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ABSTRACT 

Giant cell arteritis (GCA) is the most common form of vasculitis in people over 50 

years of age. It is characterized by inflammation of the medium and large arteries of 

the head and neck. When the ophthalmic artery is involved, it can lead to sudden 

irreversible visual loss. GCA is one of the few true ophthalmic emergencies and has 

potential life threatening complications such as stroke, aortic dissection and rupture. 

Diagnosing GCA can be challenging in the acute setting as symptoms and signs are 

variable often leading to a delay in diagnosis. The gold standard to diagnose GCA is a 

temporal artery biopsy (TAB), an invasive surgical procedure which confirms the 

diagnosis histologically. In the absence of specific biochemical markers to identify 

GCA in the acute setting, cases with a high index of suspicion are treated with high 

dose corticosteroids. The pathogenesis and genetic architecture of GCA remains 

largely unknown.  

The overriding hypothesis of this work is that both genetic and environmental factors 

contribute to the development of GCA. The work described in this thesis uses 

multiple techniques including population modelling, analysis of patient cohorts, and 

modern molecular techniques to provide novel contributions that help define the 

disease burden, environmental and genetic risk factors as well as the immunological 

processes occurring in active disease.  

A systematic review performed at the start of this thesis, predicted that the future 

worldwide burden of GCA will increase in view of ageing population. By 2050 more 

than 3 million people will have been diagnosed with GCA and about 500,000 will be 

rendered visually impaired, highlighting the need to improve our understanding of 

this disease.  

Research described in this thesis includes the recruitment of a large patient cohort to 

investigate the genetic architecture of GCA through a genome-wide association study 

(GWAS). For complex diseases such as GCA, the number of potential candidate 

genes is overwhelmingly large. In the last twelve years, GWASs have revolutionised 

the gene-mapping field. Recruitment of the large cohort of patients with GCA 

required for GWAS is challenging. It is a rare disease, patients are elderly and many 

live in residential care, are deceased, or have major medical co-morbidities. Such 
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factors make it difficult to enrol patients in studies where a blood sample is required 

for DNA extraction. To circumvent this issue, an alternative source of DNA from 

patients with GCA was investigated; DNA extracted from archived formalin fixed 

paraffin embedded (FFPE) TAB tissue.  

An international collaborative group, the Global GCA Genomics Consortium was 

established and 2084 archived FFPE TAB specimens from 30 pathology centres 

across four countries were recruited. In addition, 394 blood samples were obtained 

from patients with biopsy proven GCA over a 3-year recruitment phase. 

Epidemiological data from this cohort was used to investigate whether there was 

seasonal variation in the incidence of GCA which could indicate an environmental 

aetiology. No seasonal preponderance was demonstrated. In addition, an 

observational study based on the administrative burden involved in setting up a large 

collaborative nationwide non-interventional study highlighted the need to streamline 

ethics nationally to prevent duplication of work. 

For the GWAS, DNA samples extracted from FFPE blocks were genotypes using 

Illumina SNP microarray chips. After stringent assessment of sample suitability 

(meeting inclusion criteria), DNA and genotyping quality control, a total of 1,212 

DNA samples, provided a genotyping success rate >95%. These 1,212 GCA cases 

were compared to 9,657 historic controls from the UK Household Longitudinal Study 

for the discovery phase of the analysis. Association analyses for 8,075,195 SNPs, 

identified two genetic loci at the genome-wide significance threshold of p<5x10-8, 

including the HLA region, where the top hit was rs9272417 (p-val = 8x10-51) which is 

associated to the gene expression of HLA DQA1 in the tibia artery and the aorta. The 

novel locus outside the MHC region was rs2351254 (OR = 0.52; p-val = 1.54x10-8) 

on chromosome 15. This SNP is associated with the expression of MFGE8 in the 

tibial artery and aorta. The association of this locus replicated in two separate cohorts, 

177 cases from an independent Australian cohort and 352 cases from the United 

Kingdom (OR = 0.71; p-val = 0.056 and OR = 0.39; p-val = 0.003). 

This thesis also describes work to investigate the immunopathogensis of GCA. GCA 

is presumed to be an autoimmune disease in which T lymphocytes play an important 

role. High resolution RNA-sequencing (RNA-seq) permits the study of gene 

expression, giving an insight into the cellular processes driving inflammation during 
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the acute phase of this disease. This technique was used to investigate RNA 

expression in CD4+ and CD8+ T-lymphocytes from patients with active and 

quiescent GCA over the course of 12 months. Serial blood samples were collected 

from 16 patients with GCA and 16 age-matched controls. Studying the circulating 

expression profiles in these T cells of both patients and controls was used to identify 

molecular associations with GCA disease status. These could potentially identify a 

new biomarker of active disease, increase the sensitivity and specificity of 

haematological monitoring of active disease, and forgo the need of an invasive 

procedure to diagnose this disease.   

The results of this RNA-sequencing study show cell type-specific transcript 

expression profiles, novel gene-phenotype associations, and uncover important 

biological pathways in GCA. Through monitoring expression profiles of patients over 

a 12-month period, polynomial modelling analyses identified 179 and 4 statistically 

significant transcripts with altered expression profiles (FDR < 0.05) between cases 

and controls in CD4+ and CD8+ populations, respectively. Genes included LMBR1L, 

UAP1L1, KCNMB4, PTCD2 and THRAP3. Gene correlations were found between 

both symptoms and biochemical markers used in the acute setting for predicting long-

term prognosis. 15 genes were shared across 3 phenotypes in CD4 and 16 across CD8 

cells. In CD8, IL32 was common to 5 phenotypes: a history of Polymyalgia 

Rheumatica, visual disturbance and raised neutrophils at time of presentation, 

bilateral blindness and death within 12 months. In the acute phase, such gene-

phenotype relationships identified could act as disease biomarkers, provide insight to 

potential disease severity and guide in initiating appropriate patient management. 

In summary, this work has identified novel gene associations with GCA through a 

GWAS and has led to the discovery of interesting transcripts profiles through an 

RNA-seq approach. The results derived from this research have provided the basis for 

future functional work to investigate the role of these genes in GCA pathogenesis. 

This research could assist future studies to explore avenues for disease screening, 

prevention, monitoring and treatment. 
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HYPOTHESIS 

The overlying hypothesis of this work is that both genetic & environmental factors 

lead to the development of GCA and that modern genetic techniques will permit 

identification of genetic pathways involved in disease susceptibility and pathogenesis. 

I hypothesise that common genetic variants, detectable by whole genome array 

analysis in a large cohort of well-characterised patients, contribute significantly to the 

genetic susceptibility for GCA and that novel transcripts, detectable through gene 

expression analyses, can provide insight into the immunological and biochemical 

pathways involved in disease development.  

AIMS 

The overall goal of this research is to interrogate the patho-aetiology of this disease 

by investigating its genetic architecture. With this in mind, the two overriding aims 

are:   

Aim 1: To investigate genetic susceptibility by undertaking a Genome-Wide 

Association Study (GWAS). With this current molecular technique, novel 

genetic associations can be identified. This work capitalises on a large 

collection of DNA and archived FFPE samples from GCA patients, which have 

been accrued through a collaborative international consortium. 

Aim 2: To compare the circulating CD4+ and CD8+ gene expression profile of 

patients with active and quiescent GCA to age- and sex-matched controls 

without disease over the course of 12 months by using RNA-sequencing 

technology. Studying the transcriptome of these purified blood cells may define 

clinically predictive biomarkers for active disease and give insight into 

pathways driving disease pathogenesis. 
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1.1 EPIDEMIOLOGY  

GCA, also known as temporal arteritis or Horton’s disease, is the most common type 

of vasculitis affecting people aged 50 years and over. It has a predilection for medium 

and large-sized vessels of the head and neck. GCA is an ophthalmic emergency as 

when the ophthalmic artery is affected, irreversible visual loss can ensue. The 

incidence rises markedly with increasing age, peaking in the late seventh decade of 

life 1.  

The incidence rates of GCA vary significantly around the world 1. The incidence of 

GCA is approximately 1 in 5000 per annum and predominantly affects people of 

Northern European ancestry with the highest reported rates in Scandinavian countries. 

However, cases have been documented in individuals of African, Asian, Hispanic and 

Arab descent 1. Overall women seem more affected then men; in populations of 

northern European descent, the female:male ratio is 2.5 or higher, although the female 

predominance is less pronounced in Israel and other Mediterranean countries 2.  

1.2 PATHOPHYSIOLOGY  

GCA is presumed a complex autoimmune disease. It is thought that likely both 

environmental and genetic risk factors play a role in disease onset. However, the 

trigger or antigen for which the cascade of immune events occurs within the vascular 

system remains unknown.  

Descriptive studies have identified changes in a large number of cells as being 

involved in the sequence of events, and these studies give some indication as to the 

underlying pathophysiological pathways. 

1.2.1 Background: The Immune System 

The human immune system detects and eliminates potentially harmful exogenous 

substances. It has traditionally been divided into two subsets, the innate and adaptive 

immune system (Figure 1-1). 
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Figure 1-1. The innate and adaptive immune systems and the overlap between them. 

Figure 1 (p918) from "Genetics of autoimmune diseases - disorders of immune homeostasis" 

by PK Gregerson and TW Behrens, Nature Review Genetics. 2006 3. Copyright 2006 Nature 

Publishing Group. 

 

1.2.1.1 Innate Immune System  

The innate immune system is a phylogenetically ancient response which is rapid, non 

specific and confers protection against a broad range of pathogens 4. It recognises 

damaged and foreign molecules in the body 4. The innate immune system includes 

pattern recognition pathways such as the complement system and cells such as 

neutrophils, macrophages, dendritic cells and natural killer cells. Toll-like receptors 

(TLRs) are pattern recognition receptors that identify pathogen associated molecular 

patterns (PAMPs) found in microorganisms 5. Activation of TLRs induces 

inflammatory signalling proteins known as cytokines and chemokines. These signals 

subsequently activate the adaptive immune system.  

1.2.1.2 Adaptive Immune System  

The adaptive immune system is mediated by lymphocytes and provides a slow but 

antigen-specific immune response 6. Lymphocytes are able to recognise a large 

diversity of antigens and once activated, undergo clonal amplification and cellular 

differentiation to provide a more powerful, focused immune response. In the process, 

immunological memory is also obtained via the memory lymphocyte. Two 

Innate immune system
Adaptive immune system

Activating or regulatory signals Activating or regulatory signals

Infectious agent
(e.g. bacteria)

Phagocytic 
or endocytic 
uptake

Macrophages Neutrophils

Co-activation of B cells
through BCR and TLR

Cytokines 
(e.g. interferons, TNF, IL1)

APC

Antigen

Effector T cells

TCR

BCR

Antigen presentation
by macrophage

Stimulation

Binding to apoptotic
cellular debris

Antibodies B cells

Soluble PRRs 
(e.g. C1Q, CRP, MBP)

Opsonization of
infectious agents

Antibody-mediated effector response
Complement proteins

Activation PRRs 
(e.g. TLRs)

Linkage analysis

A method for tracking the 

transmission of genetic 

information across generations 

to identify the map location of 

genetic loci on the basis of co-

inheritance of genetic markers 

and discernable phenotypes.

Gene association study

A study in which a genetic 

variant is genotyped in a 

population for which 

phenotypic information (such 

as disease occurrence, or a 

range of different trait values) is 

available. If a correlation is 

observed between the 

genotype and phenotype, 

there is said to be an 

association between the 

variant and the disease or trait.

in identifying causal genes for these disorders by taking 

advantage of more powerful gene association studies, using 

a candidate gene approach that is based on rapidly accu-

mulating knowledge about the cellular and molecular 

biology of the immune response.

This Review brings together the emerging genetic 

data that have resulted from such studies. Recent findings 

support the view that some autoimmune disorders might 

share a common genetic and mechanistic basis. At the 

same time, genetic factors also seem to contribute to 

the phenotypic diversity that is seen within a given disor-

der. Genetic studies have also revealed a striking diversity 

of molecular pathways to disease, including unexpectedly 

important contributions of genetic variation in innate 

immune mechanisms for some forms of autoimmunity.

Diverse phenotypes, overlapping pathways
Human autoimmune diseases are phenotypically ex-

tremely heterogeneous. From a clinical perspective it 

is convenient to classify autoimmunity into ‘systemic’ 

versus ‘organ-specific’ diseases. However, this division 

does not necessarily reflect a fundamental mechanistic 

or genetic distinction between these groups. All have 

a significant genetic component, and there is clearly 

genetic overlap between organ-specific and systemic 

autoimmune disease. This is reflected in the overlap-

ping associations of human leukocyte antigen (HLA) 

alleles with these disorders (TABLE 1). HLA molecules 

are encoded within the major histocompatibility com-

plex (MHC) on chromosome 6 and are essential for 

the normal function of the adaptive immune system, 

Figure 1 | The innate and adaptive immune systems and the overlap between them. Innate immune mechanisms 

generally involve immediate, nonspecific responses to foreign infectious agents. These include cellular functions 

such as phagocytosis and endocytosis by macrophages and neutrophils. Some of these activities are dependent on 

pattern-recognition receptors (PRRs), such as Toll-like receptors (TLRs) and NOD-like receptors, which recognize 

pathogen-associated molecular patterns (PAMPs) present on a variety of microorganisms. In addition, a variety of 

soluble PRRs, such as complement proteins (C1Q), mannose-binding protein (MBP), and acute phase reactants, such 

as C-reactive protein (CRP), have a role in innate immunity by opsonizing microroganisms and binding to apoptotic 

cellular debris in a nonspecific manner. Adaptive immune mechanisms involve the engagement of receptors that are 

selected for reactivity with specific antigens (T-cell receptors (TCRs) and immunoglobulin receptors on B cells). The 

full development of these responses requires the expansion and differentiation of the specific responder cells, which 

establishes a memory for the specific antigen response. The innate and adaptive immune systems are interrelated in 

ways that have not been fully established. For example, antigens that are phagocytosed or endocytosed in a 

nonspecific manner by macrophages are presented to T cells, generating a highly specific T-cell response. In 

addition, co-stimulation of B cells through TLRs (such as TLR9) can result in the production of specific antibodies to 

self antigens. Cytokines such as interferons, tumour necrosis factor (TNF), and interleukin 1 (IL1) might stimulate 

activity of both the innate and adaptive immune response. Complement proteins also mediate the effector 

responses induced by antibodies (not shown), and therefore have a role in both innate and adaptive immune 

functions. APC, antigen-presenting cell; BCR, B-cell receptor.
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lymphocyte lineages form the adaptive immune response – 1) T- cells (derived from 

the thymus) and 2) B-cells (derived from bone marrow) 6.  

1.2.1.3 Autoimmunity  

Autoimmunity results from an aberrant immune response against an organism’s own 

healthy cells. Autoimmunity is normally prevented by a process referred to as self-

tolerance, preventing immune response against antigenic self-particles 7. However 

when self-tolerance fails, lymphocytes escape, and react, leading to autoimmunity. 

This is believed to occur from a combination of genetic susceptibility and 

environmental triggers 7. Genetic predisposition for autoimmune diseases has strong 

associations with certain alleles, particularly from the human leukocyte antigen 

(HLA) region suggesting that T-cells have a central role in autoimmunity 3. 

1.2.2 Cells of Importance in GCA 

1.2.2.1  T-cells  

T-cells are divided into two subsets – CD4+ “Helper” T-cells and CD8+ “Killer” T- 

cells. CD4+ and CD8+ T-cells recognise antigens on major histocompatibility 

complex (MHC) class II and MHC class I complexes respectively on antigen-

presenting cells (APC). In peripheral blood, T-cells are found in the Peripheral Blood 

Mononuclear Cell (PBMC) layer.  

1.2.2.1.1 CD4+ T-cells  

T-helper (Th) T cells are typified by the presence of the CD4 molecule on their cell-

surface, hence they are often referred to as CD4+ T cells. They are very important in 

the adaptive immune system. They can differentiate from a naïve CD4+ T-cell to 

multiple phenotypes, each phenotype produces a specific pro- or anti-inflammatory 

immune response  

Naïve, or T0 cells, activate into a range of “effector” T-helper (Th) subtypes, most 

importantly Th1, Th2 and Th17 which produce an immune response. Alternatively, 

CD4+ T-cells may possess a suppressive phenotype known as T regulatory cells or 

Treg cells. 
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The pathway selected by CD4+ T-cells are dependent upon genetic susceptibility and 

environmental factors 8. Each release different cytokines (Table 1-1), and their gene 

expression profiles can be distinguished through their transcriptional signature 8. 

Numerous environmental factors govern development of specific Th lineages. A 

strong signal through the TCR favours Th1 and Th17 cell differentiation, whilst Th2 

is promoted with weaker signals 8. 

Table 1-1. T-Helper subset and their cytokines 

T-Helper 

Subtype  

Activating 

Cytokines  

Transcriptional 

Factors  

Released 

Cytokine(s)  

Key Functions  

Th1  IL-12, IL-18  T-bet, STAT1, 

STAT4  

IFN-γ, IL-3 Antigen presentation  

and cellular immunity  

Th2  IL-2, IL-4, IL-7, 

IL-33, TSLP  

GATA3, 

STAT5, STAT6  

IL-4, IL-5,  

IL-3  

Humoral immunity  

and allergy  

Th17  IL-6, IL-23, 

TGF-β, IL1α 

IL1β  

STAT3, RORγt, 

RORα  

IL-17, IL-22  Tissue inflammation, 

bacterial/fungal infections, 

autoimmunity, cancers  

CD4+
 
T-reg  IL-2, TGF-β  FOXP3, STAT5  IL-2, IL-10, IL-

35, TGF- β  

Immune suppression  

 

The Th1 lineage activates macrophages and cell-mediated immune response through 

secretion of interleukin (IL)-2, IFN-gamma, and Tumour necrosis factor (TNF)-β. It is 

induced by the lineage specific transcription factor (TF)-bet 9-12. The Th1 response 

effectively eliminates intracellular pathogens but also increases susceptibility to 

autoimmunity and tissue damage 11-12.  

The Th17 lineage protects against extracellular bacteria and fungi through the release 

of IL-17 and IL-22 11-12. Th17 cells are pro-inflammatory cells that are associated with 

the recruitment of phagocytes and with autoimmune disorders 13.  

The Th2 lineage activates an antibody-mediated (humoral) response by releasing IL-4, 

-5 and -13 9-10. 

Regulatory CD4+ T-cells (Tregs) act to control inflammation and prevent the 

development of autoimmunity 14. They govern effector Th activity and contribute to 

approximately 10% of peripheral CD4+ T-cells. They originate as naïve CD4+ T-cells 

and are defined by the lineage specific transcription factor Forkhead Box P3 (FOXP3) 

which encodes for the cell’s development 14-15. Therefore Tregs are commonly 

referred to as CD4+ FOXP3+ T cells. Depletion of CD4+ FOXP3+ T cells has been 
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shown to result in systemic autoimmune disease 15. Individuals with a nullifying 

mutation in FOXP3 develop a severe multi-organ autoimmune syndrome known as 

IPEX Syndrome (immunodysregulation, polyendocrinopathy, enteropathy, X-linked 

syndrome) 14.  

1.2.2.1.2 CD8+ T-cells 

CD8+ T-cells are known as “killer” T-cell from their roles in inducing apoptosis of 

virally-infected and cancerous cells 16. They can differentiate into one of two main 

roles – cytokine effector T cells (Tc) or cytotoxic lymphocytes (CTLs). The role of 

CD8+ T-cells in autoimmune disease has been studied in less detail than CD4+ T 

cells. Antigen-specific CD8+ T-cells have been identified in autoimmune disease and 

a variety of MHC-I alleles contribute to disease susceptibility 16. CD8+ transcriptional 

signatures have been recognised as prognostic markers in several autoimmune 

diseases 17. CD8+ T cell exhaustion has also been identified as positive prognostic 

marker for autoimmune disease 18.  

1.2.2.2 Dendritic Cells 

Dendritic cells (DCs) function as sentinels and monitor the tissue environment for 

danger signals. They are phagocytic and are equipped with surface receptors 

dedicated to the binding of danger signals 19. They break down phagocytosed protein 

and present the peptide antigens to T cells. The vasculature is an immune-privileged 

site, with resting vascular (myeloid) dendritic cells (vasDCs) residing between the 

adventitia and media. Once activated, vasDCs produce chemokines to attract other 

immune cells that have access to the vessel wall through the vasa vasorum. VasDCs 

produce large amounts of IL-12 and IL-18, inducing polarisation toward a Th1 

response. Additionally, they secrete Chemokine C-C motif ligand (CCL)-19 and 

CCL21, resulting in attraction and retention of T cells and DCs 19.  

1.2.2.3 Macrophages 

Marcrophages are large phagocytes found in most tissues. They derive from 

monocytes which circulate in the blood before they lodge in tissue and become 

resident macrophages 20. Macrophages patrol for potential pathogens. Besides 

phagocytosis, they produce cytokines which recruit other immune cells such as 
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neutrophils and other macrophages. They are important as they act as antigen 

presenting cells to T cells.  

1.2.3 The Immunological Pathways in GCA 

Whilst the cause of GCA has not been clearly identified, histologically, immune 

lesions in GCA are characterised by the presence of dendritic cells, highly activated 

macrophages (forming giant, multinucleate cells), which are surrounded by T cells 

(most CD4+). B cells are typically absent from the histological lesion and thus not 

thought to participate in disease 19.  

In regards to the sequence of events, it is thought that unknown environmental 

triggers activate and lead to the maturation of dendritic cells localized in the 

adventitia of normal arteries. It has been suggested that activation of these vasDCs 

occurs through toll-like receptors (TLRs) 21. These activated vasDCs produce 

chemokines which trigger the recruitment of CD4+ T cells through the vaso vasorum, 

which in turn become activated, proliferate and differentiate into Th1 and Th17 cells, 

which produce IFN-γ and IL-17, respectively 22 (Figure 1-2).  

 

Figure 1-2. Th1 cell‐mediated and Th17 cell‐mediated immunity in GCA. Figure 2 

(p732).   From  “Immune mechanisms in medium and large-vessel vasculitis” by CM Weyand 

and JJ Goronzy, Nature Review Rheumatology. 2013 21. Copyright 2013 Macmillan 

Publishers Limited. 
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Accordingly, it has been a major challenge to mimic LVV 

in model organisms that are much smaller than humans. 

These structural challenges are in addition to concerns 

that genomic responses in mouse models poorly mimic 

inflammatory disease in humans.16 On the other hand, 

access to the aorta of a human for tissue sampling occurs 

only under extremely restricted clinical conditions and 

these hurdles have hampered attempts to elucidate 

the pathogenesis of Takayasu arteritis. The temporal 

artery, the preferred target of GCA, is easily accessible 

Key points

 ■ Giant cell arteritis (GCA), the most frequent form of large-vessel vasculitis, 

occurs in a strictly defined tissue context and requires corruption of the 

immune-privileged tissue niche of the arterial wall

 ■ Receptors and ligands from the Notch family facilitate information exchange 

between vascular stromal cells and immune cells, and are critically involved in 

the development of vasculitis

 ■ The therapeutic potential of targeting the stromal compartment in vasculitis is 

currently unexplored

 ■ Granulomatous inflammation in GCA is characterized by a cytokine cascade, 

in which the initiating signals are poorly defined, but the many effectors match 

those encountered in protective immune responses

 ■ A cytokine cluster involving the IL-6–IL-17 axis is highly active in early and 

untreated disease, is rapidly suppressed by corticosteroids and is redundant 

for vasculitis

 ■ A cytokine cluster centring on the IL-12–IFN-γ axis is more resistant to 

immunosuppression and reveals pathogenic similarities between allograft 

arteriosclerosis and GCA

and is routinely biopsied for diagnostic purposes. 

Investigations of arterial immune infiltrates, coupled 

with studies of circulating immune cells, have supported 

the development of new pathogenic concepts directly 

relevant for humans. Considerable progress has been 

made in unravelling the aberrant immune responses 

underlying LVV over the past decade and we focus this 

Review on GCA as a rich source of new ideas and under-

standings. The emerging theme is that of multiple, fun-

damentally divergent immune pathways contributing to 

disease, making it unlikely that a single disease instiga-

tor causes LVV. Instead, recognition of the critical role 

of the artery as a player in immunostromal inter actions 

is refocusing the pathogenic concepts, promoting the 

emergence of the new field of vasculoimmunology.17,18

The cellular players of GCA
The immunopathology of GCA derives from dys-

regulated interaction between the vessel wall and the 

immune system (Figure 1).10 The vessel wall con-

tains endothelial cells, vascular smooth muscle cells 

(VSMCs), elastic membranes, matrix and fibroblasts. In 

arteries with a diameter of >2,000 μm, the walls reach 

such a thickness that a supply network of vasa vasorum 

is required, such arteries harbour dendritic cells at the 

interface of the adventitia and the media.19–21 Despite 

these vascular dendritic cells (vasDCs), arterial walls 

are immunoprivi leged, able to avoid spontaneous 

allorecognition.22 In vasculitic lesions, vasDCs undergo 

activation, increase in number, are distributed through-

out the wall and are an absolute requirement to sustain 

the disease process.23 The immune system sends T cells, 

mostly CD4+ T cells, and macrophages to the vessel 

wall niche; these cells enter the wall through the vasa 

vasorum and penetrate through the tissue space in an 

adventitial–intimal direction.24 Typically, highly acti-

vated macrophages, so-called histiocytes, are arranged in 

granulomas, with surrounding T cells. B cells are absent 

from the infiltrates,25 and germinal centre formation is 

not a feature of LVV. To disrupt the immune privilege of 

normal human arteries, wall-integrated dendritic cells 

need to be stimulated. Triggering of receptors recogniz-

ing danger signals, such as Toll-like receptors (TLRs), is 

sufficient to break tissue tolerance and render ar teries 

susceptible to immune attack;26,27 whether such an event 

initiates LVV is currently unknown. Both local as well 

as systemic danger signals could break the immune 

privilege. As in all autoimmune syndromes of unknown 

aetiology, infectious agents have been suspected to elicit 

the granulomatous reaction. A multitude of infectious 

microorganisms have been proposed to be involved, 

including a new observation of a Burkholderia-like strain 

in some tissues.28,29 Such observations require confirma-

tion in independent studies. The relationship between 

infectious agents and vascular disease is certainly more 

complex, as evidenced by a report of diverse oral and gut 

bacteria (Chryseomonas, Veillonella and Streptococcus) 

present in all tested atherosclerotic plaque samples.30 

Equally probable is the local presence of autoantigens 

or stress-related proteins that can elicit autoreactivity.31

Normal artery Chronic vasculitis

Adventitia

Media

Intima

Vasa
vasorum

Untreated vasculitis

T
H
17T

H
1

T
H
1

T
H
1

T
H
17

T
H
1

T
H
1

T
H
1

T
H
1

T
H
1

Endothelial cells

VSMC

Macrophage

Dendritic
cell

Myof broblast

Figure 1 | T
H
1-cell-mediated and T

H
17-cell-mediated immunity in giant cell arteritis. 

The walls of human arteries are multilayered, with an endothelial barrier in  

the intima, sheets of VSMCs in the media and the vasa vasorum network in the 

adventitia. Endogenous vascular dendritic cells populate the adventitia (left) and are 

responsible for the recruitment of T cells and macrophages into the tissue niche. In 

early and untreated vasculitis, IFN-γ–producing T
H
1 cells and IL-17-secreting 

T
H
17 cells are abundant, surrounded by macrophages (middle). Corticosteroid 

therapy diminishes T
H
17 cells, but cannot clear T

H
1 cells from the vascular lesions 

(right). Dysregulated VSMCs migrate towards the lumen and lay down to form  

lumen-stenosing intimal hyperplasia. Abbreviations: T
H
1

 
(cell), type 1 helper T (cell); 

T
H
17

 
(cell), type 17 helper T (cell); VSMC, vascular smooth muscle cell.
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IFN-γ induces endothelial cells and vascular smooth muscle cells to produce 

chemokines leading to the recruitment of CD8+ T cells and monocytes. Monocytes 

differentiate into macrophages, which, when persistently exposed to IFN-γ, fuse to 

form giant cells, the histological hallmark of GCA 22.  

Granulomas in GCA are typically composed of activated T cells and macrophages 

(Figure 1-2). The vasculitic macrophages in GCA are thought to play a central role in 

GCA pathology, and phagocytose the stromal vasculature, produce elastin-digesting 

metalloproteinases (MMP), particularly MMP-9 23. They also secrete pro-

inflammatory IL-1β, IL-6 and TNF 19, 24-25.  Macrophages have additionally been 

found to secrete fibroblast growth factor (FGF) and platelet derived growth factor 

(PDGF). These encourage the migration and proliferation of smooth muscle cells, 

which secrete vascular endothelial growth factor (VEGF), encouraging angiogenesis 

19. 

Although the cells which initiate the inflammatory cascade are likely to be dendritic 

cells (vasDCs), it is felt that the critical effector immune cells in GCA are CD4+ T 

cells and macrophages 26.   Early GCA is characterised by the presence of both Th1 

and Th17 cells, whereas late GCA (that has been subject to corticosteroid therapy) 

Th17 cells are absent as they are sensitive to inhibition by glucocorticoid 19, 27. Th1 

cells are less sensitive to glucocorticoids and are therefore thought to be important in 

the perpetuation of ‘smouldering’ GCA 19, 25. Although in active GCA lesions CD8+ 

T cells are less prominent (<5%), recently an association between CD8+ NOX2+ 

(essentially CD8-regs) deficiency has been found 26.  

The culmination of these pathological events is that immune cells and VSMCs 

destroy and remodel the arterial wall, obliterating the arterial lumen. This results in 

luminal occlusion, which results in ischaemia and end organ damage (Figure 1-3). 
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Figure 1-3. The immunopathology of GCA. Figure 3 (p838) from “Recent advances in our 

understanding of giant cell arteritis pathogenesis” by Samson et al. Autoimmunity Reviews. 

2017 22. Copyright 2017 Elsevier Inc. 

 

1.3 RISK FACTORS 

The aetiology of GCA remains incompletely understood but is thought that both 

environmental risk factors and genetics play a role.  
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1.3.1 Environmental  

Environmental risk factors, such as geographical variation, seasonal fluctuations and 

cyclic patterns have been observed in the incidence of GCA, suggesting an environ- 

mental, possibly infectious aetiology for the disease. Some studies suggest that DCs 

may be activated by environmental or infectious factors 28.  

There has been suspicion that infection may initiate disease. Several viruses have 

been investigated as potential disease triggers and evidence of their association with 

disease assessed by serological testing, polymerase chain reaction (PCR) or 

immunostaining on TABs. Using these techniques, hepatitis B, Herpes simplex 1 and 

2, Epstein-Barr virus, cytomegalovirus did not correlate with disease incidence 28. 

There are conflicting findings regarding an association of varicella zoster virus (VZV) 

with GCA22, 29. Histological studies have been inconsistent at determining a link with 

this virus at the arterial level. The reported detection of VZV in arterial specimens in 

some histological studies is likely due to the cross-reactivity with the antibody used to 

detect antigens expressed in vascular smooth muscle cells (VSMC) giving false 

positive results 30,31. Studies have also reported the association of GCA with 

epidemics of Mycoplasma pneumoniae, parvovirus B19 and Chlamydia pneumoniae 

in Denmark 32. However, none of these infectious organisms have consistently or 

conclusively been associated with the development of GCA 2.  

Many GCA researchers, hypothesise that an infectious agent could activate DCs 

localized in the adventitia of arteries, which then initiates the immunological 

processes leading to the onset of GCA 22. However it may be that the exact nature of 

this infectious trigger is unimportant, but that the resulting immune reaction leads to 

vascular inflammation. This immune reaction and its persistence in chronic 

inflammation may be driven by susceptible genetic background, epigenetic 

modifications and deregulated homeostasis of the immune response associated with 

ageing. All these factors combined are likely to result in GCA disease process 22. 

Environmental risk factors other than infection such as climate, latitude and seasons 

have also been implicated in the pathogenesis of GCA. These are fully reviewed in 

Chapter 2 of this thesis which incorporates the published manuscript “The geo-

epidemiology of temporal artery biopsy positive Giant Cell Arteritis in Australia and 
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New Zealand: Is there a seasonal influence?”  in RMD Open 33. Results of this study 

supported no obvious seasonal influence on the development of GCA. 

1.3.2 Genetics  

The predilection of GCA towards people of northern European ancestry suggests that 

genetics is an important risk factor for GCA. However, there are no studies on the 

heritability of GCA. This is probably because the late age of onset makes tracing of 

affected ancestry challenging. Many examples of familial GCA have been published 

34-36.  A study of 460 GCA patients presenting to a hospital in France identified four 

patients with familial GCA occurrence, representing a 1/83 first degree relative risk 

37. The lag between disease presentation in familial or conjugal pairs averaged 5.7 

years 37. Whilst this familial link could occur either due to shared genes or 

environment, the time lag of disease makes it less likely that shared environment 

played a major role. The first-degree relative risk ratio in GCA is similar to that of 

rheumatoid arthritis (RA) and anti-neutrophil cytoplasmic antibody (ANCA)-

associated vasculitis; diseases in which genetic studies have identified significant 

genetic contributions to disease pathogenesis 38-39. 

This early work has been followed by multiple studies, which have attempted to 

identify genetic associations with GCA. These have identified multiple candidate 

genes including genes of immune/inflammatory pathways and the HLA class I and II. 

1.3.2.1 HLA Association 

The strongest genetic association with GCA to date has been with HLA, also known 

as the MHC proteins in humans. An HLA association is found in many autoimmune 

diseases. The HLA class I and II molecules are the protein structures on antigen 

presenting cells and present peptide antigens to CD8+ and CD4+ T cells respectively. 

Presentation of peptide to a T cell that specifically recognises that peptide as an 

antigen initiates the adaptive cellular immune response. The structure of HLA 

molecules is genetically determined, and how they presents antigen is key for 

determining the nature of the subsequent immune response 40. Antigen presentation 

by HLA molecules is a critical process in adaptive host defence against pathogens. 

HLA regions are amongst the most genetically polymorphic in the human genome as 
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there is a selection advantage within populations to mount a variety of immune 

responses to endemic pathogens. 

HLA molecules have been frequently implicated in the pathogenesis of GCA in 

DNA-based HLA typing studies but until recently these studies were too small to be 

statistically robust (n=39-85 GCA cases) 41-43. HLA class II has consistently been the 

genomic region with the strongest association with GCA. Several studies have also 

implicated HLA-DR3 and HLA-DR442, 44. Recent large studies have confirmed that 

alleles of HLA-DRB1*04, particularly the HLA-DRB1*0401 and DRB1*0404 

haplotypes are associated with GCA 45-46. Interestingly, a HLA typing study showed 

that in GCA patients, that carriage of the HLA-DRB1*04 allele was associated with 

resistance to corticosteroid treatment 47 and with a higher risk of developing visual 

manifestations 48-49. The largest genetics study in GCA to date, a GWAS published in 

2017, assessed 2134 GCA patients from 10 independent populations of European 

ancestry and 9125 controls. This study showed that within the HLA region, two 

independent association signals with GCA predisposition were observed, one located 

between HLA-DRA and HLA-DRB1 and another one between HLA-DQA1 and 

HLA-DQA2 15.  

HLA class I is presents on all human nucleated cells and is the structure on which 

antigen is presented to CD8+ T cells. Associations of HLA class I with GCA have 

also been reported, albeit with less frequency than class II associations. Early genetic 

studies on GCA reported weak associations with MHC class I alleles, such as HLA-

A*31, HLA-B*8, HLA- Cw3, HLA-Cw6 50-52. Recently, HLA-B has been associated 

with GCA through a large immunochip study, using a custom human immune DNA 

analysis BeadChip screening 196,524 single nucleotide polymorphisms (SNPs) to test 

across high susceptibility loci for autoimmune and inflammatory disorders 53. 

1.3.2.2 Associations with Genes Encoding for Immune Molecules 

Outside of the HLA loci, numerous genetic associations have been identified in 

association with GCA through candidate gene studies and gene expression studies of 

TABs 54. The roles of these genes vary but all are involved in the immune pathways 

and are relevant in the context of a chronic autoimmune vasculitis.  

Some of the genes identified in GCA include cytokine and chemokine genes 
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including TNF, IFN-γ, IL-4, IL-6, IL-10, IL-17A, IL-18, IL-2/IL-21, IL-33, IL-12 

receptor beta 2 (IL-12RB2), CCL-2, and CCL-5 55-59. 

Expression levels of TNF were found to be elevated in the TABs of GCA patients and 

significant correlation was found between the amount of tissue TNF mRNA and the 

time required to reach a maintenance dose of prednisone <10 mg/day 60. IFN-γ 

producing CD4+ T cells have been described as one of the dominant cell populations 

in the GCA arterial infiltrates and high expression of IFN-γ has been directly related 

to the pathogenic mechanisms affecting the arterial walls in GCA patients 61-62.  

The interleukin family cytokines are critical mediators of both innate and adaptive 

immunity 63. IL-6 has pleotropic effects with both pro and anti-inflammatory 

properties. It is released by many different cell types, including lymphocytes and 

endothelial cells 64. IL-6 transcripts are significantly more abundant in patients with a 

strong systemic inflammatory response compared to those with little inflammatory 

markers 60. IL-10 is an anti-inflammatory cytokine produced mainly by monocytes 

and T cells 65. IL-18 is a pro-inflammatory cytokine produced by macrophages to 

induce Th1 differentiation and cytotoxic T cells. It plays an important role in chronic 

inflammation 66. Increased IL-18 expression levels were detected in temporal artery 

biopsies of GCA patients 54. The genomic region of IL-2/IL-21 is thought to 

contribute to phenotypic expression, in particular jaw claudication, in patients with 

GCA 67. In a study of patients with GCA, those with IL-12RB2 gene polymorphism, 

were more susceptible to visual ischaemic complications 68.  

CCL-2, also known as monocyte chemotactic protein-1 (MCP-1), is chemokine that 

recruits monocytes and T cells to the sites of inflammation in acute inflammatory 

conditions 69. CCL-2 has been detected in the mononuclear cells, smooth muscle cells 

and giant cells of TAB samples from patients with GCA 70.  CCL-5, also known as 

regulated and normal T cell expressed and secreted (RANTES), encodes a potent 

chemotactic factor for monocytes, T cells, basophils, eosinophils and mast cells 71. 

Increased serum levels of CCL-5 have been reported in untreated PMR patients and 

corticosteroid therapy seem to normalize its production 72.  

Gene molecules that impact endothelial function, an important mechanism in GCA, 

have also been found in association with this vasculitis; VEGF, Intercellular Adhesion 
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Molecule-1 (ICAM1), MMP-9, Nitric Oxide Synthase (NOS)-2, NOS-3, TLR-4, NLR 

Family Pyrin Domain Containing (NLRP)-1, and Fc Fragment Of IgG Receptor IIa 

(FCGR2A) have all been identified through targeted gene function studies 55-59.  

