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Abstract

Rheumatoid arthritis (RA) and Psoriatic arthritis (PsA) encompass two of the most prevalent forms of
inflammatory arthritis (1A), an umbrella term for the vast range of autoimmune driven arthropathies
characterised by highly dysregulated and destructive immune and stromal activity within the joint,
resulting in debilitating effects on patient quality of life. Several features are common to both
pathologies including the extensive synovial inflammation which precedes bone and cartilage erosion
in addition to the widespread systemic manifestations observed. However, although not fully
understood currently, it is becoming increasingly recognised that there are a number of distinguishing
characteristics in relation to circulating biomarkers in addition to disease pathogenesis at the clinical,
immunological, cellular, and molecular levels. At the cellular level, a critical perpetuator of disease in
both arthropathies is the fibroblast-like synoviocyte (FLS), a key stromal cell that assumes a central
role in maintaining the integrity of the joint under homeostasis. However, as of yet, differences in
their transcriptional profile and regulation in RA vs PsA remain unexplored. Therefore, the aims of this
thesis are to identify phenotypic and functional characteristics that define distinct FLS populations and
regulators in RA vs PsA, in addition to identifying circulatory miRNA as cellular biomarkers that can
distinguish RA from PsA and to evaluate the potential implications for disease pathogenesis.

In Chapter 2, following global scRNA-seq analysis of all cells within the synovium and through
receptor-ligand interactions analysis, the existence of a population of THY1+FAP+ FLS enriched in RA
specifically was identified, whose pathogenic activity was being driven by the combined effects of IL-
1B and TGF-B, derived from macrophages and T cells respectively, within the inflamed joint
microenvironment. It was demonstrated that IL-1B and TGF-B synergistically/additively interact to
promote the expression of several proinflammatory cytokines and chemokines, adhesive and
angiogenic molecules, and matrix degrading MMPs, whilst altering the cellular bioenergetics in favour
of glycolysis. Moreover, this was paralleled by changes in endoplasmic reticulum stress and
mitochondrial fission/fusion properties, further supporting mitochondrial dysfunction and invasive
capacity in RA FLS. Finally, it was demonstrated that addition of Takinib, the TAK1 inhibitor, could
suppress some of these synergy-induced effects both in RA FLS and RA ex vivo synovial explants,
highlighting the central role of this downstream molecule in coordinating the synergistic interactions
of IL-1B and TGF-B in RA FLS. Cumulatively, the data suggests that the pathogenic nature of specific
populations of FLS enriched in RA is in part driven by synergistic interactions between T cell and
macrophage-derived cytokines, thus, blocking specific immune-stromal cell interactions may offer
new avenues of therapeutic intervention in RA and PsA.

Whilst emphasis has been placed on stratifying phenotypically and functionally distinct
subsets of FLS in RA, analysis of FLS subsets in PsA exclusively, in addition to direct comparisons of FLS
populations in RA vs PsA remain largely uninvestigated. Therefore, expanding on Chapter 3, for the
first time, an enrichment of THY1+ sub-lining FLS in RA and conversely, an enrichment of THY1- lining
FLS in PsA was identified. Moreover, following cell sorting, it was revealed that THY1+ FLS are
functionally distinct from THY1- FLS with heightened angiogenic and chemokine markers observed in
the THY1+ population, and greater MMPs in the THY1- FLS. This correlated with the histological
analysis demonstrating significantly elevated immune cell infiltration and lymphoid aggregate
presence in RA whilst lining layer thickness was increased in PsA. Further flow cytometry stratification
of FLS subsets identified six distinct FLS populations in RA and PsA based on surface marker expression
of THY1, in addition to CD34, CD55, and FAP, with two of these populations enriched in RA:
THY1+CD34+CD55-FAP+ and THY1+CD34-CD55-FAP+ and conversely, two others enriched in PsA:
THY1-CD34-CD55+FAP+ and THY1+CD34-CD55+FAP+. In parallel, reanalysis of scRNA-seq data on FLS
exclusively revealed sixteen distinct FLS clusters, with enrichment of three sub-lining clusters in RA
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compared to PsA: THY1+POSTN+, CXCL12+CHI3L2+, and CXCL12+APOE+. scRNA-seq analysis focused
only on synovial FLS and ex vivo experiments highlighted differences in their functional properties with
immune/inflammatory responses associated with RA dominant populations in contrast to high matrix
degradative gene expression in PsA dominant populations. Finally, whilst passage 0 RA and PsA FLS
maintained similar profiles to ex vivo FLS, once expanded to passage 3, the FLS started to lose specific
phenotypic characteristics, suggesting that once removed from the joint microenvironment FLS subset
stability appears transient with convergence towards common phenotypes.

Lastly, it has been widely accepted that the earlier the diagnosis the superior the outcomes in
rheumatic disease, thus identifying biomarkers that can provide a reliable and non-invasive method
of achieving this are important. In this thesis, seven miRNAs were successfully identified that were
significantly increased in RA serum compared to PsA and importantly also healthy controls (HC).
Further sub analysis revealed that these miRNAs were not affected by the ACPA status of the patient
while the differences between RA and PsA were not affected by differences in disease activity
measures. Moreover, further PCA and biplot analysis determined that three miRNAs in particular were
more skewed towards RA in contrast to PsA, specifically miR-22-3p, miR-223-3p, and miR-29b-3p.
Downstream analysis using DIANA and STRING software identified several pathways of interest as
being primary targets of these three specific miRNA all of which assume important roles in driving
aspects of RA pathogenesis such as angiogenesis, cell death, and bone metabolism. These included
the FoxO signalling pathway, the Hippo signalling pathway, and importantly the P13K-AKT pathway
which had the greatest number of target genes at 87. Thus this data highlights the valuable nature of
using circulating miRNA not only as diagnostic biomarkers that can distinguish RA from PsA, but
additionally to deepen understanding of their differential pathogenesis.

Cumulatively, the data collated in this thesis suggests there is considerable heterogeneity
between RA and PsA, not only at the cellular but additionally the biomarker level. It provides a deeper
insight into the roles of FLS subsets with unique functions in driving differential pathogenic
mechanisms in RA and PsA, whilst highlighting the impact of immune-stromal communication in
augmenting this activity. Moreover, the data indicates that serum miRNA may indeed provide a
method of distinguishing RA from PsA patients. Taken together, this knowledge can facilitate earlier
and more rapid diagnosis whilst additionally, improving understanding of disease pathogenesis and
consequently, the implementation of more targeted therapeutic approaches in RA and PsA.
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CHAPTER ONE:

General Introduction



1.1 Inflammatory Arthritis

Inflammatory arthritis (1A), of which Rheumatoid arthritis (RA) and Psoriatic arthritis (PsA) are two
of the most prevalent types, is defined by a range of autoimmune conditions in which the body’s
own immune system inflicts potentially irreversible damage on organs and tissues in an
uncontrolled manner (Veale and Fearon, 2015; Merola, Espinoza and Fleischmann, 2018; Smolen
et al., 2018; Veale and Fearon, 2018; Alivernini, Firestein and Mclnnes, 2022). In the instance of
RA and PsA, a critical pathogenic component centres around the synovial joint in which features
including soft tissue swelling and significant joint inflammation precede debilitating cartilage
destruction and bone erosion (Veale and Fearon, 2015; Veale and Fearon, 2018; Gravallese and
Firestein, 2023). Whilst both arthropathies share this common inflammatory microenvironment,
widespread systemic manifestations, and a complex and heterogenous synovial aetiology, distinct
differences exist not only in the clinical aspects, but additionally across the molecular, cellular,
and genetic levels.

Some of the most prominent differences that assist in distinguishing these two
pathologies include the striking absence of RA associated autoantibodies, anti-citrullinated
protein antibody (ACPA) and rheumatoid factor (RF) in the majority of patients with PsA, with
studies also detecting lower level of the classic inflammatory markers such as C reactive protein
(CRP) and erythrocyte sedimentation rate (ESR) in PsA patient cohorts compared to their RA
counterparts, demonstrating clear differences in the autoimmune aspect of these two
arthropathies (Cunnane et al., 2000; Inanc et al., 2007; Veale and Fearon, 2015; Merola, Espinoza
and Fleischmann, 2018). Moreover, different clinical and anatomical features are also important
in distinguishing RA from PsA leading to the classification of PsA as a form of spondyloarthropathy
first described by Moll and Wright (Wright, 1956; Moll and Wright, 1973b). Whilst radiographic
imaging has distinguished that joint involvement and bony lesions in RA are predominantly
symmetric with defined demarcations and are accompanied by an absence of new bone growth
and cervical spine involvement, PsA contrasts directly with asymmetric and axial bone
involvement observed, and a characteristic poorly demarcated lesion (Moll and Wright, 19733;
Veale and Fearon, 2015; Merola, Espinoza and Fleischmann, 2018). Additionally, certain clinical
features are hallmarks of PsA specifically including nail dystrophy, dactylitis, the concept of
inflammation at the site where tendons/ligaments insert into bone termed enthesitis, and the
accompanying psoriatic rash as shown in Figure 1.1 below (McGonagle, Conaghan and Emery,
1999; McGonagle et al., 2019; Veale and Fearon, 2015; Merola, Espinoza and Fleischmann, 2018;
Watad et al., 2018).



Furthermore, one of the most striking differences between RA and PsA is the pattern of
de novo blood vessels that form within the inflamed synovium. Early investigations identified
elongated, tortuous vessels in PsA compared to straight vessels with regular branching in RA
(Reece et al., 1999). Detailed microscopic investigations have expanded on this with a higher
abundance of new blood vessels in conjunction with a notably reduced expansion of the synovial
lining layer in PsA compared to RA, in addition to differences in angiogenic and growth factor
expression levels (Veale et al., 1993; Fraser et al., 2001; Fearon et al., 2003). Studies have
demonstrated a mixture of mature and immature blood vessels in both the RA and PsA synovium,
with immature blood vessels demonstrating a lack of surrounding pericytes more associated with
PsA pathophysiology (Kennedy et al., 2010). The immune cell infiltrates and inflammatory milieu
also demonstrate notable differences. Whilst both RA and PsA are mediated by the upregulation
of a vast number of proinflammatory cytokines and chemokines that act concurrently to drive
chronicinflammation, differences in the importance of certain cytokines have been identified with
interleukin (IL) -6 assuming a more central role in RA compared to the IL-17/1L-23 pathway in PsA,
evidence supported by the success/failure of therapeutic interventions (Schett et al., 2013; Veale
and Fearon, 2015; Schinnerling et al., 2017; Merola, Espinoza and Fleischmann, 2018; Schett,
Mclnnes and Neurath, 2021; Schett et al., 2022). Additionally, whilst the frequency of lymphocyte
infiltration is highly comparable between both disease states, the mixed B and T cell presence in
RA contrasts with the T cell predominance observed in PsA (Veale and Fearon, 2018). Synovial
analysis of infiltrating T cells demonstrated CD4+ T cells are enriched in the RA synovium, whilst
conversely, PsA synovial fluid (SF) displayed a marked enrichment of the CD8+ T cell population
(Costello et al., 1999; Menon et al., 2014; Zhang et al., 2019b; Povoleri et al., 2023). Indeed,
specifically elevated levels of cytotoxic IL-17 expressing CD8+ T cells have been identified in the
joints of PsA patients but not RA highlighting the distinction in T cell subtypes that are associated
with both diseases (Menon et al., 2014; Veale and Fearon, 2015; Povoleri et al., 2023).

However, more in-depth studies focused on these differences are critical in gaining a
better understanding of the differential therapeutic responses observed in RA vs PsA which

impacts directly on disease prognosis and overall patient quality of life.

RA

Figure 1.1. Representative images of the hands of RA and PsA patients. Images courtesy of Prof.
Veale, Rheumatology Dept., St. Vincent’s University Hospital.
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1.2 Rheumatoid Arthritis
1.2.1 History

The field of rheumatology first came into existence as a consequence of Guillaume de Baillou, who
is renowned as the ‘Father of Rheumatology’ (Kaiser and Keitel, 2006). Building off of his
posthumous description of rheumatism being a disease that afflicted multiple joints throughout
the body, the first modern medical acknowledgement of RA can be attributed to the dissertation
describing the unexplained joint pain and stiffness of patients written by Augustin Jacob Landré-
Beauvais in the year 1800 (Entezami et al., 2011; Pineda and Sandoval, 2023). Indeed, although
his interpretation of the disease as being a form of gout was inaccurate, it encouraged further
research of this disease. In 1859, it was the work of an English physician, Alfred Garrod, that
definitively classified RA as being a separate entity from gout with distinct etiology (Entezami et
al., 2011; Pineda and Sandoval, 2023). Furthermore, his son is the individual accredited with
coining the term widely accepted today as ‘Rheumatoid Arthritis’ in 1890, derived from the Greek
words meaning ‘flow’ and ‘joint’ (Garrod, 1890).

Although not medically investigated before this time, historical evidence of rheumatic
diseases were identified in the skeletons of individuals unearthed in several locations, including
Pompei and ancient Egypt (Entezami et al., 2011). Indeed, the Greek Philosopher Hippocrates
described what we now understand as arthritis in 400 BC in which he termed it ‘a disease with
fever, severe joint pain, fixing itself in one joint now, then in another, of short duration, acute, not
leading to death, more apt to attack the young than the old’ (Parish, 1963). Moreover, several
ancient art pieces depict deformities in the limbs of subjects that perfectly mirrors the
disfigurement observed in RA patients such as the Renaissance painting ‘The Temptation of St.
Anthony’ dating from the 15™ century and Peter Paul Rubens ‘The Three Graces (1638)’, all
evidence which highlights the presence of RA long before being definitively classified (Entezami et

al., 2011).

1.2.2 Classification

The main purpose of disease classification is to primarily ensure patients are diagnosed at an early
stage before significant clinical manifestations emerge. Therefore, the American College of
Rheumatology (ACR) established the criteria to diagnose RA in patients in 1988 (Arnett et al.,
1988). However, the low sensitivity and specificity of these criteria were widely criticised in later
years due to their inability to successfully achieve the aim of diagnosing patients at the critical

earlier stages of disease pathogenesis (van der Linden et al., 2011). Whilst detectable levels of



autoantibodies and raised CRP levels have been measured in the serum of individuals in the years
preceding RA development, these measurements were not sufficient alone to utilise as a
diagnostic tool (Nielen et al., 2004a; Nielen et al., 2004b). Thus, in order to overcome these
previous inadequacies, and to attempt to diagnose patients before they reach a chronically
erosive disease level, the revised current guidelines for the classification of RA were jointly
established by the ACR and the European League Against Rheumatism (EULAR) in 2010 (Aletaha
et al., 2010). Although patients typically present with highly heterogenous clinical manifestations
of RA, these guidelines assist in providing a standardised, multidisciplinary approach for
diagnosing patients presenting in a clinical setting, considering CRP and autoantibody levels in
addition to several other factors. To meet the criteria, patients must present with at least one
swollen joint for which no alternative diagnosis is available whilst additionally achieving a

combined score of > 6 from the individual scores in four domains defined below in Table 1.1.

Classification Criteria

1. Joint involvement 1 large joint

>1-10 large, asymmetric
>1-10 large, symmetric

1-3 small joints

4-10 small joints

>10 joints (1 must be small)
2. Serology RF (-) and ACPA (-)

RF (low +) or ACPA (low +)
RF (high +) or ACPA (high +)

e Aeleme e Rl e 3 Normal CRP and normal ESR
Abnormal CRP or abnormal ESR
CRDINE N EETT LT I <6 weeks
26 weeks

Table 1.1. Classification criteria for RA. Adapted from the ACR/EULAR classification criteria 2010
(Aletaha et al., 2010).

1.2.3 Epidemiology

RA is a worldwide, immune-mediated, systemic disease that can develop at any age but typically
peaks in incidence in the third to fifth decades of life (Nagaratnam, Nagaratnam and Cheuk, 2017;
Mclnnes and Schett, 2017; Gravallese and Firestein, 2023). With an unusually consistent global
prevalence of 0.5-1%, this disease typically initiates years before the clinical symptoms manifest
and a definitive classification of RA can be provided. Interestingly, the consistent global prevalence
is not equally distributed as there appears to be a strong association between higher incidence

rates and developed countries, with studies conducted in Northern European and American

5



territories reporting an RA incidence rate of 0.5-1.1% in contrast to the lower rates of 0.1-0.5%
detected in underdeveloped regions (Mclnnes and Schett, 2017; Gravallese and Firestein, 2023).
However, whilst genetics may assume a role in these prevalence differences, it is likely that
socioeconomic factors in addition to insufficient access to healthcare and diagnostic facilities may
be attributed to the stark differences observed (Yang et al., 2018). Furthermore, individual studies
have highlighted geographical variations in prevalence with some of the highest rates of RA
detected in North America’s Indigenous population, with the Blackfeet Indians and Chippewa
Indians displaying prevalence rates that were approximately five times greater than those in white
Northern American and Western European populations (Peschken and Esdaile, 1999). Moreover,
the influence of gender on RA development cannot be underestimated, with studies reporting a
2-3 times higher incidence in members of the female sex, which may in part be linked to the
stimulating effects of oestrogen on both innate and adaptive components of the immune system,
with androgens and testosterone having a significantly more immune-suppressive impact

(Nagaratnam, Nagaratnam and Cheuk, 2017; Mclnnes and Schett, 2017; Cutolo and Straub, 2020).

1.2.4 Genetic Risk Factors

As an extraordinarily complex disease, the development of RA cannot be attributed to a single
causal agent but rather it arises due to the complex interactions between individual genetics and
environmental influences, highlighting its multifactorial nature.

The notion that RA could be associated with genetics is not a new concept, but one initially
proposed by William Heberden in 1806 in which he wrote ‘Is [rheumatism] not in some degree
hereditary?’ (Copeman, 2012). Although familial recurrence risk for RA is significantly lower in
comparison to other autoimmune diseases, there is a genetic link, with first-degree relatives of an
individual with RA having a 2-5 factor increase in disease risk (Gravallese and Firestein, 2023).
Indeed, the human leukocyte antigen — DR isotype (HLA-DR) locus on chromosome 6 and the
‘shared epitope’ (SE) hypothesis is of particular relevance, with specific sequences within the
hypervariable region of the HLA-DRP chain strongly correlated with a heightened risk of
developing RA (Holoshitz, 2010; Padyukov, 2022). The presence of the HLA DRB1*0404 allele
specifically has been identified as the strongest susceptibility factor in worldwide populations,
accounting for 1/3 of the genetic risk, particularly in ACPA positive patient cohorts (Gregersen,
Silver and Winchester, 1987; Raychaudhuri et al., 2012; Smolen et al., 2018). As HLA-DR itself
normally functions in the process of T cell directed antigen presentation and activation, RA

associated HLA-DR genes can predispose T cell receptors to recognise a more autoimmune



repertoire thus triggering an autoimmune disease such as RA (Ishigaki et al., 2022). Moreover,
several other associations outside the HLA-DR locus have also been identified, with many of these
genes directly associated with immune system responses. To date, over 150 genetic loci are
associated with RA including STAT4, PRKCQ, TRAF1, IFNy, IL-10, IL-2, IL-5R, DAP, WISP1, PRKCB,
and SMC1B, in addition to recently identified candidate genes at novel loci directly implicated in
the immune system, TNIP1 and TNFRSF11 (Gregersen, Silver and Winchester, 1987; Nepom,
Hansen and Nepom, 1987; Ollier and Thomson, 1992; Begovich et al., 2004; Hinks et al., 2007;
Plenge et al., 2007; Remmers et al., 2007; Thomson et al., 2007; Barton et al., 2008; Ha, Bae and
Kim, 2021; Ishigaki et al., 2021). Additionally, a gain-of-function mutation in the tyrosine-
phosphatase gene PTPN22 situated on chromosome 1 has also been reported as a key RA
susceptibility factor due to its effects on self-reactive T cell deletion (Lee et al., 2005).
Furthermore, the potential role epigenetics, defined by changes to the existing genetic
material, may play in linking non-genetic risk factors to the emergence of symptoms is becomingly
an increasingly more recognised field of study. Research conducted on RA patients has identified
post-translational alterations to the genetic material including deoxyribonucleic acid (DNA)
methylation in addition to histone modifications and abnormal expression of non-coding
ribonucleic acids (RNA), reversible changes that predispose the individual to greater joint
inflammation and destruction associated with RA (Nemtsova et al., 2019; Ospelt and Gay, 2022).
Recent work has successfully identified five central hub genes in an epigenetic regulatory network;
CHD3, SETD1B, FBXL19, SMARCA4, and SETD1A, all of which assume key roles in immune-
mediated and inflammatory responses, key features involved in disease development and
progression, thus highlighting the importance of recognising epigenetic modulation in RA

pathogenesis (Chen et al., 2022).

1.2.5 Environmental Risk Factors

It is strongly hypothesised that environmental and lifestyle factors can have a significant role in
RA development, with this being of particular significance for those already genetically
predisposed (Klareskog et al., 2006; Jiang and Alfredsson, 2020).

Of all the lifestyle choices, smoking has been implicated as one of the most significant risk
factors for the development of ACPA positive RA due to its direct association with the major
immune related HLA-DR SE genes and subsequent immune reactions to citrullinated proteins
(Vessey, Villard-Mackintosh and Yeates, 1987; Silman, Newman and MacGregor, 1996; Klareskog

et al., 2006; Stolt et al., 2010; Kéllberg et al., 2011). It has been hypothesised that the introduction



of cigarette smoke to the body can result in the post-translational modification of peptides in
which arginine is converted to citrulline in a process referred to as ‘citrullination’, either through
direct activation of the citrullination enzymes peptidyl arginine deiminases (PADs) or indirectly
through the enhanced formation of antigen presentation zones (Catrina et al., 2016). In genetically
susceptible individuals in possession of major histocompatibility complex (MHC) class Il molecules
with the SE, this citrullination of peptides increases their affinity for the MHC molecules, thus
leading to heightened activation of autoreactive CD4+ T cells and the initiation of a highly
dysregulated, autoimmune response (Hill et al., 2003; Klareskog et al., 2006; Killberg et al., 2011).
Indeed, research has demonstrated that the combined effect of smoking and possessing double
copies of the HLA-DR SE genes can lead to a 21-fold increase in RA risk compared to non-smokers
lacking these genes reinforcing the notion that RA development can result from a complex
etiology of a specific genotype and the introduction of an environmental stimulus such as smoking
(Klareskog et al., 2006). Furthermore, other inhaled substances have also shown strong
associations with a significant increase in RA risk including silica/dust, airborne pathogens, and air
pollutants, although the evidence for this is mixed due to a multitude of confounding factors (Stolt
et al., 2010; Mohamed et al., 2012).

In stark contrast to cigarette smoke, recent evidence indicates that alcohol may exert the
opposite effect on RA development (liang and Alfredsson, 2020). Whilst the Vasterbotten
Intervention Program Cohort demonstrated an absence of a correlation between alcohol intake
and RA development, observational studies have actually suggested a possible protective effect
of alcohol due to the antioxidant and immunosuppressive nature of its composition (Kallberg et
al., 2009; Sundstrom, Johansson and Rantap&da-Dahlqgvist, 2015). However, whilst multiple
epidemiologic studies regarding the modest consumption of alcohol have exhibited a slightly
protective effect this was contradicted by a British study conducted solely on ACPA positive RA
individuals which failed to detect this protective role (Rakieh et al., 2015; Deane et al., 2017). This
conflicting evidence highlights the need for further alcohol related RA studies to understand the
true association.

However, smoking and alcohol are not the only lifestyle choices that have been attributed
to affecting the risk of RA development. Obesity, and specifically adipose tissue itself, has an
extremely immunomodulatory role and is frequently associated with increased inflammation due
to the plethora of cytokines, chemokines, and metabolically active hormones it secretes. Long
established evidence indicates that obesity may be an important risk factor for RA development
and progression, with several studies detecting a marked elevation in the circulating levels of key

adipokines including leptin, adiponectin, visfatin, resistin, chemerin, and SERPIN in both the serum



and SF of RA patients compared to their healthy counterparts (Symmons, 2005; Feng et al., 2016;
Skoczyriska and Swierkot, 2018; Bilski et al., 2023). Recent evidence has highlighted the role
dietary choices and obesity can have on RA risk, with higher body mass index (BMI) at middle age
and at 18 years, in addition to a greater waist circumference, associated with increased RA risk
and elevated levels of macroscopic synovitis and vascularity (Low et al., 2018; Bae and Lee, 2019;
Ohno, Aune and Heath, 2020). Studies have also demonstrated reduced responsiveness to
biological therapies in patient with RA who are classified as obese, with a 2013 study
demonstrating poor remission rates with anti-tumour necrosis factor (TNF)-a in individuals with a
BMI of >30kg/m? (Gremese et al., 2013). Interestingly, a systematic review identified a much
stronger correlation between BMI and RA in the female population compared to their male
counterparts, whilst additionally the ACPA negative group demonstrated a higher risk (Feng et al.,
2016). Diet itself is also significant in relation to RA with several studies highlighting that diets
containing a greater proportion of vegetables and whole grains and minimal quantities of animal
fats and sugar, are associated with decreased disease risk (He et al., 2016; Hu et al., 2017b;
Skoczyriska and Swierkot, 2018). Indeed, research has shown that high fat diets result in increased
systemic inflammation mediated through Th1 and Th17 cells and M1 macrophages, all of which
contributes to a more severe arthritis phenotype (Na et al., 2017). Conversely, supplementation
with omega-3 reduced RA development in individuals at risk of developing RA, whilst daily
consumption of orange juice containing a natural carotenoid, beta-cryptoxanthin, displayed an
inverse correlation with RA development also (Pattison et al., 2005; Navarini et al., 2017).

Furthermore, due to the strong association between diet and RA development, the role
of microbiota and the gut mucosa is becomingly increasingly more recognised. Studies have
highlighted the common disease mechanisms shared between RA and celiac disease, both of
which are driven by a strong autoimmunologic component (Lerner and Matthias, 2015).
Alterations to the microbes residing within the mucosal surfaces of the gut can have major
implications for homeostatic maintenance and immunologic changes related to initiation of such
diseases. Several studies have detected alterations in the bacterial diversity detected in fecal
samples of untreated recent-onset RA patients compared to controls, with research into specific
patient populations identifying reduced levels of bacteroides and concurrently, heightened levels
of the gram-negative bacterium P. copri, a species recently associated with inflammatory bowel
disease (IBD) and atherosclerosis, in the gut microenvironment (Vaahtovuo et al., 2008; Scher et
al., 2013; Koeth et al., 2013; Maeda et al., 2016; Catrina et al., 2016).

Aside from the intestinal mucosa, alterations to the oral mucosa have also been

highlighted as a potential site for preclinical RA pathology induction. A significant overlap in terms



of an association with increased presence of citrullinated proteins and HLA-DR SE alleles, in
addition to smoking, has been shown between RA and periodontitis, a condition characterised by
chronic inflammation of the gingival tissues of the mouth (Catrina et al., 2016). This connection is
further supported by the high prevalence of periodontal dysbiosis detected in patients presenting
with new-onset RA (Scher et al., 2012). Interestingly, elevated levels of the bacteria
‘Porphyromonas gingivalis (P ging) responsible for activating the enzymes that drive citrullination,
have been demonstrated in periodontal inflammation, suggesting this bacteria may assume a
central role in the early breaks in immune tolerance in RA development (Wegner et al., 2010;
Laugisch et al., 2016). Furthermore, mass spectrometric analysis of the gingival crevicular fluid
collected from patients with periodontitis identified hypercitrullination of peptides, reflecting the
autoantigens detected in RA joints, induced by the abundant presence of the specific bacteria
Aggregatibacter actinomycetemcomitans (Aa) (Konig et al., 2016). Indeed, on this basis it has been
hypothesised that Aa may encompass a novel primary microbe present in the oral cavity that can
trigger RA autoimmunity.

Moreover, bacteria are not the only microbes that demonstrate a role in perpetuating RA
development. Multiple lines of evidence highlight the key involvement of viruses, hypothesised to
be functioning as adjuvants in the development of autoimmune diseases such as polyarthritis
including rubella, human T cell leukaemia virus-1, parvovirus B19, and hepatitis B and C (Naides,
1998; Masuko-Hongo, Kato and Nishioka, 2003). In particular, the Epstein Barr virus (EBV), a virus
associated with multiple malignancies and exhibiting significant immunomodulatory effects in
both latent and replicating forms through its ability to non-specifically stimulate innate immune
responses, has been identified as an environmental trigger in RA (Costenbader and Karlson, 2006).
Alspaugh and Tan were the first to implicate EBV in RA pathogenesis following identification of a
nuclear antigen in EBV-transformed lymphocytes that RA patients were reactive towards
(Alspaugh et al., 1978). Continuing on from these early studies, it has been determined that the
levels of EBV DNA and mRNA are significantly higher in RA patients compared to both
osteoarthritis (OA) patients and healthy controls (HC) whilst elevated anti-EBV antibody levels and
clonal expansion of CD8+ EBV-specific T cells have been observed in patients with RA compared

to their healthy counterparts (Takeda et al., 2000; Blaschke et al., 2000; Klatt et al., 2005).

1.2.6 Co-morbidities and Malignancy
Due to the systemic inflammatory and autoimmune nature of RA, a myriad of co-morbidities are

frequently detected in patients upon assessment and are associated with an increased risk of
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morbidity and mortality (Taylor et al., 2021). The range of co-morbidities extends from physical to
psychological, with the international COMOrbidities in Rheumatoid Arthritis (COMORA) study
identifying the following diseases as the most commonly observed co-morbidities — asthma (7%),
chronic obstructive pulmonary disease (4%), depression (15%), solid organ malignancies (5%), and
cardiovascular disease events (CVD) (6%) (Dougados et al., 2014). CVD is a significant and critical
co-morbidity attributing to half of the deaths in RA patients, with a 2020 study demonstrating a
33% higher risk of CVD events including myocardial infarction (Ml), stroke, or heart failure, in those
with early RA compared to matched healthy comparators (Nikiphorou et al., 2020; Figus et al.,
2021). These observations were further supported by the CARdiovascular research and
RhEumatoid arthritis (CARRE) prospective cohort study which determined RA individuals
possessed a two-fold increased risk of multiple CV events compared to the general population,
evidence which may be explained by the significantly higher prevalence of calcium deposits in the
major coronary arteries of RA patients as demonstrated by imaging studies (Khalid et al., 2020;
Tinggaard et al., 2020). In addition, this study revealed that the risk of developing CVD was further
heightened in patients exhibiting symptoms of both RA and diabetes mellitus (DM). Indeed,
estimates show approximately 20% of RA patients have DM as a co-morbidity with several
inflammatory mediators demonstrating central roles in perpetuating both pathologies, evidence
which suggests a potential inflammation-related association between RA and DM (Cacciapaglia et
al., 2023). Moreover, as mentioned in the COMORA study, when compared to the general
population, the frequency of malignancy is significantly higher in RA, with a recent observational
study detecting an all-cancer relative excess risk of 20% in these individuals, a risk higher in males
compared to females at 34% and 8%, respectively (Dougados et al., 2014; Beydon et al., 2023).
Interestingly, the evidence indicates the existence of a site-specific increased cancer risk with a
high prevalence of particular cancers including lung, ovarian, bladder, kidney and upper urinary
tract, melanoma, cervix, and prostate, in addition to haematological cancers including Hodgkin’s
lymphoma, diffuse large B cell lymphoma, and multiple myeloma, in RA. Moreover, the data
collected infers an effect of RA treatment on heightening cancer incidence, with the commonly
utilised drugs abatacept and rituximab resulting in greater risk of lung cancer and multiple

myeloma in individuals receiving them, compared to the general population (Beydon et al., 2023).
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1.3 Psoriatic Arthritis

1.3.1 History
In an equivalent manner to RA, the evolution of PsA dates back before medical records to the 13t
century, when the very first reports were made regarding a Saxon skeleton identified with distinct
abnormalities we now commonly associate with PsA (Rogers, Watt and Dieppe, 1981). Over the
following years, numerous inferences were made about PsA being a distinct disease with Fray
Felipe Colombo in 1674 providing written texts and the French physician Baron Jean Louis Alibert
making the initial connection between joint related symptoms and psoriasis (Castillo-Ojugas and
Hernandez, 1989; Moll and Wright, 1973b). Building on this connection, Ernest Bazin coined the
term ‘psoriasis arthritique’ in 1860, suggesting a shared pathogenic pathway for skin and joint
involvement, whilst in 1888, Charles Bourdillon provided a concise written description of PsA
(Bazin and Sergent, 1860; Espinoza, 2018). However, it was the work of Verna Wright in the 1950s
that successfully characterised the range of disorders referred to as seronegative spondylarthritis
(SpA), a category under which PsA falls, thus reinforcing its distinction from other rheumatic
diseases such as RA (Wright, 1956).

Despite these advances, PsA as a distinct disease was still not acknowledged by the ACR,
a point reinforced by the proposal put forward by the New York Rheumatism Association in 1941
in which PsA was included and classified as a subset of RA (Hench, Bauer and et al., 1948).
However, from the 1940s there was a gradual shift in opinions partially influenced by the work of
Hench and others which demonstrated comprehensive links between psoriasis and articular
involvement (Hench, 1927). Finally in 1964, following advancements regarding the discovery of RF
and well-documented IA cases in which RF was absent, the American Rheumatism Association
(ARA\) officially chose to classify PsA as a distinct entity, a classification that would open an entire

field of future study (Waaler, 1940; Blumberg et al., 1964).

1.3.2 Classification

In a similar manner to RA, the classification criteria for PsA have evolved significantly overtime.
Whilst historical diagnosis was based on the descriptive definition provided by Moll and Wright
which stated that ‘PsA is an inflammatory arthritis in the presence of psoriasis and usually the
absence of rheumatoid factor’, more definitive and universally agreed upon guidelines were
proposed in 2006 with the objective of providing a more specific and data-supported method of
diagnosing PsA (Moll and Wright, 1973b; Taylor et al., 2006). Utilising a combination of clinical,

dermatological, and radiographic features, the Classification Criteria for Psoriatic Arthritis
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(CASPAR) group was established to identify a sufficient level of homogeneity in the
signs/symptoms patients were presenting with that could be defined universally as a PsA
diagnosis.

Using this standardised approach, a definitive diagnosis of PsA can be provided to
individuals presenting with an inflammatory articular disease in addition to a combined score of >
3 across the five domains, as defined below in Table 1.2 (Taylor et al., 2006). Whilst there have
been some concerns raised about the validity of these criteria in relation to attempting to discern
IA pains from normal, non-specific aches in tendons/joints, the CASPAR criteria still remains the
cornerstone for PsA diagnosis in clinical settings (Leung et al., 2018). However, it was updated in
2015 by the global association of multidisciplinary experts in the field called the ‘Group for
Research and Assessment of Psoriasis and Psoriatic Arthritis (GRAPPA)’ due to the need to

concurrently address co-morbidities and remains an ever-evolving area as the understanding of

PsA is deepened (Coates et al., 2016).

CASPAR Classification Criteria Score
1. Psoriasis Current psoriasis OR

Personal history of psoriasis OR

Family history of psoriasis

2
1
1
Onycholysis, pitting, or hyperkeratosis 1
_ Negative RF test result 1
1
1
1

4. Dactylitis Current dactylitis OR
History of dactylitis recorded by rheumatologist
S GELIT T | AT E TG e e [ll-defined  ossification near joint margins on

articular new bone formation hand/foot plain radiographs

Table 1.2. Classification criteria for PsA. Adapted from the classification criteria defined in
CASPAR guidelines (Taylor et al., 2006).

1.3.3 Epidemiology

Affecting 0.1-1% of the general population, PsA can be defined as a chronically progressive,
musculoskeletal disease of a systemic nature, driven predominantly by dysregulation of the
immune system. Whilst higher prevalence rates of ~20% have been reported in individuals with
the existing inflammatory skin disease, psoriasis, the emergence of the arthritic component can

develop before the appearance of skin involvement, a situation which occurs in 10%-15% of
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patients (LEUNG and LIM, 2007; Coates and Helliwell, 2017). While the evidence indicates there is
no association between the level of skin involvement and the severity of arthritis, studies have
shown that patients presenting with nail dystrophy and severe psoriatic plaques/lesions have a
significantly greater risk of developing concomitant joint inflammation (Gelfand et al., 2005;
Langenbruch et al., 2014). However, the majority of patients with PsA demonstrate mild-
moderate skin disease on clinical presentation (Gelfand et al., 2005; Wilson et al., 2009). In 2018,
a thorough systematic review identified levels of PsA to be 133 per 100,000 people in the general
population, although the validity of these statistics was limited by the considerable heterogeneity
between disease classification in the included studies (Scotti et al., 2018). Moreover, geographical
location has proven to have a significant effect on PsA prevalence, with dramatic differences not
solely identified between different continents but between neighbouring countries. For example,
regions such as Norway exhibited significantly higher incidence rates compared to their
neighbouring country Sweden — 20 and 670 per 100,000, respectively (Karmacharya, Chakradhar
and Ogdie, 2021). Moreover, South American in addition to Asian countries have reported
significantly lower incidence rates, with levels of 0.1, 2, and 4 per 100,000 reported in Japan,
China, and Taiwan, respectively, figures that may in part be influenced by a failure to diagnose
efficiently in addition to substantial differences in genetic composition and lifestyle habits
(Kerschbaumer et al., 2016; Karmacharya, Chakradhar and Ogdie, 2021).

