a concentration of 1uM and incubated

for 30 minutes at 37°C, before being harvested with accutase as described in 7.2.2.1, before
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being incubated in flow buffer containing 0.1% DRAQS5 in order to label cell nuclei. Cells were
then incubated for a minimum of 10 minutes before Imaging flow cytometry was performed.
Samples were analysed by Dr. David Jamieson using the ImageStream X Mark Il system, and

images generated using Amnis Al Image analysis software version 6.3.

7.2.2.3. Intracellular cytokine staining

LMGCs were cultured as described in 7.2.1.5, and given a 2-day rest period in which cells were
incubated with 10ng/mL GM-CSF only, 1ug/mL LPS (SIGMA) was added to LMGC cultures and
incubated at 37°C for 1 hour, at which time 10ug/mL BFA (Sigma) was added. The cells were
incubated for a further 5 hours at 37°C. An unstimulated control was established by excluding
LPS. Following this incubation, cells were harvested by Accutase incubation as previously
described. Cell suspensions were fixed and permeabilised using the BD fixation and
permeabilization kit according to the manufacturer’s protocol (BD Cytofix/Cytoperm); cells
were washed with PBS and resuspended in 50uL fixation/permeabilization solution and
incubated on ice for 20 minutes. Cells were then washed twice with permeabilization buffer.
Cell suspensions were then stained with fluorophore conjugated flow cytometry antibodies
against TNFa (AF647), IL-6 (PE) and IL-1B3 (FITC), by adding antibodies at 1:100 dilution to cells
suspended in permeabilization buffer. Cells were then washed once with permeabilization
buffer and resuspended again in permeabilization buffer + 0.1% DAPI. After a short incubation
at room temperature the samples were analysed using the Fortessa X20 flow cytometer.
635nm, 561nm, 488nm and 355nm lasers were used and 670/30, 582/15, 530/30, 450/50
bandpass filters were used to excite and detect AF647, PE, FITC fluorophores and DAPI

respectively.

7.2.3. Generation of cytospins and giemsa staining

Cell suspensions were prepared for cytospins by washing with PBS containing 1% BSA.
Between 100 and 10,000 cells were cytospun at 800 RPM for 10 minutes (Shandon Cytospin
3, Thermofisher) onto superfrost cytoslides (VWR). Slides were air-dried before pipetting
sufficient methanol onto slides to fully cover the cells, and incubating them for 10 minutes at
-20°C. Again, slides were air-dried. Giemsa solution (SIGMA) was prepared for staining by

diluting it 1:20 with dH.0. A hydrophobic pen was used to create a barrier on the slides around
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the cells. Giemsa staining solution was applied to cells to cover them completely, and they
were incubated for 20 minutes at room temperature. Slides were then thoroughly rinsed with
room temperature dH,0 and air-dried. DPX mountant (SIGMA) was applied to the slides, and
60x24mm glass coverslips (CORNING) were applied with gentle pressure. The Zeiss
Axiolmager was used to image samples by standard brightfield. 20x and 63x objective
magnifications were used with air and oil immersion respectively. Images were analysed using

Fiji for Imagel version 1.8.0.

7.2.4. Electron microscopy

In vitro LMGCs were generated as described in 7.2.1.5 for electron microscopy analysis. Once
grown, the media of LMGC cultures was aspirated, and cells were gently washed with PBS.
Accutase solution (STEMPRO) was then added to wells to be incubated for 5 minutes at 37°C.
Gently pipetting was then used to fully dislodge cells from the wells and they were transferred
to a 15mL tube. Centrifugation at 500RPM for 5 minutes at 4°C was then used to pellet the
cells, which were subsequently resuspended in PBS and centrifuged again using the same
settings. The resultant pellet was resuspended in 500uL FACS buffer, comprising PBS
containing 2% FCS and 0.5% EDTA, and transferred to a FACS tube. To this, 0.5uL DRAQS
(Thermofisher) was added and the tube immediately taken to be FACS sorted using the BD
Aria Fusion cell sorter. The process of cell sorting to achieve purified populations of LMGCs is
described in section 7.2.2.1, although in this instance cells were sorted directly into 1.5mL
capacity Eppendorf tubes containing 1mL glutaraldehyde (SIGMA), rather than standard
collection tubes. These Eppendorf tubes were delivered to the electron microscopy facility
within the Faculty of Medical Sciences, Newcastle University where they were processed and

imaged using SEM by the technical team; Dr K. White, T. Davey and R. Laws.