VEGF genetic variants have been reported to confer genetic risk to GCA development 

56. Evidence suggests that these high soluble VEGF concentrations may be related to 

optic nerve ischaemia in GCA patients 73. ICAM-1 has an important role in the 

interactions between immune and endothelial cells during the inflammation process 

74-75. ICAM-1 serum levels correlated with disease activity in GCA patients and 

elevated expression was detected in the inflammatory infiltrates of the TAB in GCA 

cases 76-77. NOS’s are a family of enzymes that produce nitric oxide (NO). NOS2A is 

a gene involved in inducing cytokines and NOS3 is expressed by the vascular 

endothelial cells 78-79. Macrophages express NOS2A in GCA 80. Increased NO levels 

correlate with autoimmune disease activity 81. Basal endothelial NO production is 

necessary for regulating local vasodilatation and for avoiding platelet and immune 

cell aggregation 82-83. The malfunction of the NO system could be involved in the 

vascular damage of GCA 54. MMP9 encodes a key protein that allows for the 

progression of immune cells towards the artery walls during inflammation and allows 

for tissue remodelling. An elevated expression of MMP9 has been detected in GCA 

lesions 23, 84. It has been correlated with the progression of inflammatory infiltrates 

and vessel destruction and repair in GCA 85.  

Other genes were found in association with GCA through targeted gene studies such 

as Taqman Gene Expression Assays. These genes include Myeloperoxidase (MPO), 

TLR-4, NLRP-1, FCGR2A, and CD24 55-59. These genes are involved in the innate 

immune system.  TLR proteins are expressed by various cell types and play a pivotal 

role in pathogen recognition and activation of the innate immunity. Activation of 

TLR-4 by lipopolysaccharide (LPS) promotes DC activation and then promotes the 

induction of the inflammatory cascade 86. Fc receptors are cell-surface proteins of the 

immunoglobulin (Ig) superfamily that are located in the membrane of some immune 

cells. Those that bind IgG antibodies, known as Fc-g receptors (FCGR), are crucial 

for inducing phagocytosis of pathogens or infected cells 87. Different polymorphisms 

of the FCGR gene, such as FCGR2A and FCGR3A, have been described as 

significantly associated with an increased GCA risk 88. 
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MPO is a haemoprotein that is abundantly expressed in neutrophils and monocytes 

and secreted during their activation 89. It has pro-inflammatory properties that can 

cause vascular damage. Some autoantibodies, such as ANCA, are directed against 

MPO in vasculitides 90. It is felt that MPO represents a key component in vascular 

inflammatory diseases, providing a mechanism to endothelial dysfunction and vessel 

wall damage 54. The inflammasome-related protein NLRP-1 is a cytoplasmic protein 

that stimulates innate immunity by detecting endogenous microbial products and 

metabolic stress. It is required for processing and activation of pro-inflammatory 

cytokines 91. NLRP1 has been reported in the pathophysiology of several 

inflammatory disorders and is considered a common risk factor in autoimmunity, 

including GCA 92-93. 

In addition to the earlier candidate gene studies, the recent GCA GWAS identified 

SNPs in two genes outside the HLA region that were also associated with GCA 

susceptibility: PLG (plasminogen) at chromosome 6 and Prolyl 4-Hydroxylase 

Subunit Alpha 2 (P4HA2) at chromosome 5 45. PLG is important in many 

physiological processes, including wound healing, lymphocyte recruitment, 

inflammation and angiogenesis 45. P4HA2 is essential for collagen biosynthesis. 

P4HA2 expression is induced by hypoxia through hypoxia-inducible factor-1 (HIF-1) 

94 which in turn induces the expression of genes coding for IL-6, MMP-9 and VEGF, 

all of which are proteins involved in GCA pathogenesis 54, 95. The 2015 immunochip 

study, identified significant loci and gene polymorphisms encoding for proteins of the 

immune response, including PTPN22, LRRC32 and REL 53. The functional variant of 

PTPN22 identified is a tyrosine phosphatase involved in TCR and B-cell receptor 

(BCR) pathways 96.  

1.4 CLINICAL PRESENTATION (*PUBLICATION) 

GCA is a very heterogeneous disease. The disease presentation and manifestations are 

reviewed in the manuscript written and published during this PhD candidature, 2016: 

“Giant Cell Arteritis: Ophthalmic Manifestations of a Systemic Disease”. Graefes 

Arch Clin Exp Ophthalmol 97.   
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1.5 DIAGNOSIS  

To date, the gold standard to diagnose GCA remains through histological 

confirmation on a TAB.  A TAB was included in the American College of 

Rheumatology (ACR) in 1990 as one of the five criteria for the classification of GCA 

98. The presence of 3/5 criteria suggested an increase in sensitivity and specificity of 

the diagnosis, making it more likely. The five criteria include: >50 years of age or 

older, new onset localised headache, erythrocyte sedimentation rate (ESR) of at least 

50 mm/hour, temporal artery tenderness or lack of pulse, abnormal artery biopsy 

specimen characterized by mononuclear infiltration or granulomatous inflammation.  

These criteria reported a sensitivity of 93.5% and a specificity of 91.2% 99
.  Although 

many clinicians use these criteria to guide in making a diagnosis of GCA, the 

1990 ACR classification were not meant to be used as a diagnostic tool but merely to 

classify vasculitides. Their utility as a diagnostic function have been criticised 100.  

Histologically, GCA is characterized by an inflammatory cell infiltration of the 

vascular wall (granulomatous panarteritis), often in the presence of accompanying 

Langhans giant cells, and fragmentation of the elastic lamina 101. A TAB this is an 

invasive surgical procedure and should therefore not delay clinical diagnosis or 

treatment initiation in the acute setting.  A negative TAB, in the setting of a high risk 

patient with other features suggestive of disease, should not preclude diagnosis. The 

vascular site of disease may vary between patients. In addition, the focal and 

segmental nature of the inflammatory process results in skip lesions on histology 2.  

As highlighted by the clinical paper “Giant Cell Arteritis: Ophthalmic Manifestations 

of a Systemic Disease”, the diagnosis of GCA remains predominantly a clinical one. 

Some of the investigations used in the acute setting to assist in making a diagnosis are 

discussed in this paper 97. Clinicians rely predominantly on the symptoms and signs 

with which a patient present. In addition a full blood count, C-reactive protein (CRP) 

and ESR may show clues of inflammation and disease activity; an acute-phase 

response characteristic of GCA includes raised ESR and CRP, anaemia, and 

thrombocytosis 102. Less commonly performed blood test include abnormal liver 

function tests, to look for raised alkaline phosphatase, raised α1 and α2 globulins on 

serum electrophoresis 102. The British Society of Rheumatology (BSR) guidelines also 

suggest a Chest radiograph to look for signs of an aortic aneurysm.  
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Studies have been performed assessing the role of imaging as a diagnostic tool in 

GCA. Such investigations may assist in the management of patients where the initial 

clinical presentation is unclear. For example patients with atypical cranial symptoms, 

with predominantly systemic or constitutional symptoms, or those for which acute 

phase blood markers are ambiguous, may benefit from imaging to search for signs of 

vascular inflammation. The role of colour doppler ultrasonography (USS), magnetic 

resonance angiography (MRA), computed tomographic angiography (CT-A), and 

positron emission tomography-CT (PET-CT) have all been investigated. Various 

studies have highlighted the advantages and disadvantages of each of the imaging 

modalities 103.  

USS has been studied in the context of GCA diagnosis as it can be used to visualize 

superficial arteries, including the temporal artery. Vessel-wall oedema produces a 

hypo-echoic signal on ultrasound scan (USS) that is referred to as a halo sign 104. 

However, in a meta-analysis involving a total of 998 patients in 17 studies, the 

sensitivity of the halo sign for TAB-positive GCA was only 75%, and the specificity 

was only 83% 105. The recent Temporal artery biopsy vs. Ultrasound (TABUL) study 

results indicate better sensitivity (54% vs. 39%) but poorer specificity (81% vs. 

100%) of USS compared with TAB. This study does suggest there is scope to reduce 

the role of a TAB 106. However, there is currently insufficient evidence to suggest that 

USS can be substituted for TAB at making a diagnosis of GCA. USS has several 

important advantages, including low costs, rapid and readily available without 

exposure to radiation, and high resolution for assessment of large and medium-sized 

arteries 107. However, quality of USS is highly operator dependant and assessment of 

the thoracic aorta is limited 107.  

MRA is capable of visualising both the cranial and extra-cranial large vessel 

circulation, highlighting vessel wall thickening and stenotic lesions. Lack of radiation 

exposure with MRA, as well as the option to use gadolinium-based contrast agents to 

distinguish active arterial wall inflammation from fibrosis, makes MRA an attractive 

tool 108. The lower spatial resolution and longer scan times of compared with CTA, 

and the infrequent but serious nephrotoxicity of gadolinium, are disadvantages 

of MRA. CTA is good at screening the aorta for potential aneurysms. It can also 

detect vessel wall thickening in established large vessel vasculitis. PET-CT using 

tracers is a sensitive test for early vascular inflammation in extra-cranial large vessel 
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vasculitis, i.e. before complications with aneurysms or stenosis have developed 103. 

However, both CTA and PET-CT, exposes patients to radiation, which reduces its 

utility in routine use in follow-up investigations 108.  

Although imaging studies are yet to supersede TAB in the diagnosis of GCA, imaging 

may be used in screening for large vessel involvement. However, these vascular 

abnormalities become less defined once glucocorticoid treatment has been started, 

so imaging studies may be confined to early phases of disease and acute assessment 

103. To date, no consensus exists regarding the screening for stenosis and aneurysms 

of large arteries and the aorta and there are no data defining the cost-effectiveness of 

this approach 108. 

1.6 MANAGEMENT 

Glucocorticoids remain the mainstay of therapy despite their significant side effect 

profile. Other immunosuppressive agents tested to date provide only marginal or no 

glucocorticoid-sparing benefits 104.  The management of GCA largely depends on the 

disease stage. As described by Weyand and Goronzy, the main stages of treatment 

include 1) the therapeutic interventions for newly diagnosed disease (induction 

therapy), 2) chronic disease (maintenance therapy), and 3) disease flares 

(management of flares) highlighted in Table 1-2 104.  

 

Table 1-2. “Therapeutic Approach to GCA” by CM Weyand and JJ Goronzy, New England 

Journal of Medicine. 2014, page 34 (Figure 2 adapted) 104. Copyright 2014 Massachusetts 

Medical Society.  
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These recommendations are similar to those developed by the BSR guidelines 102, 

which advocate for high-dose glucocorticosteroid therapy to be initiated immediately 

when clinical suspicion of GCA is raised. For those patients presenting with 

“uncomplicated GCA”, i.e. patients with no jaw claudication or visual disturbance, 

corticosteroid treatment should be started at 40–60 mg prednisolone daily 102. Patients 

with evolving visual loss or amaurosis fugax, “complicated GCA”, should be started 

promptly on 500 - 1,000 mg of intravenous methylprednisolone for 3 days before oral 

glucocorticosteroids are commenced 102. In those with established visual loss, the 

main reason for prompt treatment is to protect the contralateral eye and prevent large-

vessel complications, as such 60 mg prednisolone daily is recommended 102. 

Treatment with high dose corticosteroids is effective but is commonly associated with 

serious complications. Side effects are almost universal, affecting up to 90% of those 

with GCA 101. These include hypertension, diabetes, hypercholesterolemia, cataracts 

osteoporosis and secondary fractures. Furthermore, large vessel involvement in GCA 

appears to be associated with corticosteroid resistance. Even with successful treatment 

with corticosteroids, GCA relapses in ~30% of patients 109-110 and need either an 

increase in their corticosteroid dosage or restart treatment should they have stopped it.  

Steroid-sparing treatment has been investigated in the context but interestingly 

patients with GCA respond very differently to those with other major inflammatory 

rheumatic diseases such as RA, despite being in the same age category. Unlike in RA, 

the efficacy of disease modifying and steroid-sparing agents in GCA treatment is 

more limited.  

Azathioprine has shown a steroid-sparing effect after prolonged treatment but is 

associated with high withdrawal to its own side effect profile 111. A recent study found 

that adjunctive methotrexate reduced cumulative glucocorticoid dosage by 20% to 

44% and relapses by 36% to 54% in GCA 112. However a large meta-analysis of 

methotrexate trials, recommended methotrexate only in GCA patients with multiple 

relapses 113. They found that the benefits of methotrexate did not emerge until after 6 

months of treatment. As such, although the addition of methotrexate is safe, the 

benefits are only moderate 113.  
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A systematic review and meta-analysis of 25 anti-TNF (infliximab and etanercept) 

studies in large vessel vasculitis (LVV), consistent of three randomised control trials 

(RCT) and 22 case series, demonstrated weak evidence of the effectiveness of 

biological treatment in LVVs such as GCA 114. Evidence from the RCTs suggested 

that anti-TNF agents were not effective for the emission or reduction of corticosteroid 

use 114.  

Tocilizumab, a humanized monoclonal antibody directed against the IL-6 receptor, 

has been approved by the FDA in May 2017 for the treatment of GCA based on the 

phase 3 GiACTA trial (n=251), a randomized, double-blind controlled trial in which 

subcutaneous tocilizumab or placebo was added to standardized corticosteroid 

regimens 113. The addition of Tocilizumab to corticosteroids improved both induction 

and maintenance of remission in patients with GCA for up to 12 months 112-113. The 

tocilizumab group also has less cumulative steroid exposure. However, the incidence 

of adverse events was similar amongst all groups. This is in keeping with a large side 

effect profile from tocilizumab 113. 

In addition to IL-6 monoclonal antibodies, there are emerging reports describing the 

use of other biologics that inhibit T cells, cytokines IL-1, 12 and 23, and B cells in 

patients with relapsing disease 113. Newer studies are investigating the evidence for 

abatacept, ustekinumab, anakinra and rituximab in GCA 113.  

In addition to corticosteroid +/- other immunosuppressive treatment, adjuvant therapy 

is strongly advised when administering corticosteroids. Proton pump inhibitors for 

gastrointestinal protection should be prescribed 102. The BSR also 

recommends calcium and vitamin D supplements 115. The use of antiplatelet agents in 

GCA is controversial. Nevertheless, the use of low-dose aspirin is recommended for 

patients with GCA in the absence of contraindications 102. The role of VZV in GCA 

remains unclear and as such the use of antivirals do not form part of mainstay 

treatment.  
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1.7 THE FUTURE OF GCA: DISEASE BURDEN (*PUBLICATION) 

GCA is associated with significant morbidity. As the global population ages, the 

disease burden is likely to increase. Estimation of this burden provides important 

information to support healthcare planning and resource allocation. Disease and 

population modelling was performed to estimate the visual morbidity and financial 

burden associated with this disease over the next 30 years. This is detailed in the 

published manuscript: “Projected Worldwide Disease Burden from Giant Cell 

Arteritis by 2050” in Journal of Rheumatology 1.  

This paper illustrates the likely impact of GCA over the upcoming few decades. As 

highlighted in Chapter 1, there are many gaps in our understanding of GCA including 

aetiology and pathogenesis, which could assist in diagnosis and treatment of this 

disease 108.  
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CHAPTER 2. ESTABLISHING THE GLOBAL GCA 

GENOMICS CONSORTIUM 

  



 46 

2.1  INTRODUCTION 

In population genetics, and especially for complex polygenic diseases where the 

individual contribution of each gene may be small and where the susceptible variants 

have low-penetrance, large patient volumes are needed to detect genetic differences 

between patients and controls 116. In order to achieve statistical power and detect 

statistically significant gene(s) responsible in disease process, large cohorts are 

required (aim n=2000).  As such, for many complex diseases where not only 

environment but also multiple genetic risk factors are likely to play a role, such as 

diabetes and coronary heart disease, large international consortia have been 

established to optimize large patient number recruitment.  

Setting up collaborations between many different countries enables to collect sizable 

datasets, exchange information, and share data. Furthermore, international 

collaborations allow for the potential analysis of ethnic differences in disease risk. For 

some diseases, assessing the interplay between inherited and non-genetic risk factors 

by performing multi-centre pooled analyses, may be particularly interesting 117. 

With population genetics being performed across all disciplines of medicine, many 

international genetics consortia have now been formed to investigate the genetic 

make-up of complex polygenic diseases. Examples include “the International 

Glaucoma Genetics Consortium” (IGGC)” and “Consortium for Refractive Error And 

Myopia (CREAM)” consortia, which have been established to investigate glaucoma 

and refractive error respectively 118-119.  

In this chapter, the recruitment difficulties associated with setting up such a large 

GCA genetics study are discussed and the technique used to bypass these recruitment 

challenges is explained. This chapter introduces the Global GCA Genetics 

Consortium and its achievements in recruiting large sample numbers for a GCA 

population genetics study.  
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2.1.1 The Recruitment Challenges for a GCA Genetic Study  

As other research groups have experienced, recruitment of GCA patients has proven 

difficult. Not only is this a relatively rare disease but the demographic involved is 

elderly, mean age ~70-80 years of age. Patients have other comorbidities and may not 

wish to take part in on-going research. Getting large cohorts for genetic studies as 

such is difficult. Despite having access to pathology databases to determine lists of 

patients that were once diagnosed as GCA positive by TAB, making contact with 

these patients to acquire a blood sample for genetic analysis can be challenging; 

Elderly patients may live in residential care or rurally, they may be deceased or have 

major medical co-morbidities, precluding participation.  

2.1.2 Alternative DNA source: FFPE vs. Blood - A Preliminary Study 

Therefore, with the aim of acquiring an adequately powered cohort for genetic 

investigation, this research took another approach to collecting sufficient samples 

from patients with GCA.  Our team investigated methods for extracting high quality 

DNA from archived TAB histopathology specimens stored as formalin fixed, paraffin 

embedded (FFPE) blocks 120.  

We conducted a preliminary study to investigate the use of DNA obtained from 

archived TAB samples. Twelve FFPE TAB samples, stored for between 3 and 5 

years, were obtained from patients with histologically confirmed GCA. These 12 

patients also had peripheral blood samples collected for peripheral leukocyte DNA 

extraction 120. Double-stranded DNA was quantified and its quality (DNA QC) was 

evaluated by real-time polymerase-chain reaction (RT–PCR) using the Illumina 

Infinium HD FFPE (Quality Control) QC Kit. Samples that passed QC proceeded to 

DNA restoration using the Illumina FFPE Restore Kit 120.  

For the purpose of this study, all 24 DNA samples, despite their DNA QC, were 

genotyped on Illumina Infinium HD FFPE OmniExpress arrays. Genotyping QC, 

including missing rates and heterozygosity between FFPE TAB and blood-derived 

DNA, were assessed using PLINK (v1.07) 121 and R (v 2.15.1) 122. The correlation 

between RT–PCR results and genotyping missing rate was determined by linear 

regression 120.  
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This preliminary study results showed good quantity DNA was extracted from all 12 

FFPE TAB samples. RT–PCR analysis indicated that all FFPE TAB samples met the 

manufacturer’s DNA QC criteria (RT–PCR Δ cycle threshold (CT) value of <5) for 

proceeding to restoration and genotyping 120. Using the Illumina OmniExpress FFPE 

cluster file all peripheral blood DNA samples were successfully genotyped with call 

rates >98%. The threshold for successful genotyping was set to 95% for the FFPE 

TAB derived samples and using this cut-off, 8 of the 12 samples passed initial 

genotyping quality control (QC) 120.  Linear regression analysis demonstrated a 

positive correlation between genotype missing rate and Δ CT values (Figure 2-1), i.e. 

between genotyping QC and DNA QC.  

 

Figure 2-1. Correlation between quantitative real time PCR (RT-PCR) Δ CT value and 

genotype missing rate. Figure 1 from “Utility of temporal artery biopsy samples for genome-

wide analysis of giant cell arteritis” by K Cremin et al. Genes and Immunity (2014), p1–3 120. 

Copyright 2014 Macmillan Publishers Ltd. 

 

This research showed that 8/12 samples passed genotyping success rate and that 

results can be further improved by employing rigorous DNA QC thresholds before 

restoration; genotyping FFPE DNA samples with a RT-PCR ΔCT <5, i.e. as set out 

by the manufacturer, may lead to suboptimal genotyping success rate as 4 out of 12 

samples did not have a sufficient genotyping call rate despite reasonable DNA quality 

(Table 2-1) 120.  As such by setting stringent DNA-QC steps, and only genotyping the 

FFPE DNA samples with a RT-PCR of <2, genotyping is more likely to be successful 

(i.e. call rates of >95%, or total missing genotypes <0.05) 120.  All of the called 
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genotypes for the eight FFPE samples that passed a stringent RT–PCR DCT <2 cut-

off were comparable with their matching peripheral blood DNA genotypes; similar 

mean discordant heterozygote and mean discordant homozygote single nucleotide 

polymorphisms calls (Table 2-1) 120. As expected, a slight increase in the genotype 

missing rate was observed in the FFPE-derived samples; however, the number of 

discordant genotypes between the sample types was very low indicating that this 

methodology can produce robust results for GWAS.  

Table 2-1. Comparison of DNA extracted from archived FFPE TAB samples and peripheral 

blood samples. Table 1 from “Utility of temporal artery biopsy samples for genome-wide 

analysis of giant cell arteritis” by K Cremin et al. Genes and Immunity (2014), p1–3 120. 

Copyright 2014 Macmillan Publishers Ltd. 

 

 

This preliminary study was published by our group at the start of my PhD: “Utility of 

temporal artery biopsy samples for genome-wide analysis of giant cell arteritis” 

Genes and Immunity (Appendix A). This study highlighted that FFPE tissue 

specimens, such as TAB, hold invaluable information for studies of human disease 

such as GCA. Sadly, formalin fixation procedures and subsequent storage conditions 

result in nucleic acid degradation, DNA cross-linking and base modification 123-124. As 

a result, FFPE samples have previously performed sub-optimally in many microarray 

genotyping studies. However, recent advances in DNA recovery and FFPE DNA 

restoration of methodologies such as those employed in the study, have allowed for 

the extraction of DNA of sufficient quantity and quality to be genotyped 120.  Given 

that GCA diagnosis is confirmed by TAB, archived FFPE histopathological 

specimens represent a valuable resource for large-scale molecular analysis. This 

methodology will circumvent the retrospective recruitment challenge for GCA.  
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2.2 AN INTERNATIONAL CONSORTIUM 

2.2.1 Establishing Collaborations 

In order to access to FFPE TAB samples from around Australia, New Zealand and 

other countries of potential interest, a large scale multi-centre international genetics 

GCA consortium was established in 2014, namely “the Global Giant Cell Arteritis 

Genetics Consortium” composed of ophthalmologists, rheumatologists, pathologists, 

nurses and scientists to collaborate and aid in helping access archived TAB FFPE 

samples. Once on board, the collaborator became principal investigator (PI) for their 

respective site and an ethics and governance application was lodged.  

2.2.2 Ethics Approval 

Ethics and governance approval were obtained for all participating sites. Given the 

research framework in Australia at the time of establishing our national study, 

individual ethics and research governance applications were made to cover each 

participating site. This was a very laborious job and was highly inefficient. I discuss 

these issues in a paper I wrote and published in the Australasian Medical Journal (see 

results for the full manuscript). Ethics for sites outside Australia were completed by 

the local principal investigators. Full details of IRB approvals are provided in 

Appendix C. 

2.2.3 Cohort Recruitment 

2.2.3.1 FFPE Sample Collection Method 

Collaborating pathologists were each sent a recruitment pack, which contained a 

pathology protocol to allow for the uniform recruitment and sectioning of FFPE TAB 

samples (See Appendix B). The pack also contained an ID sheet to complete and re-

identifiable barcodes for each sample recruited. The protocol was based in part on the 

preliminary study. It was also devised to minimize operator variability amongst sites 

and to maximise the potential to generate good quality DNA from each specimen. 
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With the aid of their respective pathology databases, PIs were asked to select all 

samples consistent with a histopathological diagnosis of GCA, and retrieve all the 

“positive” and “strongly suggestive/suspicious” GCA TAB samples stored at their 

site. Only the biopsies reported as being consistent with a diagnosis of GCA were 

included; defined by “inflammation (granulomatous or mixed inflammatory cell 

infiltrate) of the arterial wall with fragmentation and disruption of the internal elastic 

lamina”. Inflammation could also involve into the media, adventitia and perivascular 

space (vaso vasorum). Multinucleated giant cells may or may not be present. All TAB 

negative or equivocal histological GCA cases were excluded. The date at which the 

sample was taken did not deter whether the sample should be used or not. FFPE 

blocks dated back as far as the early 1980s.  Recruitment for FFPE samples was 

complete in January 2016.  

Samples were cut by trained pathologists and technicians using a microtome, a 

minimum of 7 x 20um thick sections per patient. These scrolls were placed in 2ml 

eppendorf tubes and each patient’s sample was given a unique study barcode for re-

identification purposes (See Appendix B for details). For each sample recruited, 

collaborating PIs were asked to provide us with basic patient demographic data as 

well as specimen details and histology reports. The data collected from each specimen 

included: the patient’s gender, their date of birth (DOB), the date of temporal artery 

biopsy (DOT) procedure and the hospital location at which this procedure was 

conducted. As such, we could screen for duplicate samples; and ensure that the 

histology recruitment criteria conducted at each centre was uniform.  

2.2.3.2 Blood Sample Collection Method 

In addition to recruiting archived FFPE TAB samples, over the course of the study 

recruitment phase, blood samples for DNA were also being recruited prospectively 

from newly diagnosed patients with active GCA attending hospital. These were 

collected in EDTA tubes. Basic patient demographic data, specimen details and 

histology reports were also collected for these samples. These were matched with 

FFPE samples to ensure exclusion of duplicate samples. When both a blood sample 

and FFPE TAB block were available for the same patient, preference was given to the 

blood sample as this was likely to guarantee DNA quality sufficient for genotyping. 
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2.3 RESULTS 

2.3.1 Ethical Challenges: An Observational Study (*Publication) 

Over the course of my PhD, I organised and co-ordinated an international GCA 

genetics consortium. This involved completing ethics and governance applications for 

pathology sites based in Australia, as well as recruit cohorts by searching, contacting 

and inviting collaborators across the world. Most of the first one and a half years of 

my research degree was dedicated at setting up collaborations and ethics approval, 

allowing recruitment for this study. Over 1500 forms have had to be completed and 

5000 emails composed. 

In establishing this study nationally, significant variation across separate Human 

Research Ethics Committee (HREC) and Research Governance Office (RGO) 

requirements were identified. These observational findings were published in 

Australasian Medical Journal in February 2016: “Heterogeneity of Human 

Research Ethics Committees and Research Governance Offices across Australia: 

an observational study” 125. The results of this study demonstrate the challenges and 

illustrate the heavy workload involved in receiving widespread ethics and governance 

approval across Australia. In the paper, the need to simplify, homogenise and 

nationalise human ethics for non-clinical trial studies is emphasised. This paper 

supports a single ethics application form for low risk national medical research 

studies. Streamlining ethics nationally will prevent unnecessary duplication of work 

by researchers, allow investigators to achieve research goals quicker, and reduce 

administrative load on research officers.  
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ABSTRACT 
 

 

Background 

Conducting ethically grounded research is a fundamental 

facet of all investigations. Nevertheless, the administrative 

burdens of current ethics review are substantial, and calls 

have been made for a reduction in research waste. 

 

Aims 

To describe the heterogeneity in administration and 

documentation required by Human Research Ethics 

Committees (HRECs) and Research Governance Offices 

(RGOs) across Australia. 

 

Methods  

In establishing a nationwide study to investigate the 

molecular aetiology of Giant Cell Arteritis (GCA), for which 

archived pathological specimens from around Australia are 

being recruited, we identified variation across separate 

HREC and RGO requirements. Submission paperwork and 

correspondence from each collaborating site and its 

representative office for research were reviewed. This data 

was interrogated to evaluate differences in current 

guidelines. 

 

Results  

Twenty-five pathology departments across seven Australian 

States collaborated in this study. All states, except Victoria, 

employed a single ethics review model. There was 

discrepancy amongst HRECs as to which application process 

applied to our study: seven requested completion of a 

“National Ethics Application Form” and three a “Low 

Negligible Risk” form. Noticeable differences in guidelines 

included whether electronic submission was sufficient. 

There was variability in the total number of documents 

submitted (range five to 22) and panel review turnaround 

time (range nine to 136 days). 

 

Conclusion 

We demonstrate the challenges and illustrate the heavy 

workload involved in receiving widespread ethics and 

governance approval across Australia. We highlight the 

need to simplify, homogenise, and nationalise human ethics 

for non-clinical trial studies. Reducing unnecessary 

administration will enable investigators to achieve research 

aims more efficiently.  

 

Key Words 

Ethics administration, Australian Offices for Research; 

Multisite Medical Research, Human Research Ethics 

Committees, Regional Governance Offices  
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What this study adds:  

1. What is known about this subject?  

Previous published papers have illustrated the 

administrative burdens of medical research.  

 

2.  What new information is offered in this study? 

We demonstrate key logistical impediments to conducting 

non-interventional research on a national scale. We suggest 

changes and support nationalising ethics for non-clinical 

trial studies. 

 

3. What are the implications for research, policy, or 

practice?  

Streamlining ethics nationally will prevent unnecessary 

duplication of work by researchers, allow investigators to 

achieve research goals quicker, and reduce administrative 

load on research officers. 

Background 

Ethics approval is an essential prerequisite to conducting a 

human research study. The Declaration of Helsinki 

stipulates that all medical research be submitted to and 

approved by an ethics committee before a study 

commences.1 While there is a need for a thorough review 

process to prevent unethical research, the resulting 

administrative workload required for applications is 

substantial and this is often multiplied in multi-centre 

studies.  

In 2007, the National Health and Medical Research Council 

(NHMRC) of Australia developed the National Approach to 

Single Ethical Review of Multi-Centre Research, previously 

known as Harmonisation of Multi-Centre Ethical Review 

(HoMER) project.2 It was designed to facilitate effective 

ethics approval processes for multi-site research projects 

where a lead Human Research Ethics Committee (HREC) 

would review the project and provide an approval sign-off 

recognised by other research sites. However, until very 

recently, the process of “streamlining ethics review” was 

only operated on at state level. Prior to 14 December 2015 

there was no streamlined national process for obtaining 

ethical approval for non-clinical trials across Australia.2  

While establishing a nationwide study to investigate the 

molecular aetiology of Giant Cell Arteritis (GCA), we 

identified differences and inconsistencies amongst HREC 

and Research Governance Office (RGO) requirements in 

Australia. Our study has the primary aim to investigate the 

genetic architecture of GCA by genotyping samples of 

patients with this disease. Unfortunately, given the age at 

which patients with GCA are diagnosed, retrospective 

recruitment of blood samples is difficult. However, the gold 

standard method to diagnose GCA is through temporal 

artery biopsy,3 and these archived pathological specimens 

represent a rich resource for genomic studies.4 As such, our 

proposed work seeks to use re-identifiable biopsies 

currently stored in pathology centres around the country. 

We have established a network of collaborating centres and 

investigators to facilitate access to such archived specimens.  

Given the research framework in Australia at the time of 

establishing our national study, numerous ethics and 

research governance applications were made to cover each 

participating site. Significant discrepancy was noted with 

regard to the practices of these committees across the 

country and in this manuscript we seek to highlight and 

explore the impediments to conducting non-interventional 

clinical research. We demonstrate the differences amongst 

HREC and RGO guidelines, as well as highlight the challenge 

and workload involved in obtaining ethics and governance 

approval for a national non-clinical trial study. 

Methods 

All submission paperwork and email correspondence from 

each collaborating site and its representative HREC and RGO 

were reviewed. This information was used to evaluate 

differences in interpretations and practices.  

We documented the nature of the ethics and/or 

governance application procedures for the various sites. We 

recorded whether ethics committees requested a National 

Ethics Application Form (NEAF) versus a Low Negligible Risk 

(LNR) form and whether the requested form was to be 

completed and submitted via the  https://neaf.gov.au or 

https://au.ethicsform.org websites. We documented 

whether RGOs requested a Site Specific Assessment (SSA) 

form and the formatting requirements. The need for 

detailed budget declarations prior to submission and for 

formal written research agreements were also recorded.  

For some analyses, when possible, we grouped the results 

from the HREC and RGO of a collaborating site. This allowed 

us to determine the efficiency and overall performance of a 

site’s “office for research” as a whole rather than the HREC 

or RGO independently. The requested submission formats, 

whether electronic or hardcopy, requested by each site’s 

office for research were documented. We took note of any 

paperwork required by HREC and/or RGO that was specific 

in its request and not previously submitted to any other 

site. These included pathology forms, special checklists, as 

well as specific requested letters on special letterhead. 
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When applications were not yet submitted or review not 

complete, these were excluded from some of the analyses.  

Details relating to the number of ethics and governance 

committee panels reporting an “issue” regarding our 

application were recorded. An issue raised was defined as 

any documented query or concern that required a direct 

response by the investigators. When pre-submission 

inquiries were performed, we only considered the issues 

derived after full committee review.  

The total number of documents submitted as part of one 

complete ethics and/or governance application for each site 

was calculated. When RGOs requested the provision of the 

original ethics documents and corresponding approval letter 

received from a previously approved HREC, these were also 

included. The duration of each collaborating site’s ethics 

and/or governance review process was calculated from the 

time of complete application submission to the time of final 

approval. When ethics and governance applications were 

sent as one, only the duration of the ethics review was 

calculated. When available, the cost of an office for research 

administration was also recorded. 

Results 

Twenty-five anatomical pathology departments across 

Australia collaborated in our GCA study in 2014 and 2015. 

These departments were either part of public Australian 

hospitals or independent private pathology centres. 

For the purpose of our study, all states, except Victoria, 

employed the single ethics review model, with one 

application covering ethics approval for all sites within that 

state. An individual ethics application was completed for 

seven of the eight participating study sites within the state 

of Victoria. One Victorian application is awaiting signatures 

and is still to be submitted. A total of six ethics applications 

were submitted to cover the rest of the study sites across 

the country.  

Table 1 outlines the item requirements in each ethics 

application submitted varied across HRECs. There was no 

overall consensus regarding which type of ethics application 

best suited our study. Opinions varied between HRECs as to 

whether our study protocol required a full NEAF application 

or whether our study could instead be classified low risk and 

hence require an LNR application.  

In total, three HRECs requested an LNR application, 

including the lead NSW HREC for our study. Their reasoning 

was justified as: “There is no likelihood for incidental 

findings or other findings that will impact on individual 

patients or their families and therefore there will be no 

need to contact them down the track ... Our decision is 

based on sections 3.5 (Human Genetics p41 & 42) of the 

NHMRC National Statement”.5 However, the majority of the 

HRECs deemed that a full NEAF was necessary in view of the 

fact that we were employing tissue for genetic purposes and 

that data collected were re-identifiable. Other HRECs judged 

that our study did not meet low-risk criteria as a waiver of 

consent was requested, and hence a full NEAF was deemed 

more appropriate. Two ethics applications were submitted 

prior to the release of the web-based NEAF proforma in 

2010.6 All other applications were submitted after January 

2014.  

Table 1: Nature and modality of ethics and governance 
applications requested by HRECs and RGOs 

Ethics Applications: Number of HRECsa requesting NEAFb, LNRc 
or prior approval recognition 

NEAF 7 

    Original NEAF website 4 
    Online forms website 3 

LNR (online forms website) 3 
Previous acceptance form 3 

Form predating web based ethics proforma 2 
Total ethics applications 15 

Governance Applications: Number of RGOsd requesting SSA 

SSAe 21 

    Online forms website 14 

    Individual Site Assessment form 7 
No SSA 4 
Total Governance applications 21 

aHREC=Human Research Ethics Committee; bNEAF=National Ethics 

Application Form; cLNR = Low Negligible Risk Form; dRGO=Research 

Governance Office; eSSA=Site Specific Assessment Form  
Original NEAF website: https://www.neaf.gov.au; Online forms website: 
https://au.ethicsform.org 

 
Three HRECs bypassed the need for a full formal ethics 

application through NEAF or LNR, and performed an 

expedited ethics review based on the fact that former ethics 

approval had been granted by other HRECs across the 

country.  

HREC guidelines differed in regard to which proforma 

should be used to complete the ethics form. Some HRECs 

requested the NEAF form be completed and downloaded 

from the https://www.neaf.gov.au website, while others 

requested completion of either a NEAF or LNR from 

https://au.ethicsform.org (Table 1). For the three HRECs 

suggesting an expedited review through a “former 

acceptance form”, this unique application form was 

available on their own website rather than one of the two 

aforementioned generic ethics websites. 
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A total of 21 governance applications were completed, and 

as such only four sites did not require a specific governance 

review (Table 1). Detailed budgets were required by 16 (64 

per cent) of the RGOs prior to submission. A formal research 

agreement was required by 12 (48 per cent) RGOs, of which 

nine requested a material transfer agreement (MTA) (Table 

2).  

Table 2: Differences in guidelines and procedures amongst offices 

for research; number of offices for which the analyses apply 

Analysis of applications Number of offices  
for research 

Ethics review turn around time  
≤ 2 weeks 2 

> 2–4 weeks 2 

> 1–2 months 7 
> 2–3 months 1 
> 3 months 2 

Governance review turnaround time  
≤ 2 weeks 1 
> 2–4 weeks 8 

> 1–2 months 2 
> 2–3 months 2 

> 3 months 1 
Necessity of research agreement & type  

Yes 12 
MTAa 7 
RCAb alone 1 

MTA & RCA 2 
MIAc 2 
None 12 
Total number of documents requested  

≤ 5 3 
6 to 7 4 

8 to 9 13 
10 to 20 3 

≤ 20 1 
Electronic or hard copy submission  

Electronic 6 

Hard copy 18 
Number of issues raised at ethics and/or governance review 
0 11 

1–3  5 
4–5  5 
6–7  0 
8–9  2 
>10  1 

aMTA=Material Transfer Agreement; bRCA=Research Collaboration 

Agreement; cMIA=Multi-Institutional Agreement.  

Fourteen offices for research required the submission of a 

document or form unique in their guidelines and which had 

not been submitted elsewhere. Two states, Victoria and 

Western Australia, requested the completion of a state 

specific special study module as part of their ethics 

application process. 

 

Electronic submission of documents by email was accepted 

for seven offices for research. The majority of offices for 

research, either by their HREC, RGO or both, required some 

form of hard copy submission (Table 2).  Most offices 

requested anywhere between one and three hard copies of 

documents. One Victorian office for research requested 

eight copies of all submitted paperwork. 

The total number of documents submitted to each research 

office, whether HREC, RGO, or both ranged from five to 22 

documents. The majority of offices for research requested a 

submission pack containing between eight to nine types of 

documents (Table 2). Most RGOs requested submission of 

all documents provided by the initial ethics approval.  

Eleven committees neither identified any issues nor 

required any changes to be made to our application. 

However, 13 committees required amendments or 

clarifications. The total number of issues raised by each 

committee was noted (Table 2); the majority had three or 

four, but a few required detailed answers to more than 

eight issues. Three offices for research requested 

resubmission of the entire application. The topics of issues 

raised by committee panels in response to our application 

are categorised in Table 3.  

Table 3: Topics raised in response to our ethics and governance 
applications; Number of offices for research raising each topic  
 

Topics raised in response letters Number of offices 

Study protocol-related queries  
Confidentiality, sample ID & storage 9 

Waiver of consent 7 
Risk or benefit to patient or their family  3 
Medical records & database access 1 

Role future research & use of data 3 

Collaboration-related queries  

Research agreement  5 
Material transfer between sites/states 3 

Administration-related queries 

Additional documents required 4 
Signature on documents  4 

Phrasing of document/wording 2 

Staff training for project  1 
Financial issues  4 

 

Turnaround time for ethics and governance reviews varied 

substantially.  The median/mean turnaround time for ethics 

review was 43 days (range nine to 136 days). Governance 

review time varied from 12 to 147 days (Table 2). The 

administration costs by offices for research differed 

substantially. Administration charges varied from AUD $0 to 

$660. Costs were not always clearly stated at the time of 

application. 