Furthermore, there is a similar level of variability in the reported studies related to PsA
prevalence in those with pre-existing psoriasis. A meta-analysis reported a pooled PsA prevalence
of 19.7% in psoriasis patients, although the levels of PsA were significantly higher in adult patient
cohorts in comparison to children/adolescents at 21.6% and 3.3%, respectively (Alinaghi et al.,
2019). Moreover, this study further highlighted the diversity in levels of PsA in psoriasis patients
across different continents with the greatest difference observed between Asia at 14% and Europe
at 22.7%. Interestingly, this research also demonstrated a strong association between the severity
of the psoriasis affecting the skin and the development of PsA, with higher PsA incidence rates
being reported by those with moderate to severe psoriasis compared to those presenting with
mild cases, a dose-response effect that suggests the existence of a specific threshold trigger point

for PsA development (Alinaghi et al., 2019).

1.3.4 Genetic Risk Factors
Several complex genetic risk factors have been implicated in PsA although the significant level of

clinical heterogeneity has made the identification of specific genes challenging. The existence of
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a strong genetic component was reinforced in data obtained from previous family pedigree
studies in which estimates for the heritability of PsA were far higher than for psoriasis alone, at
30.4 and 7.6 respectively, although evidence supporting this is conflicting with more comparable
heritability being identified in newer studies (Moll and Wright, 1973b; Chandran et al., 2009; Li et
al., 2020; Soomro et al., 2022). However, despite these inconsistencies, the evidence does suggest
that whilst many major susceptibility loci may be shared between the two phenotypes of disease
indicating that the genetic risks for psoriasis and PsA are strongly associated, PsA specific risk-loci
do exist, a hypothesis that has been supported by recent emerging data. The role of MHC variants
cannot be underestimated in this regard with common variation in the HLA class 1 region and
particularly with the alleles HLA-B*27, HLA-B*08, and HLA-C*38 conferring the strongest
predisposition to PsA, whilst HLA-C*06 demonstrates susceptibility to psoriasis solely and is
potentially protective in or for PsA (Winchester et al., 2012; Okada et al., 2014; Bowes et al., 2015;
Bowes et al., 2017). Interestingly, a 2016 study provided evidence to explain the association
between genetic variation of MHC alleles and the clinical heterogeneity observed in PsA. This
study suggested that HLA susceptibility genes culminate in differential phenotypic presentations
of PsA, with the HLA-B*27:05:02 haplotype positively associated with enthesitis and symmetric
sacroiliitis compared to the HLA-B*08:01:01-HLA-C*07:01:01 haplotypes which were related to
the presentation of joint fusion and asymmetric sacroiliitis (Haroon et al., 2016). Moreover,
outside of the MHC complex, several additional risk variants at different loci have been shown
with a genotyping study conducted in 2015 identifying eight significant loci including the IL23R
gene located at chromosome 5931 which conferred risk for PsA solely (Bowes et al., 2015; Budu-
Aggrey et al., 2016). A specific PsA single nucleotide polymorphism (SNP) at this locus appeared
to co-localise with epigenetic markers of open chromatin in the cytotoxic CD8+ memory T cell
subset, reinforcing the key role this cell type and this specific SNP assume in the development of
PsA (Costello et al., 1999; Bowes et al., 2015).

Widescale analysis of SNPs have also proven beneficial in this regard with recent work by
Soomro et al. (2022) identifying 17 genome wide associations, with the aforementioned I1L23R
associated SNP of particular significance. Whilst individual SNPs did demonstrate considerable
overlap between psoriasis and PsA such as rs5754467 which is in close proximity to the genes
UBE2L3, YDJC, and CCDC116, on chromosome 22q11, multiple PsA specific SNPs were determined.
Interestingly, these PsA specific SNPs were related to important inflammatory and bone forming
pathways including nuclear factor kappa B (NF-kB) signalling and Wnt signalling, providing insight
into disease mechanisms that may be specific to PsA pathogenesis (Soomro et al., 2022).

Furthermore, several other genetic risk factors related to important immune related and cytokine
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pathways have been discovered. These include IL-4, IL-5, IL-13, IL-12B, B3GNT2, the Th17 cell
promoting transcription factor RUNX1, IL-1 family related gene REL and TRAF3/P2 which has
demonstrated significant roles in driving adaptive Th17 and B cell-mediated cellular immune
responses, in addition to susceptibility loci directly associated with key signalling pathways
implicated in the pathogenic progression of both psoriasis and PsA including TNF, IL-23, and IL-17
(Alenius et al., 2004; Hiiffmeier et al., 2010; Ellinghaus et al., 2012; Tsoi et al., 2012; Bowes et al.,
2015; Veale and Fearon, 2018; Soomro et al., 2022).

1.3.5 Environmental Risk Factors

A combination of genetic predisposition and the appropriate environmental stimuli can
precipitate and drive the onset of disease in PsA. A number of environmental factors are also
known to contribute to PsA risk including infection, injury/bone trauma, obesity, severe psoriasis,
smoking, rubella vaccination, and hypercholesteremia, thus further emphasising the highly
complex nature of this pathology (Pattison et al., 2008; Eder et al., 2012; Veale and Fearon, 2018).

As an autoimmune disease, PsA itself is mediated predominantly by significant
dysregulation of both the innate and adaptive arms of the immune defence system, an effect
which can be exacerbated by the introduction of a stimulus in the form of an infection. Indeed,
studies have previously confirmed a relationship between PsA and the human immunodeficiency
virus (HIV), with research suggesting that the HIV-induced immune dysregulation can contribute
to PsA development (Njobvu and McGill, 2000). Additionally, previous research has identified a
strong association between streptococcal infection and PsA/psoriasis exacerbation, with the
presence of RNA of three different streptococcal bacterial species in the peripheral blood in
addition to the SF of PsA patients (Telfer et al., 1992; Wang et al., 1999; Thorleifsdottir et al., 2016;
Dagan et al., 2019). Recent evidence suggests that the location of the infection may constitute a
more important trigger than the infecting pathogen itself with a significant site-specific correlation
detected between bacterial cultures from the pharynx and a heightened PsA risk (Thrastardottir
etal., 2023).

Interestingly, perturbations to the normal microflora residing at the barriers of the body
have also been identified as prominent risk factors for PsA development (Azuaga, Ramirez and
Canete, 2023). A recent study identified alterations to the microbiome of the skin of PsA patients,
with reduced diversity in the bacteria present but a heightened presence specifically of the
Corynebacterium, whilst fecal analysis of PsA patients identified significant reductions in several

species including Akkermansia, Ruminococcus, and Pseudobutyrivibrio (Scher, Littman and

16



Abramson, 2016; Boix-Amorés et al., 2023). Moreover, a study conducted on patients with SpA
demonstrated that a damaged intestinal mucosal barrier and significant dysbiosis are
characteristic features that result in enhanced intestinal permeability and monocyte recruitment
(Cicciaetal., 2017).

In relation to modifiable risk factors, obesity plays a significant role. Due to the highly
active inflammatory nature of adipose tissue and the plethora of proinflammatory cytokines and
adipokines it releases, an excess of adipose tissue also comprises a risk factor for PsA induction
(Azuaga, Ramirez and Cariete, 2023). Obesity and a higher BMI have been shown to be associated
with an increased PsA risk, with similar pathogenic mechanisms observed in both conditions
hypothesised to be regulated in part by the adipokine, leptin (Bhole et al., 2012; Russolillo et al.,
2013). Interestingly, higher levels of circulating cholesterol, an effect that commonly arises as a
direct consequence of a high fat diet and obesity, can itself result in elevated probability of
developing both psoriasis alone and psoriasis with concurrent PsA (Wu et al., 2014). Moreover,
obesity can also contribute to biomechanical stress, an additional risk factor for PsA as a
consequence of the immune-mediated repair response it initiates (Azuaga, Ramirez and Cafiete,
2023). Whilst normal, physiological levels of mechanical loading are required for healthy
maintenance of tendons and ligaments within the joint, pathological levels of force upon the
enthesis, such as occupations requiring the lifting of heavy weights, are established risk factors for
chronic IA (Eder et al., 2011; Thorarensen et al., 2017; Cambré et al., 2018; Veale and Fearon,
2018). Evidence indicates that PsA is particularly susceptible to developing at sites of previous
trauma that were sufficiently severe to warrant medical intervention, referred to as the ‘Koebner
Phenomenon’ (Pattison et al., 2008; Veale and Fearon, 2018). The individual and combined effect
of these factors including obesity and physical trauma to the bones/joints can result in significant
mechanical stress and microdamage, thus focusing the activity of the systemic immune response
specifically on the joint itself. Through the release of an abundance of cytokines and growth
factors such as TNF and transforming growth factor beta (TGF-B), secondary synovitis at this site
is induced, a defining characteristic of spondyloarthropathies such as PsA (Pattison et al., 2008;
Thorarensen et al., 2017; Veale and Fearon, 2018; Gracey et al., 2020).

Conversely, smoking demonstrates a paradoxical relationship in terms of PsA
development leading to the term the so-called ‘smoking paradox’, an effect similarly seen in
ulcerative colitis, a disease that shares many clinical and genetic similarities to PsA (Eder et al.,
2011; Azuaga, Ramirez and Cafiete, 2023). Research has shown that whilst cigarette smoke is
associated with an increased risk of developing PsA in HC, in individuals with already pre-existing

psoriasis this risk is absent, whilst a lower prevalence of peripheral arthritis was also observed in
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PsA patients defined as regular smokers (Duffin et al., 2009; Ladehesa-Pineda et al., 2023). This
protective role has been attributed potentially to polymorphisms in the IL-13 gene, an example
that clearly highlights the genetic-environmental link in triggering autoimmune arthropathies such

as PsA (Nguyen et al., 2018).

1.3.6 PsA Co-morbidities and Malignancy

In recent years, research has focused on recognising the spectrum of clinical conditions that
frequently manifest in individuals living with PsA, conditions that have been termed ‘psoriatic
disease’ as a consequence of their characteristic occurrence in this patient population. Indeed, the
evidence suggests PsA patients are subjected to premature multimorbidity, of which the most
common co-occurring diseases include CVD, metabolic disorders, disturbances related to the
gastrointestinal tract such as IBD, and mental health disorders, with depression incidence three-
to five-fold greater in PsA patients compared to RA (Fragoulis et al., 2020; Sun, Li and Zhang, 2022;
Panagiotopoulos and Fragoulis, 2023). Conversely, such differences are not observed in the context
of CVD, a significant co-morbidity in both RA and PsA alike, with its PsA association in part
attributed to several factors including the heightened levels of vascular endothelial growth factor
(VEGF), increased oxidative stress, greater arterial stiffness, and chronic inflammatory conditions,
all of which are characteristic of PsA (Fragoulis et al., 2020; Panagiotopoulos and Fragoulis, 2023).
It has been shown that successful blockade of certain inflammatory pathways central to driving
PsA pathogenesis including IL-17 can result in improved vascular and myocardial function
compared to other treatments, suggesting a protective effect in relation to CVD development
(Makavos et al., 2020). Moreover, studies have reported that PsA patients frequently demonstrate
the classic risk factors for CVD including hypertension, fatty liver disease, and metabolic disorders
including DM and obesity, increasing their CV event potential substantially (Tobin et al., 2010;
Ishchenko et al., 2024). Research has demonstrated that the prevalence of type 2 DM in PsA
cohorts can range from 6.1-20.2%, figures that are substantially higher than those observed in the
general population or in sufferers of psoriasis alone (Charlton et al., 2019; Dal Bello et al., 2020).
Although a definitive reason for this strong association had not yet been elucidated, several
hypotheses have been proposed. These include the presence of reduced levels of insulin
sensitising factors including adiponectin detected in PsA patient serum, the potential disrupting
effect of conventional PsA treatments on glucose homeostasis, and additionally, elevated levels of
mediators such as TNF-a or endothelial cell (EC) dysfunction, both of which mechanistically result

in promotion of insulin resistance (Hotamisligil et al., 1996; Shibata et al., 2009; Petersons et al.,
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2013; Chen et al., 2017a; Dal Bello et al., 2020; Babalic et al., 2022). Indeed, this connection
between insulin resistance, a defining hallmark of metabolic syndrome, and PsA was reinforced by
recent work which revealed a significant positive association between disease activity measured
using the Disease Activity in Psoriatic Arthritis Score (DAPSA) and insulin resistance levels (Yuliasih
et al., 2023).

Moreover, in contrast to RA, the vast majority of available evidence is limited and
inconclusive in relation to PsA and the development of malignancies. Whilst an abundance of
literature suggests a lack of an association between PsA and increased risk of multiple different
cancer types, a significant association was detected between PsA and breast cancer (Wilton,
Crowson and Matteson, 2016; Vaengebjerg et al., 2020). Additionally, recent work has
demonstrated a moderately increased underlying risk of 35% in the development of
haematological malignancies of both lymphoid and myeloid subtypes compared to the general
population (Dommasch et al., 2011; Cordtz et al., 2022). Furthermore, in support of previous
research, this study suggested treatment with tumour necrosis factor inhibitor (TNFi) has no effect
on malignancy incidence, thus reinforcing the safety of these mainstream interventions in the

context of cancer promotion (Dommasch et al., 2011; Cordtz et al., 2022).

1.4 The Normal Synovial Joint

The normal, healthy synovial joint, termed a ‘diarthrosis’, is a functionally and architecturally
specialised structure that has been well defined previously in the literature (Veale and Fearon,
2015). Beneath the outer fibrous layer of the capsule surrounding the internal joint resides the
synovium, which is composed of a continuous, smooth layer of cells termed the intima (lining
layer) and the underlying tissue termed the subintima (sub-lining layer). Between this space,
hyaluronan-rich fluid responsible for ensuring the viscosity and elasticity of the articular cartilage
is maintained in addition to providing joint lubrication, thus facilitating smooth, frictionless
movement (Smith, 2011; Kemble and Croft, 2021). Whilst relatively acellular, the subintima is
composed of loose connective tissue containing dispersed nerve fibres and an embedded
microvascular network that is not only needed to provide essential nourishment to the highly
active synovium itself but additionally to enable joint access to the infiltrating peripheral immune
cells in pathogenesis. In a healthy synovial joint, these blood vessels are mature and stable, thus
capable of maintaining appropriate oxygenation of the joint at approx. 7% (Ng et al., 2010). In
contrast, the intima, a thin structure comprised of 1-3 layers, is primarily composed of two cell

types derived from a macrophage (type A synoviocytes) and fibroblast-like synoviocytes (FLS)
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(type B synoviocytes) cell lineage, with the quantity of Type B FLS dominating at 80%. Both of
these resident cells have important roles in maintaining a homeostatic environment within the
joint through phagocytic functions and SF production and volume maintenance, respectively
(Smith, 2011; Orr et al., 2017; Ospelt, 2017; Kemble and Croft, 2021). In the normal joint, these
cells work cooperatively to create a protective shield for the joint against potential insults, with
studies showing that the formation of tight junctions between the lining layer FLS and the distinct
population of CX3CR1+ tissue resident macrophages is a key factor for restricting the inflammatory
reaction and maintaining a sterile joint environment (Culemann et al., 2019; Hanlon et al., 2024).
Moreover, the FLS in the synovial sub-lining layer also assume a major role in homeostatic
maintenance through the production of several essential components of the extracellular matrix
(ECM) including fibronectin, laminin, proteoglycans, and collagens, thus facilitating physiological
remodelling roles in addition to playing a role in the innate immune system through the sensing
of joint invading pathogens (Ospelt, 2017). Due to the constant weight-bearing stresses and minor
locomotive traumas the joint is subjected to, these dynamic processes including the synthesising
and bone/cartilage remodelling capabilities of the FLS, in addition to the ability of the
macrophages to sequester any potentially disrupting cellular debris in the intra-articular space,
are particularly important in ensuring synovial integrity is maintained. Thus, it is this synovium
that has been implicated as the central area of pathology in IA (Smith, 2011; Veale and Fearon,

2015; Orr et al., 2017; Ospelt, 2017; Kemble and Croft, 2021).

1.5 The Inflamed Joint

It is these synovial layers that have been identified as the primary area of pathology in
arthropathies of an inflammatory nature such as RA and PsA, as shown in Figure 1.2 below, with
the synovium becoming progressively compromised as a consequence of unresolved
inflammation (Smith, 2011; Veale and Fearon, 2015; Orr et al., 2017; Veale and Fearon, 2018;
Gravallese and Firestein, 2023). Whist the exact initiating trigger has yet to be elucidated,
neovascularisation defined as the formation of new blood vessels, is an important early instigating
factorin IA due to its governance over several key aspects of the inflammatory sequence of events.
Indeed, a central pathogenic event facilitated by the expanded vascular network is the significant
influx of immune cells including monocytes, T cells, B cells, and dendritic cells (DCs), from the
periphery through a coordinated series of interactions with the activated endothelium. This
‘leukocyte extravasation cascade’ involves upregulation of several EC adhesion molecules such as

E/P-Selectin, auB,-integrins, intracellular adhesion molecule 1 (ICAM-1), and vascular adhesion
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molecule 1 (VCAM-1), in addition to the creation of a chemotactic gradient which precedes the
stepwise cell tethering, rolling, activation, crawling, and finally trans-endothelial entry of the
immune cells to the synovium (Zhang et al., 2011; Tas et al., 2016; Firestein et al., 2020; Manning
etal., 2021).

Unfortunately, the dysfunctional nature of the newly formed blood vessels creates an
imbalance between energy supply and demand, thus disrupting the immunomodulatory pathways
and nurturing the creation of a highly hypoxic microenvironment within the synovium, all
occurrences that are remarkably similar to observations in the cancer related tumour
microenvironment (Skuli et al., 2009). Consequently, these events evoke a metabolic switch of the
endogenous stromal cells and infiltrating leukocytes towards a far more glycolytic and aggressive
energy profile characterised by the release of a plethora of highly proinflammatory mediators
including cytokines, chemokines, and matrix degrading enzymes such as matrix
metalloproteinases (MMPs), along with the activation of key inflammatory related transcription
factors (Fearon et al., 2016; Biniecka et al., 2016; Bustamante et al., 2017; Fearon et al., 2019; Kim
et al., 2020). In concert, these factors further exacerbate the inflammatory surroundings in a
positive feedback loop, culminating in extensive proliferation of the synovial tissue resident FLS
and macrophages, thus inducing significant thickening and hyperplasia particularly of the lining
layer of the synovium (Fearon et al., 2016; Biniecka et al., 2016; Croft et al., 2016; Ospelt, 2017,
Orretal., 2017; McGarry et al., 2018a; Fearon et al., 2019). Indeed, in 1994, it was suggested that
it was not just infiltrating immune cells but in fact the expansion of the resident stromal FLS
themselves that was contributing to the heightened cell numbers in the synovial lining layer in RA
(Qu et al., 1994).

Due to the persistent, unresolving nature of this inflammation, which has been in part
attributed to an ‘imprinted aggressor’ state adopted by the lining layer macrophages and FLS that
renders them resistant to apoptosis, a destructive tumour-like pannus structure forms overtime
which invades into the surrounding structures (Firestein, Yeo and Zvaifler, 1995; Bottini and
Firestein, 2013; Ospelt, 2017; Firestein et al., 2020; Kemble and Croft, 2021). This is further
aggravated by the transformation of monocyte progenitors not only into proinflammatory
macrophages and DCs but additionally into bone-resorbing osteoclasts, a bone erosive cell whose
activity has been shown to be induced in a receptor activator of nuclear factor kappa-B ligand
(RANKL) dependent manner by the combination of proinflammatory molecules present in this
persistent inflammatory milieu, an event which correlates with further damage to adjacent
cartilage, subchondral bone, and joint soft tissue (Sudot-Szopinska et al., 2012; Shang et al., 2016;
O'Brien et al., 2016; Xue et al., 2020; Marzaioli et al., 2020).
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Figure 1.2. The healthy joint versus the inflamed synovial joint. (A) The healthy joint comprises
a 1-3 cell thick lining layer that encapsulates the SF containing joint space, with a relatively
acellular sub-lining layer. (B) The inflamed joint is characterised by synovial membrane
hyperplasia, dysregulated neoangiogeneis, and extensive infiltration of immune cells, culminating
in pannus development and destruction of adjacent cartilage/bone. Adapted from (Strand,
Kimberly and Isaacs, 2007).

In recent years, the use of newer approaches including single-cell analysis and advanced RNA-
seq have demonstrated the significant diversity of cells within the inflamed synovium and the
considerable heterogeneity in phenotype and function ofimmune and stromal cell subpopulations
including macrophages, T cells, and FLS (Culemann et al., 2019; Alivernini et al., 2020; Kemble and
Croft, 2021; Hanlon et al., 2023). A recent study stratified RA synovial tissues into six distinct
groups based on the cell types enriched within the tissue. Moreover, an association was identified
between these cell type abundance phenotypes (CTAPs) and several clinically relevant
parameters/outcomes including treatment responses, thus reinforcing the importance of
delineating the cellular composition of the inflamed synovium to gain novel insights into the

pathogenesis of IA (Zhang et al., 2023a).

1.6 Innate and Adaptive Immune Cells
As mentioned, whilst the synovium itself is the main area of pathology, the role both innate and
adaptive immune cells derived from the periphery assume in perpetuating IA pathogenesis cannot

be underestimated. The first responders including the neutrophil, histamine producing mast cells,
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in addition to monocytes, are key innate immune cells with established roles in IA development

and progression.

1.6.1 Monocyte Subsets

Monocytes represent a phenotypically heterogeneous population of immune cells derived from
the bone marrow with the capability to contribute significantly to the inflammatory
microenvironment through the release of a plethora of proinflammatory cytokines and the
upregulation of several immune-stimulating cell-surface markers including B1/B2 integrins, HLA-
DR, and Toll-like receptors (TLRs) (Rana et al., 2018). One of their most defining characteristics is
their highly plastic nature which under the guidance of specific environmental cues, enables them
to differentiate into bone-destroying osteoclasts, in addition to macrophages and DCs (Sudot-
Szopinska et al., 2012; Marzaioli et al., 2020; Xue et al., 2020). Studies have shown that RA
CD14+ monocytes are metabolically rewired for sustained induction of proinflammatory
responses that are enhanced in the circulation of RA patients compared to HC, a phenotype that
was shown to precede clinical disease onset, thus introducing the hypothesis that circulatory
monocytes are primed for inflammation (McGarry et al., 2021). Furthermore, monocyte-derived
macrophages retain this proinflammatory metabolically active phenotype when expanded ex vivo,
an effect that is mediated through signal transducer and activator of transcription 3 (STAT3)
signalling (Hanlon et al., 2023). In recent years, extensive emphasis has been placed on
characterising these monocyte subsets with transcriptionally distinct subsets identified based on
combinations of the expression of two surface markers — CD14 and CD16 (Ziegler-Heitbrock et al.,
2010; Rana et al., 2018). Currently, monocytes can be categorised into three subsets — classical
monocytes (CD14++ CD16-), intermediate monocytes (CD14++ CD16++), and non-classical
monocytes (CD14+ CD16++), with the intermediate subset demonstrating a higher prevalence in
the blood and synovium of RA patients (Ziegler-Heitbrock et al., 2010; Rossol et al., 2012; Boyette
et al., 2017). Moreover, the functions implemented by these subsets are distinct with each subset
assuming a different role in IA progression. Interestingly, evidence indicates classical monocytes
behave as phagocytic scavenger cells in the circulation but additionally, have the potential to
differentiate into both antigen presenting DCs and bone-resorbing osteoclasts under the influence
of RANKL in the joint (Yang et al., 2014; Boyette et al., 2017; Marzaioli et al., 2020). Research has
shown that RA monocytes in the blood are primed to develop into monocyte-derived DCs (Mo-
DCs) as evidenced by the rate of their differentiation compared to PsA monocytes, a process that

can be successfully blocked in both disease states through Janus kinase (JAK)/STAT inhibition with
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Tofacitinib (Marzaioli et al., 2020; Marzaioli et al., 2021). The literature also suggests that whilst
present in both RA and PsA, these Mo-DCs exhibit phenotypic differences with RA Mo-DCs
associated with an altered morphology, early dendrite formation, and significant increases in
CD40 expression, all indicative of a more mature state, in addition to different migratory
characteristics, distinctions which may assist in understanding the difference in RA and PsA
pathogenesis (Marzaioli et al., 2020; Marzaioli et al., 2021). Furthermore, the intermediate subset
which has been shown to correlate directly with disease activity in RA, expresses elevated levels
of the proinflammatory cytokines TNF-a, IL-1B, and IL-6, and is defined as a precursor to the
inflammation related M1 macrophage (Amoruso et al., 2016; Boyette et al., 2017; Tsukamoto et
al., 2017). In contrast, whilst the non-classical monocytes have been shown to be patrollers
involved in the immediate inflammatory response due to their high propensity to extravasate from
the vascular endothelium in instances of tissue injury, they also form the precursor for the tissue
resident, inflammation-resolving, M2 macrophage (Misharin et al., 2014; Thomas et al., 2015;

Boyette et al., 2017).

1.6.2 Macrophage Subsets
Tissue resident macrophages themselves are central to the architecture of the synovial lining layer
where upon appropriate stimulation, they assist in articular destruction and pannus formation
through the release of an abundance of cytokines including TNF-a, IL-13, oncostatin M (OSM), and
IL-6, in addition to ECM degrading MMPs (Orr et al., 2017; Firestein and Mclnnes, 2017). Similarly
to monocytes, their highly heterogenous nature is becomingly increasingly more recognised with
different subsets identified based on their polarisation status, a concept involving IL-4 that was
first established in the 1900s (Stein et al., 1992). Classically defined as major phagocytic cells of
the joint, the literature indicates that macrophage phenotypes exist across a continuous spectrum
with the two most opposing phenotypes being the ‘classically activated’ M1 and ‘alternatively
activated’ M2 macrophage. Whilst the M1 macrophage is typically associated with a highly
proinflammatory nature and release of vast quantities of TNF-q, IL-1, IL-6, IL-12, IL-23, and reactive
oxygen species (ROS), all of which contribute to synovial inflammation, the M2 macrophage
assumes a role in resolution of inflammation and wound healing through expression of IL-10, IL-
1Ra, decoy IL-1RIl, and TGF-B (Rana et al., 2018).

Moreover, historical identification of macrophage phenotype was typically based on CD68
and CD163 expression, with the levels of CD68+ macrophages directly correlated with the degree

of disease activity and inversely correlated with the synovial pO2 levels in vivo (Bresnihan et al.,
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2009; Ng et al., 2010; Li, Hsu and Mountz, 2012). Studies have shown that sub-lining CD68+
macrophages are the only cell type in the synovial microenvironment to significantly correlate
with response to therapy indicated through reduction in disease activity score (DAS28),
independent of the therapeutic intervention employed (Haringman et al., 2005). However, the
importance of examining novel surface markers such macrophage type | tyrosine kinase receptor
(MERTK), involved in efferocytosis, are being recognised in their capacity to define functionally
and transcriptionally distinct macrophage populations. MERTK has been shown by many studies
to distinguish between synovial macrophage subsets and their contribution to the resolution of
joint inflammation (Lu and Lemke, 2001; Waterborg et al., 2018; Kemble and Croft, 2021). The
evidence indicates that CCR2+ monocyte-derived MERTK macrophages are expanded during
active inflammatory processes whilst in contrast, tissue resident immune regulatory MERTK+
macrophages have demonstrated enrichment in healthy synovial tissue and those in clinical
remission (Waterborg et al., 2018; Culemann et al., 2019; Zhang et al., 2019b). Indeed, the
introduction of single-cell RNA sequencing (scRNA-seq)/single-cell transcriptomics in recent years
has revolutionised our understanding of macrophage phenotype in disease and importantly
remission. Utilising this technique, the characterisation of four discrete synovial tissue
macrophages (STMs) with extremely diverse homeostatic and inflammatory related functions
based on the expression of MERTK and their specific lining/sub-lining location has been
performed. Amongst the typical proinflammatory subsets, this work highlighted the existence of
two specific macrophage populations, defined as MerTKP*TREM2"&" and MerTKPoSLYVE1P®s
respectively, which may be important in RA remission due to their potent release of anti-
inflammatory lipid mediators and induction of a growth arrest specific-6 (GAS-6) repair phenotype
in the aggressive FLS, thus possibly contributing to resolution of the existing synovitis (Alivernini

et al., 2020).

1.6.3 Dendritic Cell Subsets

Furthermore, the DC, a major antigen-presenting cell, also demonstrates a highly heterogenous
nature within the joint. Whilst recognised for their important role at the interface of innate and
adaptive immune responses, the literature indicates they may be critical in perpetuating IA
associated inflammation through adoption of an exceedingly more pathogenic profile when
exposed to the joint microenvironment. An eloquent study previously demonstrated a significant
glycolytic shift in metabolism paralleled by increases in the expression of proinflammatory

cytokines, chemokines, and adhesion molecules in Mo-DCs exposed to RA explant-conditioned
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media (CM), thus effectively highlighting the ability of the synovial microenvironment to influence
the DC phenotype (Canavan et al., 2020). Whilst broad classification into conventional myeloid
and plasmacytoid DCs has been well-established, recent evidence has provided more detailed
categorisation based on surface marker expression and corresponding functional behaviour. The
existence of functionally mature CD1c+ DCs with unique transcriptional profiles that accumulate
in the inflamed IA synovium have been described, in addition to a CD141+ subset that
demonstrate a superior ability to cross-present exogenous antigens and are significantly more
transcriptionally active than the same population in the periphery, reinforcing the effect of
anatomical location on cell behaviour (Segura et al., 2013; Canavan et al., 2018; Canavan et al.,
2021; Suwa et al., 2023). In addition to conventional subsets, as previously mentioned, Mo-DCs in
the context of IA are also becomingly increasingly recognised. Research has clearly outlined the
leading role monocyte-derived CD209/CD14+ DCs assume in RA and PsA pathogenesis, with
significant enrichment of this subset in the circulation of individuals with IA compared to HC.
Moreover, this study highlighted that these circulatory CD209/CD14+ DCs are not only different
in number in disease compared to healthy comparators but additionally in function, with disease
associated CD209/CD14+ DCs possessing a unique chemokine receptor profile, higher cytokine
producing capabilities, and a propensity to accumulate at the site of inflammation where further

maturation occurs, all characteristics notably diminished in HC (Marzaioli et al., 2020).

1.6.4 T and B Cell Subsets

Whilst the innate immune system is important, the adaptive arm of the immune system — namely
B and T cells, are also central instigators of synovial inflammation, working cooperatively with the
innate cells to drive the disease. Both T and B cells demonstrate the capability to reside in the
inflamed synovium where they contribute exponentially to the inflammatory microenvironment,
but additionally can circulate in the periphery perpetuating the systemic nature of inflammatory
arthropathies such as RA and PsA (Veale and Fearon, 2015; Kondo et al., 2018; Yap et al., 2018; Tu
et al., 2021). Several T cell subsets have been identified and established in many autoimmune
diseases, they can be broadly classified into CD4+ helper T cells and CD8+ cytotoxic T cells (Kondo
et al., 2018; Yap et al., 2018). Whilst it was previously hypothesised that RA was predominantly a
Th1l-mediated disease and Th17 activity was more exclusively associated with PsA pathogenesis,
it is now understood that Th17 cells play a major function in both arthropathies in early and
established disease (Leipe et al., 2010; Alunno et al., 2015). Activated in part through their

interactions with antigens presented by the autoreactive B cells, their predominant function is to
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stimulate the resident stromal cells and macrophages transforming them into proinflammatory,
tissue destructive cells (Yap et al., 2018; Tu et al., 2021). Furthermore, B cells of an autoreactive
nature dominate in forms of IA where they secrete biologically significant autoantibodies including
RF and ACPA, two key diagnostic markers utilised to identify RA exclusively in a clinical setting
(Veale and Fearon, 2015; Yap et al., 2018). Whilst B cells are not present in the same frequency in
the circulation of PsA patients, it has been suggested that they still maintain a key role in
cooperatively driving autoreactive T cell activation (Veale and Fearon, 2015).

The research indicates lymphoid aggregates of B and T cells are a hallmark of PsA
synovium and can provide useful information regarding disease pathogenesis, with increased
aggregate size linked to heightened disease activity and conversely, the disappearance of these
aggregates providing a reliable marker of disease remission (Baeten et al., 2005; Cafiete et al.,
2007; Veale and Fearon, 2018). T cell subpopulations including Th1, Th2, Th17, Th9, Th22, and
Tregs, constitute a vast proportion of the inflammatory infiltrate in these lymphoid aggregates in
PsA where they produce an array of specific proinflammatory cytokines such as interferon-y, IL-2,
IL-4, TNF-a, and IL-17A, responsible for activating the resident cells (van Kuijk et al., 2006; Veale
and Fearon, 2018). Moreover, therapies targeting both CD4+ and CD8+ T cell populations have
demonstrated high efficacy in PsA, highlighting the prominent role of these cells in driving this
disease (Veale and Fearon, 2018).

However, recently, more emphasis has been placed on defining T cell subsets driving
disease in IA beyond the classic CD4+ vs CD8+ phenotype. In this regard, using global
transcriptomic analysis, we identified five synovial T cell clusters, with a significant enrichment of
the CD8+ cluster in RA compared to PsA (Floudas et al., 2022b). Additional groups also successfully
identified a population of ex-Th17 cells, also referred to as non-classical Thl cells, which
accumulate in RA joints and demonstrate a distinct phenotype and function compared to
traditional Th1 and Th17 cells (Basdeo et al., 2017). Moreover, a novel subtype of CD69 and/or
CD103 expressing T cells, termed tissue resident memory T cells (Trm) due to their tissue-specific
immune surveillance function, are a current area of intense research focus (Masopust and
Soerens, 2019). Whilst an abundance of evidence indicates these Trm play an essential role in
driving inflammation and disease flare in both RA and PsA, the eloquent work of Povoleri et al.
(2023) was the first to demonstrate differences in the phenotype of these cells between RA and
PsA. This group showed enrichment specifically of type 17-like CD8+ CD103+ Tgm in addition to
CD8+ non-tissue resident T cells in PsA compared to RA, further supporting the differential

immunopathogenesis of these two diseases (Povoleri et al., 2023).
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1.7 Synovial Fibroblasts

1.7.1 Phenotype and Function

FLS are key mesenchymal/stromal cells that constitute an integral part of the healthy joint where
they reside in the intima and are important producers of hyaluronan and lubrican, both essential
components of SF needed for protective joint lubrication, in addition to providing support to the
abundant immune cell populations (Ospelt, 2017; Koliaraki et al., 2020).

Initially observed in the mid-1800s by Virchow and Duvall, and subsequently identified by
Barland in 1962 as being distinct from the macrophage lineage cells located within the synovial
intimal layer, Ghadially was the first to coin the term ‘Type B synoviocytes’ to definitively classify
them within the RA synovium (Barland, Novikoff and Hamerman, 1962; Hollywell et al., 1983;
Molenaar, 2003; Muhl et al., 2020; Li et al., 2019). Further research identified their distinct
morphological appearance and lineage specific markers including vimentin, collagens, platelet-
derived growth factor receptor alpha/beta (PDGFRa/B) and Podoplanin (PDPN), abundance of
rough endoplasmic reticulum (ER), and high propensity to synthesis hyaluronic acid and fibrous
collagen, an early indicator of their normal function within a homeostatic joint (Bottini and
Firestein, 2013; Li et al., 2019).

However, whilst essential for joint maintenance, several studies have highlighted the
critical role of chronically activated FLS in inflammatory joint pathology where they are central
drivers of the formation of the thickened, invasive pannus, as first suggested by Fassbender in
1983, and irreversible destruction of synovial cartilage (Fassbender and Simmling-Annefeld, 1983;
Bottini and Firestein, 2013; Bustamante et al., 2017; Koliaraki et al., 2020). The invasive capacity
of FLS has been well defined with studies in severe combined immunodeficiency disease (SCID)
mice demonstrating the ability of RA FLS to migrate to naive cartilage, thus proposing a
mechanism in which FLS may mediate the spread of destructive arthritis from affected joints to
unaffected regions (Lefevre et al., 2009). A further hypothesis to explain this phenomenon was
recently proposed in which researchers identified the existence of pre-inflammatory
mesenchymal cells (PRIME cells) that are detectable in the blood prior to RA flares and may
migrate to non-inflamed tissues, transitioning into proinflammatory FLS on arrival (Orange et al.,
2020). Furthermore, numerous studies have highlighted the role FLS-derived MMP-1 and MMP-3
have in matrix degradation, with RA FLS demonstrating the capability to invade through Matrigel
further than OA FLS, a behaviour that correlated directly with MMP-1 and MMP- 3 expression
levels (Pap et al., 2000; Tolboom et al., 2002; Bottini and Firestein, 2013).