The acquisition of temporal artery tissue is described in section 7.2.9.3. A Small section of
temporal artery from a patient with suspected and later confirmed GCA was cut using a
scalpel, to be roughly 1mm?3 in volume. This was placed into a 1.5mL Eppendorf containing
1mL glutaraldehyde, which was subsequently made up to a full volume of 1.5mL with
glutaraldehyde. As before, this was delivered to the technical electron microscopy staff where

it was processed and imaged by SEM.
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Pre-processing and segmentation of electron microscopy images was performed using the
software ‘Microscopy Image Browser’ (MIB), downloaded from (mib.helsinki.fl). Images were
first contrast-adjusted and normalised to ensure consistent brightness/contrast levels
between slices. Following this, the slices were aligned to account for any shifts in orientation
while images were being taken. Segmentation of nuclei was performed with a combination
of the 2D watershed’ tool, and the manual brush tool within MIB. Once manually segmented
for each slice, nuclei were compiled into three dimensional objects using the ‘Models with

Matlab isosurfaces’ function within MIB, and visualised in Matlab volume viewer.

7.2.5. Immunocytochemistry

Plates for immunocytochemistry were prepared in advance of monocyte isolation. Circular
glass coverslips (CORNING) were sterilised by submerging in 70% ethanol, and then rinsed
thoroughly with sterile PBS before being carefully placed into the bottom of the wells of a 24
well flat-bottomed tissue culture plate (CORNING). These were then air dried for a minimum
of 3 hours to ensure complete evaporation of any residual ethanol. Monocytes were seeded

as described in 7.2.4. on top of the sterilised coverslips.

Once cultures were well developed and multinucleated giant cells were apparent, culture
medium was aspirated and cells were washed 3 times with room temperature PBS.
Depending on the optimal strategy for the given primary antibody, cells were now fixed with
either 100% methanol (SIGMA), or a formaldehyde-based fixative (BD Biosciences). 500pL of
fixative was added to the wells, and incubated for 20 minutes at -20°C in the case of methanol,
or 20 minutes at room temperature for the formaldehyde-based fixative. Fixative was then
aspirated and wells washed 3 times with PBS. Following this, a blocking solution was added
to the wells comprising PBS with 0.1% Tween20, 22.4mg/mL glycine, 10mg/mL BSA, 5mg/mL
milk powder and 0.01% Triton X (All SIGMA). The cells were incubated for 1 hour at room
temperature with gentle agitation on a benchtop rocker. Following this, wells were washed
once with PBS. Antibody solution was prepared, PBS with 0.5% BSA, and 50pL of this solution
containing primary antibody at different concentrations, depending on the optimal staining
concentration for each antibody, were pipetted onto parafilm (SIGMA) as droplets. A single
droplet contained no antibody to be used as a secondary only control. Once these droplets
were prepared, coverslips were removed carefully from the wells using forceps, and placed

cell-side-down on the parafilm droplets. They were incubated at room temperature for 1
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hour, covered from light in a moist environment. Coverslips were then removed from the
parafilm with forceps, washed with PBS, and placed cell-side-down on secondary antibody
solution droplets, prepared as before. Again, coverslips were incubated for 1 hour at room
temperature covered from light in a moist environment. Following this, coverslips were
removed and washed with PBS, and placed down on more droplets of PBS containing
50ng/mL DAPI (SIGMA). They were incubated for 20 minutes at room temperature.
Microscope slides (VWR International) were labelled and 10uL drops of Vectashield mountant
(Vectalabs) were pipetted onto the slides. Coverslips were washed with PBS for a final time,
and placed cell-side-down onto the drops of Vectashield atop the microscopy slides. Any
excess Vectashield was dried and coverslips were sealed with nail varnish. Slides were air
dried for a minimum of three hours before being imaged using the Axiolmager fluorescence
microscope, or the Leica SP8 confocal microscope, with 20x, 40x, 63x, or 100x objective
magnification. Image acquisition was performed with ZEN blue version 3.3, or LAS X version
4.13. For standard and confocal fluorescence imaging, 647nm, 488nm, 405nm argon lasers,

and a 405nm diode laser were used for sample excitation.