 

 

 



 57 

 

37 
 

[AMJ 2016;9(2):33–39] 
 

Discussion 
This study highlights the heterogeneity of HREC and 

governance practice in Australia. In 2009, Thompson et al. 

pleaded for an improvement in the way ethics for national 

studies was conducted across Australia.7 Thompson et al. 

mentioned differences in HREC reporting timeframes and 

submission practice with regard to digital signatures and 

faxing of documents being allowed. Six years later, we 

found that many of these problems remained and that 

there is great opportunity to harmonise ethical review of 

research across Australia.  

The longest ethics review turnaround time in our study was 

136 days. According to a review published by Hunter8 in 

2015, in New South Wales the average total time that ethics 

applications spent in review was 77 days in 2012. His 

findings were in agreement with ours in that there was a 

large variation in time spent at review, from 33–165 days.8,9 

Negative experiences with regard to costs, inefficiency, 

tardiness, duplication, as well as the inconsistent nature of 

ethical practice for the same study by ethics committees 

have also been reported in the United States and United 

Kingdom.10–14 

The Australian National Mutual Acceptance (NMA) 

programme, implemented in November 2013, enabled 

multi-centre clinical trials taking place in one or more of the 

participating states, to be eligible for single ethical review. 

While previously limited to the review of clinical trials only, 

as of December 2015, the NMA broadened its scope to 

incorporate the review of all multi-centre human research 

proposals.2 However, the NMA only covers full NEAF 

applications and does not apply to LNR applications.  

Although this latest NMA reform was implemented too late 

to benefit the conduct of our national study, it is promising 

to see the realisation of a nationalised ethics review system 

for human non-clinical trial studies in Australia. Future 

studies that will benefit from these recent reforms include 

studies requiring access to archived pathological specimens 

such as ours, as well as observational studies needing access 

to medical records or databases across multiple sites and 

states. Rationalising and streamlining ethics nationally will 

prevent a huge burden on researchers and unnecessary 

duplication of their work.7,14–16 HREC energy and resources 

can be spent on other matters.  

Current states participating in the NMA programme are 

New South Wales, Queensland, South Australia, and 

Victoria.2 Although other sites in non-participating states 

may accept an interstate multisite ethics approval or 

possibly use it to fast track their local ethics application, a 

separate ethics application for their site may still be 

required. In addition, the NMA policy only covers studies 

performed in publicly funded health services.2 A private 

health institution might accept the NMA multisite ethics 

approval, but this decision remains at the discretion of the 

participating private health centre’s ethics committee. As 

such, researchers collaborating with both sites in 

participating and non-participating NMA states, and/or 

public and private health services, may still experience 

duplication of work in establishing their multisite non-

clinical trial research study.  

Prior to the recent NMA expansion to nationalise ethics for 

all medical research, the process of “streamlining ethics 

review” for non-clinical trial studies took place in certain 

states across Australia. This meant that a research project, 

taking place across multiple sites within a jurisdiction 

actioning this reciprocal approval model, only required one 

ethical and scientific review conducted by a NHMRC 

certified HREC within that state. During the time course of 

our study, most jurisdictions, other than Victoria, allowed 

for this single ethics review model. It was only as of January 

2015 that the Victorian Streamlined Ethical Review Process 

(SERP) was extended to include all health and medical 

research.2 This single ethics model for a study carried at 

multiple sites within the same state is still in place in states 

such as Western Australia, which does not take part in the 

NMA.  

Our study also highlights inconsistencies amongst 

governance applications. In 2007, the reform to centralise 

ethics review in some states resulted in decoupling research 

governance processes from human ethics. This has meant 

that governance approval still needs to be obtained for each 

separate research site, hence delaying overall approval to 

include a site.17 The lack of communication between HRECs 

and RGOs, whether at the same site or amongst different 

healthcare districts, created duplication of work within our 

research study. 

Although there has been some effort made to improve the 

conduct of ethics application processes, we suggest 

improvements can be made to current practice for offices 

for research (Figure 1). Our study highlights that HRECs 

were not always clear or in agreement as to how to 

interpret the guidelines of the National Health and Medical 

Research Council (NHMRC) National Statement on Ethical 

Conduct in Human Research. The interpretation of these 

guidelines, in particular chapters 3.4 (ethical considerations 

specific to the use of bio-specimens in laboratory based 

research) and 3.5 (ethical considerations with regard to 

human genetic research) varied significantly between 

discrete HRECs. Their understanding of the national 
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2.3.2 National and International Recruitment  

Archived TAB specimens were retrieved from 28 pathology centres across 4 countries 

(Table 3-1, Chapter 3). Twenty-four anatomical pathology departments across 

Australia collaborated in our GCA study. These centres were either part of public 

Australian hospitals or independent private pathology centres (Table 2-2). Three 

centres in New Zealand and two from Europe, namely the Netherlands and Germany 

provided archived biopsy tissue for this study.  

Blood samples were collected from 6 participating centres (Table 3-2, Chapter 3). 

Participating centres providing blood samples in Australia include The Royal 

Victorian Eye & Ear Hospital (Victoria), The Queen Elizabeth Hospital and Flinders 

Medical Centre (South Australia), AGRIA (Arthritis Genomics Recruitment Initiative 

In Australia), Sir Charles Gardner Hospital (Western Australia) and from the UK, 

Leeds Institute of Rheumatic and Musculoskeletal Medicine. In total, 2084 FFPE 

samples and 345 blood samples were recruited from patients with biopsy proven GCA 

(Figure 2-2).  FFPE blocks dated back as far as 1987.   

 

Figure 2-2. GWAS Recruitment Map 



 61 

Table 2-2. GCA study Australian collaborating sites and the committees that approved their participation within the study 

Collaborating Site State/Territory HREC approving ethics at this site RGO approving governance at this site (when applicable) 

Royal Melbourne Hospital Vic Melbourne Health  Melbourne Health  

Box Hill Hospital Vic Eastern Health  Eastern Health  

The Alfred Hospital Vic The Alfred Health The Alfred Health 

The Austin Hospital Vic Austin Health  Austin Health  

St Vincent's Hospital Melbourne Vic St Vincent's Hospital (Melbourne) HREC-A St Vincent's Hospital (Melbourne) HREC-A 

Royal Victorian Eye and Ear Hospital Vic The Royal Victorian Eye & Ear Hospital The Royal Victorian Eye & Ear Hospital 

Monash Medical Centre  Vic Monash Health Monash Health 

Royal Perth Hospital WA Royal Perth Hospital Royal Perth Hospital 

Sir Charles Gardner Hospital WA Royal Perth Hospital Sir Charles Gairdner Group  

Fremantle Hospital WA Royal Perth Hospital South Metropolitan Health Service  

St John of God Pathology (Subiaco) WA St John of God Health Care  St John of God Health Care  

Prince of Wales/Sydney Eye Hospital NSW South Eastern Sydney LHD  South Eastern Sydney LHD  

Royal North Shore Hospital NSW South Eastern Sydney LHD  Northern Sydney Local Health District  

Royal Prince Alfred Hospital NSW South Eastern Sydney LHD  Sydney LHD (RPAH zone) 

Liverpool Hospital NSW South Eastern Sydney LHD  South Western Sydney LHD  

Westmead Hospital NSW South Eastern Sydney LHD  Western Sydney LHD  

St Vincent's Hospital Sydney NSW South Eastern Sydney LHD  St Vincent’s Hospital 

The Canberra Hospital ACT ACT Health  ACT Health  

Royal Hobart Hospital Tas Tasmania Health & Medical  - 

Hobart Pathology  Tas Tasmania Health & Medical  - 

Flinders Medical Centre SA Southern Adelaide Clinical Southern Adelaide Clinical 

The Queen Elizabeth Hospital SA Southern Adelaide Clinical Central Adelaide Local Health Network  

Royal Adelaide Hospital SA Southern Adelaide Clinical Central Adelaide Local Health Network  

Queensland Pathology QLD Royal Brisbane & Women's Hospital  - 

Abbreviations: HREC = Human Research Ethics Committee; RGO = Research Governance Office; LHD = Local Health District.  
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2.3.3 Analysis of GCA Cohort Epidemiological Data (*Publication) 

With one of the largest GCA datasets available, a separate analysis on the 

demographic and epidemiological data available from this cohort was used to 

determine whether there was seasonal variation in the incidence of GCA which could 

indicate an environmental aetiology. Data analysis was performed using the 

information completed by pathologists on the ID sheets (Appendix B) for each TAB.  

Results of this demographic analysis reflect that there was no significant seasonal 

influence in the incidence of GCA. Results are detailed in the manuscript: The geo-

epidemiology of temporal artery biopsy positive Giant Cell Arteritis in Australia 

and New Zealand: Is there a seasonal influence? RMD Open 33. 

Having analysed the demographic and epidemiological data from this cohort in the 

chapter, the next chapter discusses the GWAS for which the FFPE and blood samples 

were recruited.  
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CHAPTER 3.  A GCA GENOME-WIDE ASSOCIATION 

STUDY  
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3.1 INTRODUCTION TO GWAS 

For many complex diseases, such as GCA, the underlying biology is relatively poorly 

understood, and the number of potential candidate genes is overwhelmingly large. 

Furthermore, the functions of the majority of human genes are not fully known, 

thereby foregoing their potential for inclusion in a candidate gene study design. In 

contrast to these more traditional genetic study approaches, a GWAS investigates the 

entire genome. 

A GWAS is an observational study. The general principle of a GWAS is that the 

DNA of participants with a certain disease or trait (cases) is compared to that of 

individuals without that particular disease or trait (controls) to look for genetic 

differences.  

In the last twelve years, GWAS has revolutionised the gene-mapping field. The 

discovery of disease-associated loci through GWAS is the leading genetic approach to 

the identification of novel biological pathways underlying diseases in humans 

126. GWA-studies were recognized as Science's breakthrough of the year in 2007 and 

successfully identified thousands of SNPs associated with age-related macular 

degeneration (ARMD), glaucoma, type-1 diabetes mellitus (TIDM), ankylosing 

spondylitis (AS), inflammatory bowel disease (IBD), Systemic lupus erythematosus, 

(SLE) and Anti-neutrophil-cytoplasmic antibody (ANCA) - associated vasculitis 

(amongst many others).127-134   

3.1.1 Genetic Information  

Humans carry two homologous chromosomes (segments of DNA) one inherited from 

each parent, coding for the same trait but may carry a different genetic code. An 

individual’s genotype is the pair of DNA bases adenine (A), thymine (T), guanine (G) 

and/or cytosine (C) observed at each location of the genome. This pair includes one 

base inherited from each of the two parental genomes 135.  

A GWAS searches the genome for markers of genetic variation known as single 

nucleotide polymorphisms (SNPs) 136. A SNP simply describes a single base pair 

change that is variable across the general population at a frequency of at least 1% 135. 
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SNPs typically have two alleles, meaning within a population there are two 

commonly occurring base-pair possibilities for a SNP location.  

The term zygosity refers to the genetic makeup of two homologous chromosomes. An 

individual is said to be homozygous at a given SNP locus if the two observed base 

pairs are the same. For example, someone presenting with the AA or aa genotype, is 

said to be homozygous. The letters A and a are used to represent the observed DNA 

bases (A, C, T or G). For example, A may represent cytosine (C) and a may represent 

guanine (G) 135. Heterozygosity, refers to the presence of more than one allele at a 

given site (Aa).  

If a variant (or allele), is more frequent in people with the disease, the variant is said 

to be associated with the disease 136. The frequency of a SNP is given in terms of the 

minor allele frequency (MAF), i.e. the frequency of the less common allele 136. The 

associated SNP alleles are considered to mark a region in the human genome that may 

influence certain disease risk 136.  

Although a GWAS can identify SNPs associated with a trait, it cannot determine a 

causal relationship 136. SNPs may or may not have functional consequences. Some 

base pair changes cause amino acid changes, changes to mRNA transcript stability, 

and changes to transcription factor binding affinity 136 and as such impact disease 

status. Others have very little or no functional impact. 

SNPs are considered a type of common genetic variation; many SNPs are present in a 

large proportion of human populations. The common disease/common variant 

(CD/CV) hypothesis states that common disorders, such as TIDM, are likely 

influenced by genetic variation common in the general population 137. There are 

several key ramifications of this hypothesis when studying complex disease. Firstly, if 

common genetic variants influence complex diseases, the effect size (penetrance) for 

any one variant is likely to be small. Secondly, if common alleles have low 

penetrance, but common disorders show a degree of heritability (i.e. inheritance in 

families), then multiple common alleles are likely to influence disease susceptibility 

136. When heritability of a common disease is said to be 30%, then 30% of the total 

variance in disease risk is due to genetic factors. If the allele of one SNP sustains only 

a small degree of disease risk, then that SNP only explains a small proportion of the 
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total heritability. As a result, the total genetic risk due to common genetic variation is 

likely to be spread across multiple genetic factors 136.  

3.1.2 The International HapMap and 1000 Genomes Projects 

Putting the CD/CV hypothesis to the test, the International HapMap Project, initiated 

in 2002 138, was designed to identify the location and density of commonly occurring 

SNPs across the genome and to characterize correlations among variants (haplotype 

blocks) in different populations 136. The HapMap Project used predominantly 

genotyping techniques to discover SNPs in European descent populations, the Yoruba 

population of African origin, Han Chinese individuals from Beijing, and Japanese 

individuals from Tokyo 138-139. The project expanded in 2009 (phase 3) where 1.6 

million common SNPs were genotyped in 1,184 reference individuals from 11 global 

populations, and ten 100-kilobase regions in 692 of these individuals were sequenced 

140.  

Following on from the Hapmap Project, the 1000 Genomes Project (1000G) was an 

effort to make a more comprehensive map of human genetic variation using 

sequencing rather than genotyping involving 1029 individuals from 26 populations 

141. This project characterized a broad spectrum of genetic variation, more than 88 

million variants 141.  

Both the HapMap and the 1000G projects served towards a high-resolution map of the 

landscape of human genetic variation. The HapMap genotype data allowed the initial 

examination of linkage disequilibrium (LD) 138. LD refers to the concept of 

chromosomal linkage, in other words when two alleles remain linked on a 

chromosome rather than being broken apart by recombination events during meiosis 

136. As such an LD score, describes the degree to which an allele of one SNP is 

observed with an allele of another SNP (the degree of co-occurrence for two alleles) 

136.  The concept of haplotype, describes a sequence of DNA from one chromosome 

(cluster of SNPs or genes), which is inherited together, or in other words the specific 

combination of alleles that are in alignment 135.  

https://en.wikipedia.org/wiki/International_HapMap_Project
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3.1.3 GWAS Design 

The most common approach of a GWAS involves a case-control setup. There are a 

few prerequisites at enhancing statistical outcomes of such study designs. Sample size 

needs to be optimized; the consensus view is clear: the more samples the better 142. It 

is important to minimize phenotypic heterogeneity when its comes to case selection, 

and recruiting cases and controls (even if historic controls) that are well matched for 

ethnic background 142. Population substructure such as ethnic background (population 

stratification and cryptic relatedness) can cause type 1 error (false positive) and 

increase the risk of spurious claims of association around variants that are informative 

for ethnicity rather than disease 142.  

3.1.4 GWAS Technology 

Once appropriate cases are selected and good quality DNA is extracted, samples get 

screened for genetic variants. The predominant technique used for genetic screening 

today is microarray technology, also known as SNP arrays. Two primary commercial 

platforms have been used for most GWAS. These include Illumina (San Diego, CA) 

and Affymetrix (Santa Clara, CA). Both assays rely on direct hybridization of 

genomic targets to array-bound sequences. lllumina uses microbead technology 

(beadchips), followed Single base extension, fluorescent staining, signal 

amplification, scanning, and analysis using the Genome Studio software 

(https://www.illumina.com/techniques/microarrays/human-genotyping.html). 

The final choice of array platform is often a pragmatic one, based on ethnic origin of 

the samples, the overall research objectives, genotyping coverage, but also cost 142. 

The technology for measuring genomic variation is changing rapidly and it is likely 

that chip-based genotyping platforms will be replaced over the next few years with 

inexpensive new technologies for sequencing the entire genome.  

3.1.5 Imputation 

Microarray technologies allow for the assessment of over a million SNPs on a single 

chip in a highly cost effective manner. By knowing which alleles are likely to be co-

inherited through haplotype frequencies from the HapMap and 1000 Genomes 

https://en.wikipedia.org/wiki/Case-control_study
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Projects, microarray platforms select only certain SNPs known as “tag SNPs”, to 

predict the surrounding stretch of DNA in high LD 136,143. Eighty percent of 

commonly occurring SNPs in European descent populations can be captured using a 

subset of 500,000 to one million SNPs scattered across the genome 144.  

Although both the HapMap and the 1000G Projects allow imputation from their 

reference genomes, an increasing number of GWAS now use the higher resolution 

1000G reference panel for imputation rather than the HapMap imputation. A meta-

analysis of 22 studies, comparing HapMap versus 1000G imputation, showed that the 

1000G imputation enabled the identification of 20% more loci than HapMap 

imputation 145.  

3.1.6 Quality Control Steps 

Over the years, statistical methods have improved GWAS analysis, and increased the 

accuracy and reliability of GWAS outputs 142. Although QC of genotyped data is 

extremely important for GWAS, as highlighted in Chapter 2, QC steps start prior to 

genotyping; appropriate sample selection and DNA QC enhance final GWAS results. 

Removing samples with poor quality DNA prior to genotyping will reduce poor 

genotyping results. 

Once genotyped, statistical and data filtering procedures are applied to ensure the 

validity of data and inclusion for further analyses. PLINK is the most commonly used 

software for GWAS analysis and QC 146. It is a freely available tool that implements 

large scale GWAS data and analyses it in a computationally efficient manner. QC 

steps are performed at both “sample” (individual) and “SNP” level, those not meeting 

the criteria are removed (Figure 3-1) 147.  
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Figure 3-1. GWAS data Quality Control flowchart 

 

3.1.6.1 Genotyping Call Rate 

One of the first QC steps if to filter out samples (or individuals) and SNPs with poor 

genotyping call rates. Samples with high missing call rate usually result from poor 

DNA quality. The sample call rate is defined as the fraction of called SNPs per 

sample over the total number of SNPs in the dataset. Therefore the missing call rate of 

samples is the proportion of SNPs whose genotypes are not called for a given 

individual 147. Generally samples with a missing call rate of 1-5% are removed. In 

other words, a genotyping sample call rate of >95% is usually accepted. . 

SNPs with high missing genotype rate >5% usually result from a poor genotyping 

process. The SNP call rate is defined as the proportion of individuals for which that 

corresponding SNP information is present. Therefore a SNP call rate of 95% for a 

particular SNP means that 95% of the individuals have data for that SNP 148. A 

potential way to overcome poorly performing or un-typed SNPs, is to use imputation 

genotype to complete the gaps.  
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3.1.6.2 Heterozygosity 

Another measure of DNA quality and contamination is an increased heterozygosity 

rate 149. The distribution of mean heterozygosity (excluding the sex chromosomes) 

across all cases and controls allows to identify individuals with an excessive 

proportion of heterozygote genotypes. Mean heterozygosity is the Number of total 

non-missing genotypes (N) – homozygous (0) genotypes divided by total non-missing 

genotypes (N) (which is given by (N–O)/N, where N is the number of non-missing 

genotypes and O is the observed number of homozygous genotypes for a given 

individual) 149. Heterozygosity will differ between populations and SNP genotyping 

panels. Overall, the values of exclusion criteria used in QC are case-specific and 

dependent on other factors, such as effect sizes of SNP, sample sizes and genotyping 

platform147. 

3.1.6.3 Gender Concordance 

Gender can be an important covariate in GWAS. X chromosome data is used to 

estimate sex and compare it to self-reported sex. Discrepancy of reported and 

estimated sex should be examined and if unresolved, these should be removed 147.  

3.1.6.4 Identity-by-Descent  

Sometimes the apparently independent subjects in GWAS have hidden relationship, 

which may lead to spurious associations. As independence among samples is a 

fundamental assumption of case-control study, related individuals are excluded 147. 

The probable relatives and duplicates are detected based on pairwise identify-by-

descent (IBD). PLINK from which a variable called PIHAT is calculated via PLINK 

146. Individuals with high PIHAT score calculated in PLINK (e.g. PI-HAT > 0.2) are 

removed 147 to prevent either duplicated or biologically related samples being 

included in the analyses.  

3.1.6.5 Hardy–Weinberg Equilibrium 

The Hardy–Weinberg equilibrium (HWE) principle states that allele and genotype 

frequencies in a population will remain constant from generation to generation in the 

absence of other evolutionary influences. It assumes no mutation, no migration, no 

selection, random mating and infinite population size and is developed under the 

principle of linkage equilibrium150.  
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HWE is typically assessed using a Chi-square goodness-of-fit test, SNPs with HWE 

P-values <10-5 should be removed from further analysis 147.  However, departure from 

HWE can occur due to genuine genetic association. Nevertheless, deviations from 

HWE in the control group may reflect important problems including selection bias, 

population stratification and genotyping errors. All SNPs with extreme departures 

from HWE in controls should be removed.  

3.1.6.6 Minor Allele Frequency 

Most commonly used SNP-chips genotype common variants. These chips are not 

designed to genotype rare variants. As such SNPs with MAF <1% (0.01) are excluded 

from analysis. Very low frequency alleles are likely to represent genotyping error and 

may result in spurious associations should they be included in the analysis 147. The 

statistical power is extremely low for such rare SNPs.   

3.1.6.7 Cluster Plots 

Cluster plots are used to run diagnostics at the level of individual SNPs 142. These are 

usually performed if the associated variants are rare, MAF <1%. Typically, raw data 

from the genotyping platform is plotted along two axes (one for each allele) to define 

clusters of data corresponding to the three genotype groups (AA, Aa, aa). In clean 

data, the clusters are well defined, with no overlap meaning that there was no or little 

error in allele calling Figure 3-2. When there is significant overlap between clusters, 

it is likely to result in bias estimates of genotype frequencies, which can result in 

spurious association signals 142.  

SNPs that cannot be assigned clearly to a cluster are assigned “missing” status during 

genotype calling. Missing frequency is the fraction of total genotype calls for a SNP, 

which has been assigned missing status. High missingness signifies that poor cluster 

separation for a SNP and the SNP needs to be removed 149.  
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Figure 3-2. Example of cluster plots: raw data from the genotyping platform is plotted along 

two axes (one for each allele) to define clusters of data corresponding to the three genotype 

groups (AA, Aa, aa). In the left panel, the three clusters are well defined and individual 

genotypes are accurately called (as shown by the three colours). In the right panel, all failed 

genotypes are either heterozygotes or homozygotes for the green allele. This generates biased 

estimates of genotype frequencies. This figure is adapted from Box 2 in “Genome wide 

association studies for complex traits: consensus, uncertainty and challenges” by McCarthy et 

al.  2008, page 361 142. Copyright Nature Publishing Group. 

 

3.1.6.8 Population Stratification 

When the allele frequency differences between the case and control is due to 

systematic ancestral differences, it is said to have population stratification 
147

. 

Population outliers can be identified with PLINK. For each individual, the distance to 

its nearest neighbour is calculated, and then from the distribution of distance, the 

sample mean and variance is calculated which is then transformed into a z score 147. If 

an individual has an extremely low z score (e.g., < 4 standard deviations), this 

individual has significantly different genetic background from the rest of the study 

cohort and should be excluded as outlier 147.  

Principal component analysis (PCA) is frequently applied to account for population 

stratification. The basic idea of PCA is to explicitly capture the hidden ancestry 

genetic background by extracting the top several independent axes of variation 147. 

Specifically, it suggests that individuals with similar principal components (PCs) are 

likely from the same subpopulation. The PCA method is called EIGENSTRAT 

151.  By identifying ancestry differences between cases and controls, correction can be 

made to account for variations in frequency across ancestral populations, minimizing 
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spurious associations while maximizing power to detect true associations 151. 

Population stratification is commonly represented in a PCA graph (Figure 3-3).  

 

Figure 3-3. Example of PCA graph showing clustering of ethnic groups in a multi-ethnic 

cohort study (MEC). Represented is this particular graph are the clusters seen within a 

Hawaiian population (MEC_H) using the top 2 PCs from PCA on the HapMap European and 

East Asian samples. Colours correspond to ancestral proportions derived from self-reported 

parental ethnic composition. Adapted from Figure S6 in “Self-reported Ethnicity, Genetic 

Structure and the Impact of Population Stratification in a Multi-ethnic Study” by Wang et al. 

Hum Genet. 2010 152, Copyright PMC 2011. 

 

3.1.6.9 Genomic Inflation 

In the presence of population substructure, where there is population admixture and 

cryptic relatedness, genomic control assumes that the chi-squared statistic x2 is 

inflated by a constant inflation factor λ 147
. In theory, λ should be equal to 1 in a 

homogeneous population. Therefore λ > 1 implies population structure or inflation. 

Genomic control corrects for population structure by rescaling each test statistic using 

uniform inflation factor λ 147. An empirical value of λ < 1.05 is deemed acceptable 147.  
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When presenting GWAS QC data, a quantile-quantile (Q-Q) plot is used to highlight 

genomic inflation. A Q-Q plot shows the distribution of the observed x2 statistics. It 

indicates whether the study generated more significant results than expected by 

chance. It compares the observed genotype count for each variant passing QC versus 

the expected (null hypothesis = no association) 142. Deviation from the null across the 

entire distribution inflation is indicative of population stratification or cryptic 

relatedness, and shows inflation. Ideally, a Q-Q plot, would show little evidence of 

population substructure, but compelling evidence for an excess of disease associations 

with great deviations at the end of the range (Figure 3-4)142.  

 

Figure 3-4. Example of a quantile-quantile (Q-Q) plot: a visual summary of the distribution of 

the observed versus expected SNP test statistics generated by a GWAS. The blue line denotes 

expectation under the null hypothesis and red circles indicate idealized test results from 

hypothetical GWAS data. A clean Q-Q plot shows a solid line matching X=Y until it sharply 

curves at the end, representing the small number of true SNP associations. In this graph, there 

is little evidence of substructure (inflation), but compelling evidence for an excess of disease 

associations. This figure is adapted from Box 2 in “Genome wide association studies for 

complex traits: consensus, uncertainty and challenges” by McCarthy et al.  2008, page 361 142. 

Copyright Nature Publishing Group. 

 
Genomic inflation can be corrected for by LD score regression, which quantifies the 

contribution of for confounding factors such as population stratification. L score 

regression examines the relationship between test statistics and LD 153.  
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3.1.7 Genome-Wide Analysis  

Comparing allele or genotype frequency between case and control is central to a 

GWAS. The fundamental unit for reporting effect size is the odds ratio (OR). The 

allelic OR is the ratio of two odds; the odds of disease for individuals having a 

specific allele (exposed) versus the odds of disease for individuals who do not have 

that same allele (non-exposed) 154.  

Finding an OR that is significantly different from 1 is the objective of a GWAS 

because this shows that an allele is associated with disease 154. For example, when 

determining whether A is the risk allele versus the C allele: 

ORA is =  odds that A allele occurs in a case 

                 odds that C allele occurs in a case 

 

If the OR = 1 then there is no association between either allele and disease (i.e neither 

A or C increase risk). If the OR > 1 then A allele increases risk of disease; if the OR < 

1 then C allele increases risk of disease. GWAS most often report ORs relative to the 

low-risk allele.  

The parameter of statistical significance of the OR is calculated through a chi-squared 

test, and is denoted as a P-value 154. A P-value threshold of 5 × 10−8 has become a 

standard marker of statistical significance for common-variant GWAS 155 and is used 

to determine the certainty of an association. 

The P-values of GWAS are generally shown by Manhattan plot.  It displays findings 

with respect to their genomic positions, highlighting signals of particular interest. This 

plot is produced by scattering the P-values in -log10 scale to highlight to small P-

values in the vertical axis and the physical position of SNP along chromosomes 

distinguished by different colours in the horizontal axis 147. The Manhattan plot can 

be executed through the R software package. An example of a Manhattan plot is 

shown by the Pilot GCA GWAS study showing a genome-wide significant hit on 

chromosome 6 (Figure 3-7).  

The method of association analysis described above, through OR and their associated 

P-values, is an example of single SNP scans (comparisons) 147. It proceeds by testing 

each SNP sequentially with the null hypothesis of no association. Logistic and linear 
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regression are also popular methods for single SNP scan as they are flexible tools that 

can accommodate interaction effects, covariates (e.g. sex, age, and smoking) and PCs 

adjusting for population structure 147.  

Although Single SNP scans are still the most commonly utilized approach for GWAS 

analysis today, these statistical methods are underpowered for analysing multifactorial 

diseases. A number of statistical techniques have been developed to deal with the high 

dimensional GWAS data 147. For example Bonferroni correction and false discovery 

rate (FDR) methods can be used to adjust in multiple SNP comparisons 156. Beyond 

SNP analysis, many GWAS now interrogate for copy number variants (CNV) in the 

human genome. CNV is a sub-microscopic variation of DNA segments, ranging from 

kilobases to megabases in size, including deletions, insertions, duplications, and 

complex multi-site variants 147. CNV is related to common complex diseases and is 

widely believed as one of the causes of missing heritability 147. Multiple comparison 

testing and CNV analysis is certainly more computationally challenging. 

Once GWAS significant loci are identified, Locus Zoom plots, a web-based plotting 

tool, provides a visual representation of regional information such as the strength and 

extent of the association signal relative to genomic position, local LD and 

recombination patterns and the positions of genes in the region (Figure 3-5) 147.  
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Figure 3-5. Example of a Locus Zoom plot for SNPs in the region flanking 400kb on either 

side of the selected SNP rs2513514 on chromosome 11. The chromosomal positions are on the 

horizontal axis, the p-values in --log10 scale are shown on the left vertical axis, the 

recombination rate are on the right vertical axis, and LD (r2) by colour, where both the higher 

r2 score and recombination peak indicate stronger association between alleles, The bottom 

panel of a LocusZoom plot shows the name and location of genes. The SNPs are shown  in 

purple and the r the values are represented by different colors. The genes within the region are 

annotated and are shown as arrows. Figure 5 from “Statistical analysis for genome-wide 

association study” by Ping Zeng et al.  2015, page 293 147. Copyright 2015 by the Journal of 

Biomedical Research. 

3.1.8 Heritability and Genetic Correlation 

In addition to determining the genetic variants associated with a phenotype, 

heritability is the proportion of phenotypic variance, which is attributable to genetic 

variance. The heritability score (h2) is a numerical value ranging from 0.0 (where 

genes do not contribute at all to phenotypic individual differences) to 1.0 (where 

genes are the only reason for individual differences)157.   

Genetic correlation, denoted by “r”, is the proportion of variance that two traits share 

due to genetics. A genetic correlation of r = 0 implies that the genetic effects on one 

trait are independent of the other, while a correlation of r = 1 implies that all of the 

genetic influences on the two traits are identical 158.  
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3.1.9 Replication 

The gold standard for validation of any genetic study is replication in an additional 

independent sample. Confirmation in independent replication cohorts, provides 

further statistical robustness and minimises risk of false positive associations 142. 

A replication study design should closely resemble the original study. The effect sizes 

of markers should show the same signs in both the replicated and original study. 

Failure to replicate findings does not necessarily imply that the original findings of 

association are false positive. Some markers have very small effects and cannot be 

easily rediscovered 159. Nevertheless, replication of GWAS findings is promising and 

encourages functional follow-up interrogation of the significant gene associations 147. 

3.1.10 Pathway Analysis and Functional Annotation 

The challenge commonly resulting from GWAS is gaining biological insights from 

the genetic associations identified, and unravelling which genes and pathways explain 

the associations. Modern pathway-based analysis provides a technique, which allows 

a comprehensive understanding of the molecular mechanisms underlying complex 

diseases 160. Numerous programmes exist for enrichment of biological pathways, 

some of which include Gene Set Enrichment Analysis (GSEA), KEGG, Ingenuity 

and Reactome (amongst many others) 161.  DEPICT is an integrative tool that employs 

predicted gene functions to systematically prioritize the most likely causal genes at 

associated loci, highlight enriched pathways and identify tissues/cell types where 

genes from associated loci are highly expressed 162. False Discovery Rate (FDR) is 

used to identify false positives in the context of multiple comparisons. A DEPICT 

FDR score of less than 0.05 signifies significantly associated pathways.  

Functional annotation can help characterise the biological mechanism underlying 

associations between genetic variants and diseases. Several software tools improve 

the functional annotation of regulatory SNPs, including ENCODE, NIH Roadmap 

Epigenomics and Fantom5 160. These resources are complemented by studies, such as 

the Genotype-Tissue Expression (GTEx) project, to identify SNPs known to affect the 

expression level of a particular gene in a particular tissue, known as expression 

quantitative trait loci (eQTL) 160. An eQTL is a basic statistic used in the combined 
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analysis of GWAS data and whole-genome transcriptional results. The association 

between a genetic variant and the disease or trait may be strengthened through eQTL 

analysis, because of the functional relevance 163. MetaXcan is a method that integrates 

GWAS and functional data. It integrates eQTL information and GWAS results to map 

disease-associated genes 164.   

3.1.11 Fine Mapping 

Following on from identifying associated SNPs, likely associated genes need to be 

prioritised according to importance. The goal of fine-mapping in genomic regions 

associated with complex diseases is to identify causal variants that point to molecular 

mechanisms behind the associations 165. Numerous studies have shown that the SNP 

identified as associated with a disease may not be located in a coding region which 

produces proteins 163. The majority of disease-associated variants are located in non-

coding regions (introns) of genes. Although such variants may not directly cause an 

amino acid change, they can still affect regulation of gene expression 163.   

Once a SNP is found to associated with a disease, the impact if this variant and the 

gene through which it exerts its effect, requires investigation. Although intuitively, it 

makes sense to think that genes in closest physical proximity to top associated 

SNP/locus are likely the most causal genes, this is not necessarily true. Summary 

data–based Mendelian randomization (SMR) analysis is a tool that integrates 

publically available summary-level data from GWAS with data from eQTL studies to 

prioritize genes at the  trait-associated loci identified in GWAS for subsequent 

functional follow-up studies 166. SMR analysis includes both a ‘SMR test ’ followed 

by a ‘HEIDI (heterogeneity in dependent instruments) test’ 166. 

The SMR test provides insight as to whether there is an association between a genetic 

variant, SNP, the expression level of the relevant gene, and a particular phenotype. If 

the expression level of a gene is influenced by a genetic variant, also known as an 

eQTL 167, then there will be differences in gene expression levels depending on the 

genotype of the genetic variant. Subsequently, if the expression level of the gene has 

an effect on a trait, then there will be a difference in phenotype among the different 

genotype groups. The SMR test provides a score; PSMR < 8.4 × 10−6 suggests a 
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significant association between all three variables 166. This p-value cutoff is based on 

searching for a causal gene across the whole genome. When assessing a particular 

locus, containing for example ~20 genes only, the p-value cutoff can be less stringent 

(e.g. p<0.05/20genes = 0.0025). 

Although the SMR test provides information about association, it does not clarify the 

exact relationship between all three variables. Conclusions cannot be drawn as to 

whether the relationship between the genetic variant, gene expression and phenotype 

is through causality (where the effect of a SNP on a trait is mediated by gene 

expression), pleiotropy (where a SNP has direct effect on both a trait and gene 

expression), or whether the association through linkage (where to the top associated 

cis-eQTL is in LD with two distinct causal SNPs, one affecting gene expression and 

the other affecting trait variation) (Figure 3-6) 166. Pleiotropy is of particular 

biological interest 168. It provides a more complete understanding of the complex 

relationships between genetic architecture and how biological systems function; 

multiple phenotypes such as physiological traits, clinical outcomes and drug response 

are dependent on one single genetic variant 169.  

The HEIDI test is a method that uses multiple SNPs in a cis-eQTL region, also known 

as the proximal eQTL region, to distinguish pleiotropy from linkage 166. The null 

hypothesis defines that there is a single causal genetic variant affecting both gene 

expression and trait variation (i.e. supporting pleiotropy). Testing against the null 

hypothesis is equivalent to checking whether there is heterogeneity in the effect of 

gene expression on phenotype for the SNPs in the cis-eQTL region 166. A PHEIDI  

0.05 implies significant heterogeneity and a positive HEIDI test PHEIDI 0.05 

supports the null hypothesis of pleiotropy 166. 

 



 89 

 

Figure 3-6. Diagram illustrating the logic of SMR association analysis: there are three 

possible explanations for an observed association between a trait and gene expression through 

genotypes. Adapted from Figure 1, p482 in “Integration of summary data from GWAS and 

eQTL studies predicts complex trait gene targets” by Zhu et al. Nat Gen 2016 166. Copyright 

2016 Nature.  

 

3.2 A PILOT GCA GENOTYPING STUDY  

As proof of concept in order to receive funding for a large GCA GWAS study, a pilot 

study was performed genotyping a small cohort (n=158) of GCA cases. The Arthritis 

Genomics Recruitment Initiative In Australasia (AGRIA), an organisation of 

Australian and New Zealand rheumatologists and clinical researchers, was founded in 

2008 with the aim of establishing large case cohorts for many rheumatologic 

conditions to facilitate large-scale genetic studies for these conditions 170. By 2013, 

AGRIA had collected blood samples on 158 patients with TAB positive GCA and it 

was the DNA extracted from these samples that was used in this pilot study. AGRIA 

is now a collaborator of the larger overall GCA genetics consortium. For the purpose 

of the pilot study, cases were genotyped using Illumina OmniExpress arrays and 

compared to a general Australian control population (n=702). 

Standard QC filtering was applied; i.e. excluding SNPs with a call rate <0.95; MAF 

<0.05; and a HWE < 5x10-5; and samples if they were found to be ethnic outliers or 
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closely related. Results revealed a peak of association at the MHC class I locus on 

chromosome 6 with the most strongly associated SNP, rs1264326, achieving genome-

wide significance (P=1.6x10-8) (Figure 3-7). This pilot study showed promising 

findings given such a small dataset. As such, proceeding with a large GCA cohort 

through a GWAS approach would likely lead to the discovery of even more 

significant SNPs in association with this disease.  

 
 

Figure 3-7. Manhattan plot for pilot GCA study. P-values (minus log-transformed) are shown 

in a signal intensity plot relative to their genomic position (x-axis). Horizontal lines represent 

thresholds for genome-wide (P<5x10-8)  

3.3 METHODS GCA GWAS 

3.3.1 Cohort Recruitment 

A total of 2084 FFPE samples and 345 blood samples were recruited from patients 

with biopsy proven GCA through the Global GCA Genetics Consortium. All samples 

were collected and checked at the Centre for Eye Research Australia (CERA) to 

ensure they met the inclusion for the study (based on histopathology report and 

ensuring no duplicate samples). Once samples were confirmed to be included in the 

GCA GWAS, they were outsourced to specialised laboratories for DNA extraction. A 
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common-control design 142 was employed using readily available 10,333 historic 

controls from the UK Household Longitudinal Study 

(UKHLS, www.understandingsociety.ac.uk). 