Moreover, through the production and release of a plethora of proinflammatory cytokines

and immune-cell recruiting chemokines including IL-6, IL-18, granulocyte-macrophage colony-
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stimulating factor (GM-CSF), CCL2, in addition to growth factors such as VEGF-A and mediators of
osteoclastogenesis, FLS are central in driving the destructive chain of inflammatory events
(Takayanagi et al., 2000; Bottini and Firestein, 2013; Zhang et al., 2019b; Kondo, Kuroda and
Kobayashi, 2021). Indeed, research shows that accumulation of IL-6 from FLS has the ability to
drive CD4+ T cell proliferation and differentiation of Th17 cells, highlighting the immense effect of
one FLS-derived cytokine alone in perpetuating RA pathogenesis (Ogura et al., 2008). Much of this
inflammatory behaviour is supported by the metabolic swich of FLS towards a glycolytic profile
characterised by increased glucose uptake, a metabolic change driven in part by the hypoxic
conditions that ensures the correct amounts of metabolic intermediates are present to facilitate
anabolic processes (Biniecka et al., 2016; Bustamante et al., 2017; Fearon et al., 2019). Stimulation
with TNF or platelet-derived growth factor (PDGF), two cytokines present in abundance in the
inflamed joint microenvironment, demonstrated the capacity to increase glucose metabolism and
the expression of glucose transporter 1 (GLUT-1) in RA FLS, with glycolytic inhibition using 2-
Deoxy-d-glucose (2-DG) or bromopyruvate (BrPa) having a significant dampening effect on FLS
proinflammatory, proliferative, and invasive behaviour (Garcia-Carbonell et al., 2016). Moreover,
several of the metabolic intermediates generated as a consequence of the aforementioned FLS
metabolic adaptations have a direct effect on their function. Lactate has been shown to promote
the level of FLS invasiveness, and interestingly results in acidification of the ECM and subsequent
resistance to apoptosis, another hallmark of FLS in RA (Hu et al., 2012; Lee et al., 2013b; Biniecka
et al., 2016). Conversely, succinate, a metabolite abundant in the SF of RA patients, demonstrates
the ability to induce alterations to their epigenome through inhibition of histone and DNA
demethylases (Xiao et al., 2012; Littlewood-Evans et al., 2016). Recent evidence has suggested
that RA FLS may undergo epigenetic modifications that makes them more predisposed to adopt
this aggressive phenotype to their surrounding inflammatory milieu, with a recent study
highlighting dramatic changes to FLS DNA methylation status from the preclinical stage to
established disease (Parsonage et al., 2005; Bottini and Firestein, 2013; Karouzakis et al., 2018).
However, to date, much of the research into FLS pathogenesis has been focused on RA FLS thus

currently, there is a lack of knowledge regarding FLS contribution to joint destruction in PsA.

1.7.2 Synovial Fibroblast Heterogeneity

Whilst FLS are located in different organs, studies have highlighted the distinct differences in FLS
phenotype and function depending on the anatomical location in which they reside and thus
stimuli and molecular cues they are exposed to, highlighting their intrinsic plastic nature (Muhl et
al., 2020; Kemble and Croft, 2021). For example, stark differences in the nature of the response

elicited and mediators such as MMPs produced by dermal fibroblasts versus FLS upon interactions
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with nearby immune cells, and their control over EC recruitment of peripheral leukocytes, have
been demonstrated (Ospelt et al., 2008; McGettrick et al., 2009; Koliaraki et al., 2020).
Interestingly, it has also been established that FLS from different joints may have differential
phenotypes influenced by epigenetic imprinting and particularly the expression of homeobox
genes (Frank-Bertoncelj et al., 2017). Moreover, although it was previously assumed that FLS
located within the same tissue or joint behaved in the same manner, this has been disproved in
recent years, with an explosion of research focusing on identifying and stratifying different subsets
of FLS within the synovium of the same joint. Using differences in surface expression of key
markers and epigenetic patterns, several distinct subsets of FLS with non-overlapping functions
have been identified within the RA synovium, as shown in Figure 1.3 below (Croft et al., 2016;
Stephenson et al., 2018; Mizoguchi et al., 2018; Croft et al., 2019; Muhl et al., 2020; Buechler et
al., 2021; Micheroli et al., 2022; Floudas et al., 2022b; Zhang et al., 2023a; McHugh, 2024). It is
well-established that lining layer FLS can be characterised by high expression of typical markers
such as the complement protein CD55, the proteoglycan-4 (PRG4), and the adhesion molecule
VCAM-1, in addition to high expression of osteoclast associated RANKL and ECM degradative
MMPs including MMP-1 and MMP-3, thus suggesting a role for them in joint lubrication, in
addition to bone and cartilage destruction. In comparison, the sub-lining FLS are typically well
defined by the presence of THY1 and a more inflammatory gene expression profile, with an
eloquent study showing their propensity to heighten the expression of chemokines and cytokines,
alongside the promotion of cellular invasion (Croft et al., 2019). The different functions of FLS
based on the presence/absence of THY1 and thus their categorisation as lining versus sub-lining
demonstrates the integral role positional identity has on determining whether the FLS display a
tendency towards a more invasive versus immune-related phenotype (Croft et al., 2016;
Stephenson et al., 2018; Mizoguchi et al., 2018; Croft et al., 2019; Kemble and Croft, 2021;
Buechler et al., 2021; Micheroli et al., 2022; Floudas et al., 2022b; Rauber et al., 2024). However,
recent work has demonstrated that these subsets may not be completely distinct with markers
not exclusively expressed on one specific FLS subtype, thus introducing the concept that FLS
phenotypes exist across a continuous and dynamic spectrum (Kemble and Croft, 2021). Previous
trajectory analysis revealed a gradual change in the FLS surface expression levels of THY1 and
PRG4 which directly correlated with their proximity to the EC-derived instructional cues,
highlighting the existence of intermediate FLS subsets and thus the challenges of definitively
stratifying FLS into discrete populations (Wei et al., 2020).

Moreover, although the inflammatory role of FLS has been well-established in

inflammatory arthropathies, significant changes to the transcriptomic phenotype and function of
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FLS once removed from the joint and by consequence the direct stimulating influence of the
surrounding inflammatory mediators, have been identified, reinforcing the significance of
surroundings on the pathogenicity of FLS behaviour (Zimmermann et al., 2001; Neumann et al.,
2010; Mizoguchi et al., 2018). It has been shown that repeated in vitro culturing has direct impacts
on FLS proliferation rates in addition to alterations in various phenotypic features such as the
percentage of MHC-II+ cells, whilst expanding on these findings, analysis has demonstrated
significant changes in mRNA expression across later passages (Zimmermann et al., 2001; Neumann
et al., 2010). Similarly, Wei et al. (2020) demonstrated a stark loss of the distinct FLS transcriptional
signatures once removed from the influence of the EC-mediated delta like canonical Notch ligand
4/jagged canonical Notch ligand 1: Notch receptor 3 (DLL4/JAG1:NOTCH3) signalling interaction
in the joint. However, following ex vivo expansion, the extent to which the FLS alter their
transcriptomic profiles, the degree of homogeneity that develops, and the timescale at which this

occurs in RA and PsA remains to be elucidated.
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Figure 1.3. RA FLS subsets and their distinct transcriptomic and phenotypic profiles. RA FLS exist
as distinct populations within the inflamed RA joint. Lining layer FLS are charactersied by low THY1
and high CD55 and PRG4, with functions related to bone and cartilage degradation. In contrast,
sub-lining FLS exhibit high THY1+ expression, with four differentially activated subsets previously
identified based on their anatomical location within the synovial joint. This figure is based on both
human and mouse model analysis. Adapted from (Kemble and Croft, 2021).
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1.8 Summary

In summary, whilst categorised under the umbrella of IA, as mentioned above, there are a
considerable number of defining features between RA and PsA. In particular, there are distinct
morphological and quantitative features of the synovial vascularity formed through
neoangiogeneis, with a higher vessel density in addition to an elongated, tortuous shape
associated with PsA compared to the straight, regular branching of the RA blood vessels (Reece et
al., 1999; Fearon et al., 2003; Veale and Fearon, 2015; Merola, Espinoza and Fleischmann, 2018).
Furthermore, whilst RA is associated with a greater level of synovial lining layer hyperplasia and
macrophage cell infiltration, features including lymphoid aggregate formation within the sub-
lining layer is comparable between both diseases (Veale et al., 1993; Veale and Fearon, 2015;
Merola, Espinoza and Fleischmann, 2018; Smolen et al., 2018; Veale and Fearon, 2018). Indeed,
both T cells and B cells comprise an important part of this extensive inflammatory infiltrate
characteristic to both arthropathies. However, the evidence shows that PsA demonstrates a T-
lymphocyte predominance with markedly higher levels of Th17 associated CD8+ T cells and newly
recognised type 17-like CD8+ CD103+ Trm (Povoleri et al., 2023) In contrast, B cells assume a more
significant role in RA compared to PsA, producing the RA correlated circulating autoantibodies —
ACPA and RF (Veale and Fearon, 2015; Merola, Espinoza and Fleischmann, 2018; Smolen et al.,
2018; Veale and Fearon, 2018).

Summary of key differences in PsA and RA

Psoriatic arthritis Rheumatoid arthritis
Clinical/anatomical » DIP joint and axial arthritis » MCP and wrist joints
» Often asymmetrical = Predominantly symmetrical

» Enthesitis common

Genetic » HLA Cwé6 and B27 » HLA DRB1
» IL23 receptor

Pathogenesis » Absence of circulating » Circulating autoantibodies
autoantibodies RF/ACPA
» Distinct vascular pathology » Tlymphocyte and B-lymphocyte
» T-lymphocyte predominance infiltrate
» Early expression of vascular = Late expression of vascular
growth factors growth factors
Response to » DMARDSs, eg, methotrexate » DMARDs, eg, methotrexate
therapy » TNF inhibitors » TNF inhibitors
» Abatacept » Abatacept
» Ustekinumab » Rituximab
» Secukinumab = Tocilizumab

Table 1.3. Summary of the differences between RA and PsA. Table summarising the key
differences at a clinical, genetic, mechanistic, and therapeutic level between RA and PsA disease
states (Veale and Fearon, 2015).
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1.9 Cytokines

1.9.1 Cytokines in the Synovial Joint

Cytokines are small, membrane-bound, or soluble proteins, secreted by a vast repertoire of the
immune and stromal cells in the body, that through their capacity to function as transient
molecular messengers are highly involved in the coordinated regulation of immune responses of
the innate and adaptive systems. Due to their pleiotropic nature, they can have a variety of
inflammatory or anti-inflammatory effects that are highly context dependent and can be
determined by the target cell (Kany, Vollrath and Relja, 2019). Interestingly, they can not only act
locally, but additionally as autocrine, paracrine, or juxtracrine messengers, thus leading to
widescale effects that are induced upon initiation of a signal transduction cascade when bound to
the correct receptor on the target cell (Miyajima et al., 1992). However, their function is not solely
limited to inflammation regulation but additionally several other important normal, physiological
phenomena including tissue growth and repair, cellular migration, differentiation, control of cell
replication and cell death, in addition to both beneficial and harmful processes such as
organogenesis and oncogenesis (Foster, 2001).

Many cytokines have been well-established as major orchestrators of the inflammatory
environment created within IA (Kany, Vollrath and Relja, 2019). From the initial discovery of IL-1
as the first cytokine in 1974 and the subsequent identification of IL-1 in the SF of RA patients in
1982, this interleukin has been studied extensively in the years since revealing there are eleven
family members, with IL-1B in particular demonstrating a significant involvement in joint
inflammation in RA through the activation/proliferation of stomal and immune cells, in addition
to chondrocytes (Dinarello, Goldin and Wolff, 1974; Fontana et al., 1982; Dinarello, 2019; Kondo,
Kuroda and Kobayashi, 2021). Furthermore, TNF, defined as a ‘master regulator’ of RA
pathogenesis also has several significant roles in coordinating dysregulation within the inflamed
synovium including the activation of both types of stromal cells, ECs and FLS, alongside immune
cell activation, antibody production, osteoclast differentiation, and the stimulation of the
expression of additional proinflammatory cytokines (Smolen, Aletaha and Mclnnes, 2016; Kany,
Vollrath and Relja, 2019; Kondo, Kuroda and Kobayashi, 2021). Interestingly, TNF-stimulated
production of IL-6 from FLS is a major characteristic of RA and together they assume a key role in
regulating the process of bone absorption and erosion through osteoclastogenesis (Lee et al.,
2013a; Kany, Vollrath and Relja, 2019). Indeed, IL-6, one of the most prototypical cytokines
studied, demonstrates dysregulated and continuous production in IA and has been implicated in
driving inflammation and angiogenesis in the RA synovium along with several other cytokines

including the hemopoietic growth factor GM-CSF, IL-18 which correlates with acute phase
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response in RA tissue, interferons whose gene signature is present in multiple autoimmune
diseases including RA, the chemoattracts IL-8, IL-33, IL-37, IL-17, and IL-2, amongst others (Joosten
et al., 2003; Tanaka and Kishimoto, 2014; Alunno et al., 2017; Okamoto and Takayanagi, 2019;
Kany, Vollrath and Relja, 2019; Kondo, Kuroda and Kobayashi, 2021; Cooles et al., 2022). Multiple
cytokines are also crucial in driving the mechanisms of disease in PsA, particular emphasis has
been placed on the role of TNF-a, IL-17, and IL-23 for their downstream inflammation-associated
bone erosive and tissue destructive effects observed in PsA patients (Lee and Moon, 2023). Whilst
IL-23 has been identified as key to the initial development of the disease, IL-17 and TNF-a are
implicated in driving the disease progression (Sherlock et al., 2012; Cuthbert et al., 2019;
Bridgewood et al., 2019; Schett, Mclnnes and Neurath, 2021; Lee and Moon, 2023).

Conversely, the existence of several anti-inflammatory/immunoregulatory cytokines have
also been identified within the synovial environment, with two of the most well-established being
IL-10 and TGF-B (Finnegan et al., 2003; Sanjabi et al., 2009; Kany, Vollrath and Relja, 2019).
Through multiple studies conducted in collagen-induced arthritis (CIA) mouse models, the exact
mechanism by which IL-10 exerts its anti-inflammatory effects are becomingly increasingly more
understood and involve regulation of IFN-y responses, suppression of M1 macrophage
development, and increased differentiation and functioning of Treg populations (Finnegan et al.,
2003; Tao et al., 2011; Carter, Rosser and Mauri, 2012; Ye et al., 2014). In contrast, the defined
role of TGF-B is more challenging to characterise due to its ability to function in both a
proinflammatory and anti-inflammatory capacity. Whilst it plays a major role in the process of
regulating peripheral tolerance and T cell suppression, paradoxically it can assume a key role in
angiogenesis and can promote increased FLS MMP expression and chemotactic migration (Bira et
al., 2005; Pohlers et al., 2007; Sanjabi et al., 2009).

Therefore, as a consequence of the significant role cytokines play in perpetuating many
of the processes culminating in joint damage, cytokines have been exploited as targets for
developing biologics and therapeutic interventions in both RA and PsA. Unfortunately, despite
their significant involvement in disease pathophysiology in RA, targets of both IL-1 and IL-17 have
failed to be successful in treating patients (Kondo, Kuroda and Kobayashi, 2021). However, IL-17
inhibition has demonstrated higher levels of success in PsA treatment highlighting its more
prominent role in this disease (Veale and Fearon, 2015; Merola, Espinoza and Fleischmann, 2018;
Nash et al., 2018). Indeed, the evidence suggests IL-17A may be critical for enhancing the disease
process in PsA through its targeted effects on FLS, osteoclasts, and chondrocytes (Merola,
Espinoza and Fleischmann, 2018). Similarly, IL-23 is a well characterised cytokine produced by DCs

and macrophages in PsA and is implicated in the process of disease initiation due to its integral
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mediatory role in the induction of inflammation in the skin and gut, with the targeting of this
cytokine proving highly efficacious in relation to ameliorating clinical manifestations of PsA (Veale
and Fearon, 2015; Merola, Espinoza and Fleischmann, 2018; Fragoulis and Siebert, 2022).
Moreover, although TNF-a inhibitors have achieved a significantly higher level of efficacy in both
diseases and are used mainstream in clinical practice, their propensity to block the activity of
suppressor cells poses an additional concern. Thus blocking central components within the
signalling pathways of these cytokines such as Transforming growth factor-B-activated kinase 1
(TAK1) mediator or alternatively the JAK/STAT pathway which has been very successful in RA and
PsA treatment recently, may be safer long-term (Kondo, Kuroda and Kobayashi, 2021; Lee and

Moon, 2023).

1.9.2 TAK1 Signalling and Blockade
TAK1 is a prominent member of the MAPKK family, with roles in the modulation of several
different biological phenomena related to health and disease. Through association with various
binding partners, TAK1 transduces the signals from multiple cytokines found abundantly in the
inflamed joint including IL-1B, TNF-a, and IL-17, in addition to TLR ligands, resulting in the
activation of two key proinflammatory signalling pathways — NF-kB and MAPKs (Takaesu et al.,
2001; Totzke et al., 2017; Xu and Lei, 2020). Interestingly, the ability of pleiotropic cytokines
including TGF-B to activate TAK1 activity have also been previously recognised, with research
suggesting the interactions of TGF-B with TAK1 are specifically associated with the non-canonical,
SMAD-independent signalling pathway (Yamaguchi et al., 1995; Kim and Choi, 2012; Xu and Lei,
2020). The pathways used by various cytokines and proinflammatory mediators to activate TAK1
are highlighted in Figure 1.4 below.

Due to the prominent role TAK1 assume in propagating inflammatory pathways, several
TAK1 inhibitors are currently being investigated in preclinical trials to combat this inflammation,
with Takinib of particular interest due to its propensity to serve as a highly specific blocker of TAK1
activity (Totzke et al., 2017; Panipinto et al., 2021). Indeed, multiple studies have demonstrated
its ability to induce a stark reduction in the expression of many proinflammatory mediators,
although the exact mechanisms through which it achieves these effects remain unknown (Totzke
et al., 2017; Scarneo et al., 2019; Panipinto et al., 2021). The potential utility of Takinib induced
TAK1 inhibition in malignant disease has been shown, with a recent study conducted highlighting
the ability of TAK1 inhibition to trigger apoptosis of cancerous cells (Totzke et al., 2017; Damhofer

et al., 2024). In the context of arthritis specifically, intervention with Takinib in a CIA mouse model
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resulted in the alleviation of clinical manifestations including pannus formation and associated
bone and cartilage resorption (Scarneo et al., 2019). Moreover, in one of the primary studies to
examine Takinib effects in human RA FLS, treatment with Takinib significantly reduced the
expression of several IL-1B/TNF-a induced proinflammatory cytokines and chemokines including
IL-6, IL-8, and MCP-1, thus diminishing the inflammatory signature greatly (Panipinto et al., 2021).
Cumulatively, the evidence indicates inhibition of TAK1 with Takinib may be an effective

therapeutic strategy in inflammatory disease to reduce disease burden.
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Figure 1.4. Representative image showing the role of the signalling molecule TAK1 in several
inflammatory signalling pathways. Red lines show TAK1 dependent signalling pathways whilst
green lines indicate pathways that are independent of TAK1. Adapted from (Shim et al., 2005).

1.10 Endothelial Cells and Angiogenesis

Angiogenesis, which involves the sprouting of new capillaries from vessels that already exist under
the governance of pro- and anti-angiogenic stimuli, is a normal physiological phenomenon that
becomes significantly dysregulated in IA, resulting in a highly dysfunctional vascular network that
is unable to meet the heightened metabolic requirements of the expanding synovium and
abundance of infiltrating immune cells (Kennedy et al., 2010; Balogh et al., 2019). In this regard,

ECs, another key stromal cell that lines the internal surface of the vascular network throughout
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the body, are critical, with early studies demonstrating that synovial ECs exist in a pre-primed state
and are imprinted with a disease-specific tissue memory (Abbot et al., 1999). The endothelium is
officially classified as an endocrine organ that through specific signalling pathways, assumes
responsibility for maintaining homeostatic conditions, with particular importance in wound
healing. Although recent advances have uncovered significant phenotypic heterogeneity in ECs
depending on the location of the vascular network, their prominent role in diseases of an
inflammatory nature is apparent due to control over immune-cell infiltration into the joint (Fearon
et al., 2019; Lee, Shin and Simons, 2022; Urbanczyk, Zbinden and Schenke-Layland, 2022).
Therefore, endothelial dysfunction is a major contributing factor to several pathologies such as
DM, cardiovascular issues and importantly, autoimmune diseases including RA and PsA
(Bernatova et al., 2014).

Upon appropriate signalling, which relies on the correct balance of growth factors and
angiogenic mediators, the ECs lose their quiescent state and become activated resulting in
degradation of the ECM through catabolic enzyme release to facilitate their migration (Elshabrawy
et al., 2015). Concurrently, the ECs are designated transient roles — specific ECs adopt a ‘tip cell’
phenotype characterised by expression of an abundance of vascular endothelial growth factor
receptor 2 (VEGFR2), the notch ligand DLL4, and dynamic filopodia, all of which enable the cells to
respond to angiogenic cues and guide the new sprout (Gerhardt et al., 2003; Blanco and Gerhardt,
2013; Balogh et al., 2019; Firestein et al., 2020; Lee, Shin and Simons, 2022). The remaining ECs
either develop a stalk cell phenotype, which is highly proliferative and assists in forming the
nascent vascular lumen that ensures the de novo vessels remain attached to the pre-existing
capillary bed, or a quiescent phalanx cell state. Finally, following stabilisation through basement
membrane synthesis and the recruitment of contractile cells important for regulating blood flow,
the pericyte, new yet paradoxically highly dysfunctional blood vessel formation is completed
(Blanco and Gerhardt, 2013; Elshabrawy et al., 2015; Attwell et al., 2016; Balogh et al., 2019;
Firestein et al., 2020).

Although this constitutes a shared characteristic process in the early stages of both RA
and PsA that facilitates peripheral immune cell influx, differences in the structure of these vascular
abnormalities is a key distinguishing feature easily identifiable at the macroscopic level, with
previous studies demonstrating straight, regular branching vessels in RA compared to dilated,
tortuous vessels associated with the PsA joint (Reece et al., 1999; Fiocco et al., 2001; Fearon et
al., 2003). Additionally, at the microscopic level, the quantity of new blood vessels differs notably

with an increased number of blood vessels observed in the PsA synovium compared to RA joints
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(Ceponis et al., 1998; Fearon et al.,, 2003). These macroscopic/microscopic differences in

vascularity are shown in Figure 1.5 below.

Macroscopic Vascularity

Microscopic Vascularity

Figure 1.5. Macroscopic and microscopic images of blood vessels in RA and PsA synovial tissue.
Representative macroscopic and immunofluorescent microscopic images demonstrating straight
regular branching vessels in RA vs tortuous vessels in PsA, in addition to increased immature blood
vessels in the PsA synovium. Images taken with permission from Prof Fearon’s Lab, Molecular
Rheumatology, TCD.

Studies suggest that the differential blood vessel pattern observed in RA vs PsA may be
attributed to the balance of pro-angiogenic versus anti-angiogenic mediators in the synovium.
Indeed, differences in the expression of growth factors have been observed, of which VEGF and
angiopoietins are of particular significance (Fearon et al., 1999; Reece et al., 1999; Fearon et al.,
2003). Both VEGF and Angiopoietin-2 (Ang2) demonstrate a significant surge in expression in early
PsA compared to RA and are thought to possibly dictate the distinct vascular morphology
observed between the two diseases (Fearon et al., 1999; Reece et al., 1999; Veale and Fearon,
2018). VEGF itself is critical due to its ability to stimulate EC differentiation, proliferation, and
migration, three of the central processes in angiogenesis, thus leading to it being defined in the
literature as the main angiogenic ‘on switch’ (Blanco and Gerhardt, 2013; Claesson-Welsh, 2016).
It mediates its effects through interactions with two potential receptors, Flt-1 and Flk-1, with
differential effects resulting depending on the receptor bound. Interestingly, research shows that
FIt-1 may be involved in EC differentiation, whilst Flk-1 assumes a role in the later stages of
vascular growth (Fearon et al., 2003). In addition, the presence of a high level of VEGF is critical in

ensuring angiogenesis is controlled to a certain extent. Upon exposure to VEGF, DLL4 signalling
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and downstream target genes are upregulated culminating in a subsequent reduction in the
number of ECs adopting a tip cell phenotype, thus ultimately inducing vascular quiescence and a
reduction in the number of new sprouts (Blanco and Gerhardt, 2013; Lee, Shin and Simons, 2022).

The angiopoietins Angl and Ang2 act through a distinct tyrosine kinase receptor —
endothelial-specific receptor tyrosine kinase 2 (Tie2), which is almost exclusively located on the
membranes of vascular ECs. Studies have shown that the interaction of VEGF and Ang2
destabilises blood vessels, promoting vessel sprouting and thus the formation of the immature
vessels (Fearon et al., 2003; Kennedy et al., 2010; Gao et al., 2013; Gao et al., 2015). In contrast,
as the blood vessel matures, its reliance on VEGF and Ang?2 are reduced significantly and additional
maturation factors come to the forefront, one of which is Angl, which promotes the recruitment
of pericytes and thus stabilisation of the newly synthesised blood vessel (Firestein et al., 2020).
However, although the complementary involvement of angiopoietins and VEGF is integral,
neoangiogenesis is a coordinated process requiring numerous other mediators that have been
implicated both directly and indirectly at different stages including TGF-B, neural cell adhesion
molecule (NCAM), fibroblast growth factor-1/2 (FGF-1/2), PDGF, and proteases, along with several
cytokines such as TNF-a, OSM, IL-8, and IL-17A, in addition to the adhesion molecules endothelial-
leukocyte adhesion molecule-1 (ELAM-1), VCAM-1, and ICAM-1 (Fearon et al., 2003; Balogh et al.,
2019; Fromm et al., 2019; Firestein et al., 2020). Additionally, the chemokines CCL2 and CX3CL1
have also been shown to be involved through their chemotactic recruitment of immune cells
which further exacerbate the inflammatory angiogenesis, highlighting an indirect mechanism by

which angiogenesis can be affected (Tas et al., 2016).

1.11 Fibroblasts, Endothelial Cells, and Angiogenesis

Interestingly, within the inflamed synovial microenvironment of both RA and PsA joints, FLS have
been identified as having a pivotal role in the angiogenic process through their secretion of
necessary angiogenic growth factors needed to interact with the ECs, highlighting the significance
of stromal-stromal cell interactions in exacerbating both forms of IA. Many of the pathways
associated with the transformed FLS, including several proinflammatory cytokines such as TNF, IL-
6, IL-8, and IL-17, JAK/STAT activation, and hypoxia related hypoxia inducible factor (HIF), have all
been shown to contribute to the promotion of VEGF synthesis and release (Elshabrawy et al.,
2015; Lu et al., 2017; He et al., 2020). Whilst Matrigel implants exhibit higher levels of
vascularisation in mouse models containing RA FLS CM compared to OA and HC, direct

comparisons of RA and PsA FLS CM indicate the induction of a more robust angiogenic phenotype
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upon exposure of ECs to PsA FLS CM (del Rey et al., 2009; Fromm et al., 2019). Within the PsA joint
microenvironment, higher levels of FLS secreted VEGF-A, thymic stromal lymphopoietin, Flt-1,
Tie2, matrix degrading MMP-1, MMP-3, and MMP-9, in addition to 6-phosphofructo-2-
kinase/fructose-2,6-biphosphatase 3 enzyme (PFKFB3), which has been implicated in angiogenesis
though its stimulation of glycolysis, have been detected, the combination of which result in
significantly elevated levels of EC tube formation, migration, and invasion (Fromm et al., 2019).
Thus, this study introduces the concept that the inflammatory microenvironment of the joint can
induce differential EC function, with soluble mediators present in the PsA joint prompting the
development of a more pathogenic, pro-angiogenic EC phenotype than that observed in the RA
joint, an observation which may in-part contribute to the distinct vascular morphology observed

in both disease joints.

1.12 Cellular Metabolism

Cellular metabolism encompasses a multitude of biochemical processes that coordinate to ensure
the balance between energy production and energy expenditure is maintained at appropriate
levels to facilitate normal cellular function and maintenance of a homeostatic state. Through finely
tuned signalling networks, eukaryotic cells can adapt rapidly to alterations in the environment to
switch from anabolic states to catabolic states, a conversion that is bidirectional depending on the
available metabolites and specific job required (Gomes and Blenis, 2015). However, due to the
heavy reliance on tightly regulated metabolism for normal cellular functioning, the connection
between metabolic perturbations and different disease phenotypes is becomingly increasingly
more recognised, particularly in the context of diseases of an inflammatory nature, including RA
and PsA (Fearon et al., 2019; Wang et al., 2020c; Tandon et al., 2021; Wang, Jiao and Zhang, 2021;
Fearon et al., 2022; Meyer et al., 2024).

Whilst several overlapping metabolic pathways can be utilised by cells to generate the
variety of substrates they require to perform their range of catabolic and anabolic activities,
including the pentose phosphate pathway, fatty acid metabolism, and importantly amino acid
metabolism, the two most prominent metabolic pathways involved in generating the required
cellular energy are oxidative phosphorylation and glycolysis. Whilst both pathways generate
energy in the form of adenosine triphosphate (ATP), oxidative phosphorylation is far more
efficient, creating approx. thirty-six molecules of ATP using the electrochemical gradient created
by the electron transport chain in the inner mitochondrial membrane (Fearon et al., 2019; Fearon

et al., 2022). Under normal homeostatic conditions, glucose entering into the cells is converted
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into pyruvate, a molecule whose fate relies predominantly on the presence or absence of oxygen
within the cellular environment. In suitable aerobic conditions, decarboxylated pyruvate feeds
into the tricarboxylic acid (TCA) cycle, generating the necessary electron carriers required for
oxidative phosphorylation to occur - nicotinamide adenine dinucleotide (NADH) and flavin
adenine dinucleotide-2 (FADH2). In contrast, under anaerobic conditions, the glycolytic pathway
is instigated with activation of several key enzymes including lactate dehydrogenase A (LDHA),
pyruvate kinase M2 (PKM2), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and
hexokinase 2 (HK2), resulting in the conversion of glucose into two individual pyruvate molecules.
In the absence of oxygen, this pyruvate is unable to enter the TCA cycle so instead undergoes
conversion within the cytosol to lactate by lactate dehydrogenase (LDH), a process which
culminates in the generation of two ATP molecules (Fearon et al., 2022). Interestingly, many
immune cells such as natural killer cells, monocytes, and macrophages switch towards a glycolytic
profile under inflammatory influences, with this alteration driving their pathogenic activity
(Palsson-McDermott and O'Neill, 2020; Wang et al., 2020c; Hanlon et al., 2022). Although
inefficient in comparison to oxidative phosphorylation, due to the rapid nature at which energy
can be produced, the evidence indicates this glycolytic pathway is favourably adopted by cells
under conditions of chronic inflammation, high stress, or importantly low oxygen, all events
directly associated with the environment observed within the inflamed joint (Senyilmaz and
Teleman, 2015; Bustamante et al., 2017; McGarry et al., 2017; Wang et al., 2020c; Fearon et al.,
2022). A summary of the metabolic pathways utilised by the activated cells to generate energy

within the inflamed synovial joint are highlighted in Figure 1.6 below.
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Figure 1.6. Schematic of the key metabolic pathways in the inflamed synovium. GLUT-1
transporter facilitates the entry of glucose into the cell where it enters the glycolytic cycle.
Through glycolytic enzymes such as HK2 and PKM2, pyruvate is generated which is either secreted
from the cell or enters the TCA cycle. The TCA cycle generates NADH and FADH which feed into
the electron transport chain, resulting in the production of 36 molecules of ATP. Other metabolic
pathways and intermediates including fatty acid oxidation, amino acid metabolism, and the
pentose phosphate pathway, can contribute to further energy production. Adapted from (Fearon
et al., 2019).

1.13 Metabolism and Hypoxia

The original suggestion that the inflamed joint microenvironment is profoundly lacking in
adequate oxygen levels or ‘hypoxic,” was first proposed in the 1970s by Lund-Olesen whom
demonstrated significantly reduced levels of oxygen partial pressure (p0;) in the SF of RA
compared to OA individuals (Lund-Olesen, 1970). Expanding on this, a direct correlation has been
shown between tpO; levels and the level of joint inflammation, specifically immune cell infiltrates
and proinflammatory cytokine production (Ng et al., 2010). Subsequent studies additionally
showed that joint hypoxia inversely correlates with an abundance of other disease related factors
including blood vessel maturity, synovitis, mitochondrial DNA damage, and the extent of oxidative
stress (Kennedy et al., 2010; Biniecka et al., 2011; Harty et al., 2012). Moreover, research has
shown an association between hypoxia induced glycolysis and increased cellular invasion and
pannus formation, highlighting the clear link between hypoxia, metabolism, and overall
pathogenic cell behaviour, thus providing insights into the complex pathogenesis of IA (Biniecka

et al., 2016).
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As the established powerhouse of the cell, mitochondrial dysfunction has been implicated
as a direct contributor to the dysregulated bioenergetics observed in the inflamed joint (Biniecka
2011). A plethora of studies have shown correlations between synovial inflammation, in part
mediated by NLRP3 inflammasome activation, and heightened levels of mitochondrial DNA
mutations, respiratory chain defects, and increased apoptosis (Zhou et al., 2011; Biniecka et al.,
2011; Harty et al., 2012; McGarry et al., 2017). Upon encountering these energy defects,
evolutionarily conserved responses are engaged with the primary transcriptional responses
mediated by HIF-1a, the master regulator of oxygen homeostasis which has been shown by
several studies to be elevated significantly in the joint (Giatromanolaki et al., 2003; Biniecka et al.,
2016; Guo and Chen, 2020; Fearon et al., 2022). Through the elevated expression of glucose
transporters and glycolytic enzymes such as GLUT-1, LDHA, GAPDH, and PKM2, HIF-1a can further
drive the metabolism of cells towards a glycolytic phenotype, thus worsening the levels of hypoxia
and ultimately creating a positive feedback loop (Majmundar, Wong and Simon, 2010; Biniecka et
al.,, 2016). Moreover, through its interactions with several additional proinflammatory and
metabolic related signalling molecules in the joint including STAT3, PI3K-AKT, NF-kB, and NOTCH-
1, HIF-1a, stimulates a vast range of pathways involved in cellular inflammation, angiogenesis, and
invasion (Ahn et al., 2008; Taylor, 2008; Oliver et al., 2009; Gao et al., 2013; Gao et al., 2015;
McGarry et al., 2017; McGarry et al., 2018a; Fearon et al., 2019; Fearon et al., 2022). Interestingly,
a predominant characteristic of the invasive, inflammatory phenotype of RA FLS that discriminates
them from OA FLS, is alterations in key metabolic pathways related to glucose metabolism
including glycolysis and oxidative phosphorylation, in addition to amino acid metabolism, the
balance of which are highly dependent on influences in the surrounding microenvironment (Ahn
et al., 2016; Garcia-Carbonell et al., 2016; Bustamante et al., 2017; Bustamante et al., 2018;
Petrasca et al., 2020; Gallagher et al., 2020). For example, under hypoxic conditions, RA FLS
demonstrate increased expression of invasion promoting MMPs, chemokines, and
proinflammatory cytokines including MMP-1, MMP-3, IL-8, TNF-a converting enzyme, and stromal
cell-derived factor-1 expression, whilst protein levels of tissue inhibitor of metalloproteinase 1
(TIMP-1) are reduced (Hitchon et al., 2002; Charbonneau et al., 2007; Cha et al., 2003; Ahn et al.,
2008; Petrasca et al., 2020). In addition to HIF-1a., several metabolic intermediates generated as
a consequence of the heightened cellular glycolysis within the inflamed joint including lactate,
glutamine, and succinate, have also been shown to directly activate both immune and stromal
cells, further perpetuating the inflammatory response, with some even assuming the role of
secondary autoantigens (Haas et al., 2015; Michopoulos et al., 2016; Biniecka et al., 2016; Pucino
etal.,, 2017; Lietal., 2018b; Fearon et al., 2019; Fearon et al., 2022; Hanlon et al., 2022). Succinate
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has a direct effect on inflammatory macrophages by promoting HIF-la-induced IL-1B
production and ROS generation, an effect also regulated in part by itaconate (Mills et al., 2016;
Lampropoulou et al., 2016). Similarly, glutamine metabolism has been shown to be central to the
inflammatory response by driving the balance of T cells towards the Th17 subset, with blockade
of this glutamine pathway exhibiting anti-proliferative and invasive effects on RA FLS in both
human and murine models (Garcia-Carbonell et al., 2016; Takahashi et al., 2017; Johnson et al.,
2018).