7.2.6. Live cell confocal imaging

Primary monocytes were cultured in DMEM+10% FCS with 50ng/mL GM-CSF with or without
200ng/mL IFNy. The cells were seeded directly into the quadrants of a 35/10mm glass bottom
cell culture dish (CELLview). After 7 days in culture, 250nM SiR DNA (SiR-Hoeschst,
Spirochrome) was added to all wells, and incubated for 1 hour before being taken to the
bioimaging facility at FMS. With the guidance and assistance of Dr Mark Levasseur and Dr Alex
Laude, samples were imaged using the Nikon A1R confocal microscope with 40X oil and 20X
air objective lens magnification. NIS Elements AR software version 5.21.03 was used for
imaging. A single fluorescence channel was used to detect SiR DNA, with absorption and
emission values of approximately 652 and 674 respectively, allowing the visualisation of
nuclei. Brightfield was imaged simultaneously to allow visualisation of gross cell structures.
Eight fields of view were imaged per condition, and 8 focal planes imaged for each field to
ensure full cells were captured. Each imaged field was repeatedly imaged every 5 minutes,

for a total of 17 hours.
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Nikon Elements viewer software version 4.11.0 was used to compile, analyse and export time
lapse data as video clips in MP4 format. Video clips were annotated using Sony Vegas movie

studio 15 and Adobe lllustrator version 22.1.

7.2.7. Measuring capacity for the production of reactive oxygen species

7.2.7.1. MitoSOX staining
LMGCs were cultured as described in 7.2.1.5. Once fully grown, cells were incubated with

5uM MitoSOX red reagent (Thermofisher) for 30 minutes at 37°C to allow dye uptake. Cells
were then gently washed and harvested using Accutase solution, before being pipetted into
FACS tubes containing FACS buffer and 5uM DRAQ5. Prior to measurement by flow
cytometry, antimycin A was added to cell suspensions at a range of concentrations (0, 1uM,
5uM, 10uM and 20uM) in order to stimulate maximal ROS production.

7.2.7.2. CellROX staining

LMGCs were cultured as described in 7.2.1.5. Once fully grown, cells were incubated with
400uM tert-butyl hydroperoxide (TBHP) (Thermofisher) in culture medium for 30 minutes at
37°C, to stimulate ROS production. Following this, CellROX green reagent was added at a
final concentration of 1uM, and cells were incubated for a further 30 minutes at 37°C. TBHP
and CellROX concentrations were taken from the supplier’s guidelines. For Imaging flow
cytometry, cells were harvested with Accutase solution and stained with DRAQ5 as
described in 7.2.2.2. For fluorescence microscopy, cells were fixed with a formaldehyde-

based fixative solution, washed thoroughly and stained with DAPI at 1ug/mL to stain nuclei.

7.2.8. FITC DEXTRAN uptake microscopy

LMGCs were cultured as described in 7.2.1.5, on round glass coverslips. 2mg/mL FITC Dextran
was added to culture medium and incubated for 30 minutes at 37°C or 4°C (internal control).
Cells were then co-stained with SiR DNA for 1 hour at 37°C, washed with PBS and fixed with
formalin solution (SIGMA) for 10 minutes at room temperature, before being mounted onto
superfrost microscopy slides with vectashield and analysed on the Axiolmager upright
fluorescence microscope (Zeiss) with 63x oil immersion objective magnification. Images were

analysed using Fiji for Imagel version 1.8.0.
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7.2.9. Single cell RNA sequencing