3.3.2 DNA Extraction 

3.3.2.1 FFPE DNA Extraction 

FFPE TAB DNA extractions took place at the University of Queensland Centre for 

Clinical Genomics (UQCCG) Diamantina Institute. This facility moved and changed 

name at the end of 2015. Final extractions took place at the Australian Translational 

Genomics Centre (ATGC) at Queensland University of Technology (QUT).  

Samples were deparaffinised using xylene. The tissue samples were treated with 

digestion buffer containing proteinase K (1mg/mL proteinase K in Qiagen Buffer 

ATL) for 24 hours at 55oC with intermittent shaking/vortexing. DNA was isolated 

from the cell lysates using the QIAamp 96 DNA Blood Kit as per manufacturer’s 

instructions.  

3.3.2.2 FFPE DNA QC Analysis 

Double stranded DNA was quantified using Qubit® (Life Technologies, Carlsbad, 

CA). The quality of the extracted FFPE TAB DNA was evaluated by real time PCR 

(RT-PCR) using the Illumina Infinium HD FFPE QC Kit (San Diego, CA). Samples 

with double stranded DNA concentration of at least 3ng/uL and Illumina Infinium HD 

FFPE QC Δ CT ≤ 3 proceeded to DNA restoration using the Illumina FFPE Restore 

Kit.  Although the preliminary FFPE vs. TAB study suggested a cut-off RT-PCR Δ 

CT ≤2 as threshold for inclusion in genome-wide analysis, in order to optimise the 

chances of a large cohort, the RT-PCR Δ CT threshold was set at ≤ 3. Samples with 

poor genotyping success rates could still be removed at a later stage (prior to 

analysis). 

3.3.2.3 Blood DNA Extraction 

DNA extractions from blood stored in EDTA tubes were performed at both the Centre 

for Genetic Origins of Health and Disease Western Australian DNA Bank and at St 

Vincent’s Melbourne Neuromuscular Diagnostic Laboratory Department of Clinical 
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Neurosciences & Neurological Research. DNA extractions were performed in small 

batches with the standard Qiagen DNeasy extractions kit (cat. 69504), or when large 

batches of samples were extracted, with the Qiagen Autopure LS robot protocol (cat. 

9001340).  

3.3.3 Genotyping  

Samples were genotyped at ATGC on Illumina Infinium HumanCoreExome array, 

“discovery” cohort and Infinium HD FFPE OmniExpress array, “replication” cohort, 

as per manufacturer’s instructions and scanned on an Illumina iScan system (Illumina 

Inc., San Diego, CA). The Infinium core exome and omniexpress platforms from 

Illumina are extremely high throughput SNP genotyping systems, scanning over 

500,000 tag SNPs; and covers 60% of genetic variation of Caucasians of northern 

European decent. It covers the HLA protein as well as impute to over 4 million SNPs 

(https://www.illumina.com/products/by-type/microarray-kits.html).  

The raw fluorescence intensity data was normalized and clustered for each sample 

using Illumina Genome Studio (v. 2011.1) Genotyping module (v1.9.4). Genotypes 

were called using the standard Illumina HumanCoreExome and HumanOmniExpress 

FFPE cluster file.  Data was generated for analysis using PLINK (v1.9) 171.  

Stringent quality control filters were used to remove poorly performing samples and 

SNP markers in both the GWAS discovery and replication phases. Both samples and 

variants with < 95% genotyping call rates were removed. Ambiguous SNPs (A/T 

G/C), SNPs with MAF < 0.01 and those that deviated from HWE; p <1x10-5 were 

removed from further statistical analyses. Genotype cluster plots generated were 

visually inspected for quality of calls. The remaining samples were subjected to 

biological relationship verification. Samples with IBD > 0.2 were removed to prevent 

either duplicated or biologically related samples being included in the analyses. PCA 

was undertaken to account for spurious associations resulting from ancestral 

differences of individual SNPs. Individuals beyond 4sd from 1000G EUR population 

PC1 and PC2 centroid were removed. Sex chromosomes were also excluded from the 

analysis.  
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3.3.4 Imputation 

Imputation of the discovery cohort and their controls was performed in the Michigan 

imputation server using Haplotype Reference consortium (HRC) reference panel 172-

173. Imputed genotypes were called with an imputed probability threshold of 0.6, and 

all other genotypes classified as missing. Additional quality control filters were 

applied to remove SNPs with a MAF < 0.01 in either cases or controls. A total of 

8,075,195 SNPs remained for the analysis. 

3.3.5 Replication 

Two cohorts were used to replicate results. In order to match for European ancestry, 

the replication cohorts consisted of 1) 177 GCA cases and 1020 Blue Mountain Eye 

Study (BMES) Australian controls, and 2) 352 GCA cases from the United Kingdom 

Biobank (UKBB) and 3000 controls from the UK Welcome-trust Case Control 

Consortium (WTCCC). For each of these data sets, SNPs in the loci of interest were 

first phased using SHAPEIT v2 174, followed by imputation using IMPUTE2 175,  using 

the 1000 Genomes European population panel as reference. A meta-analysis was 

performed combining all cohorts.  

3.3.6 Statistical Analysis 

Association analyses were carried out for each of the 8,075,195 SNPs through a 

logistic regression implemented in PLINK 146 using the first 10 genotype-derived PC 

to control for any potential population stratification.  

LD-score regression was used to measure the level of population stratification 153. 

LD-score regression and its implementation on the web-based application LD-hub 

were used to estimate the genetic correlations between GCA and other immune 

disorders for which GWAS summary statistics were available 176. A software tool 

called genome-wide complex trait analysis (GCTA) was used to estimate the 

heritability (h2g) 
177 using a prevalence estimate of 0.25% for individuals above 55 

years old 177-178. 

Gene-based tests were carried out using MetaXcan 179 using transcriptome prediction 

models for tibial and aorta arteries9 and the GCA GWAS summary statistics. Using 

https://paperpile.com/c/M3MW05/cnxB
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this approach, the association between the predicted expression of 10,646 genes and 

GCA was tested and therefore the significance threshold was set to be p-value < 

4.7x10-6. 

DEPICT 162, 180 was used to identify tissues and cell types where genes potentially 

associated to GCA are mainly expressed, and in what pathways do these genes are 

involved with. Independent SNPs with a p-value < 1x10-5 in the GCA GWAS were 

selected using LD clumping, removing SNPs within 500kb from the lead SNP and an 

LD score R2 > 0.2 as input for DEPICT. Genomic annotation of the loci was done 

using LocusTrack 180 and epigenetic information from the Roadmap Epigenomics 

Consortium 181. 

3.4 RESULTS  

3.4.1 DNA Extraction & Genotyping Quality Control 

Recruitment for FFPE and blood samples was complete by May 2016. In total, 2084 

FFPE samples and 394 blood samples were recruited from patients with biopsy 

proven GCA over the course of this 3-year recruitment phase. After reviewing the 

histology reports, GCA TAB negative case and duplicate FFPE samples were 

removed, leaving 2023 FFPE blocks and 345 blood samples to undergo DNA 

extraction (Table 3-1, Table 3-2).   

After stringent DNA QC, 1249 FFPE samples (62%) were genotyped. The DNA 

extracted from all 345 blood samples was also genotyped). In total, 1503 DNA 

samples (1173 FFPE and 330 Blood samples), provided a genotyping call rate >0.95 

(Table 3-1, Table 3-2). Table 3-3 shows the breakdown of the baseline call rate QC 

per discovery and replication cohorts for the Australian case cohorts.  

After applying further sample genotyping QC measures, a total of 1,212 GCA cases 

and 9,657 controls remained for the discovery phase of the analysis, and a total of 175 

GCA cases and 1020 Australian BMES controls remained in the 1st replication cohort 

(R1) (Table 3-3). From the UK cohort, 352 cases from UKBB and 3000 controls 

from WTCCC remained for analysis as a second replication cohort (R2).  



Table 3-1. Number of FFPE samples recruited per site, DNA extraction and genotyping Quality Control (QC). Samples remaining to be included in GWAS after QC steps 

(pass rate).  

Site Sample Selection 

(Local P. centre) 

Sample Selection  

QC (Study centre) 

DNA QC Genotyping QC 

# FFPEs selected 

locally 

# FFPEs proceeding to 

DNA extraction* 

# samples proceeding to 

genotyping   

% Pass rate  # samples with call rate 

>0.95 

% pass rate 

(final included) 

Alfred H. 46 46 39 85 36 78 

Austin H. 54 54 46 85 46 85 

Box Hill H. 33 32 22 69 22 69 

Canberra H. 32 32 29 91 29 91 

Christchurch H. 92 92 42 46 42 46 

Dunedin H. 72 69 57 83 56 81 

Erasmus MC  99 98 53 54 27 28 

Flinders MC 96 92 52 57 52 57 

Freemantle H. 55 54 45 83 45 83 

Heidelberg U.H. 29 27 24 92 21 78 

Hobart Private. P. 47 43 27 63 26 60 

Liverpool H. 45 45 31 69 31 69 

Monash MC 138 127 34 27 27 21 

Queensland P. 89 79 30 38 26 33 

Royal Adelaide H. 108 95 37 39 35 37 

Royal Hobart H. 39 39 23 59 23 59 

Royal Melbourne H. 36 36 28 78 26 72 

Royal North Shore H. 77 77 44 57 44 57 

Royal Prince Alfred H. 74 72 38 53 38 53 

Royal Perth H. 54 53 34 64 34 64 

Sir Charles Gardner H. 17 17 14 88 14 82 

Sydney Eye H. 156 154 66 43 60 39 

St John of God Subiaco 72 71 18 26 18 25 

St Vincent’s H. NSW 33 33 9 28 7 21 

St Vincent’s H. VIC 302 301 294 98 287 95 

The Queen Elizabeth H. 39 37 10 28 10 27 

Wellington H. 61 59 48 81 48 81 

Westmead H. 89 89 48 54 43 48 

Total: 2084 2023 1242 62 1173 58 

H=Hospital, P=Pathology, MC=Medical Centre, U.H=University Hospital. * After removing duplicates & GCA negative cases.    Samples pass DNA quality and Quality.
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Table 3-2. Number of peripheral blood sample recruitment per site and DNA extractions 

performed. Number of samples passing genotyping Quality Control and finally included in 

GWAS (pass rate). 

Site Blood samples 

proceeding to 

DNA extraction 

(excl. duplicates 

& negatives)  

Genotyping QC 

# samples with call 

rate >0.95 

% pass rate (final samples 

included) 

Royal Vic. Eye & Ear H.  75+89 (164) 163 99.3 

Sir Charles Gardner H. 7 7 100 

South Australian H *. 25+43 (68) 68 100 

AGRIA 16+7 (23) 21 91.3 

Leeds (UK)  83 71 85.5 

Total 345 330 95.6 

All peripheral blood samples included underwent DNA extraction and passed DNA QC. AGRIA = 

Arthritis Genomics Recruitment Initiative in Australia. * The Queen Elizabeth Hospital and 

Flinders Medical Centre  Leeds Institute of Rheumatic and Musculoskeletal Medicine. 

 

Table 3-3. Breakdown of recruitment and QC per discovery and replication cohorts. 

 Cohort  

 

Discovery  Replication 1 (R1) 

 Recruitment    

Total FFPE recruited 2060 24 

 Total Bloods recruited 190 161 

 Total per cohort 2250 185 

 Sample Selection QC    

Dup/neg FFPE removed 1999 24 

 Dup/neg bloods removed 190 155 

 Total remaining 2189 179 

 DNA QC     

FFPE DNA genotyped 1218 24 

 Blood DNA genotyped 190 155 

 Total genotyped 1408 179 

 Call rate genotyping QC (>0.95)    

FFPE call rate >0.95 1149 24 

 BLOOD call rate >0.95 177 153 

 Passed initial call rate QC (n=1503) 1326 177  

Further QC steps    

IBD, PCA etc. 144 2  

Final GWAS  1212 175 
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Figure 3-8. PCA plot of the GCA GWAS cohort showing three distinct ethnic clusters. For 

the purpose of the GCA GWAS, individuals with non-European ancestry were removed from 

further analyses. 

 

Stratification analysis through PCA revealed three distinct ethnic clusters present in 

the GCA GWAS cohort (Figure 3-8). For the purpose of this study, all individuals of 

non-European ancestry were removed from further analyses.  

SNP QC allowed for the analysis of 8,075,195 SNPs. The Q-Q plot showed 

compelling evidence for genetic association (Figure 3-9). There was genomic 

inflation (λ ~ 1.06) but correcting for poligenicity through LD-score regression 

intercept reduced λ to 1.04 ± 0.01 suggesting small population stratification 153.  
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Figure 3-9. Q-Q plot showing the distribution of the observed versus expected SNP test 

statistics (GCA GWAS). The red dashed line denotes expected results (the null hypothesis) 

and grey line shows the observed test results from the GWAS data. There is genomic inflation 

(λ ~ 1.06) but correcting with LD-score regression reduced λ to1.04. There is compelling 

evidence for an excess of disease associations.  

 

3.4.2 GWAS 

Two genetic loci were identified at the genome-wide significance threshold of 

p<5x10-8 (Table 3-5) including the HLA region, where the top hit was rs9272417 (p-

val = 8x10-51). This locus is associated to the gene expression of HLA DQA1 in the 

tibial and aorta arteries (Table 3-5).  
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The novel locus outside the MHC region was rs2351254 (OR = 0.52; p-val = 1.54x10-

8) on chromosome 15. This loci was associated with the expression of MFGE8 in 

aorta and tibial artery. This loci was associated with effects on the same direction in 

the two replication cohorts (OR = 0.71; p-val = 0.056 and OR = 0.39; p-val = 0.003) 

(Table 3-5).  With the OR <1.00 (meta-analysis OR = 0.61), results suggest that the 

non-effect allele (major allele) “C”, increased the risk of GCA relative to the effect 

allele (minor allele) “G ” (Table 3-5). 

Our results also replicated the recently reported loci rs128738 (P4HA2) and 

rs4252134 at the PLG locus, in addition to SNPs in the MHC region (Table 3-6) 45. 

PLG reached genome-wide significance in the meta-analysis (Figure 3-10).  

3.4.3 Heritability and Genetic Correlation 

The estimated heritability of GCA (variance explained by SNPs) was h2= 0.49 ± 0.04, 

and the variance explained by SNPs after removing the MHC region was h2
noMHC = 

0.39 ± 0.04. High positive genetic correlations of GCA were found with Rheumatoid 

Arthritis (rg = 0.43; p-val = 0.008), Primary biliary cirrhosis (rg = 0.27; P-val = 0.016), 

and ulcerative colitis (rg = 0.96; P-val = 0.01).  These genetic correlations were driven 

by the MHC region, as these disappeared once the SNPs within this region were 

removed (Table 3-4).  

Table 3-4. Genetic correlation between GCA and autoimmune diseases 

TRAIT 1 TRAIT 2 RG SE P-VAL RG SE P-VAL 

GCA Rheumatoid arthritis 0.43 0.16 0.008 0.21 0.20 0.311 

GCA Ulcerative colitis 0.96 0.37 0.010 0.22 0.24 0.343 

GCA Primary biliary cirrhosis  0.55 0.23 0.017 0.20 0.14 0.151 

GCA Celiac disease 0.38 0.29 0.184 0.38 0.29 0.180 

GCA Juvenile idiopathic arthritis 0.15 0.20 0.438 0.05 0.25 0.850 

GCA Systemic lupus erythematosus  0.16 0.32 0.615 0.41 0.29 0.155 

GCA Multiple sclerosis 0.26 0.57 0.644 0.73 0.63 0.248 

GCA Eczema -0.31 0.22 0.159 -0.37 0.23 0.110 

RG = genetic correlation score, SE = standard error 
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Figure 3-10. Manhattan plot showing the meta-analysis results of the genome-wide significantly associated loci (P<5x10-8). P-values (minus log-transformed) 

are shown in a signal intensity plot relative to their genomic position (x-axis). The most obvious peak represents the HLA region on chromosome 6, rs9272417 

(OR = 1.93, p-val = 2.63x10-55). The novel association on chromosome 15 represents rs2351254 (OR = 0.61; p-val = 1.01x10-9) associated with the expression 

of MFGE8. The other genome-wide significant hit, rs4252134, on Chromosome 6 (OR = 1.24, p-val = 1.81x10-8) is a replication of the recently identified GCA 

GWAS hit, PLG, found by Carmona et al represents the PLG gene 45.   
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Table 3-5. Loci identified at genome-wide significant level 

CHR = chromosome, BP = Base pair, EA = effect allele, NEA = non-effect allele, MAF = minor allele frequency, OR = odds ratio, SE = standard error, P = P-value, R1 = 1st replication  

cohort 1, R2 = 2nd replication cohort  

 

 

 

Table 3-6. Replication of previously identified loci in the GWAS by Carmona et al (2017)45. 

     GCA GENETICS 

CONSORTIUM GWAS 

  PREVIOUS STUDY 

CARMONA ET AL (2017) 

    META-ANALYSIS 

 

  

CHR BP SNP EA NEA OR                  P   OR              P OR P  Mapped gene 

6 32432077 rs9268905 C G 1.9 3.91x10-40   1.79 1.94x10-54  1.68 6.47x10-42  HLA-DRA / HLA-DRB1 

6 32680620 rs9275592 T G 2.37 1x10-45   2.08 1.14x10-40  2.06 2.46x10-46  HLA-DQA1 / HLA-DQA2 

6 161153527 rs4252134 C T 1.27 4.1x10-7   1.28 1.23x10-10  1.24 1.81x10-8  PLG 

5 131540875 rs128738 T G 1.13 2.44x10-2   1.32 4.60Ex10-9  1.04 0.113  P4HA2 

CHR = chromosome, BP = Base pair, EA = effect allele, NEA = non-effect allele, MAF = minor allele frequency, OR = odds ratio, P = P-value 

     DISCOVERY COHORT       BEST   

E EQTL  

 TIBIAL 

ARTERY 

  A               AORTA    R1 COHORT                          R2 COHORT META-ANALYSIS 

 

CCHR BP SNP EA NEA MAF OR SE P  Gene  Effect P   Effect P  OR P  OR  P   OR    P 

6 32605078   rs9272417   G     

   

A 0.21 2.1 0.052 8x10-51  HLA-DQA2  -0.9 4.7x10-21   0.84 5.1x10-15       1.93 2.63E-55 
 

2.6x10-55 

15 89580299 rs2351254 G C 0.06 0.52 0.12 1.54x10-8  MFGE8  -0.3 5.5x10-8   -0.45 2.1x10-6  0.71 0.056  0.39 0.003  0.61 1.0x10-9 
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3.4.4 Gene- and Pathway-based Analyses 

Gene-based association analyses were performed using MetaXcan 179 and the eQTL 

data from tibial and aorta arteries as reference. Beside genes within the MHC region, 

the gene HMGB1 was statistically significantly associated after multiple testing (p-val 

= 2.1x10-6) (Table 3-7). HMGB1 plays a role in several cellular processes including 

inflammation and has been associated to atherosclerotic plaque 182. 

DEPICT was employed to investigate the potentially pathways and tissues involved 

162. There was no statistically significantly associated pathway at an FDR <0.05. 

However in regards to cell types and tissues involved, a significant association with 

CD4 Positive T Lymphocytes was observed (p-val = 0.00098; FDR<5%), probably 

driven by the signals within the MHC (MeSH terms 

A15.145.229.637.555.567.569.200).  

 

Table 3-7. MetaXcan gene-based test (based on transcription prediction in aorta) 

GENE  Z SCORE             P-VAL   #SNP IN THE MODEL 

HLA-DQA2 -11.28 1.66x10-29 25 

PPT2 -9.65 5.02x10-22 6 

HLA-DQB1 8.52 1.59 x10-17 26 

AGER -7.03 2.05 x10-12 20 

HLA-DOB -5.77 7.77 x10-09 39 

KIFC1 -5.76 8.53 x10-09 2 

HLA-DQB2 -5.03 4.84 x10-07 14 

ZNRD1 -4.83 1.36 x10-06 17 

HMGB1 4.74 2.11 x10-06 13 

3.4.5 Fine Mapping 

Locus zoom plots reveal local information about the genome-wide SNPs of interest. 

SNP rs9274217 and the HLA region are shown in Figure 3-11. The locus track of the 

SNP of Chromosome 15 is shown in Figure 3-12. This plot highlights association 

results in context of LD (R2), the position relative to nearby genes and local 

recombination hotpots, all which favour alleles likely being co-inherited. It also 

provides epigenetic information in this region 180. This plot displays the association 
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results with MFGE8, and potentially HAPLN3 although it seems there is less 

recombination between the later gene and rs2351254. 

  

 

Figure 3-11. Locus Track of the association results for rs9272417 on Chromosome 6, 

supporting in particular HLA-DQA1 association. 
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Figure 3-12. Locus Track of the association results for rs2351254 on Chromosome 15, along 

with epigenetic information in this region. The top panel is a graphical display of the 

association results in context of LD, the position relative to nearby genes and local 

recombination hotspots – all of which favour alleles likely being co-inherited. The diamond 

colours represent alleles in various degrees of LD with the associated SNP. Towards the left of 

the diagram, there appear to be a higher number of alleles observed in association with 

rs2351254 over a peak of high recombination rate. This happens to overly the MFGE8 gene. 

This favours MFGE8 association with the rs2351254. 

 

 

SMR analysis 166, using eQTL data from the tibial artery and the aorta, was used to 

inspect if there was any evidence that SNP rs2351254 was associated to GCA through 

its effects on MFGE8. By performing the SMR test, in both the tibial artery and the 
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aorta, rs2351254 was associated with an increase in expression of MFGE8 (pSMR = 

0.000012). The HEIDI (pHEIDI=3.9x10-6) test showed heterogeneity in the effect of 

MFGE8 expression in tibia and aorta on GCA phenotype for the SNPs in cis-eQTL 

region.  

SMR analysis was also performed with eQTL data of HAPLN3 in the same vascular 

territories. Results with tibial eQTL data showed a pSMR = 0.00019 and pHEIDI = 

0.023, again supporting association of rs2351254 was associated with an increase in 

expression of HAPLN3 but significant heterogeneity.  

In keeping with the ‘SMR analysis’ logic, this meant that pleiotropy of the SNP 

variant was less likely to explain both the degree of gene expression (of either gene) 

and GCA phenotype. Instead, maybe linkage with another variant could explain these 

findings.  

In order to look if there were any independent signals in addition to rs2351254, a 

stepwise conditional analyses approach was used and an independent signal in the 

SNP rs1879530 was observed (OR = 1.31; p-val = 2.4x10-7). This is an intergenic 

variant in the MFGE8 and an eQTL of MFGE8 in fibroblasts 183.  

3.5 DISCUSSION 

Through establishing the GCA Global Genetic Consortium, this work has allowed for 

the first GCA GWAS study using DNA from archived FFPE TAB blocks. It is also 

the first GCA GWAS study performed in the Southern hemisphere with a 

predominant Australasian cohort, and only the second GCA GWAS performed to 

date.  

By utilising DNA from archived specimens in addition to acquiring blood samples 

from patients with GCA, the GCA Global Genetics Consortium overcame the 

recruitment challenges associated with GCA; a total of 2328 recruited samples met 

the histology criteria and as such were suitable to be included in genome-wide 

analysis (FFPE n=2023, blood n=345).  

As expected, based on the findings from the preliminary study comparing DNA 

extracted from FFPE vs. blood (Chapter 2), FFPE TAB blocks were not as consistent 
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as blood at providing high quality DNA. The FFPE pass rate per collaborating 

pathology centre varied significantly (Table 3-1), with some centre only having 21% 

of their samples passing QC whilst others 95%. Although a study protocol (Appendix 

B) was designed and sent out to each collaborating pathology centre to encourage for 

uniform recruitment, it is likely that some degree of operator variability will have 

affected DNA quantity and quality. It is also possible that the methods of formalin 

fixation and storage conditions varied between centres which may also have 

contributed to final DNA quality 123. FFPE blocks with less tissue provided less DNA, 

and a positive correlation was noted between the quantity and quality of DNA. 

Interestingly, the age of the FFPE block, with the oldest one dating back to 1987, did 

not seem to impact on the quality of DNA.  

62% (n=1242) of the FFPE TAB blocks recruited had both sufficient quality (RT-

PCR Δ CT ≤3) and quantity DNA (Qubit concentration ≥3ng/uL) to proceed to 

genotyping. Reassuringly, by applying such stringent DNA QC thresholds, 94% of 

these samples (n=1173) subsequently passed genotyping QC with call rates ≥ 0.95. 

Implementing these DNA QC thresholds prevented resources (mostly expensive 

beadchips) being wasted on genotyping samples that would not have passed 

genotyping quality and inclusion criteria for GWAS. Approximately 58% of all 

samples collected met the QC standards for inclusion in the final analysis.  

This study identified two genome significant hits, which replicated in two 

independent cohorts. The top hit was rs9272417 (p-val = 8x10-51) in the HLA region 

on chromosome 6 which associated with expression of HLA DQA1 in the aorta. A 

novel finding was the locus rs2351254 (p-val = 1.54x10-8) on chromosome 15, which 

is associated with MFGE8 expression in the tibial artery and aorta. These findings 

replicated in two independent cohorts.  

In addition to identifying a novel genetic loci associated with GCA, this GWAS also 

replicated the P4HA2 and PLG loci identified in the European GCA GWAS published 

in 2017 45. The association of plasminogen is interesting in view of its role in wound 

healing, lymphocyte recruitment, inflammation, and angiogenesis, all of which are 

processes in GCA 25.  PLG has been implicated in other immune mediated conditions 

such as multiple sclerosis 184.  Functional investigation, for example by measuring 

plasma plasminogen levels of patients with active and quiescent GCA, could provide 
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insight as to whether this protein could be used in the acute setting as marker for 

disease activity.  

Further analyses from this GWAS showed genetic correlations with other 

autoimmune diseases such as Rheumatoid Arthritis. However unsurprisingly these 

were driven by HLA region. The heritability score of GCA was 0.39 once removing 

the HLA region, meaning that on average, about 39% of the observed variation in 

GCA phenotype may in some way be attributable to genetic differences not accounted 

for by HLA genotype. The results imply that ~10% of the variation may be influenced 

by the HLA region alone.  

Perhaps the most interesting and certainly most novel finding of this study was the 

association of the locus rs2351254 (p-val = 1.54x10-8) on chromosome 15. Although 

it is very reassuring that two independent cohorts replicated this locus, a next step 

would be to perform a large meta-analysis with results from the European and North 

American groups who published their GWAS at the start of 2017 45. Together our 

combined cohorts would increase GCA numbers to > 4000 and therefore increasing 

statistical power 147.  

Fine mapping of rs2351254 revealed most likely an association with MFGE8 and/or 

possibly HAPLN3 (Figure 3-12). Using the eQTL data from the tibial artery and 

aorta, SMR analysis was performed to test evidence of association, and if present the 

relationship, between rs2351254, gene expression (testing both MFGE8 or HAPLN3 

independently), and GCA phenotype. The SMR test showed evidence of association 

between all three variables. However, the HEIDI test showed heterogeneity in the 

effect of MFGE8 and HAPLN3 expression on GCA phenotype. As such, these 

combined SMR analyses results supported an association between the SNP 

rs2351254, gene expression (both MFGE8 and HAPLN3), and GCA phenotype. 

However it did imply that their relationship was not caused by pleiotropy of 

rs2351254. Instead, linkage of rs2351254 with another genetic variant may explain 

the association between either MFGE8 or HAPLN3 expression and GCA phenotype.  

Both the locus Track and SMR analysis suggest that MFGE8 and potentially HAPLN3 

are gene candidates through which the rs2351254 SNP might exerts its effects on 

GCA phenotype. Confirming such a link is not straightforward and requires time 
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consuming, complex and costly molecular applications, which are beyond the scope 

of this thesis. However, perhaps a simpler approach and a good place to start is to 

determine whether there is indeed evidence of MFGE8 and/or HAPLN3 gene 

involvement in GCA. If there is, then it is likely, although not necessarily, that 

involvement of either of these genes is related to the genetic variant at the rs2351254 

locus. 
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CHAPTER 4. GWAS VALIDATION  
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4.1 GENES OF INTEREST 

4.1.1 MFGE8 

MFGE8, (Milk Fat Globule-EGF Factor 8 Protein) also known as Lactadherin, is a 

glycoprotein secreted from a subset of phagocytes, predominantly macrophages, that 

actively engulf apoptotic cells 185.  

Many studies have highlighted a predominant protective role of MFGE8; 

macrophages engulf apoptotic cells, release anti-inflammatory properties and enhance 

resolution of inflammation, decrease cytotoxic T cells and therefore limit tissue 

destruction 186. Down-regulation of MFGE8 impairs the ability of macrophages to 

clear apoptotic cells. Previous research has demonstrated that MFGE8 deficient mice 

mimic SLE autoimmunity; non-clearance of apoptotic cells led to necrosis, release of 

pro-inflammatory cytokines and immunogenic self-antigens 187.  

Another protective role of MFGE8 is that it is pro-angiogenic 186. Therefore, reduced 

expression in endothelial cells (EC) and vascular smooth muscle cells (VSMC) may 

cause poor neovascularisation after inflammatory and ischaemic events. 

4.1.2 HAPLN3 

In comparison to MFGE8, very little is known about HAPLN3 (Hyaluronan And 

Proteoglycan Link Protein 3), a protein which may function in hyaluronic acid 

binding and cell adhesion (www.genecards.org). It has been reported in a few 

diseases. HAPLN3 over-expression has been seen in breast cancer tumours 188. 

Epigenetic studies have also seen HAPLN3 importance in other malignancies; its 

hypermethylated state has been found in prostate tumour 189. The opposite is true in 

early pregnancy in women with gestational diabetes, where HAPLN3 was 

hypomethylated 190.  

The exact role of HAPLN3 remains to be unravelled. HAPLN3 may affect cell motility 

as cytoskeleton and extracellular matrix proteins. However, its contribution to 

immune cell functional modulation remains unclear 191. Immunohistochemical 

analysis showed the prominent expression of HAPLN3 in the smooth muscle tissues 
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of the vascular wall. HAPLN3 could be involved in the formation of the pericellular 

matrix of VSMCs 192. 

4.2 GENE EXPRESSION ANALYSIS (QPCR) 

Quantitative real-time PCR (qPCR) is a commonly used validation tool for 

confirming gene expression results obtained from microarray analysis. In order to 

determine the expression levels of the GWAS hit on chromosome 15, qPCR testing 

was performed comparing MFGE8 and HAPLN3 gene expression in TAB FFPE 

samples of GCA TAB-positive patients to that of histologically negative controls.  

Duplexing in qPCR refers to the simultaneous amplification and quantification of two 

target sequences in a single qPCR assay (www.thermofisher.com). The technique 

allows preserving limited samples, saves reagent costs, maximises experiment 

efficiency and therefore minimises pipetting errors. Mostly commonly, this technique 

is employed to compare the expression levels of a gene of interest versus that of a 

housekeeping gene, a gene required for the maintenance of basal cellular functions. 

They are expected to be expressed in all cells of an organism under normal 

conditions, irrespective of tissue type, developmental stage, cell cycle state, or 

external signal 193. As such, housekeeping genes are widely used as internal controls 

for experiments. The most common include beta actin (ACTB) and glyceraldeyde-3-

phosphate dehydrogenase (GAPDH) 194. 

4.2.1 Recruitment 

Two cohorts were used in order to perform a replication study. The initial cohort 

consisted of 30 TAB FFPE samples collected from St Vincent’s Hospital (Melbourne) 

in December 2016 (GCA TAB positive n=10, Controls TAB negative n=20). The 

TAB procedures on these patients were performed between 2015-2016. 

Positive findings led to a replication study. The replication qPCR study consisted of 

21 FFPE blocks from a different patient cohort (GCA TAB positive n= 6, Controls 

TAB negative n=15). This second cohort underwent their TAB procedure at St 

Vincent’s Hospital between January and June 2017.  
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4.2.2 RNA Extraction and cDNA Synthesis: 

FFPE RNA extractions were performed with an RNeasy FFPE kit (Qiagen) as per 

manufacturer’s instructions. The first batch of RNA extractions (1st cohort, n=30) 

was performed in December 2016, and the second batch (2nd cohort, n=21) in August 

2017. The RNA yields were variable depending on the bulk of TAB tissue available 

(nanodrop spectrophotometer 0.1 - 1.7ug). Samples were stored at -80C until all 51 

RNA samples were converted to cDNA (High-Capacity cDNA Reverse Transcription 

Kit, Applied BioSystems) in August 2017 (Table 4-1).  

Table 4-1. Initial cohort samples for qPCR: FFPE derived RNA Samples converted to cDNA 

(total RNA converted to cDNA = 200ng) 

  RNA cDNA (22.7ul final) 

Sample 

Number 
Patient/ 

Control 
RNA 

conc 

(ng/ul) 

Vol 

available 

(ul)   

total  

RNA  

(ng)  

 RNA  

needed for  

cDNA(ul)   

RNA vol 

used 

(ul) 

H20 used to 

make 15ul 

(ul) 

Conc  

 

(ng/ul) 

1B Control 14.5 12 174 13.8 12 3 7.6 

2B Control 17.2 12 206.4 11.6 11.6 3.4 8.8 

3A Control 21.7 12 260.4 9.2 9.2 5.8 8.8 

4B Control 25.9 12 310.8 7.7 7.7 7.3 8.8 

5A Control 22.5 12 270 8.9 8.9 6.1 8.8 

6B Control 12.9 12 154.8 15.5 12 3 6.8 

7B Control 13.3 17 226.1 15.0 15 0 8.8 

8A Control 20.8 17 353.6 9.6 9.6 5.4 8.8 

9B Control 8.9 12 106.8 22.5 12 3 4.1 

10A Control 11.2 12 134.4 17.9 12 3 5.2 

11B Control 13.9 12 166.8 14.4 12 3 7.3 

12B Control 22.3 12 267.6 9.0 9.0 6.0 8.8 

13B Control 17.9 12 214.8 11.2 11.2 3.8 8.7 

14B Control 16.2 12 194.4 12.3 12 3 8.2 

15B Control 8.8 12 105.6 22.7 12 3 4.6 

16B Control 19.9 12 238.8 10.1 10.1 4.9 8.8 

17A Control 22.6 12 271.2 8.8 8.8 6.2 8.8 

18B Control 42.9 12 514.8 4.7 4.7 10.3 8.8 

19B Control 12.5 12 150 16.0 12 3 6.6 

20A Control 16.3 12 195.6 12.3 12 3 8.6 

21B Patient 32.5 17 552.5 6.2 6.2 8.8 8.8 

22A Patient 31.9 12 382.8 6.3 6.3 8.7 8.8 

23B* Patient 89.2 17 1516.4 2.2 2.2 12.8 8.8 

24B Patient 32 17 544 6.3 6.3 8.8 8.8 

25B Patient 64.1 17 1089.7 3.1 3.1 11.9 8.8 

26A Patient 51.2 17 870.4 3.9 3.9 11.1 8.8 

27B* Patient 144.2 12 1730.4 1.4 1.4 13.6 8.8 

28A Patient 57.4 12 688.8 3.5 3.5 11.5 8.8 

29B Patient 39.2 12 470.4 5.1 5.1 9.9 8.8 

30B Patient 71.5 12 858 2.8 2.8 12.2 8.8 

* Samples with high quantity RNA. These two samples were converted to cDNA twice separately in the 

optimisation step to determine cDNA quantity required to detect changes between gene of interest and house 

keeping gene during qPCR. 
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cDNA synthesis reaction per sample was made up of 2.3ul 10x RT buffer, 0.9ul 25x 

dNTP mix (100mM), 2.3ul 10x RT random primers, 1.1ul MultiScribe reverse 

transcriptase, 1.1ul RNAse inhibitor, and 15ul total RNA sample. Depending on the 

RNA concentration, the sample was diluted with nuclease free water to contain 200ng 

total RNA. FFPE derived RNA samples with <200ng total RNA were used 

completely (Table 4-1). In total each cDNA reaction contained a volume of 22.7ul. 

Samples were loaded in individual 0.2ml PCR eppendorf tubes. The following PCR 

thermal cycling conditions were applied in this order: 25C for 10mins, 37C for 

120mins, 85C for 5mins and held at 4C. Samples were then stored at -20C until after 

the cDNA “optimisation” step was performed to determine the quantity of cDNA 

required per qPCR assay.  

4.2.3 Optimisation 

An optimisation step was conducted to determine the amount of cDNA necessary per 

qPCR assay for duplexing and to determine the minimum amount of cDNA needed 

for a positive reaction in order to preserve cDNA for future experiments.  

As such, the 2 RNA samples with most available RNA, were tested (samples 23B and 

27B in Table 4-1). These 2 samples had 200ng of total RNA converted to cDNA 

twice, once for an optimisation experiment and once for formal gene expression 

analysis together with all other samples. As highlighted in Table 4-1, the duplicate 

cDNA samples of 23B and 27B (*) underwent qPCR reactions at different 

concentrations to determine the optimal amount of cDNA required per reaction; 2.5ng 

cDNA (estimated to be the same as 2.5ng total RNA), 5ng cDNA, 10ng cDNA and 

20ng cDNA.  

The optimisation qPCR test results showed that 2.5ng of cDNA was sufficient for 

detecting MFGE8 and HAPLN3 expression versus ACTB (house keeping gene) during 

qPCR. As such for subsequent reactions, 5ng was used to air on the side of caution in 

case other genes would not express as highly.    
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4.2.4 Quantitative Real Time PCR: 

For the duplex qPCR reactions, MFGE8 or HAPLN3 were tested together with ACTB. 

qPCR was performed using Taqman Gene Expression Assays (life technologies) that 

allow for the labelling and detection of genes with either of two reporter fluorescent 

dyes (either FAM or VIC dyes). For the purpose of this study, FAM was used for the 

gene of interest (MFGE8 or HAPLN3), and VIC for the housekeeping gene (ACTB). 

Each qPCR reaction contained 20x Taqman gene expression assay (MFGE8-FAM or 

HAPLN3-FAM), 20x Taqman house keeping gene (VIC-ACTB, diluted 1:4 as per 

duplexing protocol), 2x Taqman expression master mix, cDNA template and RNAse-

free water to make up volume. As cDNA concentrations varied (Table 4-1), each 

cDNA sample underwent a dilution step to ensure the final concentration was the 

same amongst all samples (0.88ng/ul). Each sample was tested in triplicate (technical 

replicates) and loaded onto a 96-well plate (Table 4-2).   

 

Table 4-2. Details of qPCR reaction per sample. All sample reactions tested three times 

(technical replicates, or triplicates), hence volume adjusted accordingly. Each triplicate sample 

divided; 20ul added to add each well.  

Calculation for 2.5ng cDNA template 
Per Sample  

(ul) 
Triplicate 

(ul) 

20x Taqman gene expression assay PROBE (FAM)  1 3.5 

20x Taqman gene expression assay HOUSE KEEPER (VIC)*  1 3.5 

2x Taqman expression master mix 10 35 

cDNA template (0.88ng/uL) 1:10dil 5ng 5.68 19.88 

RNAse-free water 2.32 8.12 

TOTAL 20 70 

House keeping genes (1:4 dilution) = ACTB  
Probes = genes of interest, i.e. MFGE8 and HAPLN3 
Triplicate volumes = using 3.5x volumes (allows for pipetting error) 

   

4.2.5 Results 

MFGE8 expression in TAB samples in GCA cases was marginally decreased 

compared to controls (not significant). HAPLN3 was significantly increased in GCA 

cases versus (Figure 4-1).  