Specifically in relation to FLS, a hallmark characteristic of FLS in the inflamed joint is their
invasive phenotype characterised by a highly active metabolic state driven by the hypoxic
conditions (Fearon et al., 2019; Pucino et al., 2020; Fearon et al., 2022; Hanlon et al., 2022).
Alongside their previously mentioned glycolytic transformation, this heightened metabolism in
activated FLS has been effectively demonstrated by several metabolic profiling studies revealing
increases in other forms of metabolism including sugar metabolism, amino acid metabolism, lipid
metabolism, and glutamine metabolism (Guma et al., 2015; Ahn et al., 2016; Takahashi et al.,
2017; Fearon et al., 2019; Pucino et al., 2020; Fearon et al., 2022; Hanlon et al., 2022). In addition
to the aforementioned HIF-1a, the metabolic sensor mammalian target of rapamycin (mTOR) has
proven instrumental in driving RA FLS invasive and proliferative behaviour through enhanced
glycolysis, a metabolic effect that can be abrogated upon the addition of the mTOR inhibitor;
rapamycin (Laragione and Gulko, 2010; Barker et al., 2023). Moreover, FLS metabolic capacity can
be highly influenced by interactions with immune cells in the inflamed joint with studies
demonstrating a rapid shift towards aerobic glycolysis in FLS and subsequent heightened invasive
capacity upon exposure to CD4+ T cell CM, an effect that can be reversed through glycolytic
inhibition with 2-DG (Petrasca et al., 2020).

In summary, this highly hypoxic milieu within the joint and heightened metabolic demands
results in the forced adaption of infiltrating and resident cells, including FLS, to a hypermetabolic
state which drives their function, a newly emerging and exciting concept referred to as ‘metabolic

reprogramming' (Aghakhani, Soliman and Niarakis, 2022).

1.14 Metabolism and Angiogenesis

In recent years, immense emphasis has been placed on the crucial role metabolic shifts assume in
providing the biosynthetic requirements needed for the angiogenic process within the inflamed
joint. Despite the superior levels of ATP produced through oxidative phosphorylation, it has been

shown that the primary energy pathway utilised within the joint by ECs of the tip and to a lesser
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extent the stalk cell phenotype, is glycolysis (Firestein et al., 2020). The conversion of glucose into
lactate generates 85% of their total ATP requirements associated with phenotypic differentiation
into tip and stalk cell phenotypes, a process which is inhibited with toxic effects upon suppression
of glycolysis with the potent glycolytic inhibitor 2-DG (Wang et al., 2011; Firestein et al., 2020).
The exact reason for the preference for EC glycolytic metabolism in tip cells specifically is unknown
but may be based on a combination of the following lines of evidence, all related to the easier
facilitation of angiogenesis (Eelen et al., 2018). Firstly, glycolysis is a direct producer of the
aforementioned lactate, a by-product which can double as a pro-angiogenic signalling molecule
whilst additionally evoking glycosylation, a process that potentiates VEGFR-2 and NOTCH
signalling (Végran et al., 2011; Ruan and Kazlauskas, 2013; Croci et al., 2014). Moreover, a reliance
on glycolysis ensures that oxidative stress inducing ROS levels are kept low whilst O, levels remain
adequate for surrounding tissue perfusion. Additionally, as external glucose is non-limiting,
glycolysis is capable of producing ATP at a significantly faster rate than oxidative phosphorylation
(Parra-Bonilla et al., 2010; Locasale and Cantley, 2011). Finally, by already using an anaerobic form
of energy, the ECs are capable of migrating towards hypoxic regions when forming blood vessels
without having to alter their metabolism any further, a method used by tumour cells also to
support invasion (Gatenby and Gillies, 2004).

Angiogenesis itself is a major contributor to the generation of the hypoxic
microenvironment within the inflamed joint. Despite the increased vascular networks observed in
both RA and PsA, the de novo blood vessels are highly dysfunctional, failing to supply adequate
nutrients to the rapidly expanding synovium, thus producing a microenvironment severely
deficient in oxygen. Interestingly, the work of J. Folkman first introduced the concept of hypoxia
being a significant driving factor for angiogenesis itself, a hypothesis that has now been well-
established in forms of IA with existing research showing that synovial blood vessel instability is
associated with oxidative damage and with low levels of synovial pO; (Folkman, 1971; Biniecka et
al., 2016). When working alone and in combination, both hypoxia and oxidative stress are pivotal
in inducing EC tube formation, migration, and proinflammatory mediators, in addition to VEGF
and activation of intracellular Notch-1IC and its ligand DLL-4 which has been implicated as central
to the process of tip cell selection and activation (Fearon et al., 2003; Kennedy et al., 2010; Gao et
al., 2013; Weyand and Goronzy, 2017). Indeed, an eloquent study demonstrated that through
inhibition of a key hypoxia-induced enzyme enriched on the synovial ECs in RA, glucose 6-
phosphate isomerase (G6PI), release of FLS VEGF was reduced, resulting in blockade of hypoxia
driven angiogenesis (Lu et al., 2017). Moreover, in animal models of arthritis, the activity of the

metabolic intermediate succinate has demonstrated strong pro-angiogenic effects through its
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governance over VEGF production. Studies have identified succinate and its cognate receptor G
protein-coupled receptor-91 (GPR91) as potent mediators of vascularisation in the context of the
retina, with additional research illustrating the significance of succinate in VEGF-dependent HIF-
la pathways in the induction of synovial angiogenesis itself (Sapieha et al., 2008; Li et al., 2018b).
The key angiogenic mediator VEGF has itself proven to further enhance EC glycolytic flux and
promote the expression of several enzymes and transporters in the glycolytic pathway including
GLUT-1, LDHA, and PFKFB3 (Peters et al., 2009; Parra-Bonilla et al., 2010; De Bock et al., 2013).
Thus, the continual cycle of hypoxia and angiogenesis only serves to drive synovial expansion and
dysregulation in a self-perpetuating manner.

Moreover, countless studies have reinforced the bidirectional connection between EC
glycolysis and synovial angiogenesis by demonstrating how blockade of glycolytic mediators and
metabolites can supress the levels of angiogenesis. In the tumour microenvironment, blocking the
influx of lactate through the monocarboxylate transporter 1 attenuates the activation of HIF-1a
and subsequently reduces the levels of tumour angiogenesis (Sonveaux et al., 2012). Furthermore,
substantial evidence exhibits impairment in in vitro EC vessel sprouting, branching, and outgrowth
following blockade of the glycolytic regulator PFKFB3 with the small molecule inhibitor (3-(3-
pyridinyl)-1-(4-pyridinyl)-2-propen-1-one) (3P0), whilst additionally, PFKFB3-silenced human
umbilical vein endothelial cells (HUVECs) demonstrate a significant loss in the ability to acquire a
tip cell phenotype (De Bock et al., 2013; Schoors et al., 2014). Interestingly, Biniecka et al. (2016)
highlighted its propensity to not solely affect ECs but additionally FLS, with the results indicating
that 3PO administration significantly reduced activation of HIF-1a, pSTAT3, and Notch-1IC, in
addition to angiogenic tube formation (Biniecka et al., 2016). The use of 3PO has demonstrated
preliminary success in attenuating pathogenic angiogenesis in several models of inflammation
including IBD and importantly, skin psoriasis, highlighting the potential of targeting glycolysis as
an anti-angiogenic therapy (Schoors et al., 2014).

In conclusion, more extensive knowledge of metabolic disturbances in pathological
conditions such as RA and PsA and their constant crosstalk with immune and stromal cells might

offer novel therapeutic opportunities, particularly in early disease.

1.15 MicroRNA

1.15.1 MicroRNA Background
Endogenous microRNAs (miRNAs) constitute a unique class of dynamic RNAs of a non-coding

nature that assume a major role in normal post-transcriptional processes, namely gene silencing,
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within the cellular environment (O'Brien et al., 2018). The field of molecular biology was
revolutionised following the discovery of the miRNA lin-4 in 1993 by the Ambros and Ruvkun
groups in Caenorhabditis elegans. Whilst continuously increasing in number, a recent validation
study extrapolated 2300 true human mature miRNA, thus reinforcing the understanding that the
majority of gene transcripts contained within the genome are not directly translated into protein
themselves but instead are processed into small, non-coding RNA of which miRNA are one of the
most important (Alles et al., 2019). Comprising 21-25 nucleotides in length, miRNA are
ubiquitously expressed in eukaryotic cells and demonstrate a remarkable level of evolutionary
conservation thus supporting their central role in gene regulation (Ha and Kim, 2014; O'Brien et
al., 2018). Whilst critical for normal physiological phenomena including cell proliferation, cell
differentiation, immune functioning, migration, and reproduction, their aberrant expression is
becomingly increasingly recognised in the context of multiple human diseases including cancer
and importantly, inflammatory driven autoimmune related arthropathies such as RA (Liu et al.,

2020; Smolarz et al., 2022; Das and Rao, 2022; Nag et al., 2023).

1.15.2 MicroRNA Biogenesis

miRNA biogenesis is a multi-step process involving sequential activity of a number of different
enzymes that occurs through canonical and non-canonical pathways. Whilst miRNA biogenesis
predominantly occurs via the canonical pathway, non-canonical synthesis is also possible and is
achieved through the activity of various combinations of the key proteins involved in the canonical
pathway (Ha and Kim, 2014; O'Brien et al., 2018).

In relation to the dominant canonical pathway, the process is initiated following the
generation of a primary miRNA transcript which is transcribed typically through the activity of RNA
polymerase ll, although the literature reports similar effects with RNA polymerase Ill (Borchert,
Lanier and Davidson, 2006). Within the nucleus, this pri-miRNA is subsequently cleaved by the
heterodimeric initiator complex consisting of the enzyme Drosha and DiGeorge syndrome critical
region 8 (DGCR8) to generate precursor miRNA (pre-miRNA) (Denli et al., 2004; Ha and Kim, 2014;
Ipsaro and Joshua-Tor, 2015; O'Brien et al., 2018). By recognising a specific N6-methyladenylated
GGAC, DGCR8 acts as a guide for appropriate positioning of DROSHA, thus facilitating the
generation of 70nt pre-miRNA though enzymatic cleavage (Alarcén et al., 2015). The current
available database of miRNAs has identified the existence of 1881 human pre-miRNAs, with origins
of both intragenic and intergenic nature (Kozomara and Griffiths-Jones, 2014). The evidence

indicates that approximately 54% are produced from the intergenic non-coding pri-miRNA
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transcripts and thus are regulated by their own promoters, with the remaining 46% originating
from the excision of introns of protein-coding genes (de Rie et al., 2017).

Through the activity of nuclear exportin 5 and ran-guanosine triphosphate, this precursor
miRNA undergoes exportation to the cytoplasmic region where its characteristic hairpin
secondary structure consisting of a double stranded stem approximately 33 base-pairs long and a
terminal loop, enables it to be recognised and further processed by the endoRNase Dicer to
release the mature miRNA Duplex competent for RNA-induced silencing complex (RISC) loading
(Ha and Kim, 2014; Ipsaro and Joshua-Tor, 2015; O'Brien et al., 2018). Subsequently, this RNA
duplex is unwound, generating the ‘guide’ and ‘passenger’ strands, a designation that is based
primarily on their thermodynamic stability with a preference for the strand with the least stable
5’ hydrogen bonds of the mature form to assume the role as ‘guide’ (Kwak and Tomari, 2012; Ha
and Kim, 2014; O'Brien et al., 2018). To achieve this, the strands are loaded into the Argonaute
(AGO) family of proteins (AGO2 specifically in humans), in an ATP-dependent fashion, culminating
in the formation of the microRNA-induced silencing complex (miRISC), a complex also ultimately
generated as an end-product of the non-canonical pathway (Yoda et al., 2010; Ha and Kim, 2014;
Ipsaro and Joshua-Tor, 2015; O'Brien et al., 2018; Sadakierska-Chudy, 2020). This complex is
essential for the translational interference of miRNAs as the ‘guide’ strand effectively directs the
miRISC to the 3’ untranslated region (UTR) of the intended target mRNA where through imperfect
base-pairing, it enables appropriate action to occur (Ha and Kim, 2014; Ipsaro and Joshua-Tor,
2015; O'Brien et al., 2018). A diagrammatic representation of the sequential steps of miRNA

biogenesis are demonstrated in Figure 1.7 below.

1.15.3 MicroRNA Mechanism of Action

miRNA localization within the cell enables this interaction with the target mRNAs where they
induce mRNA post-transcriptional regulation either directly or indirectly through 3 primary
mechanisms — the induction of mRNA cleavage or decay or alternatively, evoking translational
repression directly, all of which culminate in a negative impact on gene expression (lpsaro and
Joshua-Tor, 2015; O'Brien et al., 2018).The interaction between the miRISC and its target is
mediated by the ‘guide’ strand itself which contains a specific region named the ‘seed sequence,’
comprising highly conserved nucleotides between 2 and 8 from the 5 UTR end. This ‘seed
sequence’ base-pairs with the miRNA recognition elements (MREs) situated on the mRNA targets
at the 3’UTR, with the level of complementarity i.e. perfect/partial between these two regions,

determining the functional outcome mediated by the miRNA (Ipsaro and Joshua-Tor, 2015;
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O'Brien et al., 2018; Sadakierska-Chudy, 2020). For successful cleavage to be induced, there must
be full complementarity between the ‘seed sequence’ and the MRE, thus activating the
endonuclease activity of AGO2 (Jo et al., 2015; O'Brien et al., 2018; Kilikevicius, Meister and Corey,
2021). However, incomplete base-pairing is more prevalent in animal models and primarily results
in either mRNA decay or direct translational inhibition (Bartel, 2009; O'Brien et al., 2018;
Kilikevicius, Meister and Corey, 2021). Indeed, incomplete base-pairing inhibits the activity of
AGO2 and instead facilitates the recruitment of GW182 protein family, a protein capable of
promoting mRNA deadenylation thus rendering it susceptible to exoribonuclease 1 degradation
(Behm-Ansmant et al., 2006; Braun et al., 2012; O'Brien et al., 2018). A previously conducted study
highlighted the vital role this pathway assumes in the gene repression mediated by miRNA with
66-90% of the translational repression arising from mRNA decay (Eichhorn et al., 2014).
Furthermore, gene translation inhibition can occur in a more direct manner as a consequence of
the failure of different rate-limiting steps essential for efficient translation including interference
with the initiation factors 4A, elongation, or early termination, all of which can simply occur as a
consequence of a bulge induced by a single nucleotide mismatch between the miRNA and the
mRNA target (Mathonnet et al., 2007; Carthew and Sontheimer, 2009; Fukao et al., 2014; Oliveto
et al., 2017). Interestingly, whilst gene suppression is more commonly associated with the
function of miRNA, several studies have also demonstrated potential evidence for the role of
miRNA in gene upregulation for example during cell cycle arrest, in quiescent cells such as oocytes,
during instances of amino acid starvation, or following binding of the miRNA to the 5'UTR
region/promoter of the target gene, thus suggesting that miRNA-mediated upregulation of gene
expression can occur but is highly contextually specific (Vasudevan and Steitz, 2007; @rom, Nielsen
and Lund, 2008; Shimakami et al., 2012; Vasudevan, 2012; Dharap et al., 2013; Bukhari et al.,
2016). Furthermore, the complexity of elucidating miRNA gene control is enhanced by the fact
that not only can a single mature miRNA bind many different target mRNAs, with each miRNA
estimated to be capable of recognising approximately 100-200 target sites of the human
transcriptome, but additionally, a single mRNA transcript can be bound and regulated by multiple
miRNA (Sadakierska-Chudy, 2020; Kilikevicius, Meister and Corey, 2021). Thus, it is apparent that
miRNA-mediated gene regulation is highly dynamic and is a fine-tuned balance between
maintenance of normal physiological states and the development of pathological states. A brief

summary of the mechanism by which miRNA control gene expression is shown in Figure 1.7 below.
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Figure 1.7. Schematic summary of miRNA biogenesis and mechanisms of action. In the
biogenesis process, Pol. Il transcribes miRNA into pri-miRNA. The pri-miRNA is then cleaved into
pre-miRNA by the Drosha/DGCR8 microprocessor complex, before entering the cytoplasm where
the Dicer enzyme generates the mature miRNA duplex. This RNA duplex is then unwound,
generating a ‘guide’ and a ‘passenger’ strand, forming the functional miRISC complex. Mechanism
of action of miRNAs: The miRISC complex bind the 3’UTR region of a target gene through base
pairing, resulting in either translational repression or mRNA degradation. Adapted from (Rani and
Sengar, 2022).

1.15.4 MicroRNA in Disease

Although well-established in relation to their gene regulatory functions and maintenance of
homeostatic conditions, extensive research has implicated aberrant and dysregulated expression
of these cellular and extracellular miRNAs in the pathogenesis of many human diseases. To date,
arobust body of research has demonstrated the involvement of miRNAs in cancer, and particularly
their role in mediating the cellular processes of migration and invasion involved in tumorigenesis
though regulation of pathways including epithelial-mesenchymal transition (EMT), Wnt/Hippo
signalling, TGF-B, PI3K/AKT/mTOR, FoxO, JAK/STAT, PD-1/PD-L1, and HIF-1 (Tang et al., 2017a; Liu
et al., 2018; Contreras-Rodriguez et al., 2023; Zhu et al., 2023; Chakrabortty et al., 2023).
Interestingly, certain miRNA expression profiles have also proven to be valuable biomarkers in
cancer diagnosis as a consequence of their ability to classify cancer groups and subsets (Lu et al.,
2005; Garzon, Calin and Croce, 2009a; Kim and Croce, 2023; Chakrabortty et al., 2023). In this

regard, a large number of clinical trials are currently ongoing investigating the diagnostic potential
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of various miRNAs in relation to several forms of cancer including miR-155 to diagnose non-
muscle-invasive bladder cancer, let-7a and miR-124 to diagnose non-Hodgkin’s lymphoma and
acute leukaemia, and the ability of 10 miRNAs to define undetermined types of thyroid cancer
(Kim and Croce, 2023).

Moreover, recently, miRNAs as potential biomarkers are becoming increasingly more
understood in the context of autoimmune diseases due to their central involvement in the
maintenance of immunological tolerance in both peripheral and central lymphoid organs, in
addition to their governance over a myriad of inflammatory processes and signalling pathways
(Simpson and Ansel, 2015; Das and Rao, 2022). Several studies have demonstrated a strong
association between autoimmune diseases including systemic lupus, type-1 DM, multiple sclerosis
(MS), and IBD, where their presence and abnormal behaviour is associated with characteristic
patterns of disease pathogenesis (Nag et al., 2023). Importantly, miRNA dysregulation has also
been acknowledged in the context of RA and PsA, where it is currently being intensely investigated
for diagnostic, prognostic, and therapeutic purposes (Shaikh et al., 2023; Nag et al., 2023).

An abundance of studies exist demonstrating the importance of miRNA activity in driving
RA pathogenicity specifically, with a recent analysis highlighting the following miRNA as the most
frequently published miRNA in this field; miR-146, miR-155, miR-223, miR-21, miR-125, miR-124,
and miR-26 (Shaikh et al., 2023). Indeed, miR-155 and miR-146 constitute two of the most well
reported miRNA in the context of rheumatic disease, with several studies highlighting their
increase in the synovial tissues, lymphocytes, and whole blood obtained from RA patients
compared to HC and/or OA comparators (Stanczyk et al., 2008; Feng et al., 2011; Liu et al., 2022).
Dysregulation of these miRNA have been shown to exert differential effects on different cell types
depending on the context and miRNA of interest. A more down-regulatory role of miR-146a has
been demonstrated in RA driven inflammatory processes through mechanisms such as
suppression of RA FLS proliferative and inflammatory functions, whilst additionally pushing
macrophages polarisation towards the M2 phenotype (Huang et al., 2016; Liu et al., 2018).
Interestingly, whilst miR-155 has been shown to affect the behaviour of macrophages also, the
effect induced is not anti-inflammatory but rather proinflammatory, resulting in a defective M2
polarisation and instead a preferential shift towards inflammation-instigating M1 macrophages
(Paoletti et al., 2019). Moreover, the evidence indicates that the effects of these miRNA in RA can
be induced as a consequence of their over-expression or in some instances under-expression.
Although pathogenicity is frequently associated with miRNA over-expression as seen in the miR-
21 study in which SF memory Treg cells exhibited heightened expression of this miRNA,

contributing to their enhanced proliferative and anti-apoptotic capabilities, a reduction in certain
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miRNAs can also prove detrimental (van der Geest et al., 2014). This was depicted eloquently in
previous work highlighting a downregulation of miR-124 in RA synovial tissue compared to healthy
tissue, a decrease which was inversely correlated with histone deacetylase 1 (HDAC1), a central
effector of synovial hyperplasia (Meng, Pan and Sheng, 2021). The combination of the sheer
number of cell targets and differential up/down regulation of miRNAs contributes significantly to

the complexity of understanding the role of miRNA in rheumatic disease.

1.15.5 Serum MicroRNA as Biomarkers

Whilst initial analysis was focused on intracellular miRNAs, recent literature has highlighted the
role of circulating miRNAs and their potential to serve as reliable biomarkers of disease
development and prognosis (Iftikhar and Carney, 2016; Zhang et al., 2023d). Following their initial
detection in maternal plasma in 2008, circulating miRNA have since been identified in several
biological fluids including blood (serum and plasma), cerebrospinal fluid, urine, saliva, lacrimal and
seminal fluids, and the bronchial lavage (Chim et al., 2008; Gilad et al., 2008; Weber et al., 2010;
Fujimoto et al., 2019). Interestingly, in comparison to cellular RNA, the stability of endogenous
miRNAs is high with studies highlighting their ability to resist degradation by the abundant
endogenous ribonucleases in addition to extreme temperature and pH fluctuations and cycles of
freeze-thawing vs boiling, a property that reinforces their strong biomarker potential (Mitchell et
al., 2008; O'Brien et al., 2018). Secreted from both circulating blood cells and other tissues directly
impacted by disease, these circulating miRNA are released and exist via two possible mechanisms
— firstly, vesicle-free miRNA that from protein complexes with AGO2 or nucleophosmin 1, and
secondly, miRNAs that are secreted into the extracellular space in vesicular transport of which
there are three main types - exosomes, micro vesicles, and apoptotic bodies (Gallo et al., 2012;
Iftikhar and Carney, 2016; O'Brien et al., 2018). Exosomes are widely considered the primary mode
of release of extracellular miRNAs but to date what controls their release is still unclear, with
studies demonstrating a role for both passive and active processes (O'Brien et al., 2018).
Furthermore, the reason for extracellular miRNA release is an area under investigation with an
abundance of studies suggesting it may facilitate intercellular communication and signalling thus
affecting several biological responses (O'Brien et al., 2018). Whilst studies have highlighted a
beneficial role of exosomal miRNAs in multiple autoimmune diseases with specific miRNA in
exosomes demonstrating the ability to suppress angiogenesis in atopic dermatitis and additionally
assist in soft tissue wound healing in mouse models of cutaneous injury, their involvement in

disease pathogenesis has also been detected (Hu et al., 2018; Shi et al., 2023; Zhang et al., 2023d).

52



Extracellular miRNA have been shown to influence immune responses through interactions with
several TLRs such as human TLR8 (Fabbri et al., 2012; Fabbri, 2018). Furthermore, in 2021, a novel
study demonstrated that miRNA containing exosomes were capable of promoting Thl and Th17
polarisation and proinflammatory cytokine upregulation in psoriasis highlighting their disease-
promoting role (Jiang et al., 2021).

Moreover, the high propensity of extracellular miRNA to serve as biomarkers is a current field

of focus due to a number of intrinsic properties:

1. They are highly stable following secretion into extracellular fluid (Mitchell et al., 2008;
O'Brien et al., 2018).

2. miRNA have a tissue specific expression profile (Keller et al., 2022).

3. Aberrant expression has been associated with a number of diseases (Wu et al., 2021b;
Chakrabortty et al., 2023).

4. miRNA expression profiles can assist in identifying ‘individuals at risk’ (IAR) of disease
development and for diagnostic purposes (Zhang et al., 2020b; Wade et al., 2020;
Cunningham et al., 2021).

5. Can indicate disease progression and severity (Giannoudis et al., 2019; Saadawy, El-
Ghareeb and Talaat, 2024).

6. Expression profiles alter if therapeutic intervention is effective (Singh, Patro and
Aggarwal, 2019; Cunningham et al., 2021).

7. Expression profiles can give an indication of disease recurrence risk (Zellinger et al., 2022).

8. Can predict responders versus non-responders at baseline (Wade et al., 2020).

Tangible proof of the biomarker potential of circulating miRNA in RA and PsA has been
demonstrated by several studies, thus opening an ongoing avenue of intense research focus.
Whilst serum miR-22 has been identified as a significant predictor of both the onset and further
development of RA due to its heightened presence from IAR to established RA, miR-103a-3p has
also been shown to be a reliable indicator of those at risk of imminent RA progression, with serum
levels approximately 7.6-fold higher than in HC (Ouboussad et al., 2017; Anaparti et al., 2017).
Recent work in our own group has successfully reinforced the value of miRNA as biomarkers in RA
and PsA, with analysis focusing on panels of miRNA exhibiting a high sensitivity and specificity for
the individual diseases compared to healthy comparators, with both studies additionally showing
a correlation between the circulating miRNA present and the effectiveness of therapeutic
intervention (Wade et al., 2020; Cunningham et al., 2021). This concept of using miRNA as
biomarkers to predict the efficacy of therapies may be crucial in the advancements towards more

personalised medicine. In this regard, circulating levels of miR-19b exhibit high proficiency as not
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only a biomarker of RA disease progression but additionally can provide a valuable indication of
the efficacy of baricitinib treatment through profiling the miRNA of monocytes (Ciechomska et al.,
2023). Moreover, in the context of PsA, previous research identified a set of seven specific miRNAs
(miR-155-5p, miR-140-3p, miR-432-5p, miR-382-5p, miR-532-5p, miR-139-3p, and miR-379-5p)
capable of functioning as biomarkers for the effectiveness of methotrexate (MTX) treatment,

particularly in relation to cutaneous responses (Cruz Correa et al., 2023).

1.16 RA and PsA Therapeutic Interventions

Achieving and maintaining a sustained level of disease remission within patients is the long-term
goal within both RA and PsA, a goal primarily achieved through the use of targeted biologic and
pharmacological interventions. Whilst initial treatment strategies involve administration of non-
steroidal anti-inflammatory drugs (NSAIDs) such as aspirin that solely focused on symptomatic
relief, current day interventions assume a more preventative role and are primarily focused on
ensuring prevention of radiographic damage and concurrent disability (Hyndman, 2017). In recent
years, improved understanding of the inflammatory mediators and reciprocal communication
between tissue resident and invading immune cells that are synergistically driving the destruction
of the synovial joint has facilitated the development of a vast repertoire of therapeutic
interventions (Smolen, Aletaha and Mclnnes, 2016; Shams et al., 2021; Schett, Mclnnes and
Neurath, 2021; Azuaga, Ramirez and Cafete, 2023; Lee and Moon, 2023; Ding et al., 2023).
However, despite these advancements, due to the highly heterogenous manifestations of
inflammatory arthropathies such as RA and PsA, a considerable proportion of patients still fail to
achieve remission or suffer with intolerable side effects that are severe enough to warrant
discontinuation (Veale and Fearon, 2018; Wang, Zhou and Liu, 2018). Moreover, as a consequence
of the chronic and progressive nature of both RA and PsA, the timing of diagnosis is also of critical
importance in maintaining patient quality of life. Indeed, studies have highlighted the significance
of prompt assessment and intervention in both RA and PsA, with studies showing significantly
negative impacts on the severity of joint damage, physical mobility, and ability to achieve disease-
modifying anti-rheumatic drugs (DMARD)-free remission following 3-, 6-, and 12-month delays in
diagnosis (van der Linden et al., 2010; Tillett et al., 2013). Furthermore, delays in diagnosis can
heighten the financial burden dramatically, with several studies demonstrating the significant
monetary effects of RA arising from musculoskeletal disability and consequential reduced
socioeconomic participation. A recent survey conducted on an RA patient cohort in the USA

estimated that the average accumulated cost per annum for an individual RA patient is between
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$12,509 and $36,053 depending on the treatments used, with the negative effects of such costs
affecting patient adherence (Hresko, Lin and Solomon, 2018). Additional burdens identified
include a shortening of lifespan, and significant CVD-related co-morbidity, with direct correlations
between the severity of RA-associated pain and early retirement, all of which can have devastating
impacts for affected patients and highlights the importance of ensuring early diagnosis before a
significant amount of irreversible joint and extra-articular damage is induced (Gelfand et al., 2006;

Widdifield et al., 2018; Galloway et al., 2020).

1.16.1 Disease-Modifying Anti-Rheumatic Drugs

DMARDs are a specific class of drugs with potent immunosuppressive and immunomodulatory
properties that makes them suitable for use in diseases driven by a strong inflammatory
component such as RA and PsA. Classified into two broad categories; conventional and biologic,
these drugs have unique mechanisms of action but generally target specific aspects of the immune
cascade including reduction of IL-6, IL-1, and IL-8, suppression of neutrophil adhesion, and
stimulation of FLS adenosine release (Benjamin, Goyal and Lappin, 2024). Current EULAR and
GRAPPA guidelines for RA and PsA advise clinicians to prescribe conventional synthetic disease-
modifying anti-rheumatic drugs (csDMARDs) initially, with subsequent options if adequate
responses are not obtained including the incorporation of biological disease modifying anti-
rheumatic drugs (bDMARDs) or targeted synthetic DMARDs (tsDMARDs) (Coates et al., 2022;
Smolen et al., 2023).

1.16.2 Conventional Synthetic Disease-Modifying Anti-rheumatic Drugs

First-line treatment strategies that target mediators relatively high up in the inflammatory cascade
are commonly shared between RA and PsA and involve the use of csDMARDs including MTX,
hydroxychloroquine, leflunomide, and sulfadiazine. According to the EULAR guidelines, they
constitute the staple recommended treatment in clinical practice globally and are frequently
utilised as a monotherapy initially or subsequently in combination with additional interventions
such as a bDMARD or tsDMARD if inadequate responses are observed (Gossec et al., 2020; Smolen
et al., 2023). A recent study highlighted that the combined usage of csDMARDs and bDMARDs at
seven years was more strongly associated with remission in patients than csDMARDs alone (Larid
et al., 2022). MTX itself is defined as a folic acid antagonist originally utilised as a

chemotherapeutic agent, which affects adenosine and guanine metabolism resulting in

55



suppressive impacts on T cell and B cell proliferation and diminishing effects on proinflammatory
cytokine production (Genestier et al., 1998; Hobl et al., 2011). Moreover, the evidence highlights
its direct influence on the pathogenic phenotype of FLS through the suppression of MMP-1, MMP-
13, IL-6, IL-17, and osteoclast related RANKL, and induction of the correct balance of autophagy-
apoptosis in the activated cells (Lee et al., 2004; Shervington et al., 2018; Misra et al., 2021).
Several placebo-controlled trials and studies have highlighted the success of MTX in treating RA,
with new research suggesting the effectiveness may be associated with the microbiome
composition of the gastrointestinal tract (Williams et al., 1985; Weinblatt et al., 1998; Artacho et
al., 2021). Due to this success of MTX in RA, it was introduced as first-line therapy for PsA also,
although the limited trials conducted in PsA patient cohorts have demonstrated insufficient
evidence to support its efficacy. A recently conducted Cochrane review concluded that based on
the evidence from eight clinical trials, administration of <15 mg MTX for six months may only be
slightly more effective than placebo, evidence which indicates if MTX is prescribed, higher doses
may be required to obtain any beneficial effects (Wilsdon et al., 2019). However, despite its use
as a first-line treatment, more than one third of patients are intolerant to MTX, thus leading to
the development of multiple additional therapies which can be used in combination or as a

monotherapy to achieve optimal patient outcomes (Nikiphorou et al., 2014).

1.16.3 Biological DMARDs

1.16.3.1 TNF Inhibitors

Better understanding of the integral role of proinflammatory cytokines including TNF and IL-6
have in driving the pathogenic mechanisms of both RA and PsA, led to the revolutionary
introduction of bDMARDs. With five TNFi currently licensed by the FDA (etanercept, infliximab,
adalimumab, certolizumab pegol, and golimumab) and in widespread clinical use as second line
treatments if patients fail to respond to csDMARDs, they have exhibited positive effects in RA with
significant reduction in structural damage, potentially mediated through the downregulation of
MMPs and overall disease activity (Catrina et al., 2002; Weinblatt et al., 2003; Keystone et al.,
2009). Similarly, TNFi have demonstrated superior efficacy in treating PsA patients compared to
their synthetic counterparts, with beneficial effects on spinal symptoms, dactylitis, and even more
importantly, the level of bone erosion observed radiographically (Glintborg et al., 2011; Mease et
al., 2014). Interestingly, a comparative study that included both RA and PsA patients matched for
disease activity, suggested TNFi may exert better effects on remission rates in PsA compared to

RA, with rates of 60% and 44%, respectively (Glintborg et al., 2011). This evidence supported a
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previous study showing that even at the 1-year follow-up time period, higher remission was
detected in PsA (58%) compared to RA (44%) individuals receiving TNFi therapy (Saber et al.,
2010). Furthermore, a prospective study that followed RA and PsA patients receiving biologic
therapy for a time period of 12 years demonstrated that at this timepoint, the PsA cohort still
exhibited superior biologic responses, thus not only reinforcing the previous studies but also
importantly implying that the superior effects are not transitionary but sustained, information
which highlights the value of biologics in long term PsA disease management (Murray et al., 2021).
At the cellular level, studies have shown that TNFi can impact the destructive behaviour of the FLS
directly, with decreased production of CCL20 and the proinflammatory transcription factor ID-1
and heightened induction of apoptosis, particularly with the use of etanercept (Kawashiri et al.,
2009; Pattacini et al., 2010; Ohara et al., 2019). Unfortunately, even if well tolerated, TNFi are
associated with an increased risk of infection, drug-induced sarcoidosis disease, latent
tuberculosis, and increased incidence of neoplasms, thus ongoing and careful monitoring and
screening by a healthcare professional is warranted (Kourbeti, Ziakas and Mylonakis, 2014; Yun et

al., 2015; Theunssens et al., 2022).

1.16.3.2 IL-6 Inhibitors

The differential response to certain therapies is further observed with the IL-6 inhibitors such as
tocilizumab, sarilumab, and sirukumab, all of which exert their effects through interactions with
IL-6 directly or indirectly through the IL-6 receptor (IL-6R). Whilst the synovial levels of IL-6 have
been shown to be elevated in both active RA and PsA, the results from use of the IL-6 targeting
drug clazakizumab in a placebo-controlled Phase Il randomised controlled trial (RCT) involving a
PsA patient cohort demonstrated minimal effects (Mease et al., 2016). In contrast, multiple
studies support the highly beneficial use of drugs supressing IL-6 activity in RA patients, with
reductions in disease activity after one year and minimal side effects observed with sarilumab
(Tony et al., 2022; Park et al., 2022). Similarly, tocilizumab, an inhibitor of the IL-6R, has improved
RA clinical signs and symptoms, laboratory parameters, and patient recorded quality of life
outcomes, thus currently making it the most widely used humanised monoclonal antibody against
the IL-6R in RA (Smolen et al., 2008; Takeuchi et al., 2011; Strand et al., 2017; Prasad et al., 2023).
Interestingly, a double-blind RCT identified that when utilised as a monotherapy, tocilizumab
demonstrates superior efficacy in reducing DAS28 from baseline compared to the TNFi

adalimumab (Gabay et al., 2013).
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1.16.3.3 IL-17/IL-23 Inhibitors

However, while IL-6 based therapeutic interventions are more associated with RA, further
understanding of the key cytokines driving the pathway of inflammation specifically in PsA, have
led to the development of monoclonal antibodies targeting the IL-17/IL-23 pathways. Several
clinical trials have highlighted the efficacy of secukinumab, the first fully human monoclonal
antibody approved for active PsA treatment in 2015, in diminishing clinical and radiographic scores
of PsA by selectively binding to IL-17A (Kavanaugh et al., 2017; Mease et al., 2018). Moreover,
another IL-17 monoclonal antibody ixekizumab and IL-17A receptor binding drug brodalumab,
were subsequently FDA approved for PsA treatment, with ixekizumab also effective in patients
who were either naive or had failed TNFi based interventions (Nash et al., 2017; Mease et al.,
2021). As a consequence of the success of these therapies in PsA, a number of potential IL-17
inhibitors including bimekizumab are in the pipeline and recently have shown promising effects in
improving PsA-mediated joint, skin, and radiographic damage in Phase Il trials (Mclnnes et al.,
2023). Furthermore, in addition to IL-17, IL-23 is a signature cytokine responsible for PsA
pathogenesis. The fully human anti-IL-12/IL-23 mAb, ustekinumab, blocks the differentiation of
Th1 and Th17 cells and has been shown by several large, Phase Ill randomised clinical trials to be
safe and effective in PsA, leading to its introduction as the first IL-23 inhibitor on the market
(Mclnnes et al., 2013; Ritchlin et al., 2014). Recently, two more IL-23 inhibitors have gained FDA
approval for PsA, guselkumab and risankizumab, with IL-17 type effector cytokines reaching
similar levels to HC following 24 weeks of treatment with guselkumab (Sweet et al., 2021; Ostér
et al., 2022). Due to the complexity of the proinflammatory environment, there has been a recent
shift towards dual therapies capable of blocking multiple cytokines over monotherapies.
Investigations showing blockade of both TNF and IL-17 co-currently have demonstrated early
success in a mouse model of SpA with significant reductions in inflammation and structural
alterations, thus highlighting the potential of this dual-blockade avenue from a clinical perspective

(Hammoura et al., 2022).