7.2.9.1. In vitro LMGC culture preparation for scRNAseq

Primary monocytes were cultured in three different conditions. First, In DMEM+10%FCS
containing 50ng/mL GM-CSF, Second, in DMEM+10%FCS containing 50ng/mL GM-CSF and
200ng/mL IFNy, and third, in aMEM+10%FCS containing 20ng/mL M-CSF and 100ng/mL
RANKL. Cultured cells were removed from the plates by Accutase incubation, as previously
described. Cell suspensions were then transferred to 50mL falcon tubes, and made up to
50mL with FACS buffer before being washed twice with FACS buffer. After this, the
supernatant was aspirated and the pellet was resuspended in 500uL FACS buffer containing
0.1% DRAQS5. Samples were kept on ice and taken to the flow cytometry core facility to flow
sort single cells into pre-prepared 96 well plates (QIAGEN) containing 10uL buffer TCL
(QIAGEN) with 1% B-mercaptoethanol (SIGMA) per well. Five populations of cells were sorted
using DRAQS5 as a measure of ploidy, outlined in figure 9. Per plate, a single row (12 wells) of
GM-CSF treated macrophages, and a single row of osteoclasts were sorted, as well as two
rows of mononucleated GM-CSF, IFNy treated macrophages, one row of binucleated GM-CSF,
IFNy treated macrophages and three rows of multinucleated GM-CSF, IFNy treated
macrophages. FACS sorting was performed by technical staff of the FCCF. Once sorted, plates
were briefly centrifuged at 300RPM for 30 seconds to ensure cells were at the bottom of the
wells, in the lysis buffer mixture, and then stored immediately at -80°C to prevent

degradation.

7.2.9.2. cDNA Library generation for smart-seq2

cDNA library generation was performed by Emily Stephenson and Justin Engelbert according
to the SmartSeq2 protocol?®l. Master mixes were prepared, the first containing 1uL each of
RT primer (10uM), dNTP mix (10mM), RDil (10% RNase-inhib, final of 4 U/uL), and water per
sample; The second containing 2uL each of Maxima Buffer, and Betaine (5M), 0.9uL MgCL2
(100mM), 1uL TSO (10uM), 0.25uL RNase Inhibitor (40U/uL), Maxima RnaseH-minus RT
(200U/pL), and 0.75uL water per sample. 180uL RNA-SPRI beads were aliquoted into 12-well
strip tubes (Thermofisher). Cell plates prepared as described in section 7.2.9.1 were thawed
on ice and centrifuged at 100g for 1 minute. 20uL RNA-SPRI beads were added to each well
and gently mixed before being incubated at room temperature for 10 minutes, and moved

onto a magnet for a further 5 minutes. Supernatant was then removed from the beads, which
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were washed with 100uL 80% EtOH three times. Beads were then left to dry for 5 minutes.
57uL of master mix 1 was aliquoted into 8-well strip tubes (Thermofisher). RNA was eluted in
4uL of mix, and beads were slowly removed from the magnet. The plate was then put into a
thermocycler to run at 72°C for 3 minutes. Following this, the plate was immediately placed
on ice. Enzyme was now added to master mix 2, of which 67uL was aliquoted into 12-well
strip tubes. 7uL of this mix was added to each well of the plate, and mixed before being
centrifuged at 100g briefly. The plate was then put into the thermocycler and run on ‘RT mod’
setting: incubated at 50°C for 90 minutes, 85°C for 5 minutes, and 4°C until ready for the next

step.

PCR Preamplication was then performed. A third master mix was prepared containing 0.5uL
ISPCR primer (10uM), 12.5uL KAPA HiFi Hot Start Ready Mix, and 1L water per sample. 132uL
of this was aliquoted into 12 well strip tubes and 14puL added to each well of the plate before
being mixed. This was centrifuged at 100g briefly and put into the thermocycler to run at 98°C
for 3 minutes, then 22 cycles of 98°C for 15 seconds, 67°C for 20 seconds, and 72°C for 6
minutes, followed by a single cycle of 72°C for 5 minutes and 4°C until ready for the next

stage.

DNA SPRI Clean-up, and quantification/quality control were then performed. 180uL of
AMPure beads (Beckman Coulter) were aliquoted into a 12 well strip tube, and 20uL of this
added to each well of the plate. This was incubated at room temperature for 5 minutes and
moved onto a magnet for 6 minutes. The supernatant was then removed and beads washed
twice with 70% EtOH. Beads were then air dried before 15ulL of TE (Thermofisher) was added
to elute material with a 1-minute incubation. The elute was transferred to a new plate and
this procedure was repeated once more. cDNA was quantified by added 2uL of sample to
198uL Qubit working solution (Thermofisher), and reading fluorescence with a plate reader

with a standard for comparison.