 115 

 

 

 

 

 

 

Figure 4-1. qPCR results of the initial Cohort - Expression of MFGE8 and HAPLN3 in TAB 

samples of patients with GCA versus controls (n=30; x-axis=RQ values). 

 

To verify these results, the experiment was repeated on 21 patients. Results showed 

similar findings in the 2017 replication cohort (n=21) to that of the 2015/2016 initially 

recruited cohort (Figure 4-2). HAPLN3 was significantly more expressed in patients 

versus controls (p=0.0065). MFGE8 was less expressed in patients versus controls but 

this was not statistically significant.  

 

 

 

 

 

 

Figure 4-2. qPCR results of the replication cohort - Expression of MFGE8 and HAPLN3 in 

TAB samples of patients with GCA versus controls (n=21; x-axis=RQ values). 

4.2.6 Discussion 

Both qPCR experiments with separate cohorts show consistent results: HAPLN3 was 

significantly more expressed in patients with GCA whilst MFGE8 was less expressed 

in patients versus controls.  
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MFGE8, as discussed before, might have a protective role and as such, the reduced 

expression levels (although not significant) could be in keeping with GCA disease 

status. A repeat experiment with a larger cohort is required to determine whether these 

level differences could be significant given the right power.  

HAPLN3 on the other hand, was significantly increased in TABs of patients versus 

controls. The function of this gene is not well understood and as such interpreting 

these findings is challenging. However, available eQTL data and SMR analysis 

results from Chapter 2, support an increase in HAPLN3 expression levels in GCA. It 

is therefore possible that HAPLN3 is the gene through which the SNP rs2351254 

exerts its effect on GCA phenotype. Irrespectively, HAPLN3 are highly expressed at 

the site of inflammation in patients with GCA and as such warrants further 

investigation. 

4.3 SERUM ANALYSIS 

4.3.1 MFGE8 Serum Auto-antibody Screen 

GCA is presumed to be an autoimmune disease. In autoimmune diseases, a loss of 

self-tolerance results in an abnormal immune response to a normal constituent of the 

body, often a protein. GWAS is a powerful technique for identifying polymorphisms 

that contribute to disease susceptibility. In GWAS of autoimmune diseases, some 

studies have identified polymorphisms in the proteins that constitute the target of 

autoantibodies in that autoimmune disease. Examples include insulin in T1DM 195, 

Proteinase-3 (PR3) in ANCA associated vasculitis 127, the thyroid stimulating 

hormone (TSH) receptor in Grave’s disease 196 and Tyrosinase in autoimmune vitiligo 

197. 

MFGE8 has been reported to play a role in vascular inflammation 186. Autoimmunity 

resulting in antibodies against MFGE8 could cause gain or loss of function of this 

protein and potentially result in the vascular inflammation characteristic of GCA. 

Identification of a target auto-antigen in GCA would be a major advance in the 

understanding of this disease. It could result in a diagnostic test for the autoantibody.  
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4.3.1.1 Methods 

Enzyme linked immunosorbant assay (ELISA) is commonly used in clinical practice 

to screen for autoantibodies. The target antigen is immobilized on a plate surface. 

This is followed by an incubation step with diluted serum. Finally any antibody bound 

to the target antigen is detected with an enzyme conjugated secondary antibody.  

Indirect ELISA was used to screen for anti-MFGE8 antibodies in serum samples from 

incident patients with GCA (n=18) and healthy controls (n=16).  

Serum samples from patients with GCA were collected in serum separator tubes 

(SST), which were centrifuged according to protocol. Once serum was extracted from 

the separated blood, these were stored in 2ml eppendorf tubes stored at -80°C until 

ready for analysis.  

Once ready for processing, a Nunc Maxisorb 96 well flat bottom plate was coated 

overnight at 4°C with 100μl/well of 5μg/ml human recombinant MFGE8 (R&D 

Systems) in carbonate/bicarbonate buffer 0.5M pH 9.6. The plate was washed 5 times 

in wash buffer (0.05% Tween 20 in PBS).  The plate was then blocked with 

200μl/well 2% bovine serum albumin (BSA) fraction V (Roche) in Phosphate-

buffered saline (PBS) for 3 hours at room temperature. A separate plate was not 

coated with MFGE8 but blocked with 2% BSA, this was to measure any potential 

confounding of non-specific binding observed in serum from patients with 

inflammatory conditions 198.  

The stored serum samples were thawed and then diluted in PBS+ 0.5% BSA at the 

following dilutions: 1:100. 1:500 1:1000. 100 μl/well of diluted serum was added to 

wells for 1 hour at 4°C. The plate was washed 5 times in wash buffer before 

100μl/well of goat anti-human IgG-HRP (Thermo-Fisher) diluted 1:3000 in PBS + 

0.5% BSA was added for 1 hour at 4°C. After 5 further wash steps the ELISA was 

developed with 100μl 3,3’,5,5’-tetramethylbenzidine (TMB) solution (Thermo-Fisher) 

and stopped with 100μl/well of 0.5M H2SO4.  Absorbance was read at 450nm on a 

Magellan optic plate reader. Results are expressed as OD450nm with background 

signal observed for each serum sample on the uncoated well subtracted.  
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Statistical analysis was calculated using Graphpad Prism. One-way ANOVA was 

used for multiple comparisons with Sidak’s post test.  

4.3.1.2 Results 

Serum MFGE8 autoantibody screening showed that patients with GCA did not have 

greater levels of MFGE8 specific absorbance. In fact, levels were higher in controls 

than in patients with GCA (Figure 4-3). This was statistically significant at a 1:100 

dilution but not at lower concentrations of serum (Figure 1, **=P<0.01). Levels of 

background signal in indirect ELISA for human IgG were not elevated in patients 

with GCA. 

A confounding issue with the use of indirect ELISA in screening for autoantibodies in 

inflammatory autoimmune disease is the false positive reactions associated with 

hydrophobic binding of immunoglobulin to the plate surface and antibodies against 

ELISA constituents 199,198. In order to exclude this potential confounder, samples were 

run in parallel on a plate that had not been coated with MFGE8, but otherwise was 

subject to all steps in the assay. Contrary to the some previous reports, minimal 

background signal/nonspecific binding was observed on this plate (Figure 4-4). 

 

Figure 4-3. ELISA serum MFGE8 autoantibody screen, GCA patients (n=16) 

versus controls (n=18) at various dilutions. 
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Figure 4-4. ELISA serum control plate without MFGE8 - Serum dilution 

1:100.  

 

4.3.1.3 Discussion  

Antibodies to MFGE8 are not prevalent in patients with GCA. This data does not 

support the occurrence of anti-MFGE8 autoantibodies in incident patients with GCA 
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were present.  
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impurities present in the recombinant MFGE8 protein preparation (which in the 

product sheet is stated to be 90% pure) and is derived from a murine myeloma line. 

In summary, whilst evidence of autoantibodies to MFGE8 was found in a few 

patients, these were mostly controls and this data does not support a role for 

autoimmunity to MFGE8 in GCA.  

4.3.2 Serum MFGE8 levels 

The next research question was whether serum MFGE8 protein levels were associated 

with GCA disease activity.  

4.3.2.1 Methods 

The same patient and control cohort was used as in the serum auto-antibody 

experiments. These patients were also enrolled in the transcriptomic study described 

in Chapter 5 and as such were involved in serial sample collection, including an SST 

tube (Figure 5-1). Not all patients enrolled were able to provide all serial samples as 

outlined in the transcriptome study. As outlined above, once collected, SST tubes 

were centrifuged as per manufacturer’s guidelines, the serum layer removed and 

stored at -80°C until ready for analysis.  

For the purpose of this analysis, MFGE8 serum protein levels were first tested in 

patients versus controls. Subsequent analysis involved comparing serum samples 

collected from patients in the acute phase (time of diagnosis) and compared to those 

collected at 3 months. MFGE8 levels were measured using a commercially available 

ELISA kit (R&D Systems, USA). Samples were diluted six-fold in assay diluent 

before the ELISA was performed according to manufacturer’s instructions. Data 

analysis was performed using student’s unpaired t test. 

4.3.2.2 Results 

MFGE8 levels measured in the first available sample from patients with GCA (n=15) 

were similar to those from in control patients (n=13). There appeared a slight increase 

in MFGE8 levels in cases compared to controls but this was not statistically 

significant (Figure 4-5).  
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Figure 4-5. MFGE8 serum levels at diagnosis. MFGE8 levels were similar in controls and 

patients with GCA (p=0.11). 

 

To evaluate whether MFGE8 levels changed along the course of disease or treatment 

of GCA, MFGE8 levels were compared in the paired patient samples taken at the 

initial visit and 3 months. Samples from both visits were available for only 10 

patients. Most patients (n=8) showed an increasing trend in MFGE8 levels over 3 

months however this was not statistically significant (Figure 4-6).   

 

Figure 4-6. Serum MFGE8 levels were not statistically different between the acute visit and 3 

months after diagnosis (P=0.14). 
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4.3.2.3 Discussion 

To investigate the hypothesis that serum MFGE8 levels would be different between 

patients with GCA and controls or would change with treatment of GCA, MFGE8 

concentration was analysed in stored samples by ELISA. Whilst no differences were 

found in the groups analysed, this does not exclude a potential role for MFGE8 in this 

disease.  

Firstly, the association of MFGE8 with GCA is an association with disease 

susceptibility. It is possible that genetically determined quantitative or qualitative 

variation in GCA affects disease susceptibility at the population level without this 

being detectable by measuring crude serum concentration in a relatively small patient 

cohort.  

In addition, ELISA uses antibodies to detect the antigenic concentration of the 

substance being measured but does not measure the functional activity of the protein. 

Therefore, it is possible that a qualitative difference in the MFGE8 protein is present 

which would not be measured in this assay.  

In summary, these findings do not support the use of MFGE8 as a biomarker for GCA 

in serum. There is no strong evidence of quantitative variation in MFGE8 protein 

levels either between patients and controls, or over the disease course in patients.  

4.3.3 Serum HAPLN3 investigation 

As no commercial ELISA kits are available for HAPLN3, measurement of serum 

levels could not easily be performed. In future, if antibodies pairs became available 

this could be investigated. The cost of recombinant HAPLN3 prohibited screening for 

autoantibodies. However, this would be technically feasible using a similar technique 

as previously described.  

4.4 FUTURE DIRECTIONS 

The qPCR experiments discussed above have shown a difference in expression 

between patients with GCA and controls. However, what is not known is whether the 

SNP rs2351254 on Chromosome 15 identified through GWAS associated with an 
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increase in GCA risk, contributes to this difference in expression between patients and 

controls. In order to determine the impact of rs2351254 on gene expression, 

comparison could be made of MFGE8 and HAPLN3 expression levels in those 

individuals who are homozygous and heterozygous for the risk allele, and 

homozygous for the non-risk allele.  

Using the genotype data generated from the GWAS study, we re-identified ~150 TAB 

FFPE samples (with a mixture of all three genotypes) from St Vincent’s hospital in 

Melbourne. These specimens were retrieved and sectioned for RNA extraction for 

future qPCR use. The RNA of this large cohort was extracted and converted to cDNA 

in August 2017 and is currently stored at -80°C. qPCR is yet to be performed. By 

comparing expression levels based on patients’ genotypes will further distinguish 

whether the expression differences seen are secondary to a particular genotype at this 

locus. 

Furthermore, during the course of my PhD candidature, serial whole blood RNA 

samples (Paxgene tubes) were collected on 16 patients with GCA and 16 age-matched 

controls. The RNA of these samples was extracted in December 2016 (Qiagen 

Paxgene Blood RNA kit) and is currently stored at -80°C. Similar to the qPCR 

experiment performed on TABs of patients versus controls, qPCR could be performed 

to determine whether MFGE8 and HAPLN3 gene expression levels in whole blood 

vary between patients and controls, and whether peripheral blood levels match those 

seen at the site of inflammation. In addition, having access to serial samples will 

allow to search for a trend in expression levels between active and quiescent disease.  

More advanced molecular work using clustered regularly interspaced short 

palindromic repeats (CRISPR) screen at the MFGE8 gene, could be used to delineate 

the expression responsive regions at the locus in vascular tissue, such as endothelial 

cells or vascular smooth muscle cells 201-202. CRISPR-cas9 could allow investigation 

of the function effect associated with the particular polymorphism.   
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CHAPTER 5. TRANSCRIPTOMICS OF GCA 
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5.1 INTRODUCTION 

GCA represents one of the few true ophthalmic emergencies, and given the severe 

sequelae of untreated disease, a timely diagnosis is crucial. As highlighted in Chapter 

1, if untreated, GCA can cause catastrophic complications including blindness, 

strokes, as well as aortic dissection and rupture. In the acute setting, treatment with 

high-dose corticosteroids should be started empirically when a patient’s symptoms 

and/or inflammatory markers suggest a diagnosis of GCA is likely 97. Treatment 

should not be delayed whilst waiting for biopsy results to become available.  

Once diagnosed, clinicians monitor disease activity based on patients’ symptoms and 

inflammatory markers, primarily ESR and CRP. However, these biochemical markers 

are nonspecific and may be elevated in other inflammatory or infective diagnoses. 

Thus, there is a pressing need for a more sensitive and specific biomarker. This would 

aid in making a diagnosis, as well managing this condition more appropriately and 

mitigate the need for an invasive surgical procedure. Motivated by this need, this next 

chapter aims to discover a new biomarker(s) so that when patients present to the 

emergency department with features of GCA, a blood test could be performed, 

allowing prompt diagnosis and initiation of appropriate treatment.  

As reviewed in Chapter 1, GCA is presumed to be an autoimmune disease, with a 

highly complex immunopathogenesis 19. When investigating immune-mediated 

diseases in humans affecting particular organs in the body, it is often difficult to 

access a direct sample from the involved organ for diagnostic purposes. It commonly 

involves an invasive procedure. In the case of GCA, it involves accessing tissue from 

the temporal artery. With this is mind, researchers have tried to find alternatives to 

study disease without necessarily requiring access to the particular organ affected. A 

previous study has found that assessment of the overall PBMC layer reflected 

differences in relative abundance of cells but was not as useful as assessing cell-

specific changes 203. However expression profiling of purified leukocyte subsets from 

peripheral blood provides useful information and bypasses the need to access deeper 

tissue 203. This could have practical and clinical impact.  

GCA is in part driven by T-cells, including CD4+ and CD8+ cells 19, 204. 

Transcriptional profiling in blood consists of measuring RNA abundance in 
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circulating nucleated cells. Changes in transcript abundance can result from exposure 

to host- or pathogen-derived immunogenic factors 205. Transcriptional signatures of T-

cells are an emerging field for autoimmunity with repercussions for diagnosis, 

prognosis and therapeutics; CD8+ transcriptional signatures can determine prognosis 

for autoimmune diseases such as Crohn’s disease and ulcerative colitis 17, SLE and 

ANCA-associated vasculitis 18.  

Transcriptome studies have yet to be performed in GCA. Given that T Lymphocytes 

are key mediators of the adaptive cellular immune response as well as key mediators 

in GCA205, in this chapter the transcriptome of peripheral CD4+ and CD8+ T cells of 

patients with GCA is investigated. Patients’ expression profiling were monitored 

along the course of their disease to detect changes in transcripts as disease state 

altered and became quiescent.  

5.2 RNA SEQUENCING 

5.2.1 The Transcriptome 

In the human cell, DNA is transcribed into messenger RNA (mRNA), which is 

translated into proteins. The complete set of RNA transcripts and their quantity in a 

cell at a particular point in time is known as the transcriptome 206. The transcriptome 

provides information on inner cell workings and a cell’s interaction with the 

environment. Although studying the transcriptome provides information, transcripts 

do not necessarily translate to protein production 207. This discrepancy is explained by 

concepts such as post-translational modifications. Downstream applications such as 

proteome analysis can assist in confirming transcript findings 207.  

5.2.2 The Technology 

Understanding the identity and abundance of RNA molecules in a given cell under a 

specific condition is the ultimate goal of RNA research 208. Much of what was 

previously known about RNA molecules comes from early studies using biochemical 

methods. High-throughput approaches that enable large scale RNA interrogation 

emerged in the early 1990s 208. DNA microarray analysis of gene expression, methods 
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similar to the one used in the GWAS study discussed in Chapter 3, have allowed for 

high volume RNA analysis. However, while this hybridization method enables 

interrogation of transcripts genome-wide, it requires existing sequence knowledge or 

reference genomes/transcriptomes for designing the microarray probes 208. This limits 

discovery applications as hybridisation techniques cannot detect novel transcripts. 

More recently, the introduction of high-throughput next-generation sequencing 

(NGS), a non-sanger sequencing technology, has revolutionised transcriptomic 

profiling by allowing RNA analysis to be conducted on a massive scale (RNA-seq) 

through cDNA sequencing enabling the acquisition of an unprecedented amount of 

data in a short time 208. It also allows for the identification and analysis of unknown 

genes and novel transcript isoforms 208 and as such, supersedes microarray-based 

approaches for transcriptome analysis 209. RNA-seq has minimal background noise, 

high reproducibility and can map transcription boundaries down to a single base 206. 

RNA-Seq has a greater dynamic range, detects both coding and noncoding RNAs, and 

is superior for gene network construction 209. As RNA-Seq technology is becoming 

more accessible, it is fast displacing past transcriptomic technology 210. 

The human genome has been studied extensively and is smaller than originally 

expected, suggesting more complex gene expression biology 211-212. This complexity 

has in part been explained by the concept of alternative splicing, whereby a single 

gene may encode for multiple mRNA variants (isoforms) 207. Alternative splicing 

impacts almost 95% of the mammalian genome and presents a major limitation in 

genetic studies as the mRNA splice variant cannot be determined from upregulated 

genes 207. Study of the transcriptome through NGS examines the mRNA splice variant 

directly and thus bypasses this challenge experienced by more traditionally 

sequencing methods. Variants can be directly matched to the upregulated gene 209.  

Despite the many advantages of RNA-Seq, some disadvantages remain. Although 

these are improving, there is high cost associated with RNA-Seq and data analysis is 

computationally very complex 209. However, RNA-Seq has revolutionised knowledge 

of transcript expression. Its technology embraces the intricacy of the transcriptome 

and provides a means to understand the underlying regulatory code 209. RNA-seq 

allows for the examination of true differential gene expression. This technology is 

able to quantify gene expression and therefore observe changes during disease 
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progression or resolution. RNA-seq allows for considerable opportunity to robustly 

compare diseased to healthy states 206.  

By using of an open platform technology, RNA-Seq may serve to confirm or 

contradict many existing hypotheses regarding GCA. The hope is that it will provide 

not only novel transcripts but also new aspects of autoimmunity previously 

unappreciated. Measurement of transcripts has vast implications for diagnostic 

indication, therapeutic selection and prognosis 210.  

5.2.3 The Work-Flow 

The preparation of a sample for RNA-seq, includes RNA extraction (mRNA is 

isolated from total RNA before being fragmented), fragmentation, cDNA synthesis, 

amplification and RNA-sequencing 213. Adaptors are attached at one end for single-

end sequencing or both ends for pair-end sequencing 206. Adaptors then read between 

30-400 base pairs at a time. Once sequenced, reads are matched against a human 

reference genome. The transcriptome is assembled into a large transcriptional map 

with levels of expression 206. Transcripts are subsequently quantified. These steps are 

summarised in Figure 5-1.  
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Figure 5-1. RNA-seq work-flow diagram, adapted from “Next-generation sequencing 

technologies and their impact on microbial genomics” by BM Forde and PW O’Toole. 

Briefings in Functional Genomics, 2013, Pages 447. Copyright The Author 2017 Oxford 

University Press 214. Workflow involves total RNA being extracted from the cell, followed by 

mRNA enrichment and selective polyadenylation of mRNAs following enrichment. mRNAs 

are then fragmented, converted to cDNA and sequenced. Sequenced cDNA is then used for (a) 

de novo transcriptome assembly, (b) transcriptome re-sequencing or (c) transcriptome 

quantification. 

 

5.3 METHODS  

5.3.1 Patient Recruitment and Sample Collection  

Between July 2014 and June 2016, patients presenting to the emergency department 

(ED) at the Royal Victorian Eye & Ear Hospital (Melbourne, Australia) with clinical 

symptoms and signs consistent with the diagnosis of GCA (Appendix D – 
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Transcriptome Project Recruitment Aids) were enrolled in this study and consented 

for serial samples (Ethics approval 11/998H). Emergency doctors and nurses were 

informed about our study and encouraged to enrol eligible patients with clinical GCA 

into the study and to contact the Clinical Genetics Unit (CGU) at the Centre for Eye 

Research Australia (CERA) when patients wished to participate (Appendix D – 

Transcriptome Project Recruitment Aids). All patients had a TAB within a week of 

presentation to confirm diagnosis. Patients recruited in the acute phase but for whom 

the TAB subsequently did not show evidence of GCA histologically, were removed 

from the study and their T1 sample was discarded from analysis. 

Blood samples were acquired from patients in the acute phase of their disease, T1 

(Day 0-7), ideally prior to steroid initiation. Analysis took into account those patients 

who were steroid-naive at T1 and those who had already started steroid treatment, 

albeit in some cases less than 24 hours earlier. In addition to T1, the aim was to 

acquire five subsequent serial samples from each patient - T2 (2-3 weeks), T3 (6-8 

weeks), T4 (~3 months), T5 (~6 months) and T6 (~12 months) after presentation - to 

detect changes in their transcripts as the disease state altered and became quiescent 

(Supplementary Table 1). For each patient with GCA, an age- and gender-matched 

control were recruited, from whom two serial blood samples were collected 2-3 weeks 

apart. The study design is outlined in Figure 5-2.  

At each patient visit and time point, one PAXgene tube (whole blood RNA tube) was 

also collected. This would act as a back up in case something went wrong with the 

cell separation and purification, cell storage or RNA extraction steps. PAXgene blood 

tubes were stored at -20C until ready for RNA extraction.  

An SST was also collected at all time points for serum protein verification (if 

applicable, depending on T cell RNA analysis); ~4mL serum would be stored at -80C 

for each patient’s time point. 
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Figure 5-2. Overview of GCA transcriptome study design. A total of 16 patients with GCA 

had serial blood tests to investigate the gene expression profiles of T lymphocytes over the 

course of their disease. CD4+ and CD8+ cells were positively selected through magnetic 

assisted cell sorting (MACS). RNA was extracted for subsequent RNA sequencing. The 

expression profiles of patients were compared to that of 16 age-matched controls. In addition 

to differential gene expression analysis and longitudinal transcript analysis, clinical phenotype 

regression analysis was performed to investigate genes predictive of acute disease and 

prognosis. 

5.3.2 T-cell Isolation (MACS) 

At each visit, 36 ml of peripheral blood were collected in 4 x 9 ml 

Ethylenediaminetetraacetic acid (EDTA) tubes, 18 ml of which were used to isolate 

each of the two T-cell populations. Once blood was collected from a patient, it was 

processed within 30 minutes. Rapid processing was conducted to avoid changes in 

cellular expression profiles. Previous work has demonstrated that storing blood 

samples prior to cell isolating has a significant effect on their cellular RNA expression 

203. Thus, this work used stringent protocols to ensure robust collection, timely 

processing and storage of fractionated blood samples. Each experiment took 
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approximately 4-5 hours from time of collection to time of cell lysate storage and all 

T cell isolation experiments were carried out by myself, or my colleague Ms Linda 

Clarke whilst I was on maternity leave, at the Centre for Eye Research Australia 

(CERA).  

5.3.2.1 PBMC Isolation 

First, the peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll-

Paque. After blood collection, each 9ml EDTA blood tube was diluted with 26mL of a 

solution containing phosphate-buffered saline (PBS), pH 7.2, and 2 mM EDTA 

(renamed “buffer #1” for these experiments). This 35mL dilution was layered 

carefully onto 15mL of Ficoll-PaqueTM (GE Healthcare) in a 50mL conical tube. For 

separation of the peripheral blood mononuclear cell (PBMC) layer otherwise referred 

to as buffy coat, these 50mL conical tubes were centrifuged at 400xg for 30 minutes 

in a swinging- bucket rotor without brake.  After centrifugation, clear layers (plasma, 

PBMC, Ficoll, granulocytes, erythrocytes) were visible. The PBMCs (lymphocytes, 

monocytes, and thrombocytes) were then carefully aspirated whilst avoiding 

disturbing the other layers. The PMBC layer derived from 2 x 9mL EDTA tubes were 

combined in a new 50mL conical tube. Each of these two new conical tubes were 

filled with approx. 30mls of buffer #1 and centrifuged at 300×g for 10 minutes at 20 

°C. The supernatant was removed completely. To remove platelets, the cell pellets 

were re-suspended in 35-40mL of buffer #1 and centrifuged at 200×g for 10 minutes 

at 20 °C. The supernatant was carefully removed. 

5.3.2.2 PBMC Counting 

The two cell pellets were aspirated, each transferred to a new 15mL conical tubes, and 

re-suspended in 10mL of a solution containing PBS, pH 7.2, 0.5% bovine serum 

albumin (BSA), and 2 mM EDTA. This solution was made by diluting MACS BSA 

Stock Solution 1:20 with autoMACSTM Rinsing Solution (Miltenyi). For the purpose 

of these experiments, this solution was referred to as “buffer #2”.  30ul cell 

suspension was removed and mixed with 30μL trypan blue and transferred to a 

countess cell counting chamber slide (Invitrogen). The total cell number in both 

conical tubes was determined; one would later be used to isolate CD4+ cells and 

CD8+ cells. The cell suspensions were then centrifuged at 300×g for 10 minutes and 

the supernatant was then completely aspirated to leave only the wanted cell pellet.  
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5.3.2.3 Magnetic Labelling  

Following PBMC cell counting, the next step involved positive selection with 

magnetic antibody-coupled microbeads (MACS) (CD4 Human Microbeads (130-045-

101) and CD8 Human Microbeads (130-045-201) from Miltenyi Biotec), to isolate the 

CD4+ and CD8+ T-cell populations from PBMCs. The conical tube with the greatest 

cell count was used to isolate CD8 cells and the one with the lesser cell count, CD4 

cells.  

The cell pellets were re-suspended in 80μL of buffer #2 per 107 total cells. 20μL of 

Miltenyi microbeads (either CD8 or CD4) per 107 total cells was added to each tube 

respectively. These were mixed well and then incubated for 15minutes in the 

refrigerator (2−8 °C). CD4+ cells were labelled with Fluorescein isothiocyanate 

(CD4-Viobright FITC (130-104-515) Miltenyi Biotec) and CD8+ with 

Allophycocyanin (CD8-APC (130-091-076) Miltenyi Biotec) antibody for purity 

analysis; 10μL staining antibody per 107 total cells was added to each respective cell 

suspension followed by incubation for 5 minutes in the dark in the refrigerator (2−8 

°C). Cells were then washed by adding 1−2mL of buffer #2 per 107 cells and 

centrifuged at 300×g for 10minutes. The supernatant was completely aspirated. Cells 

were re-suspended in 500μL buffer #2. 

5.3.2.4 Magnetic Isolation 

A MS column (Miltenyi) and separation filter (Miltenyi) were placed in the magnetic 

field (OctoMACS Separator on magnetic stand). A 15mL conical tube was placed in a 

holding rack underneath the column. The column and separation filter were rinsed 

with 500μL buffer #2. Then the cell suspension was applied onto the column. All 

unlabeled cells passed through the column into the conical tube collecting the 

unlabeled cell fraction. Three wash steps were then performed by adding buffer 2 

three times, i.e. 3×500μL. The separation filter and tube with unlabelled cells were 

then discarded. The MS column was removed from the separating magnet and placed 

it on a new 15mL collection tube labelled either CD4+ or CD8+, depending on the 

microbeads and antibody used to label that particular population of cells. The CD4+ 

and CD8+ positive fractions were eluted from the magnetically charged MS column 

in 1000ul of buffer #2. 
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5.3.2.5 T Cell Counting, Purity Analysis and Storage  

A 25 µl aliquot of both CD4+ and CD8+ final cell populations was fixed in 2% 

paraformaldehyde (PFA) and used for analysis of the population purity on a CyAn 

ADP fluorescence-activated cell sorting (FACS) analyser, i.e. to determine what 

percentage of cells eluted are CD4 or CD8 T lymphocytes. Another 25μL aliquot was 

taken of both positive cell populations (CD4+ and CD8+) to check the final cell count 

number (trypan blue and countess chamber). 

The remaining 950uL of positive cell fractions were centrifuged at 300xg for 10min. 

The supernatant was removed completely. The samples were then re-suspended in 

1mL PBS and transferred to a 1.5mL eppendorf. These were then centrifuged for 5 

minutes at 5000xg (wash step). The supernatant was removed completely.  

600μL RLT lysis buffer (Qiagen) and 6ul beta-mercaptoethanol (BME) was added to 

and mixed in with each cell pellet as per Qiagen’s instructions. Both CD4+ and CD8+ 

cell lysates were stored at -80C until ready for RNA extraction (between 1 - 23 

months).  

5.3.3 RNA Extraction  

5.3.3.1  Batch Randomization 

Once all samples were recruited by June 2016, they underwent RNA extraction as per 

manufacturer’s protocol (Qiagen RNeasy kit) at CERA. In order to process large 

batches of RNA extractions to reduce the chance of batch effects, RNA extractions for 

this GCA study were combined with those of a sister uveitis study. All T-cell lysate 

samples, 137 GCA patient samples, 60 control samples and 22 samples from the sister 

uveitis study (total n=219), were randomised to RNA extraction batches. RNA 

extractions were performed in 10 batches of between 20-24 samples.  

5.3.3.2 RNA Extraction Procedure 

All RNA extractions were performed by myself using the Qiagen RNeasy mini kit, 

Qiashredder, and Qiagen RNase-Free DNase set.  

Briefly, kit preparation steps were completed as per manufacturer’s instructions. 

Samples were thawed on ice. All sample lysate (~606μL) was transferred directly 
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onto a QIAshredder column and centrifuged for 2 minutes at full speed. 600μL 70% 

ethanol was added to the homogenised lysate and mixed in. 700μL of the sample was 

then added to an RNeasy spin column placed in a 2mL collection tube and centrifuged 

at 8000xg for 15 seconds. The flow through was discarded. This step was repeated 

one more time as sample volume exceeded 700μL. 350μL RW1 was buffer was added 

to the RNeasy spin column and centrifuged for 15 seconds at 8000xg. Flow through 

was discarded. The mixture of 10μL DNAse stock solution and 70μL RDD buffer 

(80μL DNAse 1 incubation mix) was added to the RNeasy spin column membrane 

and incubated at room temperature for 15 minutes. 350μL RW1 buffer was then 

added to the column and centrifuged for 15 seconds at 8000xg. The flow-through was 

discarded. 500μL RPE buffer was then added to the column and centrifuged for 15 

seconds at 8000xg to wash the column membrane. The flow through was discarded. 

This RPE wash step was repeated but this time for 2 minutes. The collection tube 

containing the flow-through was discarded. The RNeasy spin column was then 

transferred to a new 2mL collection tube and centrifuged at full speed for 1 minute. 

The column was then placed in a new 1.5mL eppendorf tube. RNA samples were 

eluted 30 µl in RNAse free water, which was added directly to the column and 

centrifuged for 1 minute at full speed (~17000xg). RNA samples were stored at -80C 

until all extractions were complete.  

5.3.3.3 In-house Quality Control  

After each batch RNA extraction, 2-4 samples were randomly tested on the NanoDrop 

ND-100 spectrophotometer to ensure good quantity and quality RNA was being 

extracted (A260/A230 and A260/A280 between 1.8 and 2.1) was being extracted 

before moving onto subsequent batches. RNA samples were then stored at -80C until 

all extractions were complete.  

5.3.4 cDNA Library Preparation  

5.3.4.1  Dispatching RNA Samples 

Once all batches were extracted, samples were dispatched on dry ice to the ATGC at 

QUT for cDNA processing and RNA sequencing. At the ATGC, RNA integrity (RIN) 

and quantity was confirmed with a Bioanalyzer 2100 (Agilent) before undergoing 

library preparation. 
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5.3.4.2 Batch Re-Randomisation 

To avoid sequencing batch effects, all 217 samples (GCA n=137, and Control n=60, 

uveitis (sister study) n=22) were re-randomised to be processed in one of three 

different cDNA library preparation batches (Batch 1 n=73, Batch 2 n=73, Batch 3 

n=73). 

5.3.4.3 cDNA Preparation Kit 

Illumina TruSeq Stranded mRNA Sample Preparation Kits were used at ATGC to 

convert the mRNA in the total RNA samples into cDNA libraries. In prokaryotes, 

mRNA constitutes as little as 1%-5% of total RNA 214. Indeed cells consist of many 

different subtypes of RNA, including largely ribosomal RNA. Consequently, mRNA 

requires enrichment prior to sequencing. mRNA classically has a long sequence of the 

nucleotide adenine for stabilisation, known as the polyA tail. As such, the kit 

workflow involved ribosomal depletion, purifying and fragmenting the poly-A 

containing mRNA molecules, synthesizing first followed by second strand cDNA, 

adenylating the 3’Ends, performing adaptor ligation, PCR amplification, then 

validating the libraries, normalizing and pooling the final libraries.  

The Illumina Truseq protocol is optimized for 0.1–4 μg of total RNA and a RIN value 

≥ 8 is recommended. 600ng total RNA was inputted to make cDNA libraries (30 µl) 

for all samples with ≥600ng total RNA available. Samples with less than 600ng total 

RNA available were used entirely. 

Samples were barcoded to allow large throughput at sequencing. The number of PCR 

cycles for cDNA amplification was adjusted as required to equalise the cDNA yield 

as per the protocol. Quality control of library concentrations was assessed through 

LabChip GX High Sensitivity DNA assay.  

5.3.5 RNA Sequencing 

RNA-Seq libraries were multiplexed and sequenced in batches on an Illumina 

NextSeq500 high-throughput instrument to obtain 75-bp paired-end reads. 

Multiplexing and pooling of samples allows for a large number of samples to be 

sequenced and analysed in a single run. As such each sample was barcoded. Each 

batch of cDNA libraries was then pooled in equimolar volumes, and sequenced over 
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three flow cells (FCs). As such a total of nine FC were required to cover the whole 

project. 

To achieve uniform sequencing across a large number of samples, the data were 

reviewed following each run by determining the number of mapped reads per sample. 

The read count per sample volume pooled was used as a metric to re-calculate future 

volumes needed and as such re-pool the cDNA libraries for additional sequencing. As 

such the pool of cDNA libraries for each batch was adjusted so that all samples would 

reach 16M raw reads (460M reads per FC) by the end of the 3rd FC. If any samples 

did not map well, these would be excluded from further sequencing. This strategy also 

minimised between sample sequence run batch effects.   

Power calculations suggested that 16 cases and 16 controls provided sufficient power 

to successfully complete all proposed aims of this project. Assuming 80% of known 

gene transcripts would have at least 10 reads mapping to them, 80% power would be 

achieved to identify a differentially expressed transcript at the gene-wide level 

(=2.24x10-6).215  

5.3.6 Computational Analysis 

Computational analysis was performed with the help of bio-informaticians, Samuel W 

Lukowski and Dr Joseph E Powell, at the Institute for Molecular Bioscience (IMB), 

University of Queensland (UQ). Raw sequence reads would be demultiplexed, 

groomed and trimmed as required. Quality control of the sequencing data was 

performed on the FASTQ files. High quality reads were retained and Trimmomatic 

v0.36 was used to remove adapters and low quality bases. Reads were mapped to the 

GRCh38 human reference transcriptome using Kallisto v0.42.4 216. Only those with 

counts-per-million (cpm) > 1 in 50% of the samples were retained for further analysis. 

Transcript expression between libraries was normalised using the trimmed mean of M 

method (TMM) and corrected for batch effects using the removeBatchEffect function 

implemented in edgeR (Flow cell ID, Gender and Ethnicity) 217. Hierarchical 

clustering and principal component analysis (PCA) confirmed the absence of batch 

effects and outlier samples (Figure 5-3).  
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Figure 5-3. Batch correction of 195 samples: Three parameters (Flow cell ID, Gender and 

Ethnicity) were used to remove confounding effects in edgeR. PC1 contributed the greatest 

amount of variance and was largely attributed to Flow cell ID, which accounts for most of the 

variance in sequencing experiments 

 

5.3.7 Differential Gene Expression Analysis 

After excluding two samples (possible mislabelling after MACS), a total of 135 GCA 

samples (n=16 patients) spanning six time-points and 60 control samples (n=16 

patients) spanning two time-points were grouped for analysis based on their CD4 

(GCA=68, control=30) or CD8 MACS (GCA=67, control=30) separation. This 

grouping strategy formed the basis of the differential expression design matrix, 

allowing pairwise comparisons between individual time-points on a case/control or 

CD4/CD8 basis. Differentially expressed transcripts were considered statistically 
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significant if their false discovery rate (FDR) was less than 0.05. Differential 

expression (DGE) analysis between case and control subjects was performed 

comparing the initial T1 case specimens versus both the T1 and T2 of control 

specimens. Transcripts below FDR <0.05 and a two-fold change between cases and 

controls were considered significant.  

5.3.8 Polynomial Modelling of Transcript Expression 

The longitudinal expression profile of retained transcripts across six time points was 

tested for significant changes using polynomial regression. Polynomial regression 

modelling was performed with the patient weight-normalised (mg/kg) steroid dosage 

fitted as a fixed effect. The global model p-value was corrected for multiple testing 

using the Benjamini-Hochberg method (FDR) and transcripts with an adjusted p-value 

below the FDR threshold (<0.05) were considered statistically significant. 

5.3.9 Functional Enrichment and Pathway Analysis 

Functional enrichment analysis was performed using the Reactome biological 

pathway database via the ReactomePA software package (version 1.18) and the CPdB 

web server (http://cpdb.molgen.mpg.de/) 218. Pathway analysis results with adjusted p-

values below the FDR threshold (< 0.1) were considered significant.  

5.3.10  Clinical Phenotype Regression Analysis 

A linear model was constructed to regress clinically relevant traits that were measured 

at the time of disease onset, or sample collection, against normalised gene expression 

levels. For quantitative clinical variables a linear mode was used, and for categorical 

variables, a logistic regression model. Clinical phenotypes were fitted against the 

expression of each of transcripts in GCA-only samples separated into CD4+ and 

CD8+ populations and weight-normalised (mg/kg) daily steroid dose was included as 

a fixed effect. For each transcript, the adjusted p-value was calculated using the 

Benjamini-Hochberg method (FDR) method 219. Transcripts with adjusted p-values 

below the FDR threshold (< 0.01) were retained for further analysis. The complete 

summary tables of tested phenotypes are available in Table 5-9, Table 5-10, and 

Table 5-11. 



 140 

5.4 RESULTS  

5.4.1 Patient Recruitment  

A total of 16 incident patients with active GCA and 16 age and gender matched 

controls were recruited; The mean age was 78.2 years in the GCA cohort and 76.6 

years in the control group. Both groups had the same 14:2 female to male ratio.  