1.16.3.4 Band T cell Targeting Therapies

Additionally, bDMARDs targeting the immune cells generating the proinflammatory environment
are also commonly used in RA and PsA therapy. The B cell depleting monoclonal antibody
‘rituximab’ specifically targeting the CD20 molecules located on B cells, has demonstrated high
efficacy in RA but not PsA patients, which could in part be attributed to the more central role of B
cells and their autoantibodies in RA pathogenesis (Veale and Fearon, 2015; Alivernini, Firestein

and Mclnnes, 2022). Whilst meta-analysis have shown good efficacy when rituximab is utilised in
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combination with MTX, one study observed that 50% of RA patients have low/absent B cells within
the synovium. Thus, when compared in a Phase 4 RCT, tocilizumab treatment was more effective
in this patient cohort, highlighting the need for patient stratification (Wang, Bao and Ji, 2020;
Humby et al., 2021). Moreover, the concept of more personalised medicine is further supported
by an accumulating body of evidence indicating differential responses in RA patients based on
their underlying serology and ACPA status (Huizinga et al., 2015; Harrold et al., 2018; Courvoisier
etal., 2021; Harrold et al., 2022). An eloquent study effectively demonstrated that ACPA+ patients
receiving rituximab or abatacept exhibited a significantly greater clinical response by the 6-month
follow-up compared to their ACPA- counterparts (Harrold et al., 2022). In relation to ‘abatacept,’
it is a specific fusion protein targeting the co-stimulatory molecules on antigen presenting cells
that has demonstrated success in both RA and PsA through its suppressive effect on T cell
activation and cytokine release. Studies have highlighted its efficacy in reducing disease activity in
RA patients who have inadequate responses to MTX or TNFi, whilst similarly a 2017 Phase Il study
highlighted the ability of abatacept to resolve several PsA associated symptoms including
enthesitis and dactylitis in PsA patients that had failed TNFi treatment, with these improvements
sustained throughout the follow-up period (Kremer et al., 2006; Genovese et al., 2008; Mease et
al., 2017). A revolutionary study was recently published highlighting the ability of intervention
with abatacept for a 12-month period in IAR exhibiting ACPA positivity to successfully attenuate
their progression to RA. Despite the fact these effects were not sustained at 24 months suggesting
that the pathogenic immune responses modulated by the drug are not permanent, the clinical
signs and symptoms were reduced substantially during this ‘at-risk’ period. Importantly, this study
not only provided unambiguous evidence of the critical role of the adaptive immune system in
driving RA development but additionally, demonstrated that RA interception trials are highly
feasible and could open a pathway in personalised medicine towards treating with the intent to

prevent disease onset in suitable individuals (Cope et al., 2024).

1.16.4 Targeted Synthetic DMARDs

In an analogous manner to biologics, tsDMARDs directly target components of the immune system
but more specifically the complex interactions of the signalling pathways driving the plethora of
immune cell activity. Indeed, the JAK/STAT pathway is critically important in this regard, with
direct involvement in inflammatory pathways driving the activity of T helper cells and expression
of IL-17/IL-23 receptors in the joints. Tofacitinib, a small molecule inhibitor that specifically blocks

the activity of JAK1 and JAK3, has demonstrated high efficacy in PsA by reducing peripheral
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arthritis, dactylitis, enthesitis, and psoriasis, in addition to attenuating radiographic progression
(Nash et al., 2020). Similarly, it is approved for clinical use in RA patients with inadequate
responses or intolerance to MTX since 2016 and has been shown by several studies to reduce
active disease, structural deterioration, and health-related quality of life (Lee et al., 2014;
Wallenstein et al., 2016; Strand et al., 2016). Interestingly, a large body of recent research has
highlighted the mechanisms by which tofacitinib may be exerting its beneficial effects at the
cellular level. Studies have shown tofacitinib induced a reduction in synovial inflammation, cellular
invasion, and proinflammatory metabolic pathways in RA and PsA FLS and explants and
additionally decreased the pathogenic, proinflammatory state of RA and PsA CD209+/CD14+ DC
(Gao et al., 2016; McGarry et al., 2018b; Diller et al., 2019; Marzaioli et al., 2021). Indeed,
tofacitinib’s ability to block multiple characteristic features of RA has further been highlighted
through its blockade of the differentiation of blood-derived monocytes to antigen presenting DCs
along with its attenuation of effective TNF-induced, IFN-B-mediated chemokine synthesis in RA
FLS (Rosengren et al., 2012; Marzaioli et al., 2020). Furthermore, peficitinib, another inhibitor of
JAK activity, has shown success in significantly supressing the production of FLS invasive and
chemotactic mediators including MMP-3, CXCL8, and CXCL1 in ex vivo experiments (Diller et al.,
2019). The JAK inhibitor, upadacitinib, which specifically targets JAK1, has also received approval
for PsA treatment with Phase Il clinical trials demonstrating significantly greater ACR20 responses
compared to placebo, especially in those patients non-responsive or intolerant to TNFi (Mease et
al., 2023). Similarly to tofacitinib, scientific studies have highlighted its ability to supress OSM
induced IL-6, monocyte chemoattractant protein 1 (MCP-1), and MMP expression in FLS, whilst
additionally preventing IFN-y induced transformation of FLS to an inflammatory phenotype
characterised by HLA-DR (O'Brien et al., 2021; Zhao et al., 2022).

Moreover, another signalling pathway that can be targeted is phosphodiesterase-4
(PDE4), an enzyme that regulates the levels of second messengers cAMP and cGMP, thus exerting
widespread effects through the upregulation of inflammatory responses. Apremilast, an oral small
molecule inhibitor of PDE4 that received FDA approval for PsA treatment in 2014, demonstrated
efficacy in the PALACE 4 clinical trial by improving clinical signs and symptoms with minimal
adverse effects (Wells et al., 2018). However, a Phase Il clinical trial failed to show beneficial
effects of apremilast compared to placebo in active RA patients with inadequate response to MTX,
suggesting it may be more PsA specific (Genovese et al., 2015). Ultimately, a more comprehensive
understanding of RA and PsA at the molecular and cellular levels will facilitate the novel targeting
of specific molecules/pathways. These approaches may revolutionise future therapeutic

interventions by attenuating the effects of multiple proinflammatory cytokine hubs
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simultaneously, thus exerting widespread suppressive effects on RA and PsA synovial and systemic

inflammation.

1.16.5 MicroRNA as Therapeutic Targets

As evidenced by the existing literature, miRNA assume a significant role in contributing to the
development and progression of a number of pathologies including joint damage through their
governance over inflammatory pathways, and thus provide a desirable target for therapeutic
intervention/modulation. However, the feasibility and success of such therapies is complicated by
various limitations, one being the ability of miRNA to regulate multiple different mRNA gene
targets in multiple different cell types thus heightening the risk substantially for adverse and
systemic side effects (Diener, Keller and Meese, 2022). Indeed, several miRNA therapeutics that
initially demonstrated success in Phase Il clinical trials have since been terminated as a
consequence of the severe adverse effects including miravirsen, the pioneering miRNA
therapeutic to enter clinical trials capable of targeting chronic hepatitis C infection (Gebert et al.,
2014; lacomino, 2023). Nonetheless, despite its failure, the early success of the miravirsen clinical
trials in human subjects opened the gateway for numerous currently ongoing human trials
investigating the effects of a number of different miRNA related therapies. For example, promising
preliminary results were observed in the first human clinical trial targeting miR-92a with a
synthetic inhibitor MRG-110 which resulted in accelerated angiogenesis and wound healing in
diabetic wounds (Abplanalp et al., 2020). The results from a first-in-human Phase 1b randomised,
double-blind trial targeting cardiac miRNA-132-3p, a miRNA significantly increased in heart failure
with cardiac remodelling effects, were equally promising. Interestingly, when targeted with the
inhibitor CDR132L, patients demonstrated significantly improved cardiac function and heart
failure attenuation, with minimal side effects (Taubel et al., 2021). However, it is clear that further
advances in understanding the roles of individual and combinations of miRNAs in driving
pathophysiology, in addition to optimising the efficacy and safety of anti-miRNA-based strategies,

is essential before widespread clinical use.

1.17 Primary Objectives of this Thesis:

1. To explore the heterogeneity of FLS in RA and PsA synovial tissue and to identify unique

mediators that drive differential pathogenic activity.
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To delineate differences in the transcriptomic profiles and corresponding function of FLS

subsets in RA vs PsA pathotypes.

To identity biomarkers that can provide a minimally invasive and reliable method of

distinguishing RA from PsA disease.
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CHAPTER TWO:

Immune Cell-Derived Cytokines
Synergistically Interact to Drive Synovial
Fibroblast Pathogenic Function and
Metabolic Capacity

63



2.1 Introduction
FLS are stromal cells, integral to the maintenance of the homeostatic joint through their
continuous production of lubricants and SF, and regulation of the structure of the supporting ECM
(Ospelt, 2017; Nygaard and Firestein, 2020). However, in RA, FLS undergo a distinctive pathogenic
transformation, displaying strong proliferative, anti-apoptotic, and invasive characteristics,
mediated through their abundant production of ECM-degrading MMPS including MMP-1 and
MMP-3, angiogenic promoting mediators such as VEGF, immune homing chemokines including
CXCR3, CXCR4, CXCRS5, and CCR6, and proinflammatory cytokines such as IL-6, MCP-1, and IL-8,
all of which is paralleled by shifts in their metabolism to a predominantly glycolytic phenotype
(Tang et al., 2017b; Fearon et al., 2019; Nygaard and Firestein, 2020; Kondo, Kuroda and
Kobayashi, 2021; Fearon et al., 2022). Moreover, studies have highlighted a role for mitochondrial
dysfunction and alterations to the fission/fusion behaviour of these mitochondria, in addition to
ER stress triggered autophagy in driving the destructive behaviour of RA FLS (Biniecka et al., 2016;
Wang et al., 2020a; Wang et al., 2022). Interestingly, the evidence indicates that whilst FLS are not
mere ‘passive responders’ to the inflammatory milieu but epigenetically imprinted with an
‘aggressor phenotype’, this predisposition only serves to make them more responsive to the
influences and stimuli in the surrounding microenvironment (Bottini and Firestein, 2013; Frank-
Bertoncelj et al., 2017; Nygaard and Firestein, 2020; Elhai et al., 2023). The complexity of FLS is
compounded by the fact that this aggressive FLS transcriptomic signature demonstrates stark
differences not solely between two disease states such as RA and OA, but additionally across
different disease pathotypes and anatomical joints in the same patient thus, highlighting the
effects of both pathotype and site specificity in dictating FLS behaviour/phenotype and function
(Ai et al., 2016; Frank-Bertoncelj et al., 2017; Micheroli et al., 2022; Elhai et al., 2023; Choi et al.,
2024). There have been revolutionary discoveries in recent years highlighting the vast variation in
FLS phenotypes and the association between this phenotype and their characteristic function
(Croft et al., 2019; Rauber et al., 2024). The eloquent delineation of FLS based on THY1 expression
into immune regulatory sub-lining versus bone and cartilage degradative lining, with the former
highly influenced once again by their anatomical proximity to EC-derived NOTCH signalling has
driven this field of study, with recent research identifying several additional subsets including a
novel inflammation resolving FLS subset, further emphasising the scope of FLS heterogeneity
(Croft et al., 2019; Wei et al., 2020; Rauber et al., 2024).

The direct interaction between cells, of both stromal and immune origin, and its central
role in exacerbating IA pathology, is a growing field of interest as the chronically inflamed

synovium is a highly complex microenvironment containing an abundance of cell types, each
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releasing different/overlapping mediators. Recently conducted scRNA-seq examining the cellular
composition of the inflamed synovium, demonstrated a multitude of both resident and non-
resident innate and adaptive immune cells of haematopoietic origin, myeloid-derived, and stromal
cells, with a higher predominance of activated FLS states in synovial regions in close proximity to
higher frequencies of infiltrating CD45* leukocytes, supporting the hypothesis that such
interactions can influence FLS behaviour (Carmona-Rivera et al., 2017; Zhang et al., 2023a; Smith
et al., 2023). Indeed, due to the high influx of peripheral immune cells to the synovial joint,
investigating their impact on the endogenous stromal cells is of critical importance in
understanding the mechanisms of inflammatory pathogenesis (Smith et al., 2023). Whilst Petrasca
et al. (2020) demonstrated direct cell-to-cell contact with the FLS is required for T cell activation,
multiple studies have also highlighted the fact that communication is not limited to direct contact
but can additionally be mediated through the plethora of proinflammatory cytokines and
chemokines that are expressed constitutively by the extensive cellular network (Petrasca et al.,
2020; Kang et al., 2022; Smith et al., 2023; Matsuda, Shiba and Hiraoka, 2023). Smith et al. (2023)
effectively reported an impact on FLS morphology and gene expression of markers including
MMP-3 and CXCL1 following stimulation with a combination of myeloid and T cell-derived
cytokines including TNF, IFN- v , and IL-1pB. Similarly, the effect of such cytokines including TNF-a
and IL-1 on the induction of RANKL on ‘tissue destructive FLS’ and the subsequent rapid increase
in osteoclastogenesis and bone resorption, a defining RA characteristic, has also been eloquently
shown in the literature, an effect that could be attenuated in mouse models through blockade of
the specific RANKL enhancer E3 (Matsuda, Shiba and Hiraoka, 2023). Moreover, it is becomingly
increasingly recognised that many cytokines do not act alone but act in coordination with other
prevalent cytokines to potentiate the proinflammatory response thus, introducing the concept of
cytokine synergy. An abundance of literature exists demonstrating the ability of several key
cytokines including TNF, OSM, IL-1, and IL-17A, to synergise and potentiate the proinflammatory
response within the synovial joint microenvironment (Barksby et al., 2006; Fearon et al., 2006;
Zrioual et al., 2009; Moran et al., 2009; van Hamburg et al., 2011; Griffin et al., 2012; Le Goff et
al., 2014; Hanlon et al., 2019; Slowikowski et al., 2020).

Furthermore, arecent study highlighted that soluble mediators released by the FLS, such
as the chemokine CXCL12, can influence the accumulation of T cells in particular regions of the
inflamed RA synovium (Bradfield et al., 2003). This is a bi-directional network supported by
research identifying the ability of T helper-derived soluble mediators themselves to drive a
significantly more proinflammatory and glycolytic FLS phenotype, a phenotype that can be

supressed through the introduction of JAK inhibitors (Bradfield et al., 2003; Kvacskay et al., 2021).
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However, T cells are not the only immune cells in constant communication with FLS, with research
depicting reciprocal contact between macrophage populations and FLS in the RA synovium and
the induction of a pro-resolving, remission phenotype in both cell types. Whilst this work
identified a reduction in the expression of CXCL8, CXCL1, MMP-1, and MMP-3, and heightened
expression of tissue repair genes in FLS in the vicinity of remission associated lining layer
MerTK"CD206" STMs, the significant influence of GAS6 released by the FLS themselves in
regulating the remission phenotype of these MerTK"8CD206" STMs was also highlighted
(Alivernini et al., 2020). Furthermore, additional analysis demonstrated that soluble mediators
secreted from synovial sorted CD206°CD163" macrophages induces a pathogenic phenotype in HC
FLS (Hanlon et al., 2024). However, these effects are not solely limited to immune cells but also
stromal cells within the synovial joint, with research showing constant communication between
FLS and the blood vessel associated ECs. Indeed, as previously mentioned, whilst Wei et al. (2020)
illustrated the impact of EC-derived NOTCH signals on FLS phenotype, Fromm et al. (2019)
highlighted the ability of RA and PsA FLS to regulate EC function through soluble mediators, with
PsA FLS inducing a potent pro-angiogenic EC response.

A key method of communication between these cell types responsible for perpetuating
inflammation within the synovium is the release of the cellular signalling cytokines, of which IL-1
is of particular importance. In 1982, Fontana et al. demonstrated the presence of high levels of IL-
1B in the SF of RA patients, a discovery that has been reinforced by multiple other studies that
have provided clearer insights into its proinflammatory, pathogenic function in IA (Fontana et al.,
1982; Eastgate et al., 1988; Hofbauer et al., 1999; Yang et al., 2019; Levescot et al., 2021). The
mean plasma levels of IL-1B in RA patients have been shown to correlate positively with several
clinical parameters and inflammatory markers including the pain score and the ESR, whilst
correlating negatively with haemoglobin concentration (Eastgate et al., 1988). Moreover, the
effect of IL-1P stimulation appears to exert different pathogenic effects on differential cell types
with a comparative study highlighting its propensity to drive osteoclastogenesis through induction
of osteoprotegerin ligand gene expression in human osteoblastic cells, whilst additional research
detected a significant increase in the release of inflammatory factors by human FLS (Hofbauer et
al., 1999; Yang et al., 2019). Similarly, its ability to drive Tregs towards a highly bone erosive
phenotype has also been shown, with early administration of IL-1 blockade significantly
attenuating the swelling and bone erosion that developed (Levescot et al., 2021). IL-1B exerts its
effects by predominantly signalling through the NF-kB pathway, a pathway that has been shown
to be constitutively activated in chronic inflammatory conditions including RA, contributing to the

abundant production of proinflammatory cytokines, MMPs, and adhesion molecules (Bondeson
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et al., 1999). Interestingly, studies specifically targeting IL-1B have demonstrated efficacy in
ameliorating the aggressive symptoms of RA by primarily inhibiting correct functioning of the NF-
kB signalling pathway (Li et al., 2018a; Yang et al., 2019).

Ubiquitously expressed throughout the body, unlike IL-1B8, TGF-B is a highly pleotropic
cytokine with various functions in normal homeostatic mechanisms including tissue repair but
additionally can be involved in a plethora of diseases, predominantly as a consequence of its
central role in balancing multiple signalling networks. Its multifaceted nature is reinforced in the
context of tumorigenesis where at early stages it serves the role as a tumour suppressor through
governance over cell proliferation and apoptosis (Jang et al., 2002; Baba et al., 2022; Hanusek et
al., 2022). However, as malignancy progresses, research has highlighted its ability to transform
the FLS within the tumour stroma into cancer-associated fibroblasts displaying a characteristic
pro-carcinogenic phenotype that promote cell stemness, ECM remodelling and thus, tumour cell
invasion (Gaggioli et al., 2007; Baba et al., 2022). In the context of arthritis, studies dating from
the 1980s identified an association with RA and OA, with high levels of the active form of TGF-$
found in the SF of both RA and OA patients at 10 ng/mL and 4 ng/mL, respectively (Fava et al.,
1989). Moreover, recent genetic studies have identified the existence of SNPs in the gene
encoding TGF-B as risk variants for both OA and RA, with these variants directly related to disease
activity and circulating autoantibodies in the RA cohort (Rice et al., 2021; Iriyoda et al., 2022). Its
role in OA has been well-established with research suggesting it assumes a major role in driving
chondrocytes preferentially towards a hypertrophic state, with a direct correlation identified
between the severity of OA in the human hip joint and the levels of total TGF-B in the subchondral
bone (Zgoda et al., 2005; van der Kraan, 2018). Moreover, several mouse models directly blocking
TGF-B have shown promising results in attenuating OA pathogenesis by significantly supressing
degeneration of articular cartilage, osteophyte formation, and synovial hyperplasia (Scharstuhl et
al., 2003; Zhen et al., 2013). Furthermore, in RA specifically, genome-wide gene expression
analysis has demonstrated constitutive upregulation of pathways governed by TGF-B1 in RA FLS
(Pohlers et al., 2007). Additionally, the central role local TGF-B1 plays in shifting the balance of
differentiated T cells in favour of Th17 whilst simultaneously reducing Treg numbers has been
established, with a more equal balance restored through TGF-B1 inhibition (Pohlers et al., 2007;
Aarts et al., 2022).

As a consequence of the high number of individual pro- and anti-inflammatory cytokines
influencing the aggressive phenotype and destructive behaviour of the cells within the synovium,
the aforementioned concept of cytokine synergy and its contribution to the progression of

inflammatory arthropathies is becoming increasingly recognised, particularly in the context of
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their effects on FLS. Indeed, the existence of a synergistic interaction between the growth factors
PDGF-f and TGF-B has been shown, an interaction that was capable of potentiating the synthesis
of inflammatory mediators including IL-6, IL-8, MCP-1, and MMP-3 by RA FLS (Rosengren, Corr and
Boyle, 2010). Moreover, the synergistic inflammatory response mediated by TNF-a and IL-17A
has been extensively studied in recent years due to the central involvement of both cytokines in
synovial damage. Whilst their synergy has been reported to induce FLS production of IL-6 in
addition to shifting the ratio of MMPs versus TIMPS in favour of cartilage destruction, a previous
study successfully identified 26 genes that were only induced in RA FLS upon co-stimulation with
TNF-a and IL-17A, an effect mediated through the typical inhibitor of kappa B factor IkBZin a dose
dependent manner (Zrioual et al., 2009; Moran et al., 2009; Koenders et al., 2011; Slowikowski et
al., 2020). Interestingly, the clinical relevance of their synergy has been reinforced by analysis of
RA synovial tissue identifying that the levels of TNF-a and IL-17A mRNA is predictive of future bone
erosion, with therapeutic blockade of both of these cytokines proving more effective in alleviating
inflammatory mediator expression compared to blockade of each cytokine alone (Kirkham et al.,
2006; van Hamburg et al., 2011). Moreover, their synergistic effects are not solely limited to FLS,
with studies demonstrating their ability to significantly enhance the expression of adhesion
molecules P-selectin and E-selectin on endothelium, alongside increased release of the
chemokines CXCL1, CXCL2, and CXCL5, culminating in a sustained level of neutrophil recruitment
(Griffin et al., 2012). Whilst the combined effects of TNF-a and IL-17A have been well-established,
synergism existing between several other IA associated cytokines has also been identified. IL-2
and the alarmin IL-33 synergistically augment the expression of FLS-derived GM-CSF and
expansion of synovial-resident innate lymphoid cells, potent drivers of autoimmune arthritis
(Hirota et al., 2018). Similarly, the synergistic combination of TNF-a and OSM have been shown to
exert powerful effects on both FLS and ECs in RA (Hanlon et al., 2019). Whilst similar synergistic
upregulation of IL-6, MCP-1, ICAM-1, and VEGF was observed in both cell types, differential
regulation of VCAM-1 and metabolic activity was detected, with the synergy producing a
heightened glycolytic capacity and simultaneous reduction in mitochondrial respiration in the RA
FLS in addition to STAT3 upregulation, all outcomes not induced in the ECs, thus introducing the
concept of cell specific effects of cytokine synergy (Hanlon et al., 2019).

IL-1B and TGF-B themselves have demonstrated the capability to synergise with additional
factors to drive specific responses in different cell types and disease states. IL-13 has been shown
to synergise with OSM and induce a variety of effects ranging from markedly enhanced expression
of proinflammatory IL-6 from FLS in vitro, to regulating genes such as RANKL directly implicated in

the balance of cartilage destruction and repair in chondrocytes and RA FLS (Richards and Agro,
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1994; Barksby et al., 2006; Fearon et al., 2006; Le Goff et al., 2014). Moreover, the synergistic
effect of TGF-B3 and growth differentiation factor 5 (GDF-5) has been shown to augment
chondrogenesis whilst TGF-B and Th2-derived cytokines synergistically drive FLS residing in the
human airway to elevate the levels of Eotaxin produced (Wenzel et al., 2002). Additionally, whilst
synergistic effects have been observed on the production of IL-6 and IL-8 mRNA in retinal epithelial
cells, preliminary studies conducted specifically on human synovial FLS examining IL-1 and TGF-
B in combination suggested their effects were additive on the induction of VEGF expression
(Kuppner, McKillop-Smith and Forrester, 1995; Berse et al., 1999).

To date, the specific effects of immune cell-derived cytokines on driving the differential
FLS populations and function in RA vs PsA has yet to be investigated. Therefore, in this study, the
relationship between the major proinflammatory cytokine IL-1 and the pleiotropic cytokine TGF-
B, both highly abundant cytokines in the inflamed synovial joint, in driving proinflammatory,

invasive, angiogenic, and bioenergetic mechanisms in RA FLS were examined.
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2.2 Specific Aims of this Chapter

e To conduct in-depth global synovial transcriptomic analysis of the ligand-receptor
interactions driving the distinct phenotype and function of FLS subsets that differ between
RA and PsA.

e To assess the synergistic effects of macrophage-derived IL-1B and T cell-derived TGF-f on
mitochondrial dynamics and the metabolic profile of RA FLS.

e To determine the synergistic effects of IL-13 and TGF-B on the ER stress response.
e To determine the synergistic effect of IL-1B and TGF-B treatment on the expression of
proinflammatory cytokines, chemokines, adhesion molecules, and angiogenic growth

factors in RA FLS.

e To establish the effect of cytokine synergy on the invasive and migratory behaviour of the
RA FLS.

e To determine the effect of TAK1 inhibition on IL-1B/TGF-B induced pathogenic responses
in RA FLS.

e To assess the effects of TAK1 inhibition on the spontaneous release of proinflammatory,
invasive, and angiogenic mediators from RA synovial explants.

e To assess the effect of TAK1 inhibition on RA synovial explants size over a 21-day time
course.
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2.3 Materials & Methods

2.3.1 Patient Recruitment and Arthroscopy

Patients with RA or PsA, all of which fulfilled the criteria established by the ACR and CASPAR
respectively, were previously recruited from the outpatient clinic at the Department of
Rheumatology, St Vincent’s University Hospital and Tallaght University Hospital, TCD (Taylor et al.,
2006; Aletaha et al., 2010). Using Wolf 2.7 mm needle arthroscopy or ultrasound guided biopsy,
synovial tissue samples from the knee were obtained from actively inflamed RA and PsA patients
as previously described (Ng et al., 2010). Macroscopic synovitis (synovial thickness and villi
formation) and vascularity (vessel number, vascular pattern) scores were also graded at the time
of arthroscopy (Reece et al., 1999). In addition to personal patient information, clinical assessment
included tender joint count (TJC), swollen joint count (SJC), ESR, CRP, DAS28, and the global health
visual analogue scale (VAS). Before commencing the research, all patients were fully informed of
the nature of their involvement and subsequently provided written consent to partake and
provide their biological samples and corresponding medical information. Ethical approval was
granted by St. Vincent’s University Hospital Medical Research and Ethics Committee and all

research was performed in accordance with the Declaration of Helsinki.

2.3.2 Bioinformatic Analysis

2.3.2.1 Synovial Tissue Sample Preparation

Synovial tissue single-cell suspensions were generated following enzymatic and mechanical
digestion of the synovial biopsies. Briefly, approximately 15 synovial biopsies per patient were
digested using the GentleMacs Tumour Dissociation Kit, human (Miltenyi Biotech) as per
manufacturers’ instructions. Immediately after isolation, biopsies are washed with RPMI (Merck)
before being placed in 4.7 mL RPMI-1640 supplemented with 200 pl of enzyme H (protease), 100
ul enzyme R (protease) and 25 pl enzyme A (nuclease) in a GentleMacs C Tube followed by initial
mechanical disruption of the tissue using programme h_tumor_01 on a GentleMacs Dissociator.
Samples were enzymatically digested for a total of 1 h at 37°C under continuous rotation using
the MACSmix Tube Rotator with further applications of the GentleMacs Dissociator at the halfway
point and at the end of the 1 h incubation. The cell suspension was then passed through a 70 uM
cell strainer. Viability of the cells was assessed with trypan blue exclusion staining and immediately
cryopreserved in sterile filtered 10% dimethyl sulfoxide (DMSO)/fetal bovine serum (FBS) at a
concentration of 1x10°cells per mL. Frozen synovial biopsy cell suspensions were thawed quickly

in a 37°C water bath and transferred to sterile tubes with warm RPMI-1640 media (10% FBS). After
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washing and counting, a dead cell removal kit (Miltenyi cat#130-090-101) was implemented to
increase viability. Using the Chromium Next GEM Single Cell 3’ Reagent Kits V.3.1 (10X Genomics),
cells were loaded onto the GEM Chips. The 10X Genomics Chromium Next GEM Single Cell 3’ user
manual was followed for all steps to generate complementary DNA (cDNA) libraries for each
sample. cDNA quantifications and quality control were determined using the Agilent TapeStation.
Final libraries were normalised, quantified (lllumina/ROX low, Kappa Biosystems), pooled based
on 40 k reads/sample. Pooled libraries were sequenced on the lllumina NovaSeq using and S2

NovaSeq 6000 Reagents V.1 kit and a 100-cycle sequencing run.

2.3.2.2 ScRNA-seq Data Analysis

Cell ranger V.3.1 (10X Genomics, California, USA), was used to process the synovial tissue single-
cell suspensions and generate gene expression raw sequencing data, with the 10X human
transcriptome GRCh38.3.0.0 serving as a reference. Following this, the R package Seurat (V.4.0.3)
in R (V.4.1) was utilised to convert the single-cell reads for each sample to a Seurat object. Data
containing genes being expressed in less than 3 cells, empty droplets (removed with function
EmptyDrops), cell doublets (removed by DoubletFinder), and apoptotic cells (removed by
eliminating cells with a mitochondrion associated gene expression of over 25%) were excluded
from any further downstream analysis. A high number of apoptotic cells in one RA donor led to its
exclusion resulting in a total of four RA synovial tissue samples and five PsA synovial tissue samples
being used for further analysis. Scaling and normalisation of the data were performed with the
newly described Sctransform. (V.0.3.2) package and integration of the Seurat objects representing
synovial tissue samples from the nine patients was performed using Harmony (V.0.1.0). Global

synovial scRNA-seq analysis was performed by bioinformatic post-doc, Dr Achilleas Floudas.

2.3.2.3 Population Clustering

Downstream cell clustering was subsequently implemented with clusters being identified by the
FindCluster function of Seurat and visualised on a Uniform Manifold Approximation and Projection
(UMAP) plot. To assess clustering efficiency, the observed to expected edge weight ratios for all
pairs of clusters was examined. To annotate the clusters identified, differential gene expression
profiles derived from using the FindMarkers function of Seurat with Wilcoxon test and p values

adjusted by Bonferroni correction, were used.

72



2.3.2.4 Cell-Cell Interaction Analysis

Nichenetr (V.1.0) package was used to identify cell-cell interactions. ‘Receiver cell’ was assigned
to one cell cluster with its expression data intersected with known receptors and the role of
‘sender’ cells was given to all other cell types with their expression data intersected with known
ligands. Receptors, downstream target genes of interest, and ligands were based on differentially
expressed genes (DEGs) between a defined condition of interest and a reference condition.
Furthermore, a multi-ligand random forest model was utilised to determine the extent by which
IL-18 and TGF-B modulate the F11 FLS in RA compared to PsA. The % of RA-specific or PsA-specific
genes which belong to the 5% most strongly predicted targets were determined and a one-sided
Fisher’s exact test was used to test the significance of the association between the RA-specific and

PsA-specific genes and whether they are part of the 5% most strongly predicted targets.

2.3.2.5 Pathway Analysis

PathfindR (V.1.6.2) active subnetwork analysis was utilised for pathway enrichment analysis.
FindMarkers identified DEGs were filtered according to their log2 fold change and adjusted p value
followed by run_pathfinR based on the Kyoto Encyclopaedia of Genes and Genomes (KEGG)

database.

2.3.2.6 Transcription Factor Usage Analysis
Transcription factor usage was estimated with package dorothea (V.1.4.1) with human regulons
A, B, C. Calculation of viper score differences between RA and PsA cell clusters was performed to

assist with data visualisation.

2.3.3 Bulk RNA Sequencing Analysis

Transcriptomic analysis was performed on our previously published synovial tissue RNA-seq
dataset (Guo et al., 2017). An Agilent bioanalyzer evaluated the quality of the RNA before RNA
sequencing was performed by Q2 Solutions (Morrisville, NC, USA). The lllumina Ribo- Zero
protocol on TruSeq stranded total RNA was used to create sequencing libraries which were pooled
and sequenced on an lllumina HiSeq 2000. Raw reads were assessed for quality using FastQC and
trimmed based on sequence quality and adaptors. Reads were then aligned to the human
reference genome b37.3 using STAR v2.4 (30). RSEM v1.2.14 with the University of California
Santa Cruz (UCSC) transcriptome model was utilised to quantify the aligned reads before

undergoing further quality evaluation based on numerous metrics including coverage, mapping
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rate, and deviation from PCA. Conversion of counts to log2 counts per million, precision weighting,
and quantile normalisation was performed. The human donors included in this bulk RNA-seq that
were analysed included healthy (n=28), early RA (n=57), and established RA (n=95), with detailed
patient demographics previously outlined (Guo et al., 2017). Briefly, healthy donors were defined
as individuals with an absence of historic arthritis in addition to no evidence of arthritis when
clinically evaluated. Early RA patients were individuals who had received an official diagnosis
within the last 12 months and whom were treatment naive prior to this. Established RA patients
had an average disease duration of 68 months and fulfilled two other criteria; all were diagnosed
> 1 year before the sample collection and additionally, all patients had received therapeutic

intervention of either disease modifying anti-rheumatic drugs or anti—-TNF-a.

2.3.4 Synovial Biopsy Digestion & Culture of FLS

Fresh synovial biopsies were digested with 1 mg/ml collagenase type Il (Worthington Biochemical,
Freehold, NJ, USA) in RPMI-1640 (Gibco-BRL, Paisley, UK) for 4 h at 37°C in humidified air with 5%
CO,, with gentle agitation every hour. Following digestion, dissociated cells were seeded into T25
cell culture flasks and grown to confluence in the RPMI-1640, supplemented with 10% FBS (Gibco-
BRL), 10 ml of 1 mmol/I HEPES (Gibco-BRL), penicillin (100 units/ml; Bioscience, UK), streptomycin
(100 units/ml; Bioscience, UK) and fungizone (0.2 pg/ml; Bioscience, UK) before passaging with
trypsin. Cells were used between passages 3-8 for the various experiments. For functional
experiments, FLS were treated with either IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a combination of
IL-1B (1 ng/ml) and TGF-B (10 ng/ml). The concentrations of cytokines selected were based on
optimisation experiments in which 0.1 ng/ml, 1 ng/ml, 10 ng/ml IL-18 and 1 ng/ml, 10 ng/ml, and
100 ng/ml TGF-B were tested. Unstimulated FLS were used as the basal control. For the Takinib
inhibitor experiments in which TAK1 activation is supressed, the FLS were pre-treated with Takinib
(20 uM) (Bio-Techne Ireland Limited) or the control DMSO (20 uM) for 2 h prior to treatment with
IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a combination of both.

2.3.5 Cellular Bioenergetic Functional Analysis

The analysis of the oxidative and glycolytic metabolic profiles of the RA FLS was performed using
the Seahorse-XFe96 analyser (Seahorse Biosciences, Agilent Technologies, USA). RA FLS were
seeded at a density of 15,000 cells per well in a 96-well cell culture XFe microplate (Seahorse

Biosciences) and allowed to adhere overnight. Following this, cells were then treated with either
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IL-1B (1 ng/ml), TGF-B (10 ng/ml) or a combination of both for a further 24 h. For the Takinib
experiments, cells were incubated with Takinib (20 uM) (Bio-Techne Ireland Limited) or control
DMSO (20 uM) for 2 h before IL-1B (1 ng/ml) and TGF-B (10 ng/ml) addition. The calibrator plate
was incubated overnight at 37°C in a non-CO; incubator with XF Calibrant, pH 7.4 (Agilent
Technologies, USA). On the day of the experiment, cells were then washed with assay medium
(unbuffered DMEM (pH 7.4) supplemented with 10 mM glucose; Sigma UK, 1 mM Sodium
Pyruvate; Gibco, and L-Glutamine 2 mM; Biosciences) before incubation with assay medium for 1
h at 37°Cin a non-CO; incubator.