275uL TD and 137.5uL ATM were added to an Eppendorf, and 50puL aliquoted into strip tubes.
3.75puL of this mix was added to each well of a new 96 well plate, and 1.25uL of each sample
added following by thorough mixing and centrifugation at 3000RPM for 3 minutes. The plate
was then put into the thermocycler and run at 55°C for 10 minutes, and then placed on ice.

1.25uL of NT was added to each well and the plate centrifuged again at 3000RPM for 3
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minutes, then incubated at room temperature for 10 minutes. 3.75uL of NPM was then added
to each well, followed by 2.5uL of indexes. This was mixed well and centrifuged again at
3000RPM for 3 minutes, before being placed into the thermocycler and run for 1 cycle at 72°C
for 3 minutes, 1 cycle at 95°C for 30 seconds, 12 cycles of 95°C for 10 seconds, 55°C for 30
seconds, and 72°C for 60 seconds, then 1 cycle at 72°C for 5 minutes and 4°C until ready for

the next stage.

Samples were then pooled, with 2.5uL of each added to one 1.5ml tube and the total volume
measured. AMPure beads were added to the material at a ratio of 0.9:1 and mixed well, then
incubated for 5 minutes at room temperature, then a further 5 minutes on a magnet. The
supernatant was removed and beads washed twice with 80% EtOH. Beads were dried for 10
minutes and 100uL TE was added for a 5-minute incubation at room temperature. The

samples were then run on Bioanalyser 3x, and quantified using Qubit.

7.2.9.3. Temporal artery processing
Temporal artery biopsies were kindly donated for this research by patients with suspected
GCA. Fully informed consent was obtained by Dr Gary Reynolds. Clinical details of biopsies

included in the analysis are outlined in table 8.

Clinical Days on CRP at
Sample Age Sex
Diagnosis steroids presentation
1 Positive 84 F 12 109
2 Positive 65 M 8 20
3 Negative 67 M 12 60
4 Negative 78 M 8 5

Table 8. Clinical metadata for temporal artery biopsies used.

Upon receipt of samples, a scalpel was used to dissect the blood vessels longitudinally, and

half was used by clinical pathology to perform medical diagnostics. The other half was
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digested as outlined in figure 15, by first being transferred to a sterile plastic petri dish
(SIGMA) and manually minced with scalpels until chopped into a fine paste. This was then
transferred to a universal tube containing 2mL DMEM + 10% FCS + 2.5mM MgCl, (SIGMA).
This media was used to the rinse scalpels and the dish to maximise yield. A cocktail was
enzymes was added to the digestion tube: Hyaluronidase (60uL/mL, Fox Pharma),
Collagenase type | (32uL/mL, Sigma), Collagenase type XlI (6uL/mL, Sigma) and DNase |
(3uL/mL, Sigma). The tube was then placed in a pre-heated 37°C water bath and incubated
for 50 minutes, inverting the tube to mix every 10 minutes. Following this incubation, the
mixture was pipetted through a 100uM strainer (Fisher Scientific) into a new tube, rinsing the
digestion tube with FACS buffer and pipetting this through the strainer as well. The strained
mixture was then centrifuged at 500RPM for 5 minutes at 4°C, the supernatant was aspirated
and the pellet resuspended in 5mL 1X RBC lysis buffer (SIGMA) and incubated at room
temperature for 10 minutes. After this, the tube was topped up to 50mL with FACS buffer,
and centrifuged again at 500RPM for 5 minutes at 4°C. This time the supernatant was
aspirated and the pellet resuspended in as small a volume as possible — typically the residual
volume in the tube following aspiration. 5uL of the resuspended cell suspension was taken
and mixed with 5ulL trypan blue, and the cells were counted as described in 7.2.1.3. While
this is often a large proportion of the cells it is necessary to ensure an accurate count, which
is crucial for effective 10X loading. Once an accurate count was reached the remaining cells
were made up to a solution with a concentration of 1000 cells per pL, using FACS buffer, ready

for loading onto the 10X genomics controller.