Table 5-1. Cases recruited and attendance for all 6 time points. 
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Not all patients were able to complete 12 months of participation; therefore, not all 

patients had six samples collected (Table 5-1): 

o Six patients provided all 6 MACS time event samples required.   

o Ten patients were unable to provide all 6 MACS samples:  

▪ Three patients died during the course of the study  

▪ One patient became absent due to illness 

▪ Three patients failed to attend (F.T.A) all study-scheduled appointments 

▪ One patient withdrew from the study 

The exact cause of death for the three patients is unknown. One patient was being 

managed by her rural GP as she lived 4-5 hours drive from the city. She lived in a 

nursing home after she has lost vision in both eyes from GCA. The second patient 

who died was also bilaterally blind from GCA. She ended up with multiple falls and 

died soon after. The third patient was admitted to hospital for general decline in 

health, investigation of stroke, poor appetite and died within a few weeks of 

admission.  Likely bilateral visual loss predisposes to poor outcome, whether directly 

a sign of disease severity or whether indirectly as bilateral visual loss might 

predispose the falls and other morbidity.  

Three patients enrolled late in the time course of the study and therefore could not 

complete 12 months of recruitment. Table 5-2 demonstrates the sample collections 

points relevant to patients’ steroid commencement date. Six patients were steroid-

naive at T1; these patients had their first sample collected in the ED prior to 

commencing steroid treatment. Of the other 10 patients, 3 patients had been on 

steroids less than 24 hours at the time of T1. This was taken into account at analysis 

as initiation of steroids and length of steroid treatment could potentially affect gene 

expression levels.  
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Table 5-2. Number of days after steroid commencement at which the T1-6 

samples of each GCA case is collected. 

GCA case T1 T2 T3 T4 T5 T6 

1.  0 17 42 103 189 374 

2.  5 17 54 99 187 383 

3.  6 18 34 89 194 377 

4.  1 29 D.N.A 99 190 386 

5.  1 24 51 80 164 390 

6.  6 18 34 83 175 369 

7.  3 21 51 93 189 387 

8.  0 7 49 90 End of study 

9.  0 11 49 Illness - Passed Away early 2016 

10.  0 7 35 90 End of study 

11.  0 D.N.A 35 91 182 386 

12.  2 Absent due to illness 366 

13.  3 19 55 90 Withdrew from study 

14. 1 17 65 Illness - Passed Away mid 2015 

15. 5 Unable to attend (distance). Passed away mid 2015 

16.  0 D.N.A 89 End of study 

Mean 2.0 17.1 46.2 91.5 183.75 379.8 

Median 1 17.5 49 90 188 383 

(Range)  (0-6) (7-29) (34-65) (80-103) (164-194) (366-390) 

 
 
The number of patients presenting with the common symptoms and signs associated with 

GCA are described in Table 5-3.  

 

Table 5-4 describes the specific ophthalmic manifestations and long-term prognoses 

observed in this patient cohort. Three of the four patients presenting with bilateral 

visual loss lived rurally. Although admitted and treated with IV methylprednisolone 

for 3 days once referred to the RVEEH, their delayed presentation sadly caused 

irreversible visual loss 

 

Table 5-3. The eleven “acute phase” symptoms, signs and relevant past medical 

history.  Number of GCA patients (total n=16) by each clinical phenotype at T1.  

 Phenotype Number of patients with each 
feature at time of presentation 

1. Visual Disturbance 14 
2. Temporal Headache 14 
3. Other Headache 13 
4. Scalp Tenderness 12 
5. Malaise 12 
6. Jaw Claudication 11 
7. Fatigue 11 
8. Loss of Appetite 9 
9. Weight Loss 8 
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10. Fever 4 
11. Polymyalgia Rheumatica 4 

 

 

 

Table 5-4. Ophthalmic clinical summary data (GCA cases, n=16). 

 Number of cases  

Visual disturbance at T1 
Monocular 10 
Bilateral 4 
None 2 

Eye affected 
Right 4 
Left 5 
Both 4 

Ophthalmic Manifestation 
Amaurosis Fugax 2 
AION 9 
Transient diplopia 1 
3rd Cranial nerve palsy 2 

Final recorded visual outcome 
Normal vision both eyes  4 
Normal vision one eye, visual impairment other  7 
Blind one eye 2 
Blind both eyes 3 

Definitions (Snellen Chart): Normal vision: >6/9; Vision impairment:  <6/9 but >6/60; 
Severe vision impairment (“Blind”): <=6/60.  AION=Anterior ischaemic optic 
neuropathy 
 

 
Table 5-5. General Disease Outcome and prognostic 

measures (GCA cases, n=16). 

Category Number of cases  

Number of relapse events during the 12 month study period 
None 5 
One 5 
Two 2 
Three or more 1 
Unknown (loss to follow up) 3 

Deceased within 12 months  
Yes 3 

5.4.2 MACS T cell Isolation: Quality Control  

In total, 197 MACS events (137 GCA and 60 control events) were performed, 

isolating between 2-10 million CD4+ and CD8+ cells per patient per time event. It 

was noted that CD4+ MACS isolation resulted in greater cell counts than CD8+. 
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The analysis on the CyAn ADP (FACS) analyser shows good population purity after 

MACS-positive cell selection: an average of 97% for CD4+ cells and > 94% for 

CD8+ cells Figure 5-4.  

 

Figure 5-4. T cell quality control after MACS isolation procedure. Example FACS results for 

FITC bound CD4 (A) and APC bound CD8 cells (B). Panel C displays the FACS confirmed 

purity of all specimens, where case and control samples are represented by red and blue 

triangles. 

5.4.3 RNA extraction: Quality Control  

Extracted RNA samples had sufficient total RNA (mean 1.5ug/sample) and 

demonstrated good purity (A260/280: 1.8-2.2) on the CERA in-house QC checks 

(NanoDrop ND-100 spectrophotometer). Unsurprisingly, the average total RNA yield 

did vary significantly between samples. 

At QUT where stringent QC measures were performed one samples arrived after 

shipment. The average total RNA yield varied between samples. The average 

TapeStation concentration was: 137.9 ng/ul (range 12.1 to 1,130.0 ng/ul). Total RNA 

yield per sample averaged to 2,757.7ng (range 242.0 to 22,600.0 ng) and average 

TapeStation RNA Integrity Number (RIN) was 8.9 (range 7.2 to 10.0). RNA QC met 

the Illumina TruSeq Stranded mRNA Sample Preparation Kit requirements. 
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5.4.4 cDNA preparation: Quality Control  

Whilst preparing the RNA samples for cDNA conversion, significant delays occurred 

(approx. 8 months). This next section will discuss this in more detail as this had 

significant impact on the length of my PhD candidature.  

5.4.4.1 Low yield cDNA Library Concentrations 

At ATGC, converting RNA samples in batch 1 to cDNA resulted in library 

concentrations lower than expected (Table 5-6). The Illumina kit used (Illumina 

TruSeq Stranded mRNA Sample Preparation Kits) protocol recommends 15 cycles of 

PCR cycles for cDNA amplification. However, at ATGC, the RNA scientists 

normalize the number of PCR cycles based on the total RNA submitted. In their 

experience, samples with total RNA yield similar to the ones from this study, have 

performed well with just ~10-12 PCR cycles, hence why 11 cycles of PCR was 

chosen for batch 1.  

In view of the poor cDNA yields that resulted from batch 1, it was thought that 1-2 

more cycles of PCR for further amplification might provide better cDNA 

concentrations. As such, 13 cycles of PCR cycles were applied to samples in batch 2. 

However these samples still resulted in low yield (Table 5-6). Running a small 

number of the cDNA samples on a high sensitivity Bioanalyzer chip, showed that 

cDNA libraries were present at the correct size, but with very low concentrations. 

cDNA library preparations for batch 3 were held of until troubleshooting experiments 

were performed.  

Table 5-6. cDNA library concentration yield per batch of RNA samples processed.  

Batch Number 

(n = RNA samples processed) 

PCR cycles 

applied 

Number of samples with the following 

cDNA library concentrations 

<0.1ng/ul ≥0.1ng/ul 

1 (n=73) 11 11  62 

2 (n=73) 13 54 22 

3 (n=73) 13*  0 73 

*choice of PCR cycles decided after all troubleshooting experiments.  
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5.4.4.2 Troubleshooting 

Numerous troubleshooting experiments were conducted, including receiving technical 

support from Illumina. Comparing old and new kits and reagents excluded faulty 

consumables.  

In 2015, a pilot RNA-seq study of 12 T-cell extracted RNA samples was performed. 

These samples were sequenced at the Australian Genome Reference Facility (AGRF). 

There were no concerns encountered with low cDNA concentrations. These 12 CD4 

and CD8 T cell samples were isolated through identical MACS and RNA extraction 

methods. The only difference was that the AGRF did not perform polyA mRNA 

selection, but selecting for polyA enrichment is unlikely to impact cDNA yield.  

After consulting with immunologists and particularly T cell experts, it was thought 

that most likely the mRNA present within the starting total RNA, was lower than 

expected. As such low cDNA concentrations may be due to a natural variation in the 

amount of mRNA present in these specific sorted T cells. If indeed transcription 

levels are low, then the input could potentially be much lower than anticipated in 

comparison to other RNA samples. As such, diverting from protocol by not using the 

recommended 15 cycles of PCR amplification, could have led to suboptimal cDNA 

yields.  

With this thought in mind, test experiments were performed at ATCG adding eight 

more cycles of PCR to selected cDNA libraries created in batch 1 and 2. These 

experiments showed amplification of cDNA library yields, in particular those samples 

with very low cDNA yields to start with. However, adding extra PCR cycles 

retrospectively to already created cDNA libraries, may cause quality diverse cDNA 

libraries and high duplication rates. Such artefacts would not be excluded until the 

libraries were sequenced and aligned which is extremely costly especially considering 

the potential poor outcome.  As such, it was decided to best avoid cDNA 

amplification if possible. 

Insufficient total RNA was available from batches 1 and 2 to repeat the mRNA and 

cDNA library preparations; only 129/219 of the original RNA samples had sufficient 

left over total RNA (>600ng). Therefore, to proceed with this study, the low yield 

cDNA samples available needed to be used for RNA sequencing.  
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5.4.4.3 Moving Forward  with low-yield cDNA Libraries 

After discussions with RNA experts, it was felt that as a first step, the low yield 

libraries from batch 1 should be sequenced on a single flow cell (FC) as “Test_seq” to 

see how they would perform without further amplification. Depending on the results 

from Test_seq, we would decide on whether to re-pool certain samples or perform 

additional rounds of PCR amplification to the cDNA libraries of batches 1 and 2. Re-

amplification was considered 'last' resort, since it might result in biased libraries. 

However, should it be needed, computational techniques could be used to check for 

artefacts by comparing future sequencing results to results form the Test_Seq run.  

5.4.4.4 Test_Seq  

5.4.4.4.1 Test-Seq Methods 

Four samples of batch 1 (n=73), with particularly low cDNA concentrations (<3fmole 

in the 30ul), could not be included in Test_seq as this would use up most volume and 

would leave insufficient sample to either re-amplify or re-pool with the other samples 

in an equimolar pool for future sequencing.  

Test_seq therefore included 69 samples. As sample concentrations varied 

significantly, these 69 samples were split over 2 pools (pool A=57, pool B=12). The 

12 samples in pool B had lower concentration cDNA and needed to be pooled 

separately as greater volumes were required. Pool B used 1.2fmole per sample (11ul) 

to pool, whilst samples in pool A at higher concentrations only needed 6fmole to pool 

(>2-10ul). To pool in equimolar volumes for sequencing, 1/5 of pool A was added to 

all of pool B in Test-seq FC.   

5.4.4.4.2 Test_Seq Results 

Preliminary analysis of the sequencing results from Test-seq (aka FC1 of batch 1) 

showed: 

- The percent of mapped transcripts was high (hg19 and also GRCh37) 

- There was considerable variation (100x fold change) among samples in the 

number of reads between the highest and lowest sample.  

- For mapped reads, there was inconsistent variation in the distribution of the 

number of reads per gene  
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- There did not appear to be any relationship between library concentration and 

number of reads. There was also no correlation with experimental variables 

(disease, cell type, time point) and read number.  

The most obvious explanation for the variation in reads was that there was significant 

variation in the cDNA sample amount loaded onto the FC. As the library 

concentrations were at the bottom of the assay range (LabChip GX High Sensitivity 

DNA assay), it is possible that there might have been inaccuracy in the library 

quantification and therefore the volumes used for pooling.  

However, with the information from sequencing batch 1 (test_seq), the ‘volume 

pooled c.f. the number of reads’ could be used to adjust the pool for further 

sequencing; i.e. using the read count output as a metric to re-pool the cDNA libraries. 

This has been shown to be quite a predictable method of adjusting samples within a 

pool or for re-pooling. This allows to correct the number of reads per sample to even 

out when all three FCs are combined. 

5.4.4.5 Moving forward after Test_seq  

5.4.4.5.1 Repeat cDNA Library Quality Control 

All samples in batch 2 and four samples with low output from batch 1 were re-QC’d 

with the Agilent TapeStation system. More accurate concentration measurement 

would allow for more precise pooling ability. Concentrations of some samples in 

batch 2, which previously were too low to quantify with LabChip GX High 

Sensitivity DNA assay (Table 5-6), showed an average concentration of 2.5nM with 

the new QC. Now that concentrations for all samples were available, the numbers for 

pooling and sequencing of batch 2 could be determined.    

5.4.4.5.2 Further Sequencing of all cDNA Batches 

5.4.4.5.2.1 Batch 1 

Batch 1’s first flow cell (B1 FC1=Test_seq, n=69) sequencing was performed as 

Test_seq for which 4 low yield samples excluded. After B1 FC1, four samples had 

sufficient reads and did not require further sequencing (Table 5-7), leaving 65 

samples to be included in the next sequencing run. 
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The four samples which had not yet been sequenced in Test_seq due to low cDNA 

library concentrations were included in the second flow cell (B1 FC2). These four 

samples were pooled separately. They performed well; only one performed below 

average with 4.8M reads. Overall the results of B1 FC2 showed a significant 

improvement in the variation in read count from FC1; down to a 10-fold difference 

between samples. After B1 FC2, two samples achieved excessive reads (25-27M 

reads) and did not require any further sequencing. 

In the final sequencing run for this batch, 67 samples were re-pooled in the third flow 

cell (B1 FC3) to again refine and improve the number of reads per sample. Nine 

samples from batch 1 which still had suboptimal coverage after the third sequencing 

run, were re-pooled and sequenced together on the third flow cell from Batch 3 (B3 

FC3) (Table 5-7). 

5.4.4.5.2.2 Batch 2 

Flow cell one of batch two (B2 FC1) performed better than B1 FC1 – the yield of the 

sequencing run was higher and of better quality.  This was interesting because the 

library yields for batch 2 on the whole were lower than batch 1. The variation in read 

counts between samples was much less across B2 FC1. Two samples reached 21-25M 

reads, so could be excluded from further sequencing.  After the second flow cell of 

batch 2 (B2 FC2), one sample exceeded the target number of reads so was excluded 

from the third flow cell (B2 FC3) (Table 5-7).  B2 FC3 performed well with only one 

sample reaching < 13 million reads.  

5.4.4.5.2.3 Batch 3 

After batches 1 and 2 were sequenced, the library prep for batch 3 was completed. 

Based on the mapping and alignment results of the sequencing of batches 1 and 2, it 

was decided at QUT to perform 13 cycles of PCR to amplify the cDNA libraries of 

batch 3 (Table 5-6).  The library yields for batch 3 were much higher than the first 

two batches, and resembled yields that we had expected for the first two batches.  The 

difference in yields between the batches remains unclear.  The reagents and kits were 

all from the same lot numbers as for the other two kits used.   

Because the yields of this third batch were better and libraries of high quality, the 

samples sequenced very well and all received good and even coverage on the first 
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flow cell (B3 FC1). As such the second flow cell (B3 FC2) was sequenced with the 

same pool. Because of this better sequencing coverage, there was space on the last 

flow cell (B3 FC3) to re-sequence some of the samples from batch 1 which had lower 

coverage.   

Table 5-7. Number of samples per batch included on each flow cell (FC) RNA-seq runs. All 

batches achieved a Q30 score (a sequencing quality score) greater than 80%  

 Batch 1 
N=73 

Batch 2 
N=73 

Batch 3 
N=73 

Samples incl.  Q30 (%) Samples incl. Q30 (%) Samples incl. Q30 (%) 

FC 1 69 as Test-seq 
4 excluded, poor 
conc. 

84.1 73 90.4 73 91.2 

FC 2 69  
4 samples  
sufficient reads 

84.7 71 
2 samples  
sufficient reads 
 

90.9 73 91.1 

FC 3 67  
2 samples 
 sufficient reads 
 

88.2 70 
1 sample sufficient 
reads) 
 

90.3 82 
73 (Batch 3) + 9 
(Batch 1 low read 
samples) 

88.7 

 

5.4.4.6  cDNA Reflection: Lessons Learnt 

To date, it is still unclear why the cDNA library concentrations were much lower than 

expected given the supposed high total RNA. High-sensitivity cDNA QC showed that 

the libraries were at the correct size, but just at low concentration.  

It seems that CD4 and CD8 T cells have low expression level, i.e. low mRNA 

quantity per total RNA. This highlights that is crucial to check the cell type that is 

being handled and not “assume” or “normalize” the amount of mRNA expected for 

the submitted total RNA as each cell type may express differently. Indeed total RNA 

input can be deceptive because a large proportion of it is ribosomal RNA 

(rRNA).  Quantifying the mRNA derived from total RNA, i.e. quantification prior to 

cDNA library preparation, might highlight low transcription and as such prompt to do 

further PCR amplification cycles or use different low yield mRNA kits. 

However, the low transcription of T cells does not fully explain the variation in 

degree of cDNA yield amongst the three batches. There were quite distinct output 
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differences between the three batches which one wouldn’t expect when samples were 

randomized such as in this study.  

It is possible that the deviation from protocol, using only 11-13 cycles of PCR instead 

of the protocol recommended 15 for cDNA amplification, contributed to low yield. 

However batch 3 had much better yields than batch 2 despite the same amount of 

PCR cycles, and batch 1 had better yields than batch 2 despite only having 11 cycles 

versus 13. 

Operator variability between batches could be an explanation for the variability 

between batch 1, 2 and 3. It is also possible that sample was lost during a wash step at 

one stage in the protocol or that there was accidental deviation from the protocol. 

Testing out a cDNA library preparation kit on a few samples before proceeding with 

large batches might also be advisable.   

Although the low cDNA library yields caused significant delays to this research 

(approx. 8 months), reassuringly all cDNA samples were used for RNA-seq.  

5.4.5 RNA-Sequencing 

After cDNA libraries were sequenced a median 11,017,433 mapped reads per sample 

were obtained and the read counts were aggregated into a single gene expression 

matrix. 40,744 transcripts had counts-per-million (cpm) > 1 in 50% of samples and 

underwent further analysis.  

Due to potential mislabelling of two GCA samples, where CD4 and CD8 from the 

same patient were likely swapped, these two samples were excluded from subsequent 

analyses. For the purpose of this GCA research, the samples from the sister uveitis 

study, were not included in further analyses and will not be discussed in this thesis. 

As such, analyses included n=135 GCA samples and n=60 controls.  

5.4.6 Differentially Expressed Transcripts  

To determine which transcripts showed the most variation in expression over the 12-

month collection period, and to identify cell type specific signatures, the expression 

levels of samples from GCA patients (n=135) were analysed (Figure 5-5).  
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Figure 5-6 represents the expression levels of the top 40 most variable transcripts in 

CD4+ and CD8+ samples in GCA patients. The expression levels of control genes 

such as CD4 and CD8A/B confirm the partitioning of CD4+ and CD8+ cells.  

5.4.7 Differential Gene Expression Analysis 

Changes in gene expression in both CD4+ and CD8+ between cases and controls at 

T1 were investigated. At a significance threshold of FDR < 0.05, 67 down-regulated 

(DR) and 129 up-regulated (UR) transcripts were identified in CD4+ samples, and 93 

DR and 188 UR transcripts in CD8+ samples (Table 5-8). The numbers of 

significantly differentially expressed transcripts increased dramatically at T3 in cases 

compared to the controls at T1 for CD8+ samples, and resolving to a near-control 

profile at T6. At T3 (6-8 weeks), CD8+ cells revealed 1927 DR and 1,783 UR 

transcripts. Interestingly, DE transcripts in CD4+ cells reached a plateau from T2 to 

T4 (T2: 254 DR/228 UR; T3: 196 DR/190 UR; T4: 179 DR/200 UR). 

The hypothesis of this research is that gene expression in GCA patients would return 

to baseline levels at approximately 12 months, corresponding to T6, marking disease 

quiescence. Transcripts remaining DE at T6 may be of clinical interest or mark 

evidence of previous disease despite current inactivity. In CD8+ cells, two significant 

DE transcripts at T6 versus controls were identified, namely SGTB (Small glutamine-

rich tetratricopeptide repeat (TPR)-containing beta) and FCGR3A (Fc Fragment Of 

IgG Receptor IIIa), which showed log2 fold changes in expression of -0.54 (p = 

4.83x10-7) and 1.99 (p = 1.75x10-6), respectively. There were no significant DE 

transcripts in the CD4+ cells between GCA T6 and the controls.  
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Figure 5-5. Expression levels of the top 500 most variable transcripts in CD4 and CD8 cells, 

shown for each of 135 samples. Sample groups are indicated by the orange (CD4) and blue (CD8) 

bars at the top of the heatmap. 
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Figure 5-6. Expression levels of the top 40 genes with highest expression variation in CD4 and 

CD8 samples for all GCA patients. The colour scale indicates normalised, log2-transformed gene 

expression (cpm), from low (blue) to high (red). Multiple gene IDs represent alternative transcript 

isoforms. 
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Table 5-8. Number of DE genes in each comparison 

  CD4 CD8 

Contrast DR UR DR UR 

Control 2 vs Control 1 0 0 0 0 

GCA T2 vs T1 0 0 0 0 

GCA T3 vs T1 1 8 35 80 

GCA T4 vs T1 2 7 1 3 

GCA T5 vs T1 0 0 0 0 

GCA T6 vs T1 0 0 2 0 

GCA T6 vs T3 0 0 45 10 

GCA T1 vs Control 1 67 129 93 188 

GCA T2 vs Control 1 254 228 325 453 

GCA T3 vs Control 1 196 190 1927 1783 

GCA T4 vs Control 1 179 200 576 827 

GCA T5 vs Control 1 1 1 101 296 

GCA T6 vs Control 1 0 0 1 1 

GCA T1 vs Control 2 22 58 58 156 

GCA T2 vs Control 2 276 233 187 335 

GCA T3 vs Control 2 194 171 1066 1227 

GCA T4 vs Control 2 197 179 351 615 

GCA T5 vs Control 2 2 0 55 222 

GCA T6 vs Control 2 0 0 0 0 

 

Differentially expressed genes between T1 and T6 in GCA patients could represent a 

biomarker of disease activity, marking either gene UR or DR during the acute phase 

of disease and then normalising as disease quiesces. From the CD8+ cell analysis, two 

differentially expressed isoforms of CD163 revealed significantly reduced expression 

levels. At T6 compared to T1, CD163 isoform 1 (ENST00000359156) expression 

showed a log2 FC of -6.01 (p = 1.07x10-6), whereas the log2 FC of CD163 isoform 2 

(ENST00000432237) was -9.69 (p = 5.84x10-8). Notably, CD163 expression is 

suppressed in response to pro-inflammatory stimuli in monocytes 220, and is inversely 

correlated with CD16 expression 220-221, which is consistent with the increased CD16 

expression observed in cases compared to controls at T6 (12 months). However, this 

gene was not consistently differentially expressed across all time points in CD8+ 

cells. There were no significant DE transcripts in the CD4+ cells between GCA T1 

and T6. Reassuringly, no significant transcripts were observed in either CD4+ or 

CD8+ cells in the controls between T1 & T2. 
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5.4.8 Polynomial Modelling of Longitudinal Transcript Expression 

To identify important transcripts whose expression levels vary across a 12-month 

period of the study, polynomial regression was used to model changes in the 

expression levels of 40,744 transcripts separately in CD4+ and CD8+ cells across the 

six time points. Using this approach, 179 and 4 statistically significant expression 

profiles (FDR < 0.05) were detected in CD4+ and CD8+ populations, respectively. 

Tables of significant transcript expression models are available in Appendix E. 

The top 12 CD4+ profiles and all 4 significant CD8+ profiles are shown in Figure 

5-7. In CD4+, the majority of genes demonstrated a pattern of decreased expression 

over the study course. Only two genes demonstrated a positive fold change and 

increase in expression levels over the 12 months, namely FOXO1 involved in blood 

vessel development and TRBC2 involved in complement cascade activation and 

phagocytosis. The four identified genes in CD8+ were CCLN2, FANCA, PTCD2 and 

THRAP3. The first three genes demonstrate a negative log2 fold change, whilst 

THRAP3 demonstrates an increased expression trend.  

No substantial contribution of steroid dose to the model was observed across the 12-

month time course (CD4: median beta = -0.001, median p = 0.439; CD8: median beta 

= -0.002, median p = 0.463). However, expression levels of certain genes at T1 may 

have been affected depending on whether patients were steroid-naive or had already 

been started on treatment at time of their first blood sample collection. Figure 5-7 

highlights those patients who were steroid-naive in red and those who had already 

been started on steroid treatment in black. Expression of certain genes, for example 

TIMD4, VIPR1, and FOXO1, show obvious clustering depending on a patient’s 

treatment status and appear to be affected by corticosteroid initiation. Steroid 

treatment, even though only initiated in some instances less than 24 hours prior to 

blood collection at T1, has a clear effect on the expression of certain genes.  

In CD4+, three genes, LMBR1L, UAP1L1 and KCNMB4, showed least clustering at 

T1 and appeared least affected by steroid treatment, albeit having been through oral 

dose or intravenously administered prior to T1 collection. In CD8+ cells, PTCD2 and 

THRAP3 appear little affected by steroids at T1. PTCD2 is highly expressed in both 

steroid-naive and patients on steroids at T1 and less so at T6, suggesting no major 
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influence of steroids at T1. THRAP3 shows increased expression over time suggesting 

that in the acute phase THRAP3 expression might be suppressed. 

From the DGE analysis, significant reduction in CD163 transcript expression between 

T1 and T6 in the CD8 cell population analysis was seen. The results for the 

polynomial expression modelling also reflected that CD163 was significantly reduced 

at T6. However, model profiles of this transcript showed that the trend over the 12-

month time course was not statistically significant (FDR > 0.05). Interestingly, 

several CD163 isoforms in the analyses of both CD4+ and CD8+ cell populations had 

compelling model profiles. For all but one CD163 isoform, expression levels returned 

to zero for all individuals at 12 months; however, these were not FDR-significant. The 

mean expression of these transcripts over 12 months is shown in Figure 5-8.  
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Figure 5-7. CD4 cell (a) and CD8 cell (b) polynomial regression analysis. A polynomial 

model, with weight-normalised steroid dosage included as a fixed effect, was used to examine 

transcript expression over the duration of the study. Top transcripts with statistically 

significant expression profiles over the duration of the study are shown. The x-axis shows the 

duration of the study in months and the y-axis shows normalised expression levels (cpm). The 

red points represent the samples taken from steroid-naive individuals, and the gold points 

represent the samples taken from individuals who had suffered a relapse at the corresponding 

time point. The blue line shows the modelled expression values. 
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Figure 5-8. Fold-change distribution of differentially expressed transcripts in CD4 and CD8 

samples for each differential expression comparison. Coloured points indicate the log2 fold-

change of CD163 expression and shown for each transcript in CD4 and CD8 samples. Lines 

connect the fold-change values (log2-transformed) of differential expression comparisons 

along the time course only 
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5.4.9 Functional Enrichment and Pathway Analysis 

For individuals with GCA, one would expect an enrichment of immune and 

inflammation related pathways compared to healthy individuals. Biological pathway 

analysis of differentially expressed transcripts and statistically significant transcripts 

identified in the polynomial expression modelling analysis was performed using the 

curated Reactome database. 

Significant DE transcripts in CD4+ samples comparing GCA to controls in the early 

time points showed a significant enrichment of T-cell receptor signalling (adj. p-value 

= 4.25 x 10-3; 11 genes). In CD8+ samples, there was an enrichment of genes in 

pathways related to platelet degranulation (adj. p-value = 0.0124; 12 genes) and 

activation (adj. p-value = 0.0156; 20 genes), as well as Fc-gamma receptor (FCGR) 

dependent phagocytosis (adj. p-value = 0.0156; 13 genes). Furthermore, CD8+ 

samples from first two collected samples of GCA cases showed significant 

enrichment of pathways related to haemostasis (adj. p-value = 2.63 x 10-6; 118 genes), 

innate immune system (adj. p-value = 5.51 x 10-6; 169 genes) and the adaptive 

immune system (adj. p-value = 3.24 x 10-4; 129 genes).  

Transcripts with a significant association across the 12-month collection time were 

interrogated for enrichment of specific biological pathways. All 179 CD4 and 4 CD8 

significant transcripts were tested. In the CD4 transcripts, there was a significant over-

representation of transcripts in the integrin cell surface interactions (adj. p-value = 

0.015) and Caspase-mediated cleavage of cytoskeletal proteins (adj. p-value = 0.0325) 

as well as cytokine signalling (adj. p-value = 0.08) and negative regulators of RIG-

I/MDA5 signalling (adj. p-value = 0.08). In the CD8 results, there were insufficient 

significant transcripts to perform enrichment analyses. However, a literature search 

revealed THRAP3 is involved in intracellular steroid hormone receptor signalling 

pathways, and FANCA in inflammatory responses and T-cell differentiation pathways.  

5.4.10 Clinical Phenotype Regression Analysis 

Linear and logistic regression models were used to estimate the effect of specific 

clinically important phenotypes on expressed transcripts. The analyses were three-

fold. The first was to determine whether there were any genes that correlated with 
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symptoms and signs used in the acute setting (T1) (Table 5-9). The second was to 

determine whether any genes directly correlated with the biochemical markers 

currently used in the acute phase (T1) ( 

Table 5-10). Genes resulting from these first two analyses are potential biomarkers 

for disease activity in the acute setting and predict relapses. Thirdly, gene correlations 

with markers of disease severity or prognosis were established (Table 5-11). These 

were categorised in terms of visual outcome: whether blinded in one eye, 

“monocular”, or both eyes, “bilateral”; relapse events; and whether the patient died 

during the study period. This allows for the identification of genes that could provide 

prognostic information, ideally at the time of diagnosis (T1) but also during the course 

of disease (T1-6).  

Table 5-9. “Acute phase” symptoms, signs and relevant past medical history. 

Number of genes significantly affected (FDR < 0.01) by clinical phenotype in 

regression models at T1. 

 Phenotype Number of Transcripts per cell type 
correlating to each phenotype 

CD4 CD8 

1. Visual Disturbance 23 247 
2. Temporal Headache 67 34 
3. Other Headache 30 76 
4. Scalp Tenderness 10 7 
5. Malaise 8 27 
6. Jaw Claudication 70 10 
7. Fatigue 6 29 
8. Loss of Appetite 59 32 
9. Weight Loss 27 55 
10. Fever 177 41 
11. Polymyalgia Rheumatica 51 53 

 

Table 5-10. “Acute phase” biochemical markers. Number of 

genes significantly affected (FDR < 0.01) by biochemical 

markers in regression models at T1. 

 Phenotype CD4 CD8 

1
. 

ESR 23 15 

2
. 

CRP 12 15 

3
. 

Platelets 41 7 

4
. 

WCC 75 38 

5
. 

Lymphocyte
s 

23 63 

6
. 

Neutrophils 22 133 
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Table 5-11. “Prognostic genes”. Number of genes significantly affected (FDR < 0.01) 

by outcome and prognostic phenotype markers in regression models both in the acute 

phase alone (T1) as well as across all time points (T1-T6). 

  T1 T1-T6 
 Phenotype CD4 CD8 CD4 CD8 

      1. Monocular Blindness 22 41 26 56 

2.  Bilateral Blindness 22 50 21 18 

3. Stroke/TIA 40 4 153 70 

4.  Relapse events 6 3 47 166 

5. Deceased within 12 months 878 904 43 50 

 

 

5.4.10.1 Correlation with Clinical Features in the Acute Setting 

At the time of admission (T1), one would expect to observe some changes in gene 

expression to be strongly associated with clinical phenotypes related to the acute onset 

of disease. To identify a transcriptional signature that may be specific to active GCA, 

the effect of clinically relevant phenotypes on gene expression in CD4 and CD8 

samples taken at T1 were examined. Table 5-9 lists the eleven phenotypes and the 

number of statistically significant transcripts (FDR < 0.01) observed for each in CD4 

or CD8 samples at T1. Genes or transcripts that are common to multiple 

symptoms/signs are likely to be clinically relevant, particularly at the acute onset of 

disease. In CD4 and CD8 samples, 17 (CD4) and 27 (CD8) transcripts were 

significantly associated with two or more clinical phenotypes.  

In CD4 cells, LAMTOR4 is a gene shared between jaw claudication and temporal 

headache, two important clinical features in acute GCA. Another gene associated with 

jaw claudication is GZMB, which is also associated with visual disturbance. PPP1CB 

and EIF4A3 were shared by both jaw claudication and a background history of 

Polymyalgia Rheumatica (PMR). EXTL3, was expressed in both patients with jaw 

claudication and fatigue. Numerous genes associated with headache, both temporal 

and other types were identified: POFUT2 in CD4 cells, and SLC35F6, HTD2, 

ZNF708, KLRC4-KLRK1 and JMJD7 in CD8 cells. EIF5A in CD8 cells was common 

to both malaise and temporal headache. SLA and ETS1 are genes shared by patients 

with a history of PMR diagnosis and those experiencing visual disturbances at T1.  
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Genes shared by three clinically important phenotypes at T1 are even more promising 

than those shared by two phenotypes and included 15 genes in CD4 and 16 in CD8 

cells (Table 5-12).  SRRT in CD4 was common to four phenotypes: death, fever, and 

both headache types. In CD8, IL32 was common to five phenotypes: visual 

disturbance and raised neutrophils at T1, a history of PMR, and bilateral blindness 

and death within 12 months. Expression of IL32 in patients presenting with visual 

disturbance, a history of PMR in the presence of an abnormal neutrophil count, should 

raise suspicion of GCA diagnosis with poor prognostic outcome. The results for each 

phenotype are available in (See tables in Appendix E for genes overlapping two 

phenotypes). 

5.4.10.2 Correlation with currently used Biochemical Markers 

Results of several routine blood tests, including white cell count, platelet count, ESR 

and CRP, showed correlation with changes in gene expression. Significant clinical 

associations for each biochemical marker in both CD4 and CD8 T cells were seen 

(Table 5-10).  

Thrombocytosis - raised platelet count - is a good predictor of acute GCA 222. Results 

revealed associations of multiple genes common to both raised platelet count and 

fever in CD4 cells, namely ATP9B, SEC23A, PDZD4, ABCA2, ELK1, CCDC88C and 

DGKZ. In addition, ESR and CRP are biomarkers commonly used to predict the 

likelihood of GCA. This study found that SAP18 in CD4 was associated with raised 

ESR and jaw claudication, whereas AMPD2 was associated with raised CRP and 

visual disturbances in CD8 cells.  

A patient’s white cell (WCC), neutrophil and lymphocyte count may also be affected 

in GCA, although this can also be attributed to the corticosteroid treatment rather than 

the inflammatory process 223. In the CD4 cells of our patients, we found that SPPL2B 

expression was common to both those with raised WCC and jaw claudication whilst 

MATR3 was associated with raised WCC and long-term monocular blindness. 

NDUFS7 expression was associated with an increased lymphocyte count and temporal 

headache in CD4, whereas AP1G2 was common to raised lymphocytes and visual 

disturbance in CD8 cells of patients with GCA. Additionally, expression of ZNF343 

and INTS14 in CD4 cells were associated with both raised neutrophil and with scalp 

tenderness and event relapses respectively.    



 164 

Table 5-12. Genes associated with multiple phenotypes, both acute and 

prognostic, in CD4 and CD8 T cells. 

Gene Phenotype 1 Phenotype 2 Phenotype 3 

CD4 

ATP1A1 Temporal headache Bilateral blindness Death within 12 
months LAMTOR4 Temporal headache Jaw claudication Death within 12 
months MATR3 White cell count Monocular blindness Death within 12 
months MLH1 Temporal headache Bilateral blindness Death within 12 
months NDEL1 Loss of appetite Other headache Death within 12 
months NDUFS7 Temporal headache Elevated lymphocytes Death within 12 
months PDZD4 Fever Loss of appetite Reduced platelets 

POFUT2 Temporal headache Other headache Death within 12 
months RRP1 Temporal headache Bilateral blindness Death within 12 
months SDCCAG3 Bilateral blindness Relapse events Death within 12 
months SEC23A Fever Reduced platelets Death within 12 
months SLC10A3 Fever Reduced white cell count Death within 12 
months USF2 Temporal headache Bilateral blindness Death within 12 
months WDR91 Loss of appetite Elevated white cell count Death within 12 
months ZNF343 Scalp tenderness Reduced neutrophils Death within 12 
months CD8 

ACADVL Elevated neutrophils Other headache Death within 12 
months CD6 Elevated neutrophils Visual disturbance Death within 12 
months EIF5A Malaise Temporal Headache Death within 12 
months FDXR Loss of appetite Weight loss Death within 12 
months INPPL1 Malaise Fatigue Elevated neutrophils 

JMJD7 Temporal headache Other headache Death within 12 
months KIAA0513 Visual disturbance Bilateral blindness Death within 12 
months KLRC4-KLR1I Temporal headache Other headache Death within 12 
months MTA1 Elevated neutrophils Visual disturbance Death within 12 
months NUCB2 Temporal headache Bilateral blindness Death within 12 
months PI4KA Elevated neutrophils Visual disturbance Death within 12 
months PRAG1 Elevated neutrophils Bilateral blindness Death within 12 
months RNPS1 Malaise Fatigue Death within 12 
months SLC35F6 Temporal headache Other headache Death within 12 
months UQCRC1 Malaise Other headache Death within 12 
months ZNF708 Temporal headache Other headache Death within 12 
months 
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5.4.10.3 Correlation with Prognostic Outcome by T6  

Results highlighted genes that overlap between phenotypes marking acute disease as 

well as those marking prognosis. For example, temporal headache at T1 as well as 

bilateral blindness showed significant association with CD8 expression of TCF7 (TH: 

beta = -0.151, adj. p-value = 6.0 x 10-4, BB: beta = -1.801, adj. p-value = 2.2 x 10-3) 

and NUCB2 (beta = 1.571, adj. p-value = 1.31 x 10-6). The expression of such genes 

could provide insight into visual prognosis in those patients presenting with headache 

in GCA. RPL17 in CD8 was associated between jaw claudication and relapse events, 

and FTSJ1 in CD4 between jaw claudication and long-term cerebrovascular events. 

Many genes were shared between multiple acute phase phenotypes and mortality 

within 12 months (Table 5-12).   

Figure 5-9 shows the network analysis of clinically correlated phenotypes with 

shared genes. It highlights the link between phenotypes through significant shared 

genes. 

 

 
Figure 5-9. Network analysis of clinically correlated phenotypes with shared genes. Network 

plots show the clinical phenotypes observed for GCA patients at the time of presentation with 

shared, statistically significant genes (FDR < 0.01) in (a) CD4 and (b) CD8 samples. Each 

network node represents a phenotype that shares significant genes with > 1 other phenotype. 