Using the Mitochondrial Stress Test, basal oxidative phosphorylation/glycolysis of the
stimulated RA FLS versus baseline was calculated by the average of three baseline oxygen
consumption rate (OCR)/extracellular acidification rate (ECAR) measurements respectively,
obtained before injection of specific metabolic inhibitors; oligomycin (ATP-synthase-inhibitor), (2
pug/ml; Seahorse Biosciences, UK), trifluorocarbonylcyanide phenylhydrazone (FCCP)
(mitochondrial uncoupler) (5 uM; Seahorse Biosciences) and Antimycin A (complex-IIl inhibitor) (2
UM; Seahorse Biosciences) and Rotenone (2 uM; Seahorse Biosciences). Additional calculations
included: the ECAR:OCR ratio, the level of ATP synthesis which was calculated by subtracting the
OCR following oligomycin addition from the baseline OCR, the spare respiratory capacity
calculated by subtracting the baseline OCR from the maximal respiratory capacity OCR, and the
maximum respiratory capacity calculated by subtracting the average of the three OCR readings
following FCCP addition from the baseline OCR. The extent of proton leakage was determined by
subtraction of the non-mitochondrial respiration from the minimum rate measurement following
oligomycin addition. The above calculations are all shown visually in Figure 2.1.1A below.

For the Glycolytic Rate Assay Stress Test, the assay was performed as per the
manufacturer’s recommendations (Agilent Technologies, USA). Following ECAR measurement at
baseline, basal glycolysis, basal proton efflux rate, % proton efflux rate (PER) from glycolysis, the
Mito OCR/Glyco PER, compensatory glycolysis, and post 2-DG acidification, were measured
following injection of metabolic inhibitors Antimycin A (complex-IIl inhibitor) (2 uM; Seahorse
Biosciences) and Rotenone (2 uM; Seahorse Biosciences), and 2-DG (250 Mm) (Sigma).
Quantification of the parameters were determined as outlined in Figure 2.1.1B and Table 2.1

below.
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Figure 2.1.1. Seahorse metabolic assay measurable parameters. (A) Representative Seahorse
Mitochondrial Stress Test and (B) Representative Seahorse Glycolytic Rate Assay depicting
measurable parameters.

PARAMETER EQUATION

Basal Glycolysis The last glycoPER measurement before first injection of
Rotenone and Antimycin

Basal Proton Efflux Rate The last PER measurement before the first injection of Rotenone
and Antimycin

% PER from Glycolysis Basal Glycolysis/(Basal PER) X 100%

Mito OCR/Glyco PER (Last OCR measurement before the first injection) — (Minimum
OCR after Rot/AA injection)/(Basal Glycolysis)

Compensatory Glycolysis Maximum glycoPER measurement after the Rot/AA injection

Post 2-DG Acidification The minimum glycoPER measurement after the 2-DG injection

Table 2.1. Parameters measured by the Glycolytic Rate Assay. Equations used to determine the
parameters in the Agilent Seahorse XF Glycolytic Rate Assay.

2.3.6 Tetramethylrhodamine-Methyl-Ester Mitochondrial Staining

To determine the effect of cytokine stimulation on mitochondrial activity and morphology in the
RA FLS, mitochondrial tetramethylrhodamine-methyl-ester (TMRM) staining was performed using
a custom upright (Olympus BX61WI) laser multiphoton microscopy system. FLS at a density of
8x10* were seeded in 35 mm petri-dishes and allowed to adhere overnight in a 37°C incubator
with 5% CO,. Subsequently, FLS were incubated in 1% RPMI-1640 for 24 h before being stimulated
with IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a mixture of both for a further 24 h. The RA FLS were
then stained with 250 nM of TMRM at 37°C for 30 min before being washed with sterile phosphate
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buffered saline (PBS). Two-photon excitation was performed at 850 nm, and fluorescence
emission was collected at 580-638 nm. Fluorescence images were acquired and quantified for

their intensity and mitochondria morphology using CellProfiler.

2.3.7 Measurement of Mitochondrial Mass

To assess mitochondrial mass, 5x10* RA FLS were seeded into a ViewPlate-96 black (PerkinElmer)
and allowed to adhere overnight in a 37°C incubator with 5% CO,. Cells were then washed with
sterile PBS before being centrifuged for 3 min at 1400 rpm. Following this, cells were resuspended
in pre-warmed RPMI-1640, and room temperature (RT) thawed MitoTracker green FM
(Thermofisher) (diluted to the working concentration of 1 uM in DMSO) to form the staining
solution at 50 nM and incubated in the 37°C incubator with 5% CO, for 25 min. Cells were then
washed with pre-warmed Hanks’ Balanced Salt Solution before undergoing centrifugation at 1400
rom for 3 min. Following this, RA FLS were resuspended in Hanks’ Balanced Salt Solution
containing the appropriate dilution of the stimulations; IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a
combination of both. A positive and negative control containing FCCP (5 uM) and DMSO (50 nM)
respectively were also included. The fluorescent emission from the MitoTracker dye was then read
immediately on kinetic mode at time intervals of 15 min for 24 h on the Spectra Max Gemini

System, with excitation and emission wavelengths of 490 nm and 516 nm respectively.

2.3.8 Measurement of ER Size

To assess the effect of stimulation with IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a combination of both
on RA FLS ER size/stress, ER staining was performed. RA FLS were seeded at a density of 1x10°RA
FLS into a 12-well plate and allow to adhere overnight in a 37°C incubator with 5% CO,. Following
6 h or 24 h stimulation with IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a combination of both, ER tracker
green (Invitrogen, Fisher Scientific, UK) was used to stain the ER-localized ATP-sensitive
K* channels of the RA FLS following the manufacturer’s instructions. Flow cytometry was
performed to detect ER tracker signal on the Canto Flow Cytometer (BD Biosciences). All analysis
was performed using FlowJo (v10) software (Flowlo LCC, Oregon, USA). Cells without ER Tracker
dye but containing the comparable concentration of DMSO were used as a negative control. Cell
debris and doublets were removed from the analysis and the median fluorescent intensity (MFI)
of the ER Tracker dye was determined as outlined by the gating strategy shown in Figure 2.13.

Intensity of ER tracker staining (MFI) was taken as a correlation of the size of ER membranes.
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Fluorescence microscopy was also performed using a custom upright (Olympus BX61WI) laser
multiphoton microscopy system. Fluorescent images were acquired, and the volume of the ER

compared to the volume of the entire cell was determined using CellProfiler.

2.3.9 Immunofluorescence for Protein Disulphide Isomerase and MitoTracker Red CMXRos

RA FLS were seeded at a density of 1x10% into 18-well chamber slides (lbidi u-slides) in 100 pL
RPMI-1640 and allowed to adhere for 48 h in a 37°C incubator with 5% CO,. The media was
removed and replaced with 100ul fresh pre-warmed RPMI-1640 containing the appropriate
concentrations of the stimulations; IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a combination of both.
Prior to fixation, cells were stained with MitoTracker Red CMXRos (Life Technologies, M46792) for
20 min at 37°C. All remaining steps were carried out protected from light. RA FLS were then fixed
with 4% paraformaldehyde (PFA) for 15 min at RT, permeabilised with ice-cold methanol for 10
min at 4°C and blocked for 1 h at RT on the shaker with 5% donkey serum (in PBS). Blocking
solution was then aspirated and 40 uL of the primary antibody Anti-Protein Disulphide Isomerase
(PDI) mouse mAb (1:100, Thermo Fisher Scientific, RL90) was added. Overnight incubation with
the primary PDI antibody at 4°C in a sealed black box was performed. On day 2, the cells were
washed with gentle shaking three times for 10 min in PBS with 0.01% Tween before incubation
with 50 plL secondary antibody Alexa Fluor 594 donkey anti-mouse IgG (1:200, Abcam) for 1 h at
RT in the dark. Following this, three consecutive 10 min washes in PBS were conducted before
mounting and cell nuclei staining was performed with VECTASHIELD[R] Antifade Mounting
Medium with DAPI (VectorLabs, H-1200). The chamber slide was then stored protected from the
light at 4°C until imaging. Images were taken using the Leica SP8 Scanning Confocal microscope

and software.

2.3.10 Enzyme-Linked Immunosorbent Assay (ELISA)

To assess the effects of treatment with IL-1B (1 ng/ml) or TGF-B (10 ng/ml) alone and in
combination on the production of proinflammatory mediators and growth factors, RA FLS were
seeded in 24 well-plates at a density of 5x10° per well and allowed to attach overnight. Cells were
then incubated in 1% RPMI-1640 for 24 h and subsequently stimulated with IL-1B (1 ng/ml), TGF-
B (10 ng/ml), or a combination of both for a further 24 h. Supernatants were harvested and levels
of IL-6 (IL-6, R&D systems, UK) (min detection range of 9.4 pg/ml and standard range of 9.4-600

pg/ml), IL-8 (IL-8, R&D systems, UK) (min detection range of 31.2 pg/ml and standard range of
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31.2-2000 pg/ml), MCP-1 (MCP-1: eBiosciences, USA) (min detection of 7 pg/ml and standard
range of 7-1000 pg/ml), VEGF (VEGF, R&D Systems, UK) (min detection of 9 g/ml and standard
range of 15.6-1000 pg/ml), and OPG (OPG, R&D Systems, UK) (min detection of 1 g/ml and
standard range of 62.5 - 4,000 pg/ml) were determined according to the manufacturer’s
conditions. For the Takinib experiments, RA FLS were incubated with Takinib (20 uM) or DMSO
(20 uM) 2 h prior to stimulation with the cytokines (Bio-Techne Ireland Limited). Supernatants
were harvested, and levels of IL-6, IL-8, and MCP-1 were quantified as per the manufacturer’s

guidelines.

2.3.11 Multiplex ELISA Analysis

Using the cultured supernatants prepared and harvested for the IL-1B/TGF-B and Takinib
experiments as described above (Section 2.3.10), protein concentrations of the angiogenic
mediators; PIGF, VEGF-A, VEGF-C, VEGF-D, Tie-2, bFGF, and Flt-1, chemokine proteins; MCP-1,
MCP-4, IL-8, IP-10, TARC, MDC, Eotaxin, Eotaxin-3, MIP-1B, and MIP-1a, and the MMPs; MMP-1,
MMP-3, and MMP-9 were quantified using the V-PLEX Angiogenesis Panel 1 (human) kit (Meso
Scale Discovery, USA), the V-PLEX Chemokine Panel 1 (human) kit (Meso Scale Discovery, USA),
and the Human MMP 3-Plex Ultra-Sensitive Kit (Meso Scale Discovery, USA), respectively as per
the manufacturer’'s recommendation’s. Levels of osteoclastogenic related proteins RANKL,
macrophage colony-stimulating factor (M-CSF), and bone morphogenetic protein 2 (BMP2) were
also analysed using the U-PLEX RANKL/TNFSF11 (human) kit (Meso Scale Discovery, USA) and the
R-PLEX BMP2 (human) kit (Meso Scale Discovery, USA) respectively. Briefly, 50 ul or 25 pl (where
appropriate) of supernatants (stored at -20 °C) were added to precoated/coated multiplex wells
for 1/2 h at RT under constant shaking. Simultaneously, an eight-point standard curve was added
to the plate. The plate was subsequently washed three times using PBS/Tween, after which 2 5l
of Detection antibody was added for 1/2 h at RT under constant shaking. Finally, after washing
three times, 150 pl of the appropriate Read buffer was added, and the electrochemiluminescence
of the plate was analysed using a Meso Sector S600 Imager. A complete list of the specific Meso

Scale Discovery (MSD) assays and the analytes measured are depicted in the table below.
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ASSAY ANALYTES MEASURED

V-PLEX Angiogenesis Panel 1 (human) PIGF, VEGF-A, VEGF-C, VEGF-D, Tie-2, bFGF, Fit-1

kit

V-PLEX Chemokine Panel 1 (human) kit MCP-1, MCP-4, IL-8, IP-10, TARC, MDC, Eotaxin,
Eotaxin-3, MIP-1B, MIP-1a

Human MMP 3-Plex Ultra-Sensitive Kit MMP-1, MMP-3, MMP-9

U-PLEX RANKL/TNFSF11 (human) kit RANKL, M-CSF
R-PLEX Human BMP2 (human) kit BMP2

Table 2.2. List of MSDs performed, and the analytes measured.

2.3.12 mRNA Extraction and cDNA Synthesis

To assess the effects of IL-18 and TGF-B on specific inflammatory and metabolic genes, RA FLS
were seeded into 6-well plates at a density of 1x10%and allowed to grow to confluence. Cells were
incubated in 1% CRPMI-1640 for 24 h and subsequently stimulated with IL-1B (1 ng/ml), TGF-B (10
ng/ml) alone or a combination. For the Takinib experiments, RA FLS were cultured with Takinib
(20 uM) or DMSO control (20 uM) 2 h prior to stimulation with the cytokines. Once confluent, cells
were lysed with Qiazol according to the manufacturer’s protocol, and total RNA was isolated using
the miRNeasy Mini Kit (Qiagen, Germany). The integrity of RNA samples was assessed using a
bioanalyzer (Agilent, CA, USA) to ensure high quality including a 260:280 ratio >1.8, and
subsequently stored at -80°C until needed. Total RNA (100 ng) was reverse transcribed to
complementary cDNA using a high-capacity cDNA reverse transcription kit (Applied Biosystems,
Cheshire, UK) containing a mixture of 10x RT Buffer, DNTPs, 10 Random Primers, RNase Inhibitor,
Multiscribe Reverse Transcriptase Inhibitor, and RNase-free H,0, and stored at -20°C until further
use. Negative controls consisted of samples lacking multiscribe reverse transcriptase were also

prepared alongside.

2.3.13 Gene Expression Analysis

Using the Quant Studio 5 Thermal Cycler (Applied Biosystem, Lewes, UK), gene expression data
were quantified by real-time polymerase chain reaction (RT-PCR). Reaction mixtures for
amplification contained 1 pl of cDNA, SYBR green PCR mastermix (Applied Biosystems), RNase-
free water, and specifically designed target mRNA primer pairs of the following genes (dependent
on specific experiments): IL-6, MCP-1, IL-8, CXCL5, CXCL10, VEGF, MMP-1, MMP-3, MFN1, MFN2,
OPA1, DRP1, HIF-1a, LDHA, PKM2, GLUT-1, PFKFB3, BIP, XBPI, ATF6, ILBR1, TGFBR1, TGFBR2, PGC-
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1la, TFAM, NRF1, and CPT1b. Specific sequences of the primers are outlined in Table 2.3 below.
Negative controls consisted of samples lacking multiscribe reverse transcriptase which enabled
the testing of target specific quantification and samples lacking RNA which enabled identification
of primer-dimer formation. Using pre-optimised conditions, the comparative threshold cycle (CT)
method was used to analyse the data with all thermal cycling conditions performed as
recommended by the manufacturer (Applied Biosystems). Using a 96-well plate format, all
samples were run in duplicate whilst negative controls were run in singlet alongside. For analysis,
all acquired data were normalised to the expression of the housekeeper RPLPO which acted as an
endogenous control and was selected based on optimisation experiments. To represent the
relative changes in gene expression of the data, the CT method and specifically the 263¥% method

was used to graphically represent the results.
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Gene Name Forward Primer

5’ GCGTCCTCGTGGAAGTGACAT 3’

5’ CCCTGAGAAAGGAGACATGTAAC 3’
5’ GCTCGCTCAGCCAGATGCAA 3’

5’ TTGGCAGCCTTCCTGATTTC 3’

5’ GTCTTCAGCAGAGAAGTTTTCTG 3’
5’ TTCAAGGAGTACCTCTCTCTAGAA 3’
5’ GCAGAATCATCACGAAGTGGTG 3’

5" GCTAACAAATACTGGAGGTATGAT 3’

5" CGGTTCCGCCTGTCTCAAG 3’

5" GACAGTCCAGGCACAGATGT 3’

5" GAAGACACGTACAGGAATGCAG 3’
5" CCTGTGAGGTCTGCCAGTCT 3’

5’ CTAAAGGGGTGGAAGCAGAAGA 3’

5’ GAAACTTCTGGATGCTGGTGATTT 3’
5’ ATGGAGATTCCAGTGTGCCTG 3’
m 5’ ATTATTTGAGGAACTCCGCCG 3’
5’ CTTCCAGTATGTGGAGCAACT 3’

5" CCATGAAAGTCCGGAAGCAATG 3’

_ 5 TCCTGCGTCGGCGTGTTCAA 3’

5" GGAGGAAACTGAAAACAGAGTAG 3’

AFT6 5" TCAGGTTAAATCATGAACTTCGAGG 3’

5 GGCCAGTTGAGTGACATTGCT 3’
5’ GCTGTATTGCAGACTTAGGACTG 3’
5’ AAGATGACCGCTCTGACATCA 3’

5’ CATGTATCGCCGTAAACTGGAC 3’
5’ GCTTTCTGGGTGGACTCAAGT 3’
m 5’ AGGAACACGGAGTGACCCAA 3’

5’ ATGGCGTTTCTCCGAAGCAT 3’

Reverse Primer

5’ TCAGGGATTGCCACGCAGGG 3’

5’ CCTCTTTGCTGCTTTCACACATG 3’
5’ TGGTGAAGTTATAACAGCAGGTGA 3’
5’ TGGCAAAACTGCACCTTCAC 3’

5’ CAGGAAGAAAGCTAACTACTGGA 3’
5’ GGTTGATTACTAATGCTGATGCAG 3’
5’ TCTCGATTGGATGGCAGTAGCT 3’

5" ATTTTGGGATAACCTGGATCCATA 3’
5’ CGCCAAAAGTGCCTGTCTT 3’

5’ GGCTTGGAAAGCCGCTCATT 3’

5’ GTAACCTTTGACGTCCAGAACC 3’
5’ CCTTAATTGGGGTCGTTGAAGC 3’
5’ CCGTGTAAAGCTTATTTTTGGTGTG 3’
5’ GCAATTCATCTGTGCTTTCTGTCA 3’
5’ CAGAGAGACACCAGCAACATT 3’

5’ ATTCCGGGTCACAGCAATGAT 3’

5’ GCACAGTGAAGATGATGAAGA 3’

5’ GCTTTTGACATCTCTCAAGGCAG 3’
5'TGCCCTGATCGTTGGCGATG 3’

5’ CATTCGAGCCTTCTTTCGATCTC 3’
5'TGACTTGGTCCTTTCTACTTCATG 3’
5’ TGTGATGAGGGTACTCCTTCTTT 3’

5 TTTTTGTTCCCACTCTGTGGTT 3’
5’CTTATAGACCTCAGCAAAGCGAC 3’
5’ TGGTAGGAGCACATAGGCACT 3’
5" GAGGGCAATCCGTCTTCATCC 3’
5’ TATGCTCGGTGTAAGTAGCCA 3’
5’ TCCGCCCTATAAGCATCTTGA 3’

Table 2.3. Primer sequences designed and used for RT-PCR analysis.
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2.3.14 Flow Cytometry

Multiparameter flow cytometric analysis was used to analyse the expression of surface and
intracellular markers in the basal versus stimulated RA FLS. Surface marker expression of RA FLS
following stimulation with IL-1B (1 ng/ml), TGF-B (10 ng/ml) alone or in combination was
examined. For extracellular staining, cells were seeded at 5x10° cells/well in a 24 well plate,
incubated with 1% RPMI-1640 for 24 h when confluent and then stimulated with 1% RPMI-1640
supplemented with the specific cytokines IL-1B (1 ng/ml) or TGF-B (10 ng/ml) for 24 h prior to
staining. The following optimised staining protocol was used: Adherent RA FLS were removed from
the 24-well plates using RT Accutase cell detachment solution (Sigma-Aldrich, Ireland) to preserve
cell viability and cell surface marker expression and transferred to the appropriate wells of a 96-
well round-bottomed plate. Following washing in ice-cold PBS, cells were resuspended in
LIVE/DEAD fixable NIR (Molecular Probes, Thermofisher Scientific) viability dye diluted in PBS
(1:2000) for 30 min at 4°C in the dark in order to eliminate dead cells. Samples were then blocked
with a human FcyR-binding inhibitor (TruStain FcX Receptor blocking solution (BioLegend UK))
diluted 1:10 in Fluorescence-Activated Cell Sorting (FACS) buffer ((Dulbecco’s PBS without Mg2*
or Ca2* (Sigma Aldrich), 2% heat-inactivated FBS (Biosciences), 0.05% sodium azide (Sigma-
Aldrich), and 0.5 M EDTA pH 8.0 (Ambion)) prior to antibody staining for 10 min to prevent non-
specific binding of antibodies. The following extracellular antibodies were then used in
combination to investigate surface expression of activation and functional markers by the
stimulated RA FLS: PDPN FITC (Clone NC-08) (BioLegend), Human FAP Alexa Fluor 700 (Clone
427819) (RnD), THY1/CD90 Brilliant Violet 421 (Clone 5E10) (BioLegend), CD34 Brilliant Violet 510
(Clone 581) (BioLegend), CD54 Brilliant Violet 605 (Clone HA58) (BD), CD45 Brilliant Violet 650
(Clone HI30) (BioLegend), CD146 Brilliant Violet 711 (Clone P1H12) (BioLegend), HLA-DR Brilliant
Violet 785 (Clone L243) (BioLegend), FAS-L PE (Clone NOK-1) (BioLegend), and CD309 PE/Cy7
(Clone 7D4-6) (BioLegend). For the chemokine panel, the following fluorochrome-conjugated
antibodies were used — VCAM-1 APC (Clone STA) (BioLegend), CCR6 Brilliant Violet 421 (Clone
11A9) (BD), CXCR3 Brilliant Violet 510 (Clone GO25H7) (BioLegend), CXCR4 Pe-CF594 (Clone 12G5)
(BD), CXCRS5 Brilliant Violet 785 (Clone J252D4) (BiolLegend), and PDPN PeCy7 (Clone NC-08)
(BioLegend). A full list of the antibodies used is outlined in Table 2.4 below.

Samples were incubated with the appropriate fluorochrome-conjugated extracellular
antibodies and Brilliant Stain Buffer mixture (30 pl Brilliant Stain Buffer + 1 ul/ab per sample) for
30 min at 4°C in the dark. Following fixation with 75 pl 1% PFA for 10 min, consecutive washes
with PBS and FACS buffer and centrifugation at 1400 rpm for 3 min following each wash was

performed, before the cells were resuspended in 200 pul FACS buffer and transferred from the 96-
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Flowlo (v10) software (FlowJo LCC, Oregon, USA). For gating purposes, fluorescent minus one
(FMO) controls were used to determine gate boundaries between markers. Cell debris and

doublets were removed from the analysis and marker expression on the FLS was determined as

outlined by the gating strategy shown in Figure 2.20 and Figure 2.23, respectively.

Marker Other Name Fluorochrome Clone Company
BioLegend
BioLegend
581 BioLegend
P1H12 BioLegend
_ 427819 RnD
1243 BioLegend
7D4-6 BioLegend
NOK-1 BioLegend
m FITC NC-08 BioLegend

CHEMOKINE PANEL

CD106 APC STA BioLegend
BN1 BV421 11A9 BD
CD183 BV510 G025H7 BioLegend
CD184 Pe-CF594 12G5 BD
CD185 BV785 J252D4 BioLegend
m PeCy7 NC-08 BiolLegend

Table 2.4. Extracellular antibodies used for RA FLS flow cytometric staining.

2.3.15 Wound Repair Assay
RA FLS were seeded into 48-well plates at a density of 3 x10* cells/well and grown to confluence.

Once confluent, a sterile P200 pipette tip was used to induce a single linear scratch wound through
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the middle of each well. The media, including dead cells, was then removed and the appropriate
concentrations of the stimulants; IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a combination of both,
were added in RPMI-1640, before the cells were placed back in the 37°C incubator for a further
24 h. The cells were then washed in PBS, fixed in 4% PFA for 30 min, and then stained with 0.1%
crystal violet for a further 30 min. FLS migration was subsequently assessed by taking 3 high-power
images of each well using a phase contrast microscope at 10x magnification (Nikon TMS
microscope linked to a Canon S70 camera). Semi-quantitative analysis was then performed by
counting the number of cells that had repopulated the wound margins as previously described

(Barker et al., 2023). This process was repeated for all biological replicates.

2.3.16 Crystal Violet Cell Viability Assay

To assess the effects of Takinib and DMSO addition on FLS viability, all media was removed from
the cells and fixation in 4% PFA was performed for 30 min at RT. Subsequently, 0.1% crystal violet
was applied to the cells for a further 30 min at RT. The wells were then washed three times in
distilled H,0 before being left to dry overnight. The following day, 1% SDS solution in dH,0 was
prepared and the cells were incubated for 30 min with approx. 400 uL/well with gentle shaking. A
96-well plate was then prepared with 100 pL in triplicate of each condition added and 1% SDS x3

included for the blank. The absorbance was read on the ELISA plate reader at 530 nm.

2.3.17 RA and PsA ex vivo Synovial Explants
Fresh RA and PsA biopsies were obtained from arthroscopy and immediately sectioned into small
pieces before being cultured in 96-well plates in full media, creating an environment that closely
resembles the in vivo joint environment. To assess the effect of TAK1 inhibition on the release of
proinflammatory mediators, the biopsies were cultured in the presence of Takinib (20 uM) or
DMSO (20 uM) vehicle control for 24 h at 37°C. Following culture, the supernatants were
harvested and assayed for the spontaneous release of angiogenic mediators, chemokines, and
MMPs by MSD multiplex assay as outlined in Section 2.3.11 above.

To assess the effect of Takinib inhibition on overall biopsy size, an ex vivo synovial explant
model was utilised (McGarry et al., 2018b). Briefly, 50 ul of Matrigel (Biosciences) was added to a
96 well plate and incubated for 1 h at 37°C, before sections of the synovial tissue were embedded
in the Matrigel and cultured in the presence of Takinib (20 uM) or DMSO (20 uM) vehicle control.

The supernatants were collected, fresh media and inhibitors were added, and microscopic images
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were taken repeatedly at day 0, 4, 8, 12, 16, and 21. Biopsies were imaged by taking a single high-
power image of the entire biopsy at 10x magnification in addition to 3 high-power images using a
phase contrast microscope at 20x magnification (Nikon TMS microscope linked to a Canon S70

camera).

2.3.18 Statistical Analysis

All statistical analysis was performed using GraphPad Prism 9 software (GraphPad Software Inc.,
California, USA). Analysis of non-parametric data was performed using either the unpaired T test
with the Wilcoxon-Signed Rank Test (#) or the one-way ANOVA with Friedman’s Test (*). Statistical
significance was defined by *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 for Friedman’s Test.
Statistical significance was defined by #p<0.05, #p<0.01, *#p<0.001, **p<0.0001 for the
Wilcoxon-Signed Rank Test. For the bulk RNA-seq data, statistical analysis was performed using
the Kruskal-Wallis Test with Dunn’s Multiples Comparisons, with *p<0.05, **p<0.01, ***p<0.001,
****¥p<0.0001 defined as statistically significant. Outliers were identified and excluded using the

ROUT method. All data were represented as Mean +/- Standard Error of the Mean (SEM).
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2.4 Results

2.4.1 The distribution of FLS clusters is different between RA and PsA synovial biopsies.

Global scRNA-seq analysis was performed on RA and PsA synovial tissue cell suspensions. Nine
mega clusters were identified including FLS, ECs, T cells, B cells, macrophages, DCs, plasma cells,
pericytes, natural killer cells and additionally an undefined population. Further analysis of the FLS
mega-subset identified eleven distinct clusters in synovial biopsies obtained from RA and PsA
patients. Figure 2.1 shows that while both RA and PsA synovial tissue had all eleven clusters, the
frequency of the clusters differed between the two pathotypes, with PsA displaying a significant
increase in the number of FLS in the F1 cluster (***p<0.001), whilst an increase in the number of
FLS in the F8, F9, and F11 cluster were observed in RA (**p=0.006, ***p<0.001, ***p<0.001,
respectively). Further analysis was performed to identify the expression of the key FLS markers
FAP and THY1 across clusters F1-F11. It was identified that FAP and THY1 were enriched in the RA
F11 FLS cluster, and to a lesser extent were also enriched in the F9 and F10 clusters. In contrast,
the F1 cluster which demonstrates dominance in PsA synovium, had minimal FAP/THY1 expressing
cells (Figure 2.1A-B and Figure 2.2A). Next, data imputation was performed to determine the
number of cells co-expressing THY1 and FAP that were present in the F1 and F11 clusters. Figure
2.2B shows that while RA F11 FLS cluster demonstrated an enrichment of co-expressing FAP/THY1
cells, the PsA F1 FLS cluster did not. These data demonstrate the significant heterogeneity of FLS
across the two disease states, with distinct predominance of differential clusters identified
between RA and PsA. Subsequently, this could explain the differential regulation of pathogenic
mechanisms within the synovium that defines their disease pathotype, progression, and response

to intervention.

2.4.2 Macrophage-derived IL-1B and T cell-derived TGF-f interact to promote the pathogenic
phenotype of proinflammatory RA F11 FLS.

As mentioned above in Section 2.3.2.2, scRNA-seq analysis was conducted on the whole synovial
cells’ suspension, thus enabling the global analysis of potential receptor-ligand interaction
networks that may be driving the transcriptomic profile of inflammatory FLS. The role of receiver
cells was designated to the F1 cluster enriched in PsA, and the F11 cluster enriched in RA (Figures
3A and 3B) thus, their potential ligands were hypothesised to be derived from all other cell types
within the synovium. Figure 3B demonstrates a Circo plot that depicts the top ligand and
downstream target interactions that are enriched in the RA F11 cluster. Macrophage-derived IL-

1B and T cell-derived TGF-B are the main ligands that potentially may be interacting with receptors

87



on the THY1+FAP+ F11 FLS, and potentially driving their proinflammatory phenotype within the
joint. Direct comparison of RA and PsA indicates that whilst IL-1p alone could significantly predict
(*p=0.028) the expression of downstream genes of cluster F11 in PsA synovium, in RA, when
analysed alone, neither IL-1B or TGF-B could predict downstream expression of genes (Figure 3C).
However, examination of IL-1B or TGF-B together in the context of synergy demonstrated high
significance in predicting the downstream expression of differentially expressed genes of F11 FLS
in RA (***p<0.001). Cumulatively, these results suggest that the synergistic interactions between
the macrophage-derived IL-1B and T cell-derived TGF-B may drive the pathogenic functional
activity of the F11 THY1+FAP+ FLS enriched in RA patients specifically.
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Figure 2.1. Distinct FLS cluster distribution in RA compared to PsA synovial biopsies. High
dimensionality scRNA-seq analysis identifies specific cell clusters in the synovial tissue biopsies
of patients with RA (n=4) and PsA (n=5). (A) Abundance of FLS clusters in RA and PsA patient
synovial biopsies. (B) Frequency of FLS clusters (calculated as a percentage of all FLS/sample) in
PsA (n=5) and RA (n=4) synovial biopsies, data are presented as box and whiskers plots (min to
max), symbols represent individual samples, statistical significance was determined by two-way
analysis of variance with Sidak’s multiple comparisons test (***p<0.001, **p=0.0062). FLS
clusters with significantly different abundances between RA and PsA are indicated by blue
(higher in RA) and red (higher in PsA) boxes.
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Figure 2.2. Distinct FLS cluster distribution in RA compared to PsA synovial biopsies. (A)
Expression and percentage of positive cells per FLS cluster for the markers FAP and THY1. FLS
clusters with significantly different abundances between RA and PsA are indicated by blue (higher
in RA) and red (higher in PsA) boxes. (B) Scatterplots showing the relationship between THY1 and
FAP expressing cells before and after data imputation for RA and PsA FLS cluster F1 and FLS cluster
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2.4.3 Dysregulated expression of the IL-1B and TGF-B signalling pathways in healthy vs early RA vs
established RA synovial tissue.

To investigate the prevalence of mediators related to the IL-1B and TGF-f signalling pathways in
HC vs early RA vs established RA, transcriptomic analysis was conducted. Bulk RNA-seq on synovial
tissue biopsies obtained from a healthy cohort (n=28), those with early RA (n=57), and those with
established RA (n=95) revealed enrichment in several critical ligands, receptors, mediators, and
effectors in both the IL-1B and TGF-P signalling pathways. Specifically, a significant increase in the
expression of the following genes was detected between HC and early RA/established RA; IL-1A
(Figure 2.4A), IL-1B itself (Figure 2.4B), the receptors IL-1R1 (Figure 2.4C), IL-1R2 (Figure 2.4D), and
IL-1RAP (Figure 2.4E), the mediators IRAK4 (Figure 2.4])), TAB2 (Figure 2.4L), TAB3 (Figure 2.4M),
and the effectors NF-kB1 (Figure 2.4N) and NLRP3 (Figure 2.40) (p<0.05, p<0.01, p<0.001,
p<0.0001). Moreover, both TRAF6 (Figure 2.4F) and IRAK3 (Figure 2.4l) exhibited a significant
stepwise increase in expression from HC to early RA to established RA. Conversely, IRAK1 (Figure
2.4G), IRK2 (Figure 2.4H), and TAB1 (Figure 2.4K) demonstrated a significant decrease in expression
from HC to established RA (p<0.0001). Furthermore, in relation to TGF-B signalling, a significant
increase in the expression of the following genes was detected between HC and early
RA/established RA; the receptors TGF-BR1 (Figure 2.5B) and TGF-BR2 (Figure 2.5C), SMAD?2 (Figure
2.5D), SMAD4 (Figure 2.5F), SMURF2 (Figure 2.5H), and the effector PI3K (Figure 2.51) (p<0.05,
p<0.01, p<00001). Interestingly, both TGF-B1 itself (Figure 2.5A) and the SMADs, SMAD3 and
SMAD?7 (Figures 2.5E and 2.5G), showed a reduction in expression from HC to established RA
(p<0.0001). Collectively, this identified increase and dysregulation of several key components of
the IL-1B and TGF-B signalling pathways in RA synovial tissue compared to healthy comparators
suggests a prominent functional role for IL-1B and TGF-B alone and in synergy to drive RA FLS

pathogenic phenotype.
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Figure 2.4. Dysregulated expression of the IL-1p signalling pathway in healthy vs early RA vs
established RA synovial tissue. (A-O) Bar graphs demonstrating normalised gene expression of
key mediators involved in the IL-1p signalling pathway (IL-1A, IL-1B, IL-1R1, IL-1R2, IL-1RAP, TRAF®6,
IRAK1, IRAK2, IRAK3, IRAK4, TAB1, TAB2, TAB3, NF-kB1, NLRP3) via transcriptomic analysis of bulk
RNA-seq on synovial biopsies from HC (n=28), individuals with early RA (n=57), and established RA
patients (n=95). All data represented as Mean +/- SEM. Statistical analysis was performed using
the Kruskal-Wallis Test with Dunn’s Multiples Comparisons, with *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001 defined as statistically significant.
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Figure 2.5. Dysregulated expression of the TGF-B signalling pathway in healthy vs early RA vs
established RA synovial tissue. (A-1) Bar graphs demonstrating normalised gene expression of key
mediators involved in the TGF-B signalling pathway (TGF-B, TGF-BR1, TGF-BR2, SMAD2, SMADS3,
SMAD4, SMAD7, SMURF2, PI3K) via transcriptomic analysis of bulk RNA-seq on synovial biopsies
from HC (n=28), individuals with early RA (n=57), and established RA patients (n=95). All data
represented as Mean +/- SEM. Statistical analysis was performed using the Kruskal-Wallis Test
with Dunn’s Multiples Comparisons, with *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 defined
as statistically significant.
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2.4.4 The synergistic effect of IL-1p and TGF-B drive the metabolic adaptation of RA FLS.

To understand the functional impacts of IL-1 and TGF-B on RA FLS behaviour, the effect of cytokine
synergy on the levels of oxidative phosphorylation and glycolysis, the primary energy pathways
employed by the activated FLS, in addition to various other metabolic measures, were examined
using the Seahorse XFe-Analyser in real-time.

Figures 2.6A and 2.6B demonstrate the average ECAR and OCR bioenergetic profiles in RA
FLS following stimulation with IL-1B and TGF-B alone and in combination. A significant increase in
the glycolytic activity (ECAR) of RA FLS was demonstrated in response to IL-1B/TGF-B together
compared to stimulation with either cytokine alone (Figures 2.6B and 2.6E) (p<0.05). In parallel,
the levels of oxidative phosphorylation (Figure 2.6C) and ATP synthesis (Figure 2.6D) were both
significantly decreased (p<0.01, p<0.001) compared to TGF-B treatment only indicating that IL-1
may be having an inhibitory effect. This led to a significant shift in the metabolic profile of the RA
FLS resulting in a significant increase in the ECAR:OCR ratio compared to stimulation with either
IL-1B or TGF-B alone (Figure 2.6F) (p<0.05, p<0.01 respectively). The individual breakdown of the
levels of ECAR and OCR across the four conditions is summarised visually in Figure 2.6G with a
marked dominance of glycolysis under synergy, whilst additionally the metabolic map
demonstrates that RA FLS treated with IL-1B and TGF-B shifted from a more quiescent phenotype
to a highly energetic energy profile (Figure 2.6H).