7.2.9.4. 10x library generation

Cells isolated from tissue and matched blood were manually loaded onto individual channels
of a chromium chip, and encapsulated onto a chromium controller (Both 10x Genomics).
cDNA libraries were generated using a chromium single cell V(D)K reagent kit, according to
the manufacturers protocol (https://support.10xgenomics.com/single-cell-vdj/library-prep).
Library generation was performed by Emily Stephenson and Justin Engelbert, and all reagents
were supplied by 10x Genomics unless otherwise stated. In brief, cells were first partitioned
into nanoliter-scale gel beads (GEMs), and then lysed. Oligonucleotides containing an lllumina
R1 sequence, a 16 nt 10x Barcode, a 10 nt unique molecular identifying (UMI) and 13 nt

template switch oligo (TSO) were mixed with the cell lysate and combined with a master mix
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of poly(dT) primers and reagents for reverse transcription. This process generates barcoded
first-strand cDNA, which is then purified from leftover reagents using silane magnetic beads

before being amplified via PCR.

7.2.8.5. Computational analysis
Computational analysis of scRNAseq data was performed on an Apple MacBook Pro with

MacOS High Sierra Version 10.13.6, using the Seurat platform in R (https://satijalab.org/).

First, deconvoluted raw FASTQ files were aligned to the reference genome (GRCh38.p13)
and quantified using the pseudoalignment tool Kallisto. Pathway analysis was performed
using CytoScape (https://cytoscape.org/), a platform allowing the visualisation of protein

networks using the gene ontology (GO) resource.

Testing for differential expression was performed using the ‘Findallmarkers’ function in the
Seurat package. This function utilizes a Wilcoxon-rank sum test to test for significant
differences in expression for each individual gene between experimental groups (population
clusters). This test is non-parametric, so does not assume a normal distribution. This is a
guantitative way to determine the genes which are differentially expressed in one group, for
example the in vitro LMGC group identified by unbiased clustering, compared with all other
groups. This way, for each group, a list of genes is generated giving insight into the

transcriptional characteristics of that group.

7.2.10. General methodology

The work carried out in this thesis was performed with Good Laboratory Practice by
individuals adhering to the Newcastle University FMS safety policies. Full training was
received by qualified staff for use of the equipment within Bioimaging and Flow Cytometry

core facilities.

Statistical analysis was performed with Prism software version 8.3.1 (GraphPad Software).
Non-parametric tests, namely Mann-Whitney U and Kruskal Wallace tests, were used to
determine the significance of differences between groups with a relatively low number of
values or non-normal distributions in which 2 groups, or more than 2 groups were being

compared respectively.

Parametric tests were performed on data which was normally distributed and contained a

relatively large number of samples. One-way ANOVA was used with the addition of Tukey’s
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post-hoc test, in order to determine significance of the differences between 3 or more
groups in which the sample sizes are equal, and a Welch’s t-test used to determine the

significance of the difference between 2 groups.
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Appendix 1

In vitro LMGC cluster Tissue macrophage cluster 0

GPC4 S100A8
MALAT1 S100A9
ITGA7 LYZ
METTL7B TYROBP
IGFBP6 CTSS
CCL22 FCN1
OCSTAMP LAPTMS5
NEAT1 NEAT1
OTUD78 SPP1
SLC15A3 S100A12
TMA4SF1 LST1
CRABP2 PLAUR
SLC38A1 IL1B
DHRS9 GPC4
RHOC HPGD
CD52 CD52
TSPAN17 FCER1G
LPAR6 IER3
CA2 BCL2A1
B2M SOD2
NCAM1 CSF3R
DUSP14 CD163
MDK NDKBIA
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NPR1
CCL1
CYP19A1
GPAT3
PHLDA1
SLAMF7
CYP27B1
CHI3L2
GIPR
AOC1
MSRB1
CDCP1
SPP1
ATF3
AC131944.1
HPGD
ZBTB38
S100A9
SLC6A12
RGCC
C150rf48
ILIRN
LRRC28
COX5B
AC025580.1
SOD2
ARHGEF1

Supplementary table 1. Top 50 differentially expressed genes for in vitro LMGC cluster,

S100A4
H3F3A
TMA4SF1
MNDA
CXCL8
EREG
CDCP1
DHR59
B2M
SAT1
CSTA
C5AR1
SLC11A1
TSPO
KDM6B
VSIR
PTPRE
SRGN
FPR1
TNFAIP3
TNFRSF1B
HCLS1
PPP1R15A
FGR
SLAMF7
MCL1
SPI1

and tissue macrophage cluster 0. Shared genes coloured red.