Network edges represent connections (shared genes) between phenotypes 
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5.5 DISCUSSION 

Through transcriptional profiling of T-lymphocyte we identified 4,031 genes in CD4+ 

and CD8+ cells (CD4: 884; CD8: 3,147) that are differentially expressed between 

patients with active GCA compared to age- and sex-matched controls. Longitudinal 

profiling of cases was undertaken with the aim of distinguishing genes that are up- or 

down-regulated during the acute phase of disease, which later normalise as the disease 

quiesces. 

The hypothesis of this work is that gene expression in GCA patients would return to 

normal at approximately 12 months, corresponding to T6, marking disease 

quiescence. With polynomial modelling analysis of the significant differentially 

expressed genes, 4 transcripts in CD8+ cells and 179 in CD4+ cells were identified 

that show a change in expression profile over the course of twelve months (Figure 

5-7). As there were no statistically differentially expressed genes between both 

control samples, it is likely that the genes reported as differentially expressed truly 

represent changes occurring in GCA disease activity.  

Next, the fold change in expression was analysed with its relation to steroid; to 

determine whether the trends seen were secondary to the true effect of disease status 

rather than due to steroid treatment. It is important to take into consideration steroid 

influence on gene expression, especially early in the treatment course, as this would 

allow for the identification of a biomarker that could help diagnose GCA in the acute 

setting prior to treatment. As patients received high-dose corticosteroids between T2-

T6, gene expression was compared between those patients who were steroid naive 

versus those who had already been initiated on treatment at the time of T1 sample 

collection. LMBR1L, UAP1L1 and KCNMB4 in CD4, and PTCD2 and THRAP3 in 

CD8, showed least clustering at the initial collection and seemed least affected by 

steroids at T1 (Figure 5-7), suggesting that the expression profiles of these genes seen 

in patients, compared to controls, is likely representative of “acute disease” at T1 

rather than a steroid-induced change.  

These genes vary greatly in regards to their function. LMBR1L has been implicated in 

autoimmune disease such as inflammatory bowel disease 224, and UAP1L1 is involved 

in metabolic pathways and, if methylated, is associated with poor cancer survival 
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outcome 225. KCNMB4, possibly the most interesting of the CD4 expressed genes, is 

involved in vascular smooth muscle contraction and haemostasis and is responsive to 

elevated platelet cytosolic calcium 226. PTCD2 facilitates mitochondrial gene 

expression 227 and has been identified as a diagnostic biomarker for Alzheimer’s 

disease 228. THRAP3 has a role in DNA damage response in a manner that parallels 

transcription inhibition 229 adapts to genotoxic stress by nuclear relocalization, 

allowing coordinating RNA metabolic processes 230. These genes require functional 

follow-up studies but have the considerable potential to be useful biomarkers for 

disease activity in the acute phase as they are largely unaffected by treatment in the 

early phase of disease.  

Gene expression patterns seen in the polynomial modelling analysis over the 12 

months might have been influenced by systemic corticosteroid treatment (Figure 

5-7). In CD8+ samples, differential expression of certain genes increased dramatically 

at around 6-8 weeks (T3) in cases compared to the controls, and in CD4+ cells, 

differential expression plateaued from T2-T4. Duration of steroid treatment did not 

have a significant effect on expression and was removed from analysis. Steroid dose 

and patient weight was adjusted for in the analysis; however, the peak in expression in 

both cell types at these time points could be caused by a delayed or accumulation of 

steroid-induced effect. Nevertheless, from a diagnostic perspective, acute phase 

evaluation at T1 is most crucial for patient assessment and this potential delayed 

steroid-induced effect does not appear problematic in this study. It does, however, 

make evaluation of expression levels in relation to relapse events between 0.5-12 

months (T2-T6) slightly challenging.  

The study results show that transcripts that remain DE at 12 months (T6) could 

potentially be used in clinical practice to detect evidence of previous GCA disease 

despite current inactivity. In CD8+ cells, two significant differentially expressed 

transcripts were identified at T6 versus controls, SGTB and FCGR3A. To identify 

proteins that these genes or their products might interact with, the HitPredict database 

231 of experimentally validated protein-protein interactions was used. Little is known 

about SGTB but it has been associated with neuronal apoptosis after neuro-

inflammation 232. 

http://pathcards.genecards.org/card/vascular_smooth_muscle_contraction
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Interestingly, FCGR3A encodes CD16a, which forms part of the Fc receptor of the 

immunoglobulin complex and interacts with a number of immune-related proteins 

including CD4 and PTPRC, a protein required for T-cell activation 233-234. Recently, 

Lassaunière et al. showed that Black individuals have significantly reduced 

proportions of FCGR3A natural killer cells (95.2% vs. 96.9%) and CD8+ T 

lymphocytes (9.6% vs. 11.7%) compared to Caucasians 235. This genetic determinant 

may serve as a predictive marker for a high-expressing FCGR3A phenotype in 

Caucasians, the population most affected by GCA. A recent GWAS revealed the 

FCGR2A/FCGR3A genes confer susceptibility to Takayasu arteritis (TA), another 

chronic large-vessel vasculitis 236. Furthermore, two recent studies investigating 

rejection in heart and kidney transplants, observed selective changes in 

endothelial/angiogenesis and natural killer cell transcripts, including CD16A and 

FCGR3A which showed increased expression with rejection phenotypes 237-238. Both 

studies illustrate the clinical potential of gene transcripts to illustrate transplant 

rejection diagnosis. A future study would need to be conducted to investigate the 

expression of FCGR3A and CD16a at the arterial level (TAB) of GCA patients to 

determine whether increased expression at local level is representative to that found in 

peripheral T-cells. If so, FCGR3A could potentially be used as a biomarker of GCA 

severity in peripheral blood.  

From the CD8+ cell analysis, two differentially expressed isoforms of CD163 were 

detected, with significantly reduced expression levels at T6 versus T1. CD163, 

however, is a member of the scavenger receptor cysteine-rich (SRCR) superfamily, 

and is mostly expressed in monocytes and macrophages 239. Despite an excellent T-

cell population purity of >97% isolated through MACS (Figure 5-4), monocytes and 

macrophages may carry CD4+ and CD8+ cell surface markers as T lymphocytes, and 

may have carried over into our final positively-selected T-cell population. Irrespective 

of its derivative cell population, CD163 expression may play a crucial role in the 

context of GCA and, as a result, provide crucial information.  

CD163 is involved in dendritic cell development, a cell crucial in the pathogenesis of 

GCA 22. It has been suggested that the soluble form of CD163 (sCD163) may have an 

anti-inflammatory role, and be a valuable diagnostic parameter for monitoring 

macrophage activation in inflammatory conditions where macrophage function is 

http://pathcards.genecards.org/card/dendritic_cells_developmental_lineage_pathway


 169 

affected 240. A number of clinical studies have evaluated the role sCD163 as a disease 

marker in inflammatory conditions including autoimmune disease, transplantation and 

cancer 241 242 243. Expression levels of CD163 were reduced in GCA patients at T6, 

possibly reflecting disease quiescence. It is likely that 12 months after disease onset, 

the need for CD163-monocytes and macrophages to clear damaged tissue has become 

redundant. CD163 featured in both the differential expression and polynomial 

regression analyses and therefore warrants further investigation in the context of 

GCA, potentially through study of peripheral or tissue monocytes and macrophages.  

Another strength of this study is that, through linear and logistic regression analyses, 

associations between specific clinically important phenotypes and expressed 

transcripts were identified. Genes that correlated with both symptoms and signs as 

well as biochemical markers used in the acute setting were identified (Table 5-9 and 

Table 5-10). Symptoms causing the most suspicion of a potential GCA diagnosis 

consist of jaw claudication, temporal headache (or other type), scalp tenderness and 

visual disturbance 97. Genes shared by multiple of these phenotypes are likely to be 

particularly relevant to making a diagnosis and could be used as biomarkers for 

disease activity in the acute setting and potentially predict relapses.  

Jaw claudication is often considered the most predictive symptom of GCA; for 

example, a patient has a nine time greater risk of a positive TAB when they 

experience jaw claudication 244. In CD4 cells of the GCA patient cohort, LAMTOR4 

was shared between jaw claudication and temporal headache. This protein is part of 

the ragulator complex, which is involved in pathways regulating cell size and cell 

cycle arrest (EMBL database). A gene common to both jaw claudication and visual 

disturbance is GZMB, otherwise known as Granzyme B enzyme. GZMB is necessary 

for targeting cell lysis in cell-mediated immune responses and is involved in the 

activation of cytokine release and cascade of caspases responsible for apoptosis 

execution. Its involvement has been reported in other autoimmune diseases such as 

T1DM and SLE 245-246. PPP1CB, linked to vascular smooth muscle contraction 

pathway 247, was common to patients with jaw claudication and a background history 

of PMR. EXTL3, involved in the heparan sulfate biosynthesis pathway and previously 

associated with syphilis, was expressed in both patients with jaw claudication and 

fatigue 248.   

https://www.ebi.ac.uk/QuickGO/term/GO:0008361
https://www.ebi.ac.uk/QuickGO/term/GO:0007050
https://www.ebi.ac.uk/QuickGO/term/GO:0007050
http://pathcards.genecards.org/card/heparan_sulfate_biosynthesis
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Multiple genes were associated with temporal and other types of headache in our 

patients. These included POFUT2 in CD4 cells and SLC35F6, HTD2, ZNF708, 

KLRC4-KLRK1 and JMJD7 in CD8 cells. These genes have been described as 

involved in cellular defence mechanism, innate immunity, cell proliferation and 

apoptosis signalling pathways (GeneCards, 2008). One example of great clinical 

interest is a gene shared by patients with a history of PMR and those experiencing 

visual disturbances at T1 112. ETS1, controls lymphocyte differentiation, modulates 

cytokine and chemokine expression. Low expression levels of ETS1, leading to 

aberrant lymphocyte differentiation, have been found in systemic lupus erythematosus 

249. ETS1 also has a potential role in the regulation of angiogenesis by controlling 

endothelial cell migration and invasion 250. ETS1 warrants further functional 

investigation in relation to its vascular role and as a biomarker for GCA for those 

patients presenting with PMR.  

Also observed were transcripts shared between clinical features at T1 and acute 

biochemical markers currently used in clinical practice. Thrombocytosis is often 

present in acute GCA and is therefore an important consideration; TAB-positive 

patients are more likely to have thrombocytosis (relative-risk = 3.3, p = 0.0072) and 

elevated CRP (relative-risk = 1.8, p = 0.037) 222. Results showed that, in CD4 cells, 

multiple genes were common to both fever and raised platelet count in CD4 cells, 

such as DGKZ, which is involved in platelet activation and aggregation (GeneCards, 

2017). In addition to platelets, ESR and CRP are also commonly used markers to 

guide when assessing a patient suspicious of GCA diagnosis 222. Elevated SAP18 in 

CD4, involved in histone acetylation 251, was associated with raised ESR and jaw 

claudication. AMPD2, a gene important in purine metabolism 252, was associated with 

raised CRP and visual disturbances in CD8 cells.  

Additionally, gene correlations with markers of disease prognosis and severity were 

also determined (Table 5-11). Genes in association with poor prognostic outcome 

markers of GCA, such as blindness, relapses and death could provide useful 

predictions in the acute setting and could help determine the treatment intensity and 

length required for those particular patients. Results highlighted genes that overlap 

between acute phase markers as well as the prognostic makers. For examples 

temporal headache at T1 as well as bilateral blindness showed significant association 
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with CD8 expression of TCF7, which is important for adaptive T lymphocyte and 

innate lymphoid cell regulation 253. Both these phenotypes were also associated with 

NUCB2, which encodes Nesfatin-1. NUCB2 is linked to inflammation and 

coagulopathies, and is correlated with mortality following brain injury 254. As TCF7 

and NUCB2 expression are associated with temporal headache in patients with GCA, 

these genes could also raise suspicion of poor visual outcome in patients presenting 

with temporal headache with GCA diagnosis.  

Other genes were shared between acute and prognostic phenotypes. For example 

RPL17 in CD8 was also associated with both jaw claudication and relapse events, and 

FTSJ1 in CD4 with both jaw claudication and cerebrovascular events. CD4 

expression of SPPL3, which is required for lymphocyte signalling 255, is significantly 

associated with visual disturbances and death in this GCA patient cohort.  

Excitingly, 15 genes were shared across three phenotypes in CD4 and 16 across CD8 

cells (Table 5-12). In CD4 cells, SRRT, a gene associated with cell proliferation 256, 

was common to four phenotypes: death, fever, and both types of headaches. In CD8, 

IL32, a member of the cytokine family 257, was common to 5 phenotypes: a history of 

PMR, visual disturbance and raised neutrophils at T1, bilateral blindness and death 

within 12 months. 14 genes in CD4 cells and 15 genes in CD8 were shared by 

multiple phenotypes, one of which was death within 12 months (Table 5-12). IL-32 

involvement has been described in vasculitides such as granulomatosis with 

polyangiitis and ANCA associated vasculitis 258. A previous quantitative gene 

expression analysis study investigating IL-32 in GCA demonstrated a strong and 

significant up-regulation of IL-32 in TAB specimens of patients with GCA; in 

particular it was highly expressed by VSMCs of inflamed arteries and neovessels 

within inflammatory infiltrates 259. This study also evaluated circulating CD4+ Th1 

lymphocytes by flow cytometry, which showed that there was a greater abundance of 

them in GCA patients than controls and that they produced greater amounts of IL-32 

259. In our study, expression of IL32 in patients presenting with visual disturbance, a 

history of PMR in the presence of an abnormal neutrophil count, should raise 

suspicion of GCA diagnosis with poor prognostic outcome. Genes such shared across 

multiple phenotypes warrant further investigation in the context of GCA as these 

correlated with not only clinical and biochemical phenotypes but also with prognoses.  
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A limitation of this study was the modest sample size, 16 patients and controls. Due to 

the demographic recruited, we were unable to collect samples at all six time points on 

all patients (Table 5-1). In addition, not all patients were recruited prior to steroid 

initiation. Relying on the recruitment of emergency doctors to contact us to recruit 

eligible candidates meant that some patients had already been initiated on steroids by 

the time the research team were informed of their admission. In addition, 

distinguishing the effect of steroids on gene expression from the true change 

secondary to disease activity alone is difficult. A repeat study with a larger cohort in 

only steroid-naive patients at T1 would help discern these differences.  

GCA is a devastating disease associated with significant morbidity and mortality. The 

current mainstay treatment of high-dose corticosteroids is effective but is commonly 

associated with potentially serious complications affecting up to 89% of those with 

GCA 178. Even after successful initial treatment with corticosteroids, GCA relapses in 

up to two-thirds of patients 260. As shown by this study, 5 out of 16 patients 

experienced relapses requiring an increase in steroid dose (Table 5-1). Three patients 

had a relapse after the end of the study, i.e. 12 months after disease onset. As such one 

could argue that the 12 months follow up is insufficient, underestimates the length of 

time to reach disease quiescence and for gene expression to return to baseline. 

Lengthening the study period and repeating the gene expression analysis at 24months 

might provide insight as to whether the two transcripts, SGTB and FCGR3A, currently 

found to be remain DE at 12 months (T6) in CD8+ cells, would still remain DE at 

24months when disease inactive and patients are fully off steroid treatment.  

Unlike in other autoimmune diseases, most steroid-sparing agents and the use of 

adjunct agents in GCA is not associated with a significant improved outcome 260-261. 

Tocilizumab, a humanized monoclonal antibody directed against the IL-6 receptor, 

has been found to improve both induction and maintenance of remission in patients 

with GCA for up to 12 months 113. However, there is a large side effect profile from 

tocilizumab. Interestingly we did not see DGE for IL-6. 

This study is the first transcriptome study in GCA. This novel data is being prepared 

for publication. Nevertheless, a replication study, isolating CD4 and CD8 T cells, is 

necessary to confirm the gene findings listed. Recruiting patients who are steroid 

naïve at the acute phase (T1) time point collection would be preferred. Further 



 173 

functional investigation is needed to understand the pathways in which the genes 

identified play a role in the pathogenesis of GCA and also to determine whether the 

DGE in this study can be translated into the clinical setting as new potential 

biomarkers and assist in finding more effective and safer treatments for GCA. 

Patients recruited in this present study also had a PAXgene (whole blood RNA) tube 

collected at each time point. The RNA from all these PAXgene samples was extracted 

in December 2017 (Qiagen, PAXgene blood RNA kit) and the RNA is stored at -80°C 

These RNA samples can be used for downstream applications such as qPCR to test 

the expression of specific genes or for RNA-sequencing to establish the difference in 

gene expression profiles of whole blood versus T cell specific cell populations. 

Comparing the extracted RNA of whole blood versus that of T lymphocytes will 

allow to determine whether the T cell transcripts identified in the current study, can 

also be detected in whole blood. If so, these could make for potential biomarkers used 

in the acute setting as their expression can be detected in a whole blood. 
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By using two distinct molecular approaches, GWAS and RNA-seq, this research has 

provided new insight into some of the complex molecular pathways involved in GCA.  

This work comprises one of the largest GWAS for GCA performed to date, and the 

first with a predominant Australasian cohort. The Global GCA Genetics Consortium 

recruited of > 2400 patient samples. A total of 28 pathology centres and 6 blood-

collecting centres across 5 countries were involved in the recruitment for this GWAS. 

Collaborators of the Global GCA Genetics Consortium overcame the recruitment 

challenges associated with GCA by using a unique source of DNA, namely archived 

TAB FFPE samples, in addition to blood.  

The results of this work highlight that FFPEs are a good source of DNA and certainly 

a great resource for large-scale molecular analysis. Even though DNA derived from 

FFPE samples is less consistent at providing successful genotyping than that derived 

from blood, by applying stringent DNA QC thresholds (ΔCT≤3, QUBIT DNA conc. ≥ 

3ng/ul) and filtering out samples with sub-optimal DNA quality, a subsequent high 

genotyping success rate (call rate > 95%) can be achieved with FFPEs. This 

methodology can be applied to other diseases where stored histological tissue is 

available and where the recruitment of patients might be difficult.  

The GWAS discovery cohort (GCA n=1,212, control = 9,657) identified two genome 

significant hits. The top hit is rs9272417 (OR = 2.1, p-val = 8x10-51) in the HLA 

region on chromosome 6 and is associated with expression of HLA DQA1 in the aorta. 

A more interesting novel finding was the locus rs2351254 (OR = 0.52, p-val = 

1.54x10-8) on chromosome 15, which is associated with MFGE8 expression in the 

tibial artery and aorta. These findings replicated in two independent cohorts (OR = 

0.71, p-val = 0.056 and OR = 0.39, p-val = 0.003). This GWAS also replicated the 

recently reported loci rs128738 (P4HA2) and rs4252134 at the PLG locus (meta-

analysis OR = 1.24, p-val = 1.8x10-8) 45.  

Fine mapping of the novel locus on Chromosome 15 and SMR analysis (using the 

eQTL data from the tibial artery and aorta), revealed a likely association between 

rs2351254 and the nearby genes, MFGE8 and possibly HAPLN3. The SMR analysis 

showed evidence of association between rs2351254, gene expression (testing both 

MFGE8 or HAPLN3 independently), and GCA phenotype. However, there was 
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heterogeneity in the effect of MFGE8 and HAPLN3 expression on GCA phenotype, 

implying that their relationship was possibly caused by linkage of rs2351254 with 

another genetic variant.  Determining how the genetic variant rs2351254 manifests 

itself in GCA phenotype remains to be answered. Interestingly, qPCR gene expression 

analyses validated that HAPLN3 was significantly more expressed in patients versus 

controls (p=0.0065) and MFGE8 was less expressed in patients versus controls 

(p>0.05). However these effects are not necessarily driven by rs2351254. Complex 

molecular experiments, such as CRISPR-based genetic screens, would be required to 

for detailed fine-mapping of function across genomic segments and test the exact 

relationship between rs2351254 and MFGE8 or HAPLN3 genes. 

Whilst awaiting further functional work, a meta-analysis, combining this GWAS 

cohort with that of the European GCA GWAS published in 2017 would enhance 

statistical power and validate SNP findings. Furthermore, comparing MFGE8 and 

HAPLN3 expression levels in individuals who are homozygous and heterozygous for 

the risk allele, and homozygous for the non-risk allele, could help determine the effect 

of genotype at this locus on gene expression. This follow-up candidate gene 

expression analysis work has commenced and together with the results from this 

GWAS, will form the basis of a large paper, which will soon be submitted for 

publication.  

With one of the largest GCA datasets available, a separate analysis on the 

demographic and epidemiological data available from this GWAS cohort was used to 

determine whether seasonal variation was present in the incidence of GCA. Results of 

this demographic analysis reflected that there was no significant seasonal influence in 

the onset of GCA. Further research is needed to investigate potential environmental 

risk factors in the development of GCA.  

In addition to identifying susceptibility traits in the genome through GWAS, another 

aspect of this work involved identifying relevant functional genes in GCA through 

RNA-seq. This technique has allowed for the discovery of immune mediated 

pathways within CD4+ and CD8+ T-lymphocytes of 16 patients with active and 

quiescent GCA over the course of 12 months. This GCA transcriptome study is the 

first longitudinal gene expression study undertaken to identify robust genetic 

biomarkers in GCA. The results of this study show cell type-specific transcript 
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expression profiles, novel gene-phenotype associations, and uncover important 

biological pathways for this disease.  

Polynomial modelling analyses of data from across the 12-month study period, 

identified 179 and 4 statistically significant transcripts with altered expression profiles 

(FDR < 0.05) between cases and controls in CD4+ and CD8+ populations, 

respectively. Genes included LMBR1L, UAP1L1, KCNMB4, PTCD2 and THRAP3. In 

CD8+ cells, two transcripts remained differentially expressed after 12 months, namely 

SGTB, associated with neuronal apoptosis, and FCGR3A, which has been found in 

association with TA. In addition, genes were detected that correlate with both 

symptoms and biochemical markers used in the acute setting for predicting long-term 

prognosis. 15 genes were shared across 3 phenotypes in CD4 and 16 across CD8 cells.  

In CD8, IL32 was common to 5 phenotypes: a history of Polymyalgia Rheumatica, 

both visual disturbance and raised neutrophils at the time of presentation, bilateral 

blindness and death within 12 months.  Altered IL32 gene expression could provide 

risk evaluation of GCA diagnosis at the time of presentation and give an indication of 

prognosis, which may subsequently influence management. qPCR analysis of 

candidate genes such as IL32 could be performed in whole blood RNA samples 

(PAXgene tubes), to determine whether levels in whole blood reflect those seen in 

peripheral T lymphocytes. If so, this would make for a simple blood test, easily 

transferrable to clinical practice.   

By studying the transcriptome of purified peripheral CD4+ and CD8+ T lymphocytes 

in patients with GCA compared to controls, this study has identified genes potentially 

implicated in the patho-aetiology of GCA that could be used as biomarkers to monitor 

disease activity and to predict outcome so that steroid dosing could be tapered faster 

in some patients, thereby saving morbidity from steroid side-effects. This data 

significantly enhances the current knowledge of relevant biomarkers, their association 

with clinical prognostic markers, as well as potential candidates for detecting disease 

activity in whole blood samples.  

Further functional investigation is needed to understand the pathways in which these 

genes play a role in the pathogenesis of GCA and to determine whether the DGE in 
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this study can be translated into the clinical setting as new potential biomarkers and 

assist in finding more effective and safer treatments for GCA.  

Overall this research has shed new light onto the molecular patho-aetiology of GCA. 

By using two distinct molecular approaches, GWAS and RNA-seq, this research has 

highlighted potential complex molecular pathways involved in GCA. Future research 

can stem from these results to keep investigating and improving our knowledge of this 

disease. The long-term aim of this work is it to ultimately reduce disease burden by 

optimizing screening, prevention and treatment associated with this devastating 

disease  
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Appendix A – FFPE vs. Blood. A Preliminary Study. 
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APPENDIX B – GWAS PATHOLOGY RECRUITMENT PROTOCOL 
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 Schedule 1. Research Plan 

Page 7 of 14 

4. Overview of sample processing: 
 
 

 

Inform CERA of sample 

number in order to be sent 
appropriate number of 

eppendorf tubes. 

Inform CERA that samples 
are ready to be dispatched. 

Ensure someone is 

present to receive the 

samples.  

CERA / UQ Diamantina 
Institute will contact all 

contributing laboratories 

and collaborators once 
data has been analysed 

(Hopefully late 2014) 
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APPENDIX C – HUMAN RESEARCH ETHICS COMMITTEE IRB DETAILS 

IRB Administrating Centre Location IRB Approval Number Research Centre(s) 

The St Vincent's Hospital Melbourne 

Human Research Ethics Committee 

Victoria, Australia HREC-A 026/09 St Vincent’s Hospital VIC 

RVEEH Human Research Ethics 

Committee 

Victoria, Australia 09/870H Royal Victorian Eye and Ear Hospital 

The Melbourne Health Human Research 

Ethics Committee 

Victoria, Australia 2014.012 Royal Melbourne Hospital 

Eastern Health Human Research Ethics 

Committee 

Victoria, Australia E31/1314 Box Hill Hospital 

The Monash Health Human Research 

Ethics Committee 

Victoria, Australia 14426B Monash Medical Centre 

Alfred Health Ethics Committee Victoria, Australia 96/14 Alfred Hospital 

The Austin Human Research Ethics 

Committee 

Victoria, Australia LNR/14/Austin/151 Austin Hospital 

RPH Human Research Ethics Committee Western Australia, 

Australia 

REG 14-003 Royal Perth Hospital; Sir Charles Gardner Hospital; Freemantle Hospital 

The University of WA Human Research 

Ethics Office  

Western Australia, 

Australia 

RA/4/1/5254 Lions Eye Institute 

Southern Adelaide Clinical Human 

Research Ethics Committee 

South Australia, 

Australia 

286.14 - 

HREC/14/SAC/298 

Flinders Medical Centre, The Queen Elizabeth Hospital; Royal Adelaide 

Hospital 

South Eastern Sydney Local Health 

District Human Research Ethics 

Committee 

New South Wales, 

Australia 

13/372 

(LNR/14/POWH/81)  

Sydney Eye Hospital; Prince of Wales Hospital; Royal North Shore Hospital; St 

Vincent’s Hospital NSW; Royal Prince Alfred Hospital; Liverpool Hospital; 

Westmead Hospital 

UTAS Human Research Ethics 

Committee 

Tasmania, Australia H0013880 Royal Hobart Hospital & Hobart Pathology 
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IRB Administrating Centre Location IRB Approval Number Research Centre(s) 

ACT health Human Research Ethics 

Committee 

Australian Capital 

Territory, Australia 

ETH.2.14.024 Canberra Hospital 

Royal Brisbane & Women's Hospital 

Human Research Ethics Committee 

Queensland, Australia HREC/14/QRBW/429 Queensland Pathology 

SJGHC Human Research Ethics 

Committee 

Western Australia, 

Australia 

716 St John of God Subiaco 

Otago University Human Research Ethics 

Committee 

New Zealand 13/108 Christchurch &Wellington Hospital 

Dunedin Human Research Ethics 

Committee 

New Zealand 13/108 Dunedin Hospital 

Erasmus Netherlands None required ErasmusMC University MC 

Heidelberg Denmark Arranged Locally Heidelberg University Hospital 

Leeds United Kingdom Arranged Locally Leeds 
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APPENDIX D – TRANSCRIPTOME PROJECT RECRUITMENT AIDS  

Study Information/Promotion Leaflet for Emergency Department Staff  

 

 

On behalf of the clinical genet ics team at CERA, thank you for your part icipat ion. 

!

If!you!see!a!patient!in!ED!with!a!suspected!diagnosis!of!GCA!and!the!neuro9ophthalmology!
team!or!consultant!on9call!has!advised!you!that!GCA!is!likely,!please!contact!us!ASAP.!We!aim!
to!recruit!patients!with!high!suspicion!of!GCA!in!the!acute!phase!

.!!

Criteria!for!recruitment:!

• Age!>!50!

• Caucasian!

• One!of!the!following:!headache,!scalp!tenderness,!jaw!claudication,!visual!symptoms!
or!background!of!PMR!

• Raised!ESR,!CRP!&/or!platelet!count!

Participation! in!our!study! involves!collection!of!blood! and!saliva! samples! at! the! time! of!
suspected!diagnosis!(i.e.!in!ED!or!at!admission).!!!

We!aim!to!better!understand!the!genetics!of!GCA,!develop!new!treatments!and!identify!
those!at!risk.!
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Study Recruitment Protocol 

 

 

 

Giant&Cell&Arteritis&Study&Recruitment&2014&&
!
!

General&Information:&

!
Background!
The!clinical!genetics!unit!at!CERA!is!recruiting!GCA!patients!for!genomic!and!
metagenomic!research!studies.!We!are!looking!for!new!biomarkers!in!GCA!as!
well!as!identify!any!potential!infective!triggers.!
!
Recruitment/timing!
We!are!aiming!to!recruit!patients!in!the!acute!phase,!ideally!before&the&start&
of&steroid&treatment&or&within&a&few&days&of&treatment&initiation&(this! is!
especially!important!for!the!blood!sample!collection).!We!would!like!to!recruit!
them!either!in!ED!before!they!are!discharged!on!oral!steroids,!or!should!they!
get! admitted! onto! a! ward! at! the! RVEEH,! just! prior! to! cannulation! for! IV!
steroids.!However!we!understand!this!may!be!difficult!and!hence!will!include!
patients!that!have!been!on!steroids!for!up!to!a!week.!
!
If! a! patient! is! keen! to! participate! in! our! research,! we! will! ideally! require!
different! types! of! samples! from! them.! ! We! hope! to! collect! the! following!
samples:!

1)! Blood!!
2)! Saliva!
3)! (Stool!–!not!a!must)!

!
The!kit!to!collect!these!and!instructions!on!how!to!do!so!are! in!the!pack!
labelled!“GCA!research!patient!pack”.!These!packs!can!be!found!in!ED!as!well!
as!on!ward!8!(Please!contact!us!should!you!run!out!so!that!we!can!reUstock).!!
!
Some!sample!collection!may!be!trickier!to!collect!as!well!as!to!persuade!the!
patient!to!donate.!Patients!can!therefore!opt!in!or!out!of!any!of!the!sample!
collections.!Stool!collection!is!likely!to!be!the!most!difficult!to!recruit!for!and!
hence!should!a!patient!not!wish!to!participate!for!this!sample!donation!in!
particular,!but!wish!to!donate!blood!and!saliva!for!example,!they!are!able!to!
do!so.!!
!
Contact!
Please&contact&Elisabeth&(GCA&research&fellow):&0405&537&917;&or&Linda&&
(Clinical&Genetics&Unit&J&phlebotomist):&0438&451&121,!should!you!have!any!
questions! or! wish! us! to! help! with! collection.! The! neuroUophthalmology!
registrar!at!the!RVEEH!is!also!familiar!with!our!study!and!can!be!off!assistance!
too.
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Guidance&for&recruitment&and&sample&collection!

!
Materials:!
Each!“GCA!patient!research!pack”!is!devised!to!collect!all!required!samples!
and!information!from!1!patient.!!
!
It!contains:!

1)! GCA!study!recruitment!information!and!guidelines!(this!form)!
2)! Consent!form!–!see!section!on!consent!!
3)! Checklist!–!see!section!on!checklist!
4)! Brochure!on!MBED!U!to!give!to!patient!
5)! Blood!pack!(2!EDTA!blood!tubes!&!1!PaxRNA!blood!tube)!–! follow!

instructions!within!pack!
6)! Saliva!pack!–!follow!instructions!within!pack!
7)! Stool!pack!–!follow!instructions!within!pack!
!

!
Consent:!
The!single!consent!form!in!the!pack!covers!all!sample!donation/participation.!
Please!consent!the!patient!whilst!they!are!in!ED.!Please!advise!the!patient!
about!the!3!type!of!samples!!(blood,!sputum!and!faeces).!Although!we!ideally!
would!like!to!have!all!3!samples!from!them!for!our!different!studies,!please!
inform!the!patient!that!they!can!opt!in!and!out!of!as!many!of!the!sample!
collections!they!like!as!these!are!all!individual!subUstudies.!!
!
For$patients$being$admitted$on$ward$8:$
Once! consented,! please! keep! the! consent! form! together! with! the! yellow!
checklist!at!the!front!on!the!patient’s!file!should!they!get!admitted.!This!is!so!
that!the!nursing!staff!on!the!ward!is!aware!that!the!patient!is!involved!in!the!
study!and!may!still!need!to!donate!further!samples,!which!can!be!collected!
during!their!admission.!Once!the!patient!has!donated!all!the!samples!that!
she/he!is!keen!to!donate!please!keep!these!forms!together!with!the!samples.!
This!is!to!avoid!crucial!paperwork!getting!lost.!!
!
For$patients$being$discharged$from$ED:$
Should!the!patient!get!discharged!from!ED,!please!keep!the!consent!form!and!
checklist! together! with! the! samples! donated! to! minimize! the! risk! of!
paperwork!getting!lost.!!
!
Checklist:!
This!refers!to!the!yellow!coloured!page.!Please!fill!in!all!sections!of!this!form.!

!! Please!label!the!check!list!with!a!patient!sticker!
!! Please!Tick!the!boxes!appropriately!(including!the!samples!the!patient!

is!willing!to!donate!and!those!that!have!already!been!collected)!!
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!! Please!feel!free!to!make!any!comments!on!the!checklist!should!you!
have!any!concerns!

!
Please!keep!the!checklist!together!with!the!consent!form!as!explained!in!the!
section!above!on!consent.!!
!
Samples:!
There!are!3!smaller!individual!sample!packs!within!the!large!“GCA!research!
patient!pack”:!1!for!blood,!1!for!saliva!and!1!for!stool!collection.!Please!follow!
the!individual!guidelines!within!each!pack!on!how!best!to!collect!and!store!the!
individual!samples.!Please!label!the!samples!as!instructed!in!the!information!
sheet.!Please!also!put!a!patient!sticker!on!each!sample!pack!biohazard!bags.&
Please&do&not&send&sample&to&Melbourne&or&St&Vincent’s&Pathology.&Store!as!
instructed.!&
!
The!“GCA!research!patient!pack”!is!designed!for!1!patient.!Should!the!patient!
get!admitted!from!ED!to!ward!8,!having!already!had!certain!samples!collected!
in! ED,! please! keep/store! the! collected! samples! in! ED! as! advised! in! the!
guidelines! for! that! individual!pack.!Please! inform!Elisabeth!or!Linda! (CERA!
clinical!genetics!unit!staff!–!see!page!1)!when!a!sample!is!ready!for!collection!
in!ED.!Please!also!indicate!on!the!checklist!form!that!the!sample!has!already!
been!collected!in!ED!so!that!the!ward!staff!is!aware.!Should!more!samples!be!
awaiting! collection! from! a! patient! who! is! being! transferred! to! the! ward,!
please!send!the!rest!of!the!patient’s!uncollected!“GCA!research!patient!pack”!
up!with!the!patient!to!encourage!the!staff!on!ward!8!to!collect!the!rest!of!the!
samples! should! the! patient! have! consented! to! have! these! taken.! When!
samples!are!ready!for!collection!from!the!ward,!please!contact!Elisabeth!or!
Linda!(CERA!clinical!genetics!unit!staff).!When!possible!on!the!ward,!keep!the!
samples!together!to!avoid!loss.!!
!
Please! keep! the! “unused”! individual! sample! packs! in! the! “GCA! research!
patient!pack”!so!that!these!can!be!collected!by!the!CERA!staff!and!recycled.!!!
!
!
!