Interestingly, no significant changes under synergy conditions were observed for spare
respiratory capacity, maximal respiratory capacity, proton leak, or non-mitochondrial respiration
(Figures 2.7A-D). Pie charts describe the relative contribution of the OxPhos potential within each
condition as a percentage of total OCR output for RA FLS in response to basal, IL-1B, TGF-B, and IL-
1B/TGF-B (Figure 2.7E(i-iv)). No changes from basal were observed for ATP synthesis (green) in
response to TGF-B (Figure 2.7E(iii)) but it was decreased following treatment with IL-1B (Figure
2.7E(ii)), with the greatest decrease observed in response to IL-1B and TGF-B treatment (Figure
2.7E(iv)). Moreover whilst treatment with IL-1f3 led to a detectable increase in maximal respiratory
capacity (red) compared to basal (Figure 2.7E(ii)), TGF-B demonstrated the opposite effect with a
slight decrease demonstrated (Figure 2.7E(iii)). Interestingly, IL-18/TGF-B conditions resulted in the
greatest increase in maximal respiratory capacity compared to either cytokine alone (Figure
2.7E(iv)). No considerable differences for non-mitochondrial respiration (purple) or proton leak
(blue) were detected between synergy and the other conditions.

Similarly, the glycolytic rate assay showed that although individually IL-1B and TGF-B both
increased ECAR measurements compared to basal, the synergistic effect of these cytokines led to

a significant increase in basal glycolysis and basal proton efflux rate (Figure 2.8A-B), with a
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significant additive increase in % PER from glycolysis and compensatory glycolysis (Figure 2.8C-D)
also observed compared to IL-1B or TGF-B only treated RA FLS (p<0.05). However, as shown in
Figure 2.8E, Mito OCR/Glyco PER exhibited the opposite effect with a significant decrease observed
with the synergy conditions compared to treatment with IL-18 (p<0.05) or TGF-B (p<0.05) only,
reflective of a reduction in oxidative phosphorylation. No significant differences in post 2D-G
acidification with IL-1B/TGF-B conditions were detected compared to treatment with either
cytokine alone (Figure 2.8F). Pie charts describe the relative contribution of the glycolytic rate
assay outputs in RA FLS as a percentage of total glycolytic capacity in response to basal (Figure
2.8G(i)), IL-1B (Figure 2.8G(ii)), TGF-B (Figure 2.8G(iii)), and synergy (Figure 2.8G(iv)) conditions.
Basal proton efflux rate (blue) was increased in response to IL-1B (Figure 2.8E(ii)) and TGF-B (Figure
2.8E(iii)) alone compared to basal (Figure 2.8E(i)). However, treatment with IL-1 and TGF- (Figure
2.8E(iv)) led to a greater increase in basal proton efflux rate than treatment with either cytokine
alone. Conversely, % PER from glycolysis demonstrated a decrease following IL-1B (Figure 2.8E(ii))
and TGF-B (Figure 2.8G(iii)) treatment alone in comparison to basal, with the largest decrease
observed following the addition of IL-18 and TGF-B in combination (Figure 2.8G(iv)). Moreover,
whilst the proportion of compensatory glycolysis (green) was slightly higher under synergy
conditions compared to either cytokine alone, no considerable differences were detected amongst
any of the four conditions for the percentage contribution of mitoOCR/Glyco PER (purple) or post
2-DG acidification (orange).

The effect of cytokine treatment alone and in synergy on the FLS expression of metabolic
genes was next determined. Whilst GLUT-1 gene expression demonstrated an upregulation in
response to IL-1B alone (p<0.05) compared to basal, treatment with IL-18 and TGF-B resulted in a
significant synergistic induction that was greater than either cytokine alone (p<0.01 and p<0.05
respectively) (Figure 2.9A). In contrast, LDHA expression was upregulated with IL-1B (p<0.05) and
TGF-B (p<0.001) separately compared to basal controls, with IL-13 and TGF-p together resulting in
an additive effect on LDHA expression (Figure 2.9B). Similarly, whilst HIF-1a was significantly
upregulated in response to IL-1B (p<0.001) and TGF-B (p<0.01) individually, the addition of both
IL-1B and TGF-B did not result in a potentiation/synergy effect but an additive effect (Figure 2.9C).
IL-1B and TGF-B induced a significant synergistic increase in the expression of key glycolytic
enzymes PKM2 (p<0.05) and PFKFB3 (p<0.01) compared to either cytokine alone. In summary,
these results indicate that the shift in metabolic profile towards glycolysis was also paralleled by a
synergetic and additive increase in the gene expression of key glycolytic enzymes, indicative of the
RA FLS reliance on glycolytic metabolic processes over oxidative phosphorylation in response to

IL-1B and TGF-B treatment.
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Figure 2.6. IL-1B and TGF-B synergistically drive the metabolic adaptation of RA patient FLS.
Average (A) OCR and (B) ECAR profiles of RA FLS (n=8-11) treated with IL-1B (1 ng/ml), TGF-B (10
ng/ml), or a combination of both for 24 h before and after injections of metabolic inhibitors
oligomycin, FCCP, and Rotenone and Antimycin A. (C-F) Representative bar graphs demonstrating
baseline OCR, ATP synthesis, baseline ECAR, and ECAR/OCR ratio in RA FLS. (G) Stacked bar graph
and (H) representative energy map showing average ECAR and OCR across the four conditions. All
data represented as Mean +/- SEM. Statistical analysis was performed using the non-parametric,
Wilcoxon Signed-Rank Test (#) or the one-way ANOVA with Friedman’s Test (*) where appropriate.
Statistical significance was defined by *#p<0.05, **#)p<0.01, ***##p<0.001, ****##5<0.0001.
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Figure 2.7. IL-1B and TGF-f synergistically drive the metabolic adaptation of RA patient FLS. Bar
charts show quantification of (A) Spare Respiratory Capacity, (B) Max Respiratory Capacity, (C)
Proton Leak, and (D) Non-Mitochondrial Respiration in RA FLS (n=7-8) following 24 h stimulation
with IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a combination of both. All data represented as Mean +/-
SEM. (E) Pie charts reveal the breakdown of OCR outputs within each condition. Statistical analysis
was performed using the non-parametric, Wilcoxon Signed-Rank Test (#) with statistical

significance defined by #p<0.05 and #p<0.01.
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Figure 2.8. IL-1B and TGF-B synergistically drive the metabolic adaptation of RA patient FLS
towards a more glycolytic phenotype. Average glycolytic rate assay derived profiles of RA FLS
(n=7) stimulated with IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a combination of both, before and after
injections of metabolic inhibitors Rotenone, Antimycin A, and 2-DG. (A-F) Representative bar
graphs demonstrating Basal Glycolysis, Basal Proton Efflux Rate, % PER from Glycolysis,
Compensatory Glycolysis, Mito OCR/Glyco PER, and Post 2-DG Acidification. All data represented
as Mean +/- SEM. (G) Pie charts reveal breakdown of Glycolytic Rate Assay outputs within each
condition. Statistical analysis was performed using the non-parametric, Wilcoxon Signed-Rank Test
(#) or the one-way ANOVA with Friedman’s Test (*) where appropriate, with statistical significance
defined by *#p<0.05, **#p<0.01, ***###pn<0,001, ****###5<0.0001.
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Figure 2.9. IL-1B and TGF-B synergistically drive an increase in the expression levels of glycolytic
enzymes. Bar graphs showing quantification of gene mRNA expression of GLUT-1, LDHA, HIF-1a,
PKM2, and PFKFB3 in RA FLS (n= 8-10) stimulated with IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a
combination of both for (A-C) 24 h or (D-E) 6 h compared to basal controls. Data is represented as
fold expression, normalized to housekeeping control RPLPO. 2% indicates fold induction. All data
represented as Mean +/- SEM. Statistical analysis was performed using the non-parametric,
Wilcoxon Signed-Rank Test (#) or the one-way ANOVA with Friedman’s Test (*) where appropriate,
with statistical significance defined by *#p<0.05, **(#1p<0.01, ***###n<0,001, ****##5<0.0001.
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2.45 IL-1B and TGF-B synergistically induce alterations in FLS mitochondrial morphology, in
addition to fission/fusion activity.

Changes to the metabolic capacity of the RA FLS when stimulated with IL-18 and TGF-B was
mirrored in the function and morphology of the mitochondria as shown in the representative
images examining their ultrastructure (Figure 2.10A). The synergistic effect of IL-18 and TGF-B led
to a significant decrease in the intensity of TMRM expression in RA FLS compared to either cytokine
alone (p<0.01), suggesting IL-1B/TGF-B are inducing a decrease in mitochondrial membrane
potential, which aligns with the observed seahorse data where reduced levels of oxidative
phosphorylation and heightened glycolytic activity was demonstrated (Figure 2.10B). Similarly, as
shown in Figure 2.10C, compared to IL-1B only stimulated RA FLS, treatment with both IL-1p and
TGF-B resulted in a significant decrease in the aspect ratio of the mitochondria (p<0.05), indicative
of a reduction in size and an overall decrease in the level of mitochondrial fusion occurring.

To further establish if this change in mitochondrial shape was due to alterations in the
fission/fusion capacity of RA FLS, the effect of stimulation alone and combination on the
expression of key fission/fusion proteins — DRP1, OPA1, MFN1, and MFN2, was investigated.
Interestingly, there was a significant synergistic increase in the levels of fission protein DRP1 when
stimulated with the combination of IL-1B and TGF-f, compared to IL-1 or TGF-B treatment only
(Figure 2.10D) (p<0.05). Conversely, there was no significant changes in the levels of fusion
proteins OPA1, MFN1, or MFN2 under IL-1B/TGF-B conditions compared to basal or either cytokine
alone (Figure 2.10E-G). Moreover, MitoTracker Green staining of the FLS mitochondria was
performed following treatment with the various cytokines and the RFU monitored over a 24 h time
period to determine changes in mitochondrial mass. As demonstrated in Figure 2.11A, whilst the
positive FCP control peaked at 3 h (Figure 2.11B), the RFU of the synergy gradually increased over
the time-period compared to all other conditions, with a significant synergistic effect detected by
22 h compared to IL-1B or TGF-B treatment only (p<0.05) (Figure 2.11C). This was paralleled by a
significant reduction in the mRNA levels of mitochondrial biogenesis proteins including PGC-1a
(p<0.01) and NRF1 (p<0.07) under synergy conditions compared to IL-1B alone (Figure 2.12A-B).
However, interestingly, TGF-B treatment alone resulted in an even greater significant decrease in
the mRNA of both of these proteins compared to IL-1B (p<0.01 and p<0.05, respectively),
suggesting that IL-1B may be in fact exerting a rescue effect. Although no significant differences
were observed for the genes CPT1b or mitochondrial TFAM, they did appear to follow the same
trend (Figure 2.12C-D). Overall, these results suggest that when stimulated with IL-1B and TGF-3

in combination, RA FLS mitochondria demonstrate disrupted homeostasis and show a preference
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towards fission, which is reflected in increased mitochondrial mass and a reduction in the process

of biogenesis.
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Figure 2.10. IL-1B & TGF-B synergistically induce alterations in FLS mitochondrial morphology,
in addition to fission/fusion activity. (A) Representative multiphoton microscope images of
TMRM stained FLS mitochondria under the indicated conditions. Scatter plot/ line graphs
demonstrating (B) fluorescent intensity of TMRM and (C) mitochondrial aspect ratio following
treatment with IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a combination of both. (D-G) Bar graphs
showing quantification of gene mMRNA expression of the fission protein DRP1 and the fusion
proteins OPA1, MFN1, and MFN2 in RA FLS (n=7-8) stimulated with IL-1B (1 ng/ml), TGF-B (10
ng/ml), or a combination of both for 24 h compared to basal controls. Data represented as fold
expression, normalized to housekeeping control RPLPO. 2* indicates fold induction. All data
represented as Mean +/- SEM. Statistical analysis was performed using the non-parametric,
Wilcoxon Signed-Rank Test (#) or the one-way ANOVA with Friedman’s Test (*) where appropriate,
with statistical significance defined by *#p<0.05, **#*)p<0.01, ***###p<0.001.
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Figure 2.11. IL-1B and TGF-B synergistically alter mitochondrial mass. (A) Representative time
plot depicting the mean relative fluorescence intensity (RFU) of RA FLS (n=8) stained with
MitoTracker Green dye to assess total mitochondrial content after stimulation with the following
conditions: Basal, IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a combination of both over 24 h. A positive
FCCP control and a negative DMSO control were included for comparative purposes. MitoTracker
emission was read using the kinetic mode of the Spectra Max Gemini System with excitation and
emission wavelengths of 490 nm and 516 nm, respectively. Readings were performed every 15
min for a period of 24 h. Representative bar graphs demonstrating the RFU of MitoTracker green
at the (B) 3 h and (C) 22 h timepoint under the various conditions. All data represented as Mean
+/- SEM. Statistical analysis was performed using the non-parametric, Wilcoxon Signed-Rank Test
with statistical significance defined as #p<0.05, #p<0.01.
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Figure 2.12. IL-1B and TGF-B affect the expression of mitochondrial biogenesis genes. (A-D) Bar
graphs showing quantification of gene mRNA expression of PGC-1a, NRF1, TFAM, and CPT1b in
RA FLS (n= 6-9) stimulated with IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a combination of both for 24
h compared to basal controls. Data represented as fold expression, normalized to housekeeping
control RPLPO. 2™ indicates fold induction. All data represented as Mean +/- SEM. Statistical
analysis was performed using the non-parametric, Wilcoxon Signed-Rank Test (#) or the one-way
ANOVA with Friedman’s Test (*) where appropriate, with statistical significance defined by
*(p<0.05, **(*p<0.01, ***###)n<0.001.

105



2.4.6 IL-1B and TGF-B alter the level of ER stress compared to single cytokine stimulation alone.
To evaluate how alterations in mitochondrial fitness and functioning following stimulation with IL-
1B and/or TGF-B impact other cellular organelles, the ER was examined. As the expansion of the
ER is partially under the regulation of ER stress signals, whether the ER stress response was altered
under synergy conditions in the RA FLS was investigated further (Mateus et al., 2018). Firstly,
assessment of the MFI of the ER under the various conditions was performed, with a greater MFI
indicative of a larger ER size and heightened ER stress. Representative flow plots of the gating
strategy are shown in Figure 2.13. Following the elimination of debris and cell doublets (Figure
2.13A-C), cells positive for ER tracker dye were gated (Figure 2.13D). As indicated quantitatively
and in the representative histograms (Figure 2.14A(i-ii)), at the 6 h timepoint, a synergistic increase
in ER tracker MFI (p<0.05) was detected. However, by the 24 h timepoint, there were no significant
differences in the MFI of ER tracker between any of the conditions (Figure 2.14B(i-ii)). The changes
in the mean MFI at the 6 h and 24 h timepoint under the four conditions is shown in the
representative heatmap (Figure 2.14C), with the reduction in the MFI of the IL-1B/TGF-p treated
cells over the time period clearly visible. Representative confocal microscopy images of the cells
treated with ER tracker dye under the various conditions are shown in Figure 2.15A.

To examine ER stress mechanisms further, analysis of the effect of cytokine stimulation
on the mRNA expression of ER stress related proteins at the 6 h timepoint was conducted. As
shown in Figure 2.15B, the combination of IL-1p and TGF-B demonstrated a significant synergistic
increase in the expression of BIP that was greater than either cytokine alone (p<0.05). Moreover,
a significant additive increase in both XBP1 and ATF6 expression with IL-1B/TGF-B compared to
TGF-B alone (p<0.05, p<0.05) was observed (Figure 2.15C-D). Moreover, confocal imaging for the
ER-resident protein PDI was performed. Interestingly, as demonstrated in the representative
images and quantitatively, at the 6 h timepoint a trending synergistic increase in PDI relative
fluorescent expression following addition of IL-1B and TGF-f compared to either cytokine alone
was identified (Figure 2.16A-B). Cumulatively, the data suggests that cytokine synergy disrupts ER

homeostasis, inducing an early ER associated stress response to mitigate and resolve the effects.
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Figure 2.13. Gating strategy to analyse the effects of IL-1B and TGF-B on the size of the ER over
time indicative of ER-related stress. RA FLS were incubated with IL-1B (1 ng/ml), TGF-B (10 ng/ml),
or a combination of both for 24 h following serum starvation before flow cytometric analysis was
performed using MitoTracker Green dye. (A-D) Representative dot plots depicting the gating
strategy used to detect ER Tracker dye fluorescence. The forward and side scatter parameters of
cells were set before doublet exclusion.
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Figure 2.14. IL-1B and TGF-B induce changes to the size of the ER over time indicative of ER-
related stress. RA FLS were incubated with IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a combination of
both for 24 h following serum starvation before flow cytometric analysis was performed using
MitoTracker Green dye. (A-B) Flow cytometric quantification of ER size represented by (i) bar
graphs of ER Green Tracker MFIl and (ii) accompanying representative histograms showing the MFI
shifts in RA FLS (n=7) following stimulation with IL-1B, TGF-B or a combination of both for (A) 6 h
and (B) 24 h, respectively. (C) Representative heatmap depicting the mean % ER Tracker MFIl at 6
h vs 24 h in RA FLS (n=7) across the four conditions. All data represented as Mean +/- SEM.
Statistical analysis was performed using the non-parametric, Wilcoxon Signed-Rank Test with
statistical significance defined as #p<0.05.
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Figure 2.15. IL-1B and TGF-B synergistically impact the ER morphology and the ER stress
response. (A) Representative multiphoton microscope images of FLS ER under the indicated
conditions, following staining with green ER-Tracker dye. (B-D) Bar graphs showing quantification
of gene mRNA expression of BIP, XBP1, and ATF6 in RA FLS (n=6-8) stimulated with IL-1B (1 ng/ml),
TGF-B (10 ng/ml), or a combination of both for 24 h compared to basal controls. Data represented
as fold expression, normalized to housekeeping control RPLPO. 2 indicates fold induction. All
data represented as Mean +/- SEM. Statistical analysis was performed using the non-parametric,
Wilcoxon Signed-Rank Test (#) or the one-way ANOVA with Friedman’s Test (*) where appropriate,

with statistical significance defined by *#p<0.05, **#)p<0.01, ***##5<0.001.
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Figure 2.16. IL-1B and TGF-B induce higher expression of the ER stress related chaperone PDI in
RA FLS. (A) Representative confocal microscopy imaging of the ER enzyme PDI and mitochondrial
tracker (MitoTracker Red) from RA FLS (n=4) following stimulation with IL-1B (1 ng/ml), TGF-B (10
ng/ml), or a combination of both for 6 h. Green indicates a cell with abundant ER, red indicates a
cell with high mitochondrial activity. Scale bar, 10 um. Nuclei were counterstained with DAPI
(blue). (B) Representative bar graph demonstrating the fold change RFI of PDI in the RA FLS (n=4)
following 6 h treatment with IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a combination of both compared
to baseline. All data represented as Mean +/- SEM. Statistical analysis was performed using the
one-way ANOVA with Friedman’s Test (*) with significance defined by *p<0.05.
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2.4.7 IL-1B and TGF-B synergistically drive the expression of RA FLS proinflammatory mediators,
angiogenic factors, and specific chemokines, but not the chemokine receptors.

Based on the effect of IL-1B and TGF-B in combination on FLS metabolic profile, the impact of
these metabolic adaptations on the promotion of RA FLS proinflammatory function ex vivo was
investigated. Primary RA FLS were grown to confluence and cultured with 1% CRPM1-1640 for 24
h, followed by stimulation with IL-1B (1n g/ml) and TGF-B (10 ng/ml) alone or in combination.
Following the appropriate stimulations, supernatants were harvested and RNA isolated. Figures
2.17A(i-ii) and 2.17B(i-ii) demonstrate that IL-1B and TGF-B synergistically increased the
expression of the proinflammatory cytokine IL-6 and the chemoattractant IL-8 at both the gene
and protein level compared to treatment with IL-1p or TGF-B alone (all p<0.05). Similarly, protein
levels of the chemoattractant MCP-1 exhibited a significant increase under synergy conditions
compared to either cytokine individually (p<0.01) (Figure 2.17C(i)), although at the mRNA level,
MCP-1 showed a trend towards a reduction in expression compared to IL-1B alone indicating a
slightly suppressive effect of TGF-B on IL-1B’s inflammatory abilities (Figure 2.17C(ii)).

A hallmark characteristic of synovial inflammation that further facilitates immune cell
entry and exacerbates the hypoxic joint microenvironment is the process of angiogenesis (Balogh
et al., 2019). Therefore, the effect of cytokine synergy on the levels of angiogenic mediators at the
mRNA and protein level were investigated. As demonstrated by the representative heatmap
(Figure 2.18A), MSD assay analysis indicated no significant difference in the expression of several
angiogenic mediators including PIGF, bFGF, FlIt1, and VEGF-C between the RA FLS treated with IL-
1B, TGF-B, or the combination of both. However, the addition of IL-13 appeared to generate a
potentiating effect on TGF-f induced VEGF-A production, with a significant increase in the protein
levels of the main angiogenic growth factor VEGF-A in response to IL-1f and TGF-B together
compared to either cytokine alone (both p<0.05) (Figure 2.18B).

Moreover, the ability of stromal cells resident in the joint to attract infiltrating immune
cells is a key feature responsible for driving RA pathogenesis, a process achieved through the
expression of different chemokine ligands and chemokine receptors (Veale and Fearon, 2015; Tas
et al., 2016). Therefore, to expand the understanding of synergy treatment on immune cell
recruitment, MSD analysis was performed using a panel that focused on a broader spectrum of
chemokines being expressed by the FLS. While no differences in the expression of several
chemokines including MCP-4, TARC, MIP1- B, MIP1-a, and Eotaxin-3 under IL-1B/TGF-B conditions
compared to either cytokine alone were observed (Figure 2.19A), significant synergistic effects
were observed for the chemokines Eotaxin (Figure 2.19B(i)), IP-10 (Figure 2.198(ii)), and MDC

(Figure 2.198(iii)), (p<0.05, p<0.01, p<0.05 respectively). Moreover, at the mRNA level, significant
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synergistic increases in CXCL5 and CXCL10 were detected compared to single cytokine treatment
only (p<0.05, p<0.01) (Figures 2.19C(i) and 2.19C(ii)).

Next, examination of the expression of the chemokine receptors themselves on the
cytokine-treated RA FLS using flow cytometry was performed. Representative flow plots of the
gating strategy are shown in Figure 2.20. Following the elimination of debris and cell doublets
(Figures 2.20A-C), dead cells were gated out (Figure 2.20D) allowing specific chemokine receptors
to be analysed on the live cells (Figure 2.20E). Figure 2.21A(i) demonstrates representative dot
plots for CXCR3 expression for basal, IL-1B, TGF-B, and IL-1B/TGF-B treated RA FLS. Interestingly,
treatment with IL-1B and TGF-f resulted in a significant reduction in CXCR3 expression compared
to IL-1PB alone (p<0.09), whilst conversely, it was significantly higher than TGF-B treatment alone
suggesting that TGF-B may potentially be exerting a rescue effect on the pathogenic effects of IL-
1B (p<0.05) (Figure 2.21A(ii)). This was paralleled by no significant difference from basal (Figure
2.21A(ii)). Similar effects were observed for CXCR4. As highlighted by the representative flow plots
(Figure 2.21B(i)) and quantification (Figure 2.21B(ii)), the synergy induced a significant increase in
CXCR4 % frequency compared to TGF-B, whilst simultaneously showing a significant reduction
compared to IL-1B treatment (both p<0.05), once again indicating a potential rescue effect.
Furthermore, as depicted in the representative flow plots of the various conditions (Figure 2.22A(i)
and 2.22B(i)) and the accompanying bar graphs (Figure 2.22A(ii) and 2.22B(ii)), no differences in
the % frequency of CXCR5 or CCR6 were detected following cytokine treatment. Therefore, these
results suggest that in the case of CXCR3 and CXCR4 specifically, TGF-B may be mitigating the
proinflammatory, chemokine receptor inducing effects of IL-1B, thus returning the cellular state
towards baseline. Cumulatively, the data implies that the combination of IL-1 and TGF-B
differentially induce the expression of various chemokines and chemokine receptors on RA FLS
thus, finely regulating the contribution of circulating leukocytes to the inflammatory joint

microenvironment.

112



IL-6

A) "
(A) (i) (i)
i
*okok *k %k
kbl 80000
2000+ ” e
1500 °
— 60000 ° o ®
g 1000 =
S [ 3
< 5004 o g 40000 $3
<, 3001 ©
= [ ] —
P =
& 2004 20000
100
0- 0-
s> R R (R > R R (R
o : & S
P N 4b &9 Qp A PN
§ &
NV \
IL-8
(B) (i)
®
0.06
200001 * %k
15000 °
55 10000 .
S 50007 Z
& 20007
o 1500
= 1000
500
o
> \J R b
i MK &
X N 43 <)
,&(\
MCP-1
C .
© ) (i)

40000

30000

20000 =

10000 L
0_.

Figure 2.17. IL-1B and TGF-B synergistically drive the expression of RA FLS proinflammatory
mediators. RA FLS were incubated with IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a combination of
both for 24 h following serum starvation before RNA isolation, cDNA synthesis, and RT-PCR was
performed. Matched supernatants were removed and analysed for IL-6, IL-8, and MCP-1 secretion
by ELISA. Bar graph showing quantification of gene mRNA expression of (A(i)) IL-6, (B(i)) IL-8, and
(C(i)) MCP-1 in RA FLS (n=6-8) in response to cytokine stimulation. Data represented as fold
expression, normalized to housekeeping control RPLPO. 2" indicates fold induction. Bar graph
representations of level of secretion of (A(ii)) IL-6, (B(ii)) IL-8, and (C(ii)) MCP-1 in RA FLS (n=8-12).
All data represented as Mean +/- SEM. Statistical analysis was performed using the non-
parametric, Wilcoxon Signed-Rank Test (#) or the one-way ANOVA with Friedman’s Test (*) where
appropriate, with statistical significance defined by *#p<0.05, **#)p<0.01, ***#*##p<0.001,
****WNMPSQOOOL
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Figure 2.18. IL-1B and TGF-B additively alter the expression of the angiogenic marker VEGF-A by
the RA FLS. RA FLS were incubated with IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a combination of
both for 24 h following serum starvation before RNA isolation, cDNA synthesis, and RT-PCR was
performed and matching supernatants were harvested. (A) Bar graph representation of the level
of expression of PIGF, bFGF, Flt1, and VEGF-C in RA FLS (n=7-8) following stimulation with the
appropriate cytokines as determined by the Angiogenic MSD assay. (B) Bar graph representation
of the level of secretion of VEGF-A in RA FLS (n=11) as determined by ELISA. (C) Bar graph showing
quantification of gene mRNA expression of VEGF-A in RA FLS (n=7). Data is represented as fold
expression, normalized to housekeeping control RPLPO. All data is represented as Mean +/- SEM.
Statistical analysis was performed using the non-parametric, Wilcoxon Signed-Rank Test (#) or the
one-way ANOVA with Friedman’s Test (*) where appropriate, with statistical significance defined
by *#p<0.05, **#)p<0.01, ***###p<0,001, ****##n<0.0001.
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Figure 2.19. IL-1B and TGF-B synergistically alter the expression of RA FLS chemokine ligands. RA
FLS were incubated with IL-18 (1 ng/ml), TGF-B (10 ng/ml), or a combination of both for 24 h
following serum starvation before supernatants were harvested and chemokines quantified. (A)
Heatmap representation of the mean level of expression of MCP-4, Eotaxin, Eotaxin-3, IP-10, MIP-
1la, MIP-1B, MDC, and TARC in RA FLS (n=7-8) following stimulation with the appropriate cytokines
as determined by a Chemokine MSD assay. (B) Bar graphs depicting the expression level in pg/ml
of (i) Eotaxin, (ii) IP-10, and (iii) MDC in the stimulated RA FLS supernatants as determined by the
MSD assay. (C) Representative bar graphs of the mRNA levels of (i) CXCL5 at 6 h (n=6) and (ii)
CXCL10 at 24 h (n=5) as determined by RT-PCR analysis. Data represented as fold expression,
normalized to housekeeping control RPLPO. 2**indicates fold induction. All data represented as
Mean +/- SEM. Statistical analysis was performed using the non-parametric, Wilcoxon Signed-
Rank Test (#) or the one-way ANOVA with Friedman’s Test (*) where appropriate, with statistical
significance defined by *#p<0.05, **#)p<0.01, ***##p<0.001, ****###n<0,0001.
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Figure 2.20. FLS chemokine panel gating strategy. RA FLS were incubated with IL-1B (1 ng/ml),
TGF-B (10 ng/ml), or a combination of both for 24 h following serum starvation before being
stained with a panel of fluorochrome antibodies (CXCR3, CXCR4, CXCR5, CCR6, and VCAM-1).
Representative dot plots depicting the gating strategy used to phenotype the FLS under the
various conditions. The forward and side scatter parameters of cells were set before doublet
exclusion and elimination of dead cells (A-D). (E) Representative flow plot shows the gating for an
example marker e.g. VCAM-1.
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Figure 2.21. The effect of synergy on the expression of chemokine receptors CXCR3 and CXCR4
in RA FLS. RA FLS were incubated with IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a combination of both
for 24 h following serum starvation before flow cytometric analysis was performed.
Representative flow plots depicting (A(i)) CXCR3 and (B(i)) CXCR4 expression in RA FLS under the
indicated conditions; basal, IL-1B, TGF-B, and synergy. Bar charts represent the percentage
frequency of (A(ii)) CXCR3 and (B(ii)) CXCR4 expression in RA FLS (n=6). All data represented as
Mean +/- SEM. Statistical analysis was performed using the non-parametric, Wilcoxon Signed-
Rank Test (#) or the one-way ANOVA with Friedman’s Test (*) where appropriate, with statistical
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Figure 2.22. The effect of synergy on the expression of chemokine receptors CXCR5 and CCR6 in
RA FLS. RA FLS were incubated with IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a combination of both
for 24 h following serum starvation before flow cytometric analysis was performed.
Representative flow plots depicting (A(i)) CXCR5 and (B(i)) CCR6 expression in RA FLS under the
indicated conditions; basal, IL-1B, TGF-B, and synergy. Bar charts represent the percentage
frequency of (A(ii)) CXCR5 and (B(ii)) CCR6 expression in RA FLS (n=6). All data represented as
Mean +/- SEM. Statistical analysis was performed using the non-parametric, Wilcoxon Signed-
Rank Test (#) or the one-way ANOVA with Friedman’s Test (*) where appropriate.
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2.4.8 IL-1B and TGF-B synergistically drive the expression of RA FLS adhesion molecule ICAM-1 but
not VCAM-1.

Once homing to the joint has been achieved, retaining the immune cells in the vicinity of the
inflammatory foci is a critical step in perpetuating joint inflammation (Manning et al., 2021).
Therefore, cell surface expression of the adhesion molecules ICAM-1 and VCAM-1 on cultured FLS
treated with IL-1B (1 ng/ml) and/or TGF-B (10 ng/ml) for 24 h was investigated by flow cytometric
analysis. Representative flow plots outlining the gating strategy used for VCAM-1 and ICAM-1 are
shown in Figure 2.23. Following the elimination of debris and cell doublets (Figures 2.23A-C), live
cells were gated on (Figure 2.23D) allowing the specific adhesion markers to be analysed on this
live population (Figure 2.23E). Figure 24A demonstrates representative dot plots for ICAM-1
expression for the FMO, basal, IL-1B, TGF-B, and IL-1B/TGF-B treated RA FLS. As demonstrated
guantitatively (Figure 2.24B(i)) and in the accompanying histogram plot (Figure 2.24B(ii)), there
was a synergistic increase in ICAM-1 MFI in response to IL-1B and TGF-B together compared to IL-
1B or TGF-B stimulation alone (p<0.01, p<0.001). Figure 2.25A demonstrates representative dot
plots for VCAM-1 expression for the FMO, basal, IL-1B, TGF-B, and IL-1B/TGF-B treated RA FLS.
Interestingly, as accentuated by the quantitative graph (Figure 2.25B(i)) and histogram (Figure
2.25B(ii)), the combination of both IL-1B and TGF-f induced a significant increase in VCAM-1 MFI
compared to TGF-B alone, whilst simultaneously showing a significant reduction compared to IL-
1B treatment alone (both p<0.05). However, no effects were observed for VCAM-1 MFIl in response
to IL-1B and TGF-B compared to the basal comparator, suggesting an attenuating effect of TGF-3
on IL-1B’s stimulatory ability. Collectively, these results highlight that IL-13 and TGF-f synergy exert

different outcomes on different adhesion molecules within the inflamed RA joint.
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Figure 2.23. FLS functional panel gating strategy. RA FLS were incubated with IL-1B (1 ng/ml),
TGF-B (10 ng/ml), or a combination of both for 24 h following serum starvation before being
stained with a panel of fluorochrome antibodies (THY1, CD34, CD45, CD146, HLA-DR, ICAM-1, FAP,
PDPN, FAS-L, CD309). Representative dot plots depicting the gating strategy used to identify and
phenotype the FLS under the various conditions. The forward and side scatter parameters of cells
were set before doublet exclusion and elimination of dead cells (A-D). (E) Representative flow plot
shows the gating for an example marker e.g. ICAM-1 (CD54).
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Figure 2.24. IL-1B and TGF-B synergistically drive the expression of ICAM-1 adhesion molecule
on RA FLS. RA FLS were incubated with IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a combination of both
for 24 h following serum starvation before flow cytometric analysis was performed. (A(i))
Representative flow dot plots show RA FLS ICAM (CD54) expression under the conditions FMO,
basal, IL-1B (1 ng/ml), TGF-B (10 ng/ml), and synergy. (B(i-ii) Bar graph and accompanying
histogram representation of the MFI of ICAM-1 in the RA FLS (n=8). All data represented as Mean
+/- SEM. Statistical analysis was performed using the non-parametric, Wilcoxon Signed-Rank Test
(#) or the one-way ANOVA with Friedman’s Test (*) where appropriate, with statistical significance
defined by **#1p<0.01, ***##p<0.001.
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Figure 2.25. The effect of synergy on the expression of the adhesion molecule VCAM-1 on RA
FLS. RA FLS were incubated with IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a combination of both for
24 h following serum starvation before flow cytometric analysis was performed. (A)
Representative flow dot plots show RA FLS VCAM-1 expression under the conditions FMO, basal,
IL-1B (1 ng/ml), TGF-B (10 ng/ml), and synergy. (B(i-ii) Bar graph and accompanying histogram
representation of the MFIl of VCAM-1 in the cytokine treated RA FLS (n=6). All data represented as
Mean +/- SEM. Statistical analysis was performed using the non-parametric, Wilcoxon Signed-
Rank Test (#) or the one-way ANOVA with Friedman’s Test (*) where appropriate, with statistical
significance defined by *#p<0.05, **#)p<0.01, ***##p<0.001.
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2.4.9 IL-1B and TGF-B synergistically drive the expression of specific RA FLS invasion markers.
Previous research has highlighted that RA FLS demonstrate an aggressive phenotype characterised
by the release of cartilage/matrix degrading proteins and an invasive capacity which further
perpetuates joint damage (Nygaard and Firestein, 2020). Thus, RA FLS migratory/invasive capacity
was assessed in response to cytokine stimulation by analysing the expression of the critical
degradative mediators MMP-1 and MMP-3 by RT-PCR and MSD assays.

RA FLS grown to confluence and treated with 1% RPM1-1640 for 24 h, were then treated
with IL-1B (1 ng/ml), TGF-B (10 ng/ml) alone or in combination, supernatants were harvested, and
RNA isolated from cells. As shown in Figure 2.26A(i) IL-1p and TGF-B together had no
potentiation/synergy effect on MMP-1 gene expression compared to IL-1B alone. Similarly, at the
protein level a trending increase in MMP-1 was demonstrated in response to IL-1B alone and in
combination with TGF-B, however this didn’t differ from IL-1B alone (Figure 2.26A(ii)). Conversely,
Figures 2.26B(i) and 2.26B(ii) demonstrate a significant increase in MMP-3 expression at both the
RNA (p<0.01) and protein levels (p<0.05) following stimulation with both IL-1 and TGF- together
compared to treatment with TGF-B alone.

To further assess their invasive properties following cytokine stimulation, a wound repair
scratch assay was performed where the ability of treated FLS to repopulate the wound margins
was quantified. Representative images of FLS wound repair assays in response to 24 h IL-1p and/or
TGF-B stimulation are shown in Figure 2.26C where an increase in FLS repopulating the wound
margins was exhibited in response to IL-13 and TGF-B compared to basal or either cytokine alone.
Quantification demonstrated a stepwise increase on migratory capacity with a significant increase
in the % wound closure with IL-18/TGF-B compared to basal (p<0.01) and TGF-B (p<0.05) alone
(Figure 2.26D). Overall, these results indicate that stimulation with IL-1B and TGF-B induces a
significant synergistic effect on the invasive capacity of RA FLS within the joint through the

induction of specific joint-destructive MMPs.