Please&do&not&hesitate&to&contact&Elisabeth,&day&or&night,&should&
you&have&any&questions!&

&
Thank&you&for&your&participation&in&our&study!&

!
!
!
&
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Patient Sample Checklist 
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Patient Sample Timeline Reminder 

 

 

GCA$$study$$*$Individual$Patient$Timeline$
$
$
Patient$Details$$
$
Name:$
$
DOB:$
$
UR:$
$
$
$

Samples$relevant$to$this$patient$to$be$collected$for$serial$samples$(circle):$
$
EDTA%(MACS)%
%
Paxgene%
%
Saliva%
%
Faeces%
%
$

$
$

$$Table$of$important$Dates$–$when$samples$were$collected$
$

Clinical$
Diagnosis$

Initiation$
of$Steroid$
treatment$$

TAB$ 1ST$$

samples$
$

2nd$$
samples$
$
(2*3/52)$

3rd$$
samples$
$
(6*8/52)$

4th$$
samples$
$
(3/12)$

5th$$
samples$
$
(6/12)$

6th$
samples$
$
(1$year)$

$ $ $ $ %
%
%
%
%
Reminder%
Period%
%
%
%

%
%
%
%
%
Reminder%
Period%
%

%
%
%
%
%
Reminder%
Period%
%

%
%
%
%
%
Reminder%
Period%
%

%
%
%
%
%
Reminder%
Period%
%

$
$
$
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APPENDIX E – TRANSCRIPTOME PROJECT SUPPLEMENTARY RESULTS TABLE  

Results from Polynomial Modelling in CD4 –179 Genes 
     

TxID lin quad cubic fixed.beta fixed.p adj.r2 model.p model.fdr geneID 

ENST00000274532 -2.029 1.868 0.069 0.259 0 0.489 1.63E-09 3.43E-05 TIMD4 
ENST00000432854 -54.415 -33.578 -0.495 8.721 0 0.488 1.68E-09 3.43E-05 DBNL 

ENST00000551764 -0.963 0.027 0.486 0.136 0 0.471 4.58E-09 6.22E-05 LINC01619 

ENST00000258111 -1.97 2.555 -2.143 0.078 0.001 0.465 6.81E-09 6.94E-05 KCNMB4 
ENST00000367175 -5.128 -32.205 -4.692 1.711 0 0.418 8.62E-08 0.000702156 LRRN2 

ENST00000404898 -86.566 -104.147 -3.727 8.062 0 0.413 1.13E-07 0.000764618 CACNA1I 

ENST00000610416 65.265 469.379 -60.785 -10.293 0 0.408 1.47E-07 0.000857025 TRBC2 
ENST00000549730 -2.887 2.256 -5.281 0.187 0 0.404 1.77E-07 0.000901766 LMBR1L 

ENST00000495189 0.297 -1.984 -2.456 0.279 0 0.396 2.62E-07 0.001185331 VIPR1 

ENST00000392748 -5.509 14.738 -2.005 -0.111 0.069 0.391 3.33E-07 0.001358736 VWA5A 
ENST00000474787 -7.49 -1.874 1.981 0.414 0 0.387 4.14E-07 0.001534529 UAP1L1 

ENST00000379561 -15.452 93.669 11.843 -1.785 0 0.383 5.03E-07 0.001631587 FOXO1 

ENST00000474871 -6.971 2.201 -1.789 0.587 0 0.382 5.21E-07 0.001631587 NPHP3 
ENST00000309415 -2.791 -2.835 1.136 0.313 0 0.38 5.82E-07 0.001693654 SH3RF3 

ENST00000480654 -62.482 -71.258 18.616 3.59 0 0.372 8.53E-07 0.002294231 PIK3IP1 

ENST00000577571 74.297 136.671 4.56 -3.731 0 0.371 9.01E-07 0.002294231 RASSF5 
ENST00000425467 -2.674 5.792 -0.444 -0.063 0.015 0.364 1.25E-06 0.002844157 HEATR5B 

ENST00000530275 -1.305 0.31 -1.257 0.282 0 0.364 1.26E-06 0.002844157 MACF1 

ENST00000400198 -13.202 -12.969 -7.496 1.752 0 0.36 1.53E-06 0.003118245 ARGLU1 
ENST00000305352 34.077 175.09 0.984 -3.159 0.001 0.35 2.42E-06 0.004479802 S1PR1 

ENST00000269919 -14.417 4.736 -7.707 0.915 0 0.344 3.19E-06 0.005658529 PGPEP1 

ENST00000265428 -52.753 96.607 0.224 -0.873 0.059 0.34 3.80E-06 0.006249602 WWP1 
ENST00000574316 -0.856 1.049 0.228 0.179 0 0.34 3.83E-06 0.006249602 DPEP2 

ENST00000206451 58.511 -38.774 83.597 -4.397 0 0.338 4.13E-06 0.006468217 PSME1 

ENST00000498102 3.415 -9.518 -9.719 0.905 0 0.334 4.94E-06 0.007457173 VIPR1 
ENST00000293379 64.082 32.78 -21.765 -0.97 0.026 0.332 5.45E-06 0.007931257 ITGA5 

ENST00000284273 -24.894 40.282 -2.666 -0.83 0 0.331 5.82E-06 0.008171029 UBASH3B 

ENST00000325590 -2.151 -3.086 -0.397 0.238 0 0.33 6.12E-06 0.008308703 AMPH 
ENST00000374213 173.908 536.832 4.545 -6.522 0.022 0.326 7.13E-06 0.009371916 CD52 

ENST00000372748 -7.641 -12.607 5.231 0.579 0 0.325 7.68E-06 0.009778852 COL9A2 

ENST00000458355 -2.434 3.622 -5.202 0.276 0 0.322 8.53E-06 0.010531388 ORMDL1 
ENST00000374202 54.774 397.247 8.972 -8.352 0 0.32 9.58E-06 0.011476044 IL2RG 

ENST00000263379 45.062 68.739 -14.098 -1.563 0.003 0.318 1.04E-05 0.012053966 IL27RA 

ENST00000562282 3.099 0.307 1.751 0.38 0 0.316 1.10E-05 0.012470638 GOLGA8B 
ENST00000451311 223.115 2302.452 13.286 -54.664 0 0.316 1.14E-05 0.012572957 TMSB4X 

ENST00000335154 28.86 59.542 -21.29 -0.923 0.014 0.312 1.31E-05 0.01368945 FMNL3 
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txID lin quad cubic fixed.beta fixed.p adj.r2 model.p model.fdr geneID 

ENST00000421840 -1.897 1.775 -2.512 0.248 0 0.312 1.34E-05 0.01368945 GOLGA2P5 

ENST00000308666 16.03 41.77 -0.608 -0.402 0.076 0.311 1.38E-05 0.013741936 ABCD2 
ENST00000535658 1.517 -7.442 3.02 -0.071 0.138 0.311 1.42E-05 0.013808147 NLRC5 

ENST00000619168 25.347 14.36 -12.392 -0.771 0.002 0.31 1.48E-05 0.014021986 CAMK1D 

ENST00000316836 -11.527 29.359 8.061 0.156 0.371 0.306 1.72E-05 0.015555288 PNMA1 
ENST00000262039 -19.601 31.314 3.81 0.386 0.096 0.305 1.84E-05 0.015710249 PIK3C3 

ENST00000329421 -10.652 45.509 -7.33 -0.551 0.013 0.304 1.84E-05 0.015710249 MARCKSL1 

ENST00000422840 42.049 84.696 -20.166 -1.857 0.002 0.304 1.85E-05 0.015710249 GLG1 
ENST00000593682 12.045 -2.047 3.442 0.066 0.252 0.303 1.99E-05 0.016581095 AC010422.6 

ENST00000455537 -1.106 2.857 0.269 0.045 0.033 0.302 2.04E-05 0.016652689 KIF5A 

ENST00000369787 -2.263 -10.789 -4.715 0.874 0 0.302 2.09E-05 0.016709919 KCNC4 
ENST00000557006 19.991 5.957 10.885 -0.465 0.01 0.301 2.14E-05 0.016733763 TMEM229B 

ENST00000464344 -3.346 4.324 -3.447 0.245 0.001 0.3 2.24E-05 0.017222362 MTERF4 

ENST00000479556 -14.628 124.379 -12.206 -2.114 0.001 0.299 2.35E-05 0.017448266 GIMAP5 
ENST00000420283 -14.371 14.405 0.075 0.146 0.224 0.299 2.36E-05 0.017448266 TSPYL4 

ENST00000611787 1.573 13.802 -3.543 -0.257 0.001 0.298 2.44E-05 0.017768496 AC244196.4 

ENST00000620569 0.422 25.285 -3.03 -0.389 0.004 0.296 2.61E-05 0.018224717 AC244196.1 
ENST00000463021 -3.038 -5.097 -5.553 0.43 0 0.296 2.62E-05 0.018224717 PNISR 

ENST00000260197 -195.957 226.752 -109.889 5.569 0.024 0.296 2.64E-05 0.018224717 SORL1 

ENST00000294066 -22.015 -10.423 -16.456 1.496 0 0.295 2.73E-05 0.018569757 MAP4K2 
ENST00000367023 -15.225 73.968 1.856 -1.047 0.006 0.294 2.91E-05 0.019278643 TRAF3IP3 

ENST00000261197 0.789 12.106 -0.899 -0.081 0.175 0.294 2.93E-05 0.019278643 ST8SIA1 

ENST00000367868 -29.448 12.244 13.475 1.193 0.001 0.292 3.07E-05 0.019461174 GPA33 

ENST00000287156 29.147 -89.218 39.048 -1.327 0.056 0.292 3.08E-05 0.019461174 UBE2L6 

ENST00000528814 -1.716 -0.647 -1.306 0.116 0 0.292 3.14E-05 0.019461174 PLPP5 

ENST00000268383 -19.198 65.754 8.13 0.021 0.953 0.292 3.15E-05 0.019461174 CDR2 
ENST00000296490 32.021 161.953 7.125 -3.37 0.001 0.291 3.21E-05 0.019538814 WDR82 

ENST00000521288 -23.853 -59.076 25.541 0.679 0.059 0.291 3.28E-05 0.019638503 NUDT16 

ENST00000381501 -3.043 -1.728 0.408 0.139 0 0.289 3.62E-05 0.02109531 TEC 
ENST00000491748 -2.993 2.45 -2.874 -0.04 0.07 0.287 3.79E-05 0.021722105 HP1BP3 

ENST00000263050 -4.396 9.414 -2.919 0.003 0.958 0.287 3.90E-05 0.021975341 AKAP7 

ENST00000287957 -6.988 -9.519 -1.344 0.451 0 0.283 4.51E-05 0.021975341 GATAD1 
ENST00000263398 -26.137 350.715 -6.096 -4.748 0.01 0.283 4.52E-05 0.021975341 CD44 

ENST00000290209 -10.079 58.622 -22.051 -0.167 0.596 0.283 4.56E-05 0.021975341 SLC12A6 

ENST00000488174 -144.507 -81.978 -163.482 11.772 0 0.283 4.58E-05 0.021975341 OGT 
ENST00000392952 -41.1 295.127 -94.187 -5.25 0.002 0.282 4.66E-05 0.021975341 ABLIM1 

ENST00000264010 -11.027 38.869 6.954 -0.94 0 0.282 4.67E-05 0.021975341 CTCF 
ENST00000442547 0.155 -0.435 -3.883 0.526 0 0.282 4.73E-05 0.021975341 ORMDL1 

ENST00000456113 3.186 42.254 -5.66 -0.779 0.002 0.282 4.73E-05 0.021975341 LTB 

ENST00000429299 3.186 42.254 -5.66 -0.779 0.002 0.282 4.73E-05 0.021975341 LTB 
ENST00000376117 3.186 42.254 -5.66 -0.779 0.002 0.282 4.73E-05 0.021975341 LTB 

ENST00000421268 3.186 42.254 -5.66 -0.779 0.002 0.282 4.73E-05 0.021975341 LTB 

ENST00000383493 3.186 42.254 -5.66 -0.779 0.002 0.282 4.73E-05 0.021975341 LTB 
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txID lin quad cubic fixed.beta fixed.p adj.r2 model.p model.fdr geneID 

ENST00000444479 3.186 42.254 -5.66 -0.779 0.002 0.282 4.73E-05 0.021975341 LTB 

ENST00000403625 -15.957 22.534 -14.116 -0.366 0.01 0.282 4.82E-05 0.021975341 MAST4 
ENST00000369318 13.922 -10.954 9.618 -0.166 0.194 0.282 4.84E-05 0.021975341 CASP7 

ENST00000597630 -4.21 0.242 -1.323 0.212 0.001 0.281 4.85E-05 0.021975341 AC010616.1 

ENST00000375442 -30.03 -80.665 51.929 1.833 0.003 0.281 5.02E-05 0.022397123 TSPYL2 
ENST00000003912 3.504 59.601 -6.523 -0.968 0.004 0.28 5.06E-05 0.022397123 NIPAL3 

ENST00000464431 -1.113 -23.647 -5.209 1.424 0 0.278 5.57E-05 0.024418883 ABTB1 

ENST00000395023 -122.856 598.065 -136.812 -7.709 0.013 0.277 5.75E-05 0.024465054 TCF7 
ENST00000630763 -0.369 -0.116 2.24 0.17 0 0.277 5.76E-05 0.024465054 SPTAN1 

ENST00000228865 -8.863 62.4 4.827 -0.99 0.004 0.277 5.91E-05 0.024810462 CREBL2 

ENST00000493139 -0.448 -4.532 1 -0.028 0.301 0.275 6.42E-05 0.02650585 GBP1 
ENST00000617347 1.061 16.062 -4.694 -0.222 0.013 0.275 6.44E-05 0.02650585 AC244196.5 

ENST00000473371 -0.834 -1.771 -3.101 0.211 0 0.274 6.62E-05 0.026866831 NHLRC3 

ENST00000444393 20.159 47.662 7.697 -1.152 0.002 0.274 6.66E-05 0.026866831 IL32 
ENST00000340913 -101.9 -82.173 175.382 -6.121 0.001 0.273 6.75E-05 0.02694316 HNRNPA1 

ENST00000464024 2.043 -8.439 0.41 -0.056 0.286 0.273 6.98E-05 0.027594727 NA 

ENST00000341657 17.662 -33.349 -14.859 -0.424 0.109 0.272 7.23E-05 0.028114723 ANKFY1 
ENST00000237853 -5.501 -9.077 3.625 0.192 0.008 0.272 7.25E-05 0.028114723 ELL2 

ENST00000553227 3.299 3.132 0.252 -0.083 0.011 0.271 7.35E-05 0.028240597 AC119044.1 

ENST00000625761 0.548 24.101 -3.718 -0.525 0.001 0.27 7.75E-05 0.029514944 RELB 
ENST00000227752 90.924 411.165 9.387 -7.134 0.006 0.27 7.83E-05 0.029525526 IL10RA 

ENST00000390458 0.929 12.327 -4.644 -0.215 0.004 0.269 7.91E-05 0.029577442 TRAV29DV5 

ENST00000538274 -11.372 -94.264 40.597 0.099 0.855 0.269 8.04E-05 0.029789491 KIAA0513 

ENST00000361681 485.983 -148.159 76.13 -7.514 0.055 0.268 8.31E-05 0.03047566 MT-ND6 

ENST00000350669 -287.173 611.493 82.979 -7.291 0.031 0.268 8.38E-05 0.03047566 LDHB 

ENST00000611116 67.437 441.756 -30.014 -6.525 0.011 0.267 8.58E-05 0.030931822 TRAC 
ENST00000370706 -10.545 28.941 -15.233 0.143 0.475 0.267 8.68E-05 0.030931822 ZNF451 

ENST00000446488 -10.04 33.962 -13.727 0.343 0.166 0.267 8.73E-05 0.030931822 NFRKB 

ENST00000543141 4.362 -7.549 4.927 -0.121 0.09 0.267 8.87E-05 0.03114898 NLRC5 
ENST00000478298 -6.254 5.481 -1.365 0.111 0.077 0.265 9.42E-05 0.032814716 ABTB1 

ENST00000528163 9.616 141.466 1.811 -3.435 0 0.265 9.52E-05 0.032882589 IL32 

ENST00000366513 -42.444 48.3 1.013 0.302 0.432 0.264 9.98E-05 0.034163503 CNST 
ENST00000537988 -1.141 -2.899 -5.452 0.516 0 0.263 0.000101975 0.034424807 GOLGA2P5 

ENST00000376065 -18.289 35.575 -6.467 0.763 0.025 0.263 0.000102233 0.034424807 TPP2 

ENST00000543196 16.59 -8.782 0.593 -0.208 0.117 0.262 0.000105253 0.035151071 GALNT6 
ENST00000570294 -4.572 -0.757 -2.573 0.226 0.001 0.262 0.000107783 0.035703405 XPO6 

ENST00000311141 2.689 4.868 0.256 -0.127 0.003 0.261 0.00011149 0.0366333 ZFYVE21 
ENST00000368008 -0.976 -2.434 2.004 0.178 0 0.26 0.000113419 0.036969101 NIT1 

ENST00000245414 38.105 -37.878 17.186 -0.956 0.04 0.26 0.000115396 0.037314941 IRF1 

ENST00000513374 -10.943 54.495 6.634 -0.875 0.005 0.26 0.000116678 0.037432555 TNFAIP8 
ENST00000409064 -45.136 59.409 -10.457 0.112 0.792 0.259 0.000119444 0.038020559 KDM3A 

ENST00000240364 25.792 64.07 -18.816 -0.514 0.191 0.259 0.00012275 0.038770126 FAM117A 

ENST00000379698 2.802 62.841 4.148 -1.4 0.001 0.258 0.000126973 0.039582562 SH3KBP1 
ENST00000316448 44.178 -34.411 92.875 -4.125 0.002 0.258 0.000127266 0.039582562 CALR 
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txID lin quad cubic fixed.beta fixed.p adj.r2 model.p model.fdr geneID 

ENST00000316985 -23.294 53.083 8.444 -1.025 0.002 0.257 0.000129476 0.039827609 NSD3 

ENST00000336915 -6.573 89.876 -0.422 -1.579 0.003 0.257 0.000131801 0.039827609 SKAP1 
ENST00000324489 0.428 7.258 0.428 0.675 0 0.257 0.000132049 0.039827609 MTURN 

ENST00000370895 0.996 0.427 -1.412 0.083 0 0.256 0.00013297 0.039827609 FPGT-TNNI3K 

ENST00000498498 -4.13 -0.258 -0.748 0.218 0.001 0.256 0.000134089 0.039827609 DALRD3 
ENST00000408968 44.366 196.127 -2.91 -8.648 0 0.256 0.000134977 0.039827609 IFITM1 

ENST00000552013 0.877 -1.641 1.143 0.106 0 0.256 0.000135957 0.039827609 NAP1L1 

ENST00000356674 30.925 -30.886 119.008 -5.216 0.001 0.256 0.000135984 0.039827609 HNRNPA2B1 
ENST00000375249 -12.615 24.091 -2.197 -0.003 0.981 0.256 0.000136851 0.039827609 HABP4 

ENST00000366197 0.615 -7.991 10.841 0.719 0 0.255 0.000139405 0.040283035 ZNF548 

ENST00000574865 -3.084 -0.72 -0.969 0.116 0.003 0.255 0.000141236 0.040524798 DPEP2 
ENST00000295095 -38.17 89.438 16.915 -2.039 0.001 0.255 0.000142535 0.040600948 ARHGAP15 

ENST00000458537 5.592 1.511 1.868 -0.118 0.021 0.255 0.000143494 0.040600948 SKIL 

ENST00000372806 -8.347 188.755 -11.244 -3.386 0.003 0.254 0.000145044 0.040756486 STK4 
ENST00000268795 -1.637 1.822 -0.82 0.144 0.001 0.254 0.000147032 0.040983215 DPEP2 

ENST00000263857 18.213 -4.524 -0.053 -0.397 0.02 0.254 0.000147863 0.040983215 POLR1A 

ENST00000459760 -4.376 1.251 -1.452 0.35 0.001 0.253 0.000153577 0.042184233 OGT 
ENST00000460307 6.027 5.337 0.187 0.493 0 0.253 0.000154267 0.042184233 FAM136A 

ENST00000489288 -19.887 13.28 2.03 -0.247 0.037 0.252 0.000156097 0.042367301 RHNO1 

ENST00000530935 0.276 4.996 1.107 -0.027 0.331 0.252 0.000157016 0.042367301 TMX4 
ENST00000407797 3.867 -6.753 1.5 -0.035 0.467 0.252 0.000161035 0.04276292 C5orf56 

ENST00000462829 3.25 -10.924 -6.325 -0.06 0.439 0.252 0.000161422 0.04276292 DDX51 

ENST00000470808 1.741 -2.318 -0.295 0.126 0 0.251 0.000162134 0.04276292 TACC3 

ENST00000539112 -4.498 -1.374 1.96 0.258 0.001 0.251 0.00016268 0.04276292 TARSL2 

ENST00000438259 -7.315 1.485 -8.068 0.507 0.002 0.251 0.000168061 0.043894037 VIPR1 

ENST00000467843 -2.166 -18.497 -0.906 1.595 0 0.25 0.000173216 0.044889321 WSB1 
ENST00000619125 -3.192 53.191 -8.813 -1.405 0 0.25 0.000174075 0.044889321 TRBV28 

ENST00000219204 -3.49 44.09 2.475 -0.057 0.813 0.249 0.000176837 0.045221035 ARL2BP 

ENST00000533367 1.139 5.688 2.68 -0.078 0.044 0.249 0.000177581 0.045221035 MED17 
ENST00000372755 34.329 -5.011 -8.781 0.098 0.61 0.249 0.000180702 0.045520747 VCL 

ENST00000379359 -12.561 42.786 -9.462 -0.477 0.042 0.249 0.000180993 0.045520747 RGCC 

ENST00000264350 -24.275 5.834 10.549 0.364 0.07 0.248 0.000184489 0.046115576 HERC5 
ENST00000268097 0.869 -7.808 -3.641 0.267 0 0.248 0.000188456 0.046782727 HEXA 

ENST00000468591 -4.145 4.779 0.696 0.006 0.872 0.247 0.000189455 0.046782727 EEPD1 

ENST00000581979 -18.954 -15.555 -2.19 0.858 0.002 0.247 0.000192914 0.047248296 SRSF1 
ENST00000479452 -1.922 -0.447 -0.917 0.1 0.001 0.247 0.000194412 0.047248296 EXD3 

ENST00000590918 -1.848 1.836 0.353 0.168 0.001 0.247 0.000195642 0.047248296 GIPR 
ENST00000360121 183.159 52.035 -31.089 -1.459 0.236 0.247 0.000196196 0.047248296 SPN 

ENST00000296161 16.45 -56.296 31.403 -2.199 0.005 0.246 0.000197404 0.047248296 DTX3L 

ENST00000618649 -0.943 -3.014 -4.356 0.411 0 0.246 0.000198298 0.047248296 ANAPC2 
ENST00000254480 -25.495 61.521 30.177 -0.991 0.017 0.246 0.000201445 0.047718974 SMARCC1 

ENST00000306077 12.994 46.508 0.773 -1.128 0.002 0.245 0.00020636 0.048600705 TMEM43 

ENST00000356093 -93.12 198.695 -44.522 -0.886 0.453 0.245 0.000211081 0.049161977 EPB41 
ENST00000267082 94.999 140.637 -26.084 -2.961 0.014 0.245 0.000211156 0.049161977 ITGB7 
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txID lin quad cubic fixed.beta fixed.p adj.r2 model.p model.fdr geneID 

ENST00000305784 3.82 -1.916 5.632 -0.114 0.048 0.244 0.000214425 0.049249408 DTYMK 
ENST00000330943 9.27 64.882 -3.192 -0.875 0.024 0.244 0.000215175 0.049249408 SNX20 

ENST00000262467 29.573 4.023 -48.403 2.451 0 0.244 0.000215845 0.049249408 NLRP1 

ENST00000495887 -0.273 -1.884 -1.541 0.171 0 0.244 0.000216367 0.049249408 DCAF8 

Results from Polynomial Modeling in CD8 – 4 Genes 

txID lin quad cubic fixed.beta fixed.p adj.r2 model.p model.fdr geneID 

ENST00000480479 -3.474 4.905 -2.2 0.686 0 0.389 4.84E-07 0.019730832 CCNL2 

ENST00000389301 -6.212 -14.979 8.716 -0.057 0.508 0.362 1.71E-06 0.034930992 FANCA 
ENST00000380639 -10.364 8.631 -5.21 0.065 0.393 0.342 4.31E-06 0.045933075 PTCD2 

ENST00000354618 51.796 -12.485 30.774 -0.575 0.116 0.341 4.51E-06 0.045933075 THRAP3 
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Number of Genes per Phenotype in CD4 and CD8  

 

 

Phenotype CD4 CD8 

1 Bilateral Blindness 22 50 

2 CRP 12 15 

3 Died 878 904 

4 Died before T3 87 137 

5 ESR 23 15 

6 Fatigue 6 29 

7 Fever 177 41 

8 Jaw Claudication 70 10 

9 Loss Appetite 59 32 

10 Lymphocyte 23 63 

11 Malaise 8 27 

12 Monocular Blindness 22 41 

13 Neutrophils 22 133 

14 Other Headache 30 76 

15 Platelets 41 7 

16 Preceding PMR Diagnosis 51 53 

17 Relapses 6 3 

18 Relapses before T3 3 71 

19 Scalp Tenderness 10 7 

20 Stroke/TIA 40 4 

21 Temporal Headache 67 34 

22 Visual Disturbance 23 247 

23 WCC 75 38 

24 Weight Loss 27 55 
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Number of Overlapping Genes between Phenotypes in CD4 cells at T1 

 

 Phenotype1 Phenotype2 # GeneID 

1 BilatBlind_CD4 Died_CD4 11 SERPINB8;N4BP2L1;ATP1A1;SDCCAG3;USF2;ATP5J2;CCZ1B;CCDC126;MLH1;RRP1;CBWD5 

2 BilatBlind_CD4 MonoBlind_CD4 1 PIGH 
3 BilatBlind_CD4 Relapses_CD4 1 SDCCAG3 

4 BilatBlind_CD4 StrokeTIA_CD4 1 RNF213 

5 BilatBlind_CD4 TemporalHeadache_CD4 6 ATP1A1;USF2;COMMD2;C22orf46;MLH1;RRP1 

6 CRP_GCA_CD4 Fever_CD4 1 GIGYF2 

7 CRP_GCA_CD4 WtLoss_CD4 1 NPRL2 
8 Died_CD4 Died_MACS1-3_CD4 41 NPEPL1;TIA1;PI4KAP2;DMTN;GGNBP2;ATF7IP;YWHAZ;UCKL1;EIF4E3;PAXBP1;GIMAP2;NOL11;RPS3;TRAPPC2;WTAP

;SWSAP1;WAPL;ZCCHC9;LIN54;PQLC3;MLYCD;VPS37A;HLA-

E;DRAM2;LARS2;MTERF4;NIT1;ADGRE5;ERLEC1;MCRIP1;FAM200B;AC099548.2;GRSF1;BTN3A2;NEK9;SPRN;GAPVD1;
EIF3E;INCENP;GTF3C2 

9 Died_CD4 ESR_GCA_CD4 3 MARCH6;NT5C2;IRAK4 

10 Died_CD4 Fatigue_CD4 1 ASCC1 
11 Died_CD4 Fever_CD4 17 EEF1D;ARHGAP4;TMC6;ACADVL;SLC10A3;EIF4G1;RNF126;SEC23A;PRMT2;ZNF561;MTG2;PRMT7;CBX4;TRIM28;TRA2

B;TMEM259;PYCARD 

12 Died_CD4 JawClaudication_CD4 3 LAMTOR4;STIP1 
13 Died_CD4 LossAppetite_CD4 8 TPM3;PRR5;STAT5A;WDR91;NDEL1;SRSF10;FAM214A;ZNF839 

14 Died_CD4 Lymphocytes_GCA_CD4 4 NDUFS7;HIPK3;ACOT8;SMIM7 

15 Died_CD4 Malaise_CD4 1 INCENP 
16 Died_CD4 MonoBlind_CD4 2 DNM1L;RNF25 

17 Died_CD4 Neutrophils_GCA_CD4 1 ZNF343 

18 Died_CD4 OtherHeadache_CD4 12 FANCC;KIAA0141;POFUT2;BAX;NUP85;GSDMB;STRN4;NDEL1;ATXN2;ABLIM1;PIK3C3;ASPM 
19 Died_CD4 Platelets_GCA_CD4 3 SEC23A;EPHB6;HNRNPH1 

20 Died_CD4 PrecedingPMRDx_CD4 5 TRMT112;ACSL5;NOC2L;SETDB2 

21 Died_CD4 Relapses_CD4 1 SDCCAG3 
22 Died_CD4 ScalpTenderness_CD4 3 ZNF343;WDR27;CNIH4 

23 Died_CD4 StrokeTIA_CD4 5 DHRS1;DDX60L;AAMP;CEP192;MIS12 

24 Died_CD4 TemporalHeadache_CD4 40 LYSMD4;GPM6A;NDUFS7;RRP1;ACIN1;LAMTOR4;USF2;PRPF39;SLC38A2;C2orf68;FLAD1;DNMT1;POFUT2;TMEM182;Z
NF506;ELP6;MAPKAPK5;RAB11FIP5;ENTPD6;SRI;PLCG1;SP140;ZNF143;DUSP23;RMND5B;MON2;NPIPP1;METTL17;ML

H1;MPRIP;EXOC3;TMEM50A;EEF1A1P11;GZF1;GGA1;UBE2Q2;ATP1A1;CLCN3;NMI;SRSF11 

25 Died_CD4 VisualDisturbance_CD4 2 MACF1;SPPL3 

26 Died_CD4 WCC_GCA_CD4 20 EED;TMEM71;SCYL3;FBXL19;N4BP2;CSK;ZNF324;SLC10A3;CKAP5;ARL16;MBNL3;PLEC;WDR91;CD81;FBXW11;XPNP

EP3;CWC15;HAUS4;GALNT2;DIDO1 

27 Died_CD4 WtLoss_CD4 2 LRRC14;NCBP3 
28 Died_MACS1-3_CD4 Fever_CD4 1 SRRT 

29 Died_MACS1-3_CD4 JawClaudication_CD4 3 NBPF9;KIAA1257 

30 Died_MACS1-3_CD4 LossAppetite_CD4 2 GK;ZNF544 
31 Died_MACS1-3_CD4 Malaise_CD4 1 INCENP 

32 Died_MACS1-3_CD4 MonoBlind_CD4 1 MATR3 
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 Phenotype1 Phenotype2 # GeneID 

33 Died_MACS1-3_CD4 OtherHeadache_CD4 1 SRRT 

34 Died_MACS1-3_CD4 PrecedingPMRDx_CD4 2 CARD8 
35 Died_MACS1-3_CD4 TemporalHeadache_CD4 1 SRRT 

36 Died_MACS1-3_CD4 WCC_GCA_CD4 3 MATR3;PDE4DIP;WDR45 

37 ESR_GCA_CD4 JawClaudication_CD4 1 SAP18 
38 Fatigue_CD4 JawClaudication_CD4 1 EXTL3 

39 Fatigue_CD4 Malaise_CD4 1 MYO19 

40 Fever_CD4 JawClaudication_CD4 1 NCAPD3 
41 Fever_CD4 LossAppetite_CD4 2 NBR1;PDZD4 

42 Fever_CD4 Lymphocytes_GCA_CD4 1 GGA3 

43 Fever_CD4 OtherHeadache_CD4 2 SRRT;CLPP 
44 Fever_CD4 Platelets_GCA_CD4 7 ATP9B;SEC23A;DGKZ;PDZD4;ABCA2;ELK1;CCDC88C 

45 Fever_CD4 StrokeTIA_CD4 1 DHX34 
46 Fever_CD4 TemporalHeadache_CD4 2 SRRT;C7orf43 

47 Fever_CD4 WCC_GCA_CD4 3 SLC10A3;RABL6;IL32 

48 JawClaudication_CD4 PrecedingPMRDx_CD4 3 PPP1CB;EIF4A3 
49 JawClaudication_CD4 StrokeTIA_CD4 1 FTSJ1 

50 JawClaudication_CD4 TemporalHeadache_CD4 1 LAMTOR4 

51 JawClaudication_CD4 VisualDisturbance_CD4 1 GZMB 
52 JawClaudication_CD4 WCC_GCA_CD4 1 SPPL2B 

53 LossAppetite_CD4 MonoBlind_CD4 1 EIF2B5 

54 LossAppetite_CD4 OtherHeadache_CD4 1 NDEL1 
55 LossAppetite_CD4 Platelets_GCA_CD4 1 PDZD4 

56 LossAppetite_CD4 PrecedingPMRDx_CD4 1 CXorf40A 

57 LossAppetite_CD4 WCC_GCA_CD4 1 WDR91 
58 LossAppetite_CD4 WtLoss_CD4 10 ATF7IP2;PAXIP1;SLC30A7;CLTA;SAR1A;GALNT3;WARS;SLC24A2;ZNF799;CPSF2 

59 Lymphocytes_GCA_CD4 TemporalHeadache_CD4 1 NDUFS7 

60 MonoBlind_CD4 TemporalHeadache_CD4 1 CSAD 
61 MonoBlind_CD4 WCC_GCA_CD4 1 MATR3 

62 Neutrophils_GCA_CD4 Relapses_CD4 1 INTS14 

63 Neutrophils_GCA_CD4 ScalpTenderness_CD4 1 ZNF343 
64 Neutrophils_GCA_CD4 WtLoss_CD4 1 DMPK 

65 OtherHeadache_CD4 TemporalHeadache_CD4 5 POFUT2;WTIP;PKM;SRRT;CTSL 

66 Platelets_GCA_CD4 ScalpTenderness_CD4 1 STX18 

67 PrecedingPMRDx_CD4 StrokeTIA_CD4 1 SF1 

68 PrecedingPMRDx_CD4 WCC_GCA_CD4 1 ARCN1 

69 PrecedingPMRDx_CD4 WtLoss_CD4 1 CAND1 
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Number of Overlapping Genes between Phenotypes in CD8 cells at T1 

 Phenotype1 Phenotype2 # GeneID 

1 BilatBlind_CD8 Died_CD8 15 DHX30;RIOK1;PRAG1;LTB;RPS3;FAM129B;EIF2AK3;NPIPB4;IL32;KIAA0513;IGF1R;CSDE1;TMEM161B;ITGB1BP1;PIG

BOS1 
2 BilatBlind_CD8 Died_MACS1-3_CD8 2 NUCB2;NPIPB4 

3 BilatBlind_CD8 Fever_CD8 1 NLRC5 

4 BilatBlind_CD8 MonoBlind_CD8 2 STX16;AC009690.1 
5 BilatBlind_CD8 Neutrophils_GCA_CD8 2 PRAG1;IL32 

6 BilatBlind_CD8 PrecedingPMRDx_CD8 2 IL32;CFL1 

7 BilatBlind_CD8 TemporalHeadache_CD8 2 NUCB2;TCF7 
8 BilatBlind_CD8 VisualDisturbance_CD8 3 IL32;CAMTA2;KIAA0513 

9 CRP_GCA_CD8 Died_CD8 1 FLT3LG 

10 CRP_GCA_CD8 VisualDisturbance_CD8 1 AMPD2 
11 Died_CD8 Died_MACS1-3_CD8 42 SP100;DHX37;NFU1;STARD5;KIAA1147;HOOK1;GLCE;CHD7;OVGP1;RASGRF2;ZNF559;DRAM2;HKR1;TCAF2;SLC14A

1;ZNF879;NSMCE1;PTPRJ;SNRPA;FOXN2;BRAT1;IMMP2L;GSTM2;CD99;DIP2C;OBSCN;RALGPS2;HLA-

A;SLC37A4;TRMT10B;NFKB1;SIAE;VPS51;POU6F1;TRBV10-2;RIC3;NPIPB4;ZNF439;ZNF706;TRABD2A;ABCF1 
12 Died_CD8 Fatigue_CD8 3 RNPS1;SAR1B;R3HDM2 

13 Died_CD8 Fever_CD8 6 DAP3;LSS;SRRM1;PPCS;SMAD4 

14 Died_CD8 LossAppetite_CD8 3 CAPG;FDXR;WAS 
15 Died_CD8 Lymphocytes_GCA_CD8 4 CXXC1;MACF1;ARRB2 

16 Died_CD8 Malaise_CD8 4 RNPS1;UQCRC1;EIF5A;VPS28 

17 Died_CD8 MonoBlind_CD8 5 RPL18;SYNE1;AK2;OBSCN;MED24 
18 Died_CD8 Neutrophils_GCA_CD8 25 MAN2C1;TTC7A;NOP56;ACADVL;DEXI;CD6;IL32;NIT1;KLC2;HTATIP2;SIGIRR;SNRPA;MPV17;MTA1;MAP3K12;TRM

U;DNM1L;MAP2K7;PLCG1;WDR90;IPO9;TRMT10B;PRAG1;PI4KA 

19 Died_CD8 OtherHeadache_CD8 19 HERPUD2;JMJD7;CLN3;PPM1M;ACADVL;COPS5;UQCRC1;CEP164;ZNF280C;PLXDC1;SLC35F6;ZNF800A16;EEF1D;PS
MA3;NUDCD2;ZC3H4;ZNF708;CENPC 

20 Died_CD8 PrecedingPMRDx_CD8 7 TARS;IL32;CYB5B;RCE1;ZNF75A;HGS;APAF1 

21 Died_CD8 Relapses_MACS1-3_CD8 10 STARD5;HOOK1;RASGRF2;LEPROTL1;NIPAL3;CHURC1;VPS9D1;ZNF354B;GSKIP 
22 Died_CD8 ScalpTenderness_CD8 3 GTPBP10;FOXP1;CEP57 

23 Died_CD8 TemporalHeadache_CD8 17 JMJD7;WASHC4;INTS13;AC244489.1;AC138969.1;AC126755.2;GLCE;HKR1;STAG2;EIF5A;SLC35B2;ADI1;DPH7;SLC35F

6;FNIP1;LAMTOR5;ZNF708 
24 Died_CD8 VisualDisturbance_CD8 28 PLSCR3;ARHGAP4;CIAPIN1;SLC26A11;CD6;IL32;RPL13A;PHF1;TCAF2;KIAA0513;CALCOCO1;HNRNPH1;FAM193B;RP

L27A;PACS2;ATP13A1;MTA1;TYK2;RPL21;EPHA1;PXYLP1;PPP4R3A;USF2;ARHGEF1;PI4KA;PLK3;FAM102A 
25 Died_CD8 WCC_GCA_CD8 3 SERGEF;TSPAN17;SNRPN 

26 Died_CD8 WtLoss_CD8 4 SEC24D;PAN2;PPT1;FDXR 

27 Died_MACS1-3_CD8 Fever_CD8 2 ADARB1 
28 Died_MACS1-3_CD8 MonoBlind_CD8 1 OBSCN 

29 Died_MACS1-3_CD8 Neutrophils_GCA_CD8 3 TRMT10B;SNRPA 

30 Died_MACS1-3_CD8 OtherHeadache_CD8 2 ST6GAL1;KLRC4-KLRK1 
31 Died_MACS1-3_CD8 Relapses_MACS1-3_CD8 6 RASGRF2;SATB1;STARD5;ABLIM1;HOOK1 

32 Died_MACS1-3_CD8 TemporalHeadache_CD8 4 GLCE;HKR1;KLRC4-KLRK1;NUCB2 

33 Died_MACS1-3_CD8 VisualDisturbance_CD8 3 TCAF2;DGKA 
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 Phenotype1 Phenotype2 # GeneID 

34 Died_MACS1-3_CD8 WtLoss_CD8 1 PRKX 

35 Fatigue_CD8 LossAppetite_CD8 1 PTAR1 
36 Fatigue_CD8 Malaise_CD8 7 TC2N;RNPS1;PSMC6;INPPL1;ACTR3B;LSG1;C12orf66 

37 Fatigue_CD8 MonoBlind_CD8 2 ZNF625-ZNF20;EIF3D 

38 Fatigue_CD8 Neutrophils_GCA_CD8 1 INPPL1 
39 Fever_CD8 LossAppetite_CD8 1 TRAPPC12 

40 Fever_CD8 Lymphocytes_GCA_CD8 2 TCP11L1 

41 Fever_CD8 VisualDisturbance_CD8 2 H2AFZ 
42 Fever_CD8 WtLoss_CD8 1 MAPK7 

43 JawClaudication_CD8 Relapses_MACS1-3_CD8 1 RPL17 

44 LossAppetite_CD8 OtherHeadache_CD8 1 ECHDC2 
45 LossAppetite_CD8 WtLoss_CD8 9 RNF141;BLOC1S1;ARID4A;MOCS2;MS4A6A;TLR8;FDXR;CEP89;DICER1 

46 Lymphocytes_GCA_CD8 Neutrophils_GCA_CD8 2 DSYN1 

47 Lymphocytes_GCA_CD8 VisualDisturbance_CD8 2 AP1G2 
48 Malaise_CD8 Neutrophils_GCA_CD8 1 INPPL1 

49 Malaise_CD8 OtherHeadache_CD8 1 UQCRC1 

50 Malaise_CD8 TemporalHeadache_CD8 1 EIF5A 
51 MonoBlind_CD8 Neutrophils_GCA_CD8 1 FAM149B1 

52 MonoBlind_CD8 OtherHeadache_CD8 1 POLL 

53 MonoBlind_CD8 TemporalHeadache_CD8 1 ALKBH2 
54 MonoBlind_CD8 VisualDisturbance_CD8 4 ENTPD6;LDLRAP1;ZSCAN18;MBNL1 

55 Neutrophils_GCA_CD8 OtherHeadache_CD8 2 SHARPIN;ACADVL 

56 Neutrophils_GCA_CD8 PrecedingPMRDx_CD8 1 IL32 

57 Neutrophils_GCA_CD8 VisualDisturbance_CD8 6 IL32;PI4KA;CD6;PPM1K;MTA1 

58 Neutrophils_GCA_CD8 WCC_GCA_CD8 1 NOP2 

59 OtherHeadache_CD8 PrecedingPMRDx_CD8 1 NOC2L 
60 OtherHeadache_CD8 TemporalHeadache_CD8 5 ZNF708;HTD2;SLC35F6;JMJD7;KLRC4-KLRK1 

61 OtherHeadache_CD8 VisualDisturbance_CD8 3 PNPLA6;SEC16A;CD55 

62 OtherHeadache_CD8 WCC_GCA_CD8 1 PKN2 
63 Platelets_GCA_CD8 VisualDisturbance_CD8 1 SRRM2 

64 PrecedingPMRDx_CD8 VisualDisturbance_CD8 3 SLA;ETS1;IL32 

65 Relapses_MACS1-3_CD8 VisualDisturbance_CD8 3 SYNJ2;PGGHG 
66 StrokeTIA_CD8 VisualDisturbance_CD8 1 MYH9 

67 VisualDisturbance_CD8 WCC_GCA_CD8 3 C17orf62;LTBP4;COQ8A 

68 VisualDisturbance_CD8 WtLoss_CD8 1 SAP30BP 
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