2.4.10 IL-1B and TGF-B induce differential effects on bone resorbing/forming protein expression in
RA FLS.
The irreversible erosion of bone and cartilage is a characteristic feature of RA driven by an

imbalance between bone homeostatic and resorbing proteins including OPG, RANKL, BPM2, and
M-CSF (Lories et al., 2003; Tunyogi-Csapo et al., 2008; Yoshitomi, 2019). RA FLS grown to
confluence and treated with 1% RPMI-1640 for 24 h, were then treated with IL-1B (1 ng/ml), TGF-

B (10 ng/ml) alone or in combination. Supernatants were then harvested and subjected to MSD
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analysis for the markers RANKL, M-CSF, and BMP2, whilst OPG levels were quantified using ELISA.
Interestingly, RANKL expression from the RA FLS was notably low, with no significant differences in
production observed following cytokine stimulation compared to basal (Figure 2.27A). As
demonstrated in Figure 2.27B, IL-1B/TGF-p had no additive/synergistic effect on the production of
OPG compared to IL-1B alone. Moreover, whilst IL-18 induced a significant increase in the
expression of M-CSF compared to basal (p<0.05), the combination of IL-18/TGF-B did not result in
any change to the levels indicating TGF-B has no effect on M-CSF production (Figure 2.27C).
Conversely, there was a synergistic effect on the release of BMP2 with the combination treatment
of IL-1B/TGF-B, with a significantly higher level detected compared to basal or IL-1pB alone (p<0.01,
p=0.06) (Figure 2.27D). Cumulatively, these results suggest that IL-1p and TGF-f may be exerting

highly specific regulatory effects on certain processes involved in bone formation/resorption.
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Figure 2.26. IL-1B and TGF-p synergistically drive the expression of RA FLS invasion markers and
migratory capacity. RA FLS were incubated with IL-18 (1 ng/ml), TGF-B (10 ng/ml), or a
combination of both for 24 h following serum starvation before supernatants were harvested and
MMPs quantified. Bar graphs showing quantification of gene mRNA expression of (A(i)) MMP-1
and (B(i)) MMP-3 in RA FLS (n=7-8) following treatment. Data represented as fold expression,
normalized to housekeeping control RPLPO. 2% indicates fold induction. Bar graph
representations of the level of secretion of (A(ii)) MMP-1 and (B(ii)) MMP-3 in RA FLS (n=7) as
determined by an MSD. (C) Representative photomicrographs and (D) accompanying bar graph
demonstrating the average number of migrating cells and in response to treatment with the
various cytokines (n=7). All data represented as Mean +/- SEM. Statistical analysis was performed
using the non-parametric, Wilcoxon Signed-Rank Test (#) or the one-way ANOVA with Friedman’s
Test (*) where appropriate, with statistical significance defined by *®p<0.05, **#)p<0.01,
ok (#)n<0.001.
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Figure 2.27. Differential effects on osteoclastogenesis related proteins in the presence of IL-1B
and TGF-B stimulation. RA FLS were incubated with IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a
combination of both for 24 h following serum starvation before supernatants were removed and
analysed for OPG, RANKL, M-CSF, and BMP2 using ELISA or MSD assays. Bar graph representations
of level of secretion of (A) RANKL (n=8), (B) OPG (n=10), (C) M-CSF (n=8), and (D) BMP2 (n=5) in
RA FLS. All data represented as Mean +/- SEM. Statistical analysis was performed using the non-
parametric, one-way ANOVA with Friedman’s Test (*) with statistical significance defined by
*p<0.05, **p<0.01, ***p<0.001.

126



2.4.11 Determination of the effect of different concentrations of Takinib on RA FLS cell viability and
proinflammatory cytokine production.

TAK1 has previously been implicated as a central downstream signalling intermediate in both the
IL-1B and TGF-B pathways (Xu and Lei, 2020). Therefore, to gain a deeper understanding of the key
downstream pathway involved in driving the effects of the synergistic and additive interaction
between IL-1p and TGF-B, the role of Takinib, a selective TAK1 inhibitor, was assessed, in mediating
the effects induced by the cytokine treatment in RA FLS.

To initially investigate the effect of Takinib on RA FLS viability, confluent RA FLS were pre-
treated with increasing concentrations of Takinib (1 uM, 10 uM, and 20 uM respectively) or vehicle
control before a crystal violet cell viability assay was performed. Figures 2.28A and 2.28B highlight
that there was no difference in the number of viable cells between the three concentrations (1
uM, 10 pM, and 20 pM) themselves or compared to basal/DMSO controls. Furthermore, to
determine which concentration of Takinib exerted maximum effects, confluent RA FLS were pre-
treated with increasing concentrations of Takinib (1 uM, 10 uM, and 20 uM respectively) or vehicle
control prior to stimulation with IL-1B (1 ng/ml) and TGF-B (10 ng/ml) alone or in combination,
before secretion of proinflammatory cytokines was assessed by ELISA. As demonstrated in Figure
2.28C and 2.28D, both IL-6 and MCP-1 protein levels were downregulated in a dose dependent
manner with the greatest decrease in levels observed compared to the DMSO control for each
condition at a concentration of 20 uM Takinib. Cumulatively, these results suggest that a
concentration of 20 pM Takinib is not toxic and exerts the maximum inhibitory effects and thus

this concentration was chosen for all future experiments.

2.4.12 Takinib has a suppressive effect on the secretion of proinflammatory cytokines, chemokines,
and invasion markers from IL-1B and TGF-P treated FLS, in addition to their glycolytic capacity.

Analysis of the mRNA revealed that although IL-6 (p<0.0001), IL-8 (p<0.05), and MCP-1 (p<0.05),
were all significantly increased in response to treatment with the combination of IL-1B and TGF-
compared to the basal control, a decrease in the expression of all three mediators was
demonstrated under synergy condition in the presence of Takinib (p<0.0001) (Figures 2.29A(i-iii)).
A similar effect was observed at the protein level, with the stimulatory effects of the cytokine
synergy being significantly decreased (p<0.05, p<0.0001) in the presence of 20 uM Takinib for IL-6
(Figure 2.29B(i)), IL-8 (Figure 2.29B(ii)), and MCP-1 (Figure 2.29B(iii)). Furthermore, as

demonstrated by the representative heatmap (Figure 30A), MSD analysis revealed a significant
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reduction in the expression of several chemokines following the addition of Takinib compared to
the IL-13 and TGF-B only treated control, including Eotaxin (Figure 2.30B(i)), IP-10 (Figure 2.30B(ii)),
and MDC (Figure 2.308(iii)). Interestingly, whilst Takinib did reduce the expression slightly of
several angiogenic factors, their initial differences in expression from baseline following the
addition of IL-1B and TGF-B was not significant (Figure 2.31A). Conversely, PCR and MSD analysis
of MMPs revealed a striking decrease in the expression of mRNA and protein levels of MMP-1
(Figure 2.32A and 2.32B(i)) and MMP-3 (Figure 2.32A and 2.32B(ii)), in addition to protein levels
of MMP-9 (Figure 2.32A) in the Takinib + IL-1B/TGF-B treated FLS compared to the IL-1B/TGF-B
treated control.

Moreover, to investigate if blocking TAK1 could suppress the glycolytic metabolic shift
induced in IL-1PB and TGF-B treated RA FLS, a glycolytic rate assay was performed on cultured FLS
treated with Takinib for 2 h prior to 24 h cytokine stimulation. Interestingly, the addition of Takinib
to the IL-1B/TGF-B treated FLS resulted in a significant reduction in the level of basal glycolysis
(Figure 2.33A), basal proton efflux rate (Figure 2.33B), and compensatory glycolysis (Figure 2.33C)
compared to the IL-1B/TGF-B DMSO control (all p<0.05). Pie charts describe the relative
contribution of each of the conditions: basal control, IL-1B/TGF-B control, IL-1B/TGF-B + Takinib,
as a percentage of the total glycolytic outputs — basal glycolysis, basal protein efflux rate, and
compensatory glycolysis (Figure 2.33D(i-iii)). Interestingly, for all three glycolytic outputs, whilst IL-
1B/TGF-B treatment alone (purple) demonstrated the greatest contribution, the addition of
Takinib to the IL-1B/TGF-B (grey) resulted in a decrease back towards baseline (blue) indicating
that TAK1 may be critical in mediating the synergistic effects of IL-1 and TGF- on RA FLS glycolytic

metabolism.
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Figure 2.28. Effect of different concentrations of TAK1 inhibitor on RA FLS cell viability and
proinflammatory cytokine production. Following 24 h serum starvation, RA FLS were pre-treated
with various concentrations of TAK1 inhibitor (Takinib) or DMSO vehicle control — 1 uM, 10 uM,
and 20 uM for 2 h prior to incubation with IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a combination of
both for a further 24 h. Supernatants were collected and analysed by ELISA and cell viability was
assessed using the crystal violet viability assay. (A) Bar graph showing cell viability relative to
baseline following treatment of basal cells with 1 uM, 10 uM, and 20 uM Takinib or DMSO vehicle.
(B) Bar graph showing cell viability relative to baseline following treatment of basal cells with 20
UM Takinib or DMSO vehicle control. Bar graph representations of level of secretion of (C) IL-6 and
(D) MCP-1 in RA FLS (n=2) following treatment with increasing concentrations of the inhibitor and
the various stimulations. All data represented as Mean +/- SEM.
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Figure 2.29. TAK1 inhibitor has a suppressive effect on the secretion of proinflammatory
mediators from IL-1B and TGF-B treated FLS. Following 24 h serum starvation, RA FLS were pre-
treated with 20 uM Takinib or DMSO vehicle control for 2 h prior to incubation with IL-1B (1
ng/ml), TGF-B (10 ng/ml), or a combination of both for a further 24 h. Supernatants were collected
and analysed for IL-6, IL-8, and MCP-1 secretion by ELISA and mRNA levels of IL-6, IL-8, and MCP-
1 were measured by RT-PCR. (A(i-iii)) Bar graph showing quantification of gene mRNA expression
of IL-6, IL-8, and MCP-1 in RA FLS (n=4-7). Data represented as fold expression, normalized to
housekeeping control RPLPO. 2% indicates fold induction. (B(i-iii)) Bar graph representations of
the level of secretion of IL-6, IL-8, and MCP-1 in the treated RA FLS (n=6-8). All data represented
as Mean +/- SEM. Statistical analysis was performed using the two-way ANOVA with Turkey’s
Multiple Comparisons Test (*) with significance defined by *p<0.05, **p<0.01, ***p<0.001,
***%p<0.0001.
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Figure 2.30. TAK1 Inhibitor has a suppressive effect on the secretion of chemokine ligands from
IL-1B and TGF-B treated FLS. Following 24 h serum starvation, RA FLS were pre-treated with 20
UM Takinib or DMSO vehicle control for 2 h prior to incubation with IL-1B (1 ng/ml), TGF-B (10
ng/ml), or a combination of both for a further 24 h. Supernatants were collected and analysed for
MIP-1B, IP-10, IL-8, MCP-1, TARC, MCP-4, MDC, MIP-1a, Eotaxin, and Eotaxin-3 using the
Chemokine MSD assay. (A) Clustered heatmap representing the expression of the various
chemokines in RA FLS (n=6 separate donors) following stimulation with the appropriate cytokines
and inhibition with Takinib. (B) Bar graphs depicting the expression level in pg/ml of (i) Eotaxin,
(ii) IP-10, and (iii) MDC in the stimulated RA FLS supernatants as determined by the MSD assay.
All data represented as Mean +/- SEM. Statistical analysis was performed using the two-way
ANOVA with Turkey’s Multiple Comparisons Test (*) with significance defined by *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.
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Figure 2.31. TAK1 inhibitor has minimal effects on the secretion of angiogenic factors from IL-18
and TGF-B treated FLS. Following 24 h serum starvation, RA FLS were pre-treated with 20 uM
Takinib or DMSO vehicle control for 2 h prior to incubation with IL-1B (1 ng/ml), TGF-B (10 ng/ml),
or a combination of both for a further 24 h. Supernatants were collected and analysed for VEGF-
C, Tie-2, bFGF, FLT1, PIGF, VEGF-A, and VEGF-D using the Angiogenic MSD assay. (A) Clustered
heatmap representing the expression of the various angiogenic mediators in RA FLS (n=6)
separated out into individual donors following stimulation with the appropriate cytokines and

inhibition with Takinib.
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Figure 2.32. TAK1 inhibitor has a suppressive effect on the secretion of MMP-1 and MMP-3 from
IL-1B and TGF-B treated FLS. Following 24 h serum starvation, RA FLS were pre-treated with 20
UM Takinib or DMSO vehicle control for 2 h prior to incubation with IL-1B (1 ng/ml), TGF-B (10
ng/ml), or a combination of both for a further 24 h. Supernatants were collected and analysed for
MMP-1, MMP-3, and MMP-9 using the MMP MSD assay. (A) Clustered heatmap representing the
expression of the various MMPs in RA FLS (n=6 individual donors) following stimulation with the
appropriate cytokines and inhibition with Takinib. (B) Bar graph showing quantification of gene
MRNA expression of (i) MMP-1 and (ii) MMP-3 in RA FLS (n=4-7). Data is represented as fold
expression, normalized to housekeeping control RPLPO. 2 indicates fold induction. All data
represented as Mean +/- SEM. Statistical analysis was performed using the two-way ANOVA with
Turkey’s Multiple Comparisons Test (*) with significance defined by *p<0.05, **p<0.01,

*#%p<0.001.
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Figure 2.33. TAK1 inhibitor has a suppressive effect on synergy induced glycolysis in RA FLS.
Following 24 h serum starvation, RA FLS (n=9) were pre-treated with 20 uM Takinib or DMSO
vehicle control for 2 h prior to incubation with IL-1B (1 ng/ml), TGF-B (10 ng/ml), or a combination
of both for a further 24 h. (A-C) Representative bar graphs demonstrating Basal Glycolysis, Basal
Proton Efflux Rate, and Compensatory Glycolysis before and after injections of metabolic
inhibitors Rotenone, Antimycin A, and 2-DG. All data represented as Mean +/- SEM. (D(i-iii)) Pie
charts reveal the breakdown of each condition within each Glycolytic Rate Assay output. Statistical
analysis was performed using the two-way ANOVA with Turkey’s Multiple Comparisons Test (*)
with statistical significance defined by *p<0.05, **p<0.01, and ***p<0.001.
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2.4.13 TAK1 inhibition induces a compaction phenotype in ex vivo RA synovial explants over a time
period.

To investigate the effects of TAK1 inhibition on synovial pathogenesis, RA synovial biopsies were
sectioned and embedded into Matrigel coated 96-well plates immediately after arthroscopy and
subsequently cultured for 21 days in the presence of Takinib (20 uM) or DMSO control (20 pM).
Explant media was collected, and the conditions were replaced every 4-5 days. As demonstrated
in the representative images in Figure 2.34A and quantitatively in Figure 2.34B, Takinib treated
explants exhibit a more stable phenotype with less fluctuation and a gradual decrease in size
compared to the DMSO control which consistently remains at a bigger size over the designated
time period of 21 days (Figure 2.34A). The change in size over the time period of each individual
donor is shown in Figure 2.34C(i-v), reinforcing the heterogeneity of donors in response to
treatments. This data suggests that Takinib induces a more compact morphology of the biopsy,
ultimately suppressing the expansion associated with increased proinflammatory conditions and

maintaining a more homeostatic environment resemblant of a healthy joint.

2.4.14 Takinib inhibits the spontaneous release of proinflammatory chemokines and MMPs and
from RA ex vivo explants.

To further elucidate the role of TAK1 signalling in driving proinflammatory and invasive aspects of
synovial inflammation, an ex vivo explant model was utilised (McGarry et al., 2018b). RA synovial
explants were placed into a 96-well plate in the presence of Takinib (20 uM) or DMSO control (20
MM) and the supernatants were subsequently collected at 24 h. The spontaneous secretion of
proinflammatory chemokines and MMPs into this collected culture media was quantified using
MSD assays. Interestingly, Takinib treatment resulted in a suppressive effect on the production and
release of chemokine ligands and all three MMPS; MMP-1, MMP-3, and MMP-9 compared to the
DMSO control, with similar decreasing trends in chemokines and MMPs observed across the three
separate donors (Figure 2.35 and Figure 2.36 respectively), suggesting TAK1 plays a role in both

the inflammatory and invasive processes within the synovium.
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Figure 2.34. TAK1 inhibition maintains a more compact phenotype of ex vivo RA synovial
explants compared to DMSO control. (A) Representative photomicrographs showing ex vivo RA
synovial explant culture in Matrigel in response to TAK1 inhibition using Takinib (20 uM) or DMSO
(20 uM) vehicle control over a time-course of 4-21 days. Original magnification 4x. (B) Quantitative
time plot demonstrating the change in explant size (n=5) as a % of the size on day 0 in response
to treatment with DMSO or Takinib. (C) Representative time plot for each individual donor (n=5)
demonstrating the change in explant size as a % of the size on day 0 in response to treatment with
DMSO or Takinib from day 4-21.
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Figure 2.35. TAK1 inhibitor has a differential patient specific effect on the secretion of
chemokine ligands from RA synovial explants. (A) Clustered heatmap and (B(i-iii)) individual
patient bar graphs (n=3) representing the expression of the chemokines Eotaxin, Eotaxin-3, IL-8,
IP-10, MCP-1, MCP-4, MDC, MIP-1a, MIP-1B, and TARC in RA synovial explants incubated with
Takinib (20 uM) or DMSO vehicle control (20 uM) for 24 h.
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Figure 2.36. TAK1 inhibitor has a suppressive effect on the secretion of the MMPs; MMP-1,
MMP-3, and MMP-9 from RA synovial explants. (A) Clustered heatmap and (B(i-iii)) individual
patient bar graphs (n=3) representing the decrease in expression of the MMPs; MMP-1, MMP-3,
and MMP-9 from RA synovial explants incubated with Takinib (20 uM) compared to DMSO vehicle
control (20 uM) for 24 h.
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2.5 Discussion

An abundance of literature has reinforced the central role of FLS in RA and PsA where their
destructive and immune cell-like behaviour perpetuates the chronically inflamed
microenvironment within the synovial joint (Fassbender and Simmling-Annefeld, 1983; Bottini and
Firestein, 2013; Bustamante et al., 2017; Koliaraki et al., 2020; Kondo, Kuroda and Kobayashi,
2021). However, to date, an in-depth analysis of potential differences in the phenotype, regulation,
and subsequent pathogenic activity of RA vs PsA FLS remains to be investigated. For the first time
in this chapter, scRNA-seq analysis of whole synovial biopsy single-cell suspensions was utilised to
gain a more comprehensive understanding of the cell clusters dominant within the synovium of
RA and PsA patients. The data indicated that the F11 FLS cluster enriched in FAP+THY1+ cells is
dominant in RA, whilst in contrast, PsA exhibit a marked dominance of F1 FLS which demonstrate
a FAP-THY1- phenotype. Ligand-receptor interaction analysis along with functional analysis
demonstrated the synergistic, additive, and inhibitory effects of macrophage-derived IL-1B and T
cell-derived TGF-B in driving the pathogenic and destructive phenotype of the RA associated F11
FLS cluster. Initial bulk RNA-seq demonstrated significant increases in the expression of key
mediators involved in the IL-1B and TGF-B signalling pathways, with a stepwise increase observed
from healthy to early RA to established RA highlighting their central role in disease progression.
Furthermore, in response to IL-1B and TGF-B treatment, various synergistic/additive effects on the
induction of highly inflammatory mediators, growth factors, adhesion markers, and ECM degrading
MMPs, were shown, all of which were paralleled with significant dysregulation in mitochondrial
homeostasis in favour of fission, a heightened ER stress response, and a metabolic switch in the
RA FLS towards a more glycolytic profile. Interestingly, compared to IL-1B alone, the combination
of IL-1B and TGF-B displayed some suppressive effects on proinflammatory mediators including
CXCR3, CXCR4, and VCAM-1, highlighting the pleotropic nature of TGF-B. Finally, it was
demonstrated that targeted inhibition of TAK1, a downstream mediator of both IL-13 and TGF-B
signalling, using Takinib, resulted in suppression of several synergy-induced effects. Cumulatively,
the data implies that blocking specific immune cell-derived cytokine interactions involved in
enhancing the pathogenic nature of RA FLS may facilitate the development of more effective
therapeutic interventions in RA.

The direct interaction between cells and its central role in exacerbating IA pathology is a
growing field of interest as the synovium is now known to be a highly complex microenvironment
(Floudas et al., 2022b; Kondo, Kuroda and Kobayashi, 2021; Zhang et al., 2023a). Indeed, the
contribution of immune-stromal cell communication in driving aspects of disease is becoming

increasingly recognised, with several published studies highlighting bidirectional interactions
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between stromal FLS and infiltrating T cell and macrophage populations within the synovium.
Whilst direct cell-to-cell contact has been shown to be required to influence the FLS activity in
some studies, research has also highlighted the ability of soluble mediators released by Th cells
within the joint to drive a more glycolytic and proinflammatory FLS phenotype, with similar effects
also observed in response to synovial macrophage-derived mediators (Petrasca et al., 2020;
Alivernini et al., 2020; Kvacskay et al., 2021; Hanlon et al., 2024). Thus, in support of these findings,
a role for macrophage-derived IL-1B and T cell-derived TGF- on RA FLS pathogenic responses was
demonstrated. Whilst the central role IL-1 assumes in RA pathogenesis has been extensively
investigated, a definitive understanding of the role TGF-B undertakes in RA pathogenesis is less
defined as a consequence of its highly pleotropic nature (Bira et al., 2005; Pohlers et al., 2007;
Sanjabi et al., 2009; Kondo, Kuroda and Kobayashi, 2021). Moreover, although both cytokines are
highly abundant within the RA joint, no research to date has elucidated the potential relationship
between these two cytokines on RA FLS responses.

As mentioned in the introduction, Section 1.12, the bioenergetic profile of a cell is a
catalyst for dictating its functional behaviour in homeostatic and pathogenic states. Interestingly,
in this study, a striking synergistic shift in the metabolic capacity of the IL-1B and TGF-B stimulated
RA FLS towards a highly glycolytic phenotype was identified. This was demonstrated in the
significant synergistic increase in multiple glycolytic parameters including basal glycolysis, basal
proton efflux rate, compensatory glycolysis, and the ECAR:OCR ratio. In parallel, the significant
synergistic and additive induction of key glycolytic enzymes and transporters including GLUT-1,
LDHA, HIF-1a, PKM2, and PFKFB3 were also observed. This prominent metabolic shift in the FLS
within the inflamed RA joint is in line with previous studies indicating that the profoundly hypoxic
microenvironment of the joint combined with dynamic fluxes in nutrient availability and
metabolite accumulation, drives the metabolic adaptation of the FLS to facilitate their pathogenic
effector functions (Biniecka et al., 2016; Bustamante et al., 2017; Fearon et al., 2019; Fearon et al.,
2022). In agreement with the results in this thesis, an abundance of evidence suggests that glucose
metabolism is particularly elevated in RA FLS with multiple studies showing that inhibition of
glycolytic genes including PFKFB3, could effectively reduce the invasive, proliferative, and
inflammatory capacity of the FLS (Garcia-Carbonell et al., 2016; Biniecka et al., 2016; Bustamante
et al., 2017; Petrasca et al., 2020). Furthermore, although this was the first study examining the
synergistic effects of IL-18/TGF-B on RA FLS, previous work has identified a central role for IL-1B in
the induction of glycolysis in OA FLS stimulated with T cell CM (Kvacskay et al., 2021). In contrast,
the influence of TGF-B on cellular metabolic output is highly contextual and cell dependent. Whilst

traditionally associated with oxidative phosphorylation, it has been shown to induce glycolysis in
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macrophages in mouse models of sepsis, increase HK2 levels slightly in articular chondrocytes, and
elevate PKM2 in colon cancer cells highlighting its pleotropic capacity in the context of metabolism
(Liu and Chen, 2022; Gauthier et al., 2023).

Previous studies have reinforced the integral role of mitochondria and hypoxia-induced
mitochondrial dysregulation in the production of this aforementioned energy, with the blockade
of their normal function in FLS resulting in an aggravated inflammatory response (Biniecka et al.,
2011; Valcarcel-Ares et al., 2014; Biniecka et al., 2016; Vaamonde-Garcia et al., 2017). In response
to alterations in the extracellular environment and availability of nutrients, the processes of
mitochondrial fission/fusion are dynamically regulated, a balance which has important effects on
both physiological and pathological processes in the body (Dai and Jiang, 2019). These processes
are governed by the GTPases MFN1, MFN2, OPA1, and DRP1, with DRP1 translocating to the
nucleus when activated and mediating mitochondrial fission which is known to be favoured in
many inflammatory diseases (Dai and Jiang, 2019). In this study, a significant synergistic increase
in DRP1 in parallel with reduced mitochondrial staining intensity and aspect ratio was
demonstrated, alongside a gradual increase in mitochondrial mass following treatment with IL-
1B/TGF-B. An eloquent study previously identified fission proteins increased in RA FLS compared
to OA, inhibition of which resulted in mitochondrial elongation, decreased production of ROS, IL-
8, and COX2, and increased apoptosis, suggesting that heightened fission may be associated with
RA FLS pathogenic responses (Wang et al., 2020a). Moreover, in support of these findings, several
cancer studies have demonstrated that fusion supports oxidative phosphorylation, whilst
conversely, high levels of DRP1 are associated with heightened cancer cell glycolysis in lung, breast,
and thyroid cancer (Chen and Chan, 2017; Dai and Jiang, 2019; Yao et al., 2019). Similarly, DRP1
knockdown resulted in increased OCR and ATP production in Ras-transformed mouse embryonic
fibroblasts (Serasinghe et al., 2015). Furthermore, a mechanism by which overexpression of the
fusion protein MFN2 correlated with decreased mitochondrial mass in pancreatic cancer cells has
been demonstrated, an observation which supports the findings in this thesis, implying the
heightened fission following IL-1B/TGF-B stimulation results in increasing mass through
fragmentation potentially (Yu et al., 2019). In line with this, a reduction in mitochondrial biogenesis
related genes including PGC-1a and NRF1 were demonstrated. PGC-1la has been shown to
enhance oxidative phosphorylation and mitochondrial biogenesis in tandem in breast cancer cells
whilst in naive Treg cell differentiation, it serves a role in promoting fusion driven changes in
metabolism from glycolysis to fatty acid oxidation (LeBleu et al., 2014; Fang et al., 2023). Whilst
this research is the first to analyse the specific role of IL-1B/TGF-B in coordinating this fission

phenomenon, previous studies have demonstrated the ability of individual proinflammatory
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signals within the extracellular milieu, including lipopolysaccharide (LPS) and TNF, to heighten
levels of fission in various cell types, with IL-1B specifically identified as a key regulator of
mitochondrial dynamics in OA chondrocytes (Lopez-Armada et al., 2006). In relation to TGF-B,
different isoforms have been implicated, with TGF-B1 promoting fission through DRP1
phosphorylation and TGF-3 inducing fission in OA chondrocytes, an effect similar to the results in
RAFLS (Du et al., 2024).

Furthermore, a trending increase in ER size in response to IL-1B/TGF-B stimulation was
identified, suggesting heightened ER stress is occurring in the RA FLS, which may be linked to the
observed mitochondrial dysfunction. Previous studies have demonstrated an association between
the mitochondria and ER, with mitochondrial dysregulation identified as a trigger of ER stress (Li
et al., 2015; Wu et al., 2021a; Miglioranza Scavuzzi and Holoshitz, 2022). Indeed, it has been shown
that suppression of DRP-1 mediated mitochondrial fission alleviates ER expansion, a finding that
was indicative of reduced ER stress (Li et al., 2015). Similarly, the direct effect of mitochondrial
dysfunction on the expansion of the ER has also been highlighted, with elongated ER structures
observed in RA CD4+ T cells with defective mitochondria, an effect mediated by the molecular
chaperone BIP (Li et al., 2015; Wu et al., 2021a). BIP serves a central role in the resolution of ER
stress through its activation of the various branches of the unfolded protein response (UPR), an
adaptive response essential for the integrity of cellular homeostasis through the removal of
misfolded proteins (Wang et al., 2009; Miglioranza Scavuzzi and Holoshitz, 2022). In this work, a
significant synergistic increase in the level of BIP was demonstrated, which was accompanied by a
specific BIP-mediated activation of the pro-survival arm of the UPR, with synergistic/additive
increases in XBP1 and AFT6 observed. Whilst there are limited studies concerning AFT6 in the
context of RA, in agreement with our findings, it has been shown to be induced in the RA synovium
by IL-1B where it governs the upregulation of cytoprotective genes including XBP1 that facilitate
cell survival (Miglioranza Scavuzzi and Holoshitz, 2022). Additionally, synergistic increase in PDI
with IL-1B/TGF-B, an important ER chaperone protein that is associated with ER stress and
implicated in both cancer and inflammatory diseases, was highlighted (Yu et al., 2020; Ma et al.,
2021). Taken together, these results imply that IL-1B and TGF-B are initiating a chain of events
within the RA FLS starting with the disruption of mitochondrial dynamics in favour of fission which
inadvertently results in the induction of ER stress. However, the combination of IL-1 and TGF-B is
central to the resolution of this ER stress also, with their synergistic effects instigating a rapid stress
response that circumvents the pro-apoptotic pathways and enables the survival of the pathogenic

FLS, an effect which ultimately ensures they can continue to drive RA progression.
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Next, the impact of the observed metabolic alterations on the pathogenic function of RA
FLS was investigated to a greater extent. It was demonstrated that that IL-13/TGF-B synergistically
induce the expression of some of the key cytokine mediators of inflammatory processes within the
joint — both IL-6 and IL-8 (Gottenberg et al., 2012; Pandolfi et al., 2020; Gremese et al., 2023).
Indeed, the concept of cytokine synergy in driving these two particular mediators is not completely
new in FLS, with previous findings demonstrating a synergistic increase in IL-6 production from RA
FLS in response to various dual combinations of the following cytokines: OSM, TNF-a, IL-17, and
importantly IL-1 family members (Richards and Agro, 1994; Hanlon et al., 2019; Slowikowski et al.,
2020). Conversely, in disagreement with the findings in this thesis, previous work has shown that
IL-8 decreased under dual OSM and TNF treatment which may in part be attributed to the different
cytokines involved thus, reinforcing the specificity of which cytokines are acting together (Hanlon
et al., 2019). Interestingly, however, an eloquent study specifically on RA FLS did previously identify
a potentiating effect of the combined addition of TGF-B and PDGF-B on IL-1p induced IL-6 and IL-
8 expression (Rosengren, Corr and Boyle, 2010).

Furthermore, FLS are potent producers of key angiogenic mediators, with VEGF classified
as the primary ‘on switch’ for the characteristic phenomenon of neo angiogenesis within the
inflamed joint (Honorati et al., 2006; Cho et al., 2007; Fromm et al., 2019; Balogh et al., 2019;
Firestein et al., 2020). Interestingly, an additive effect of IL-1B/TGF-B on RA FLS VEGF protein
release was observed. Their individual roles are consistent with previous studies implicating TGF-
B as a central growth factor that facilitates angiogenesis, with Fearon et al. (2003) identifying a
direct relationship between the levels of TGF-B, angiopoietins, and VEGF at an early stage of
disease, levels of which are associated with vascular morphology whilst additionally, IL-1B has
been shown to induce VEGF in RA FLS (Fearon et al., 2003; Cho et al., 2007). These new blood
vessels are critical in the perpetuation of synovial inflammation as they subsequently enable the
entry of peripheral immune cells that are recruited through the combined activity of chemokines
and their cognate receptors (Veale and Fearon, 2015; Tas et al., 2016). A synergistic increase in the
expression of specific chemokines known to be important in RA; MCP-1, Eotaxin, IP-10, MDC, and
CXCLS5, following treatment with IL-18/TGF-B were shown in this study. These findings corroborate
previous studies in which combinations of cytokines induced synergistic increases in some of these
particular chemokines including MCP-1 expression from HUVEC and RA FLS, Eotaxin from airway
FLS in response to TGF-B and IL-13, and CXCL5 expression in chondrocytes in response to IL-1 and
OSM (Wenzel et al., 2002; Barksby et al., 2006; Hanlon et al., 2019). In this regard, MCP-1 and
CXCL5 have been shown to not only correlate with disease activity in RA, but additionally have

been implicated in the onset and progression of cartilage degeneration in OA and in the
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recruitment of neutrophils to the joint (Smith et al., 2008; Harris et al., 2013; Tong et al., 2021;
Murayama et al., 2023).

Whilst increased levels of Eotaxin, IP-10/CXCL10, and MDC/CCL22 have been observed in
RA serum and SF compared to HC, they all demonstrate affinity for attracting different immune
cell types including eosinophils, FLS, chondrocytes, monocytes, T cells, DC, osteoclast, and OC
progenitors, with studies showing IP10/CXC10 knockout successfully reduced macrophage and
effector T cell recruitment to the joint (Yoshie and Matsushima, 2015; Pandya et al., 2017; Lee et
al., 2017; Wakabayashi et al., 2021; Murayama et al., 2023). Interestingly, whilst increases were
observed, a synergistic effect on several additional chemokines including MCP-4, MIP-1a, MIP-1f,
and TARC, failed to be detected. This reinforces previous data in which a synergistic effect on EC
production of neutrophil recruiting chemokines (CXCL1, CXCL2, CXCL5) but not T cell recruiting
chemokines (Rantes, CCL9, CXCL10) was detected following addition of TNF-a and IL-17 (Griffin et
al., 2012). Furthermore, analysis of the chemokine receptors themselves demonstrated that IL-1
induced a significant increase in CXCR4 and CXCR3 which agrees with previous studies in different
cell types (Sun et al., 2015; Guo et al., 2018). Although literature regarding the effects of TGF- on
these receptors is limited, this research showed that addition of TGF-$ exhibited a rescue effect
on the pathogenic nature of IL-1B, resulting in a decrease in both of these chemokine receptors,
an observation which reinforces the beneficial effect of TGF-B in certain contexts. Cumulatively,
this evidence suggests that the synergistic effect of IL-18 and TGF-B is highly specific and
responsible for attracting a diverse range of immune cells to the joint, further perpetuating the
proinflammatory response.

Once attracted to the joint, adhesion and subsequent entry of the immune cells is critical
in the RA synovium. In this context, a significant increase in the expression of ICAM-1 and VCAM-
1 following treatment with IL-1B alone was demonstrated, which is consistent with previous
studies in different cell types and disease states (Spoelstra et al., 1999; Yang et al., 2010; Shen et
al., 2021). Interestingly, however, the addition of TGF-B resulted in opposing effects on the two
adhesion molecules, with a synergistic increase in ICAM-1 but conversely, a decrease in VCAM-1
expression. Whilst both are critical adhesive mediators, their behaviour and expression patterns
are not directly linked as highlighted by studies in the chronically inflamed RA synovial joints
identifying differential prevalence of their expression, with VCAM-1 restricted to certain synovial
vessels in comparison to the ubiquitously expressed ICAM-1 (Salmi, Rajala and Jalkanen, 1997).
Moreover, their differential regulation in response to their environment and cytokine stimulation
has been recognised previously with findings demonstrating ICAM-1 upregulation and VCAM-1

downregulation in response to shear stress, whilst an elegant study conducted by Hanlon et al.
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(2019) illustrated comparable results in HUVEC following OSM treatment (Chiu et al., 2004; Hanlon
et al., 2019). Similar to the observations with the chemokine receptors in this chapter, the role of
TGF-B in inducing this rescue effect specifically in relation to VCAM-1 may in part be attributed to
its pleotropic nature. Indeed, studies have shown that TGF-B alone can inhibit EC adhesion of
neutrophils (Torres et al., 2022). Moreover, albeit a different cell type, analysis previously
highlighted that concomitant LPS and TGF-B addition resulted in a significant induction of ICAM-1
but reduction in VCAM-1 on ECs ultimately reinforcing the hypothesis that in the context of VCAM-
1, TGF-B may exhibit a protective effect when combined with a proinflammatory stimuli (Kang,
Brummel and Lee, 1996).

Irreversible degradation of the cartilage and bone is a key feature of RA pathogenesis,
driven by the activity of members of the ECM degradative MMP family and bone catabolic factors
(Fearon et al., 1999; Tunyogi-Csapo et al., 2008; Elshabrawy et al., 2015; Ospelt, 2017; Nygaard
and Firestein, 2020). In this study, whilst there was a lack of synergistic or additive effects on MMP-
1 production, MMP-3 expression exhibited a significant synergistic increase following treatment
with both cytokines. MMP-1 and MMP-3 have been extensively studied in the context of RA with
research illustrating that the heightened invasive capacity of RA FLS is directly correlated to their
MMP-1 and MMP-3 expression levels, a characteristic feature of the designated lining layer FLS
(Tolboom et al., 2002; Croft et al., 2019). Indeed, the evidence indicates that MMP-3 specifically is
important in cartilage degradation with a strong association between the serum levels and both
disease activity and the concurrent radiographic progression seen in RA (Moran et al., 2009;
Elshabrawy et al., 2015). Although a similar synergistic increase in MMP-1 failed to be observed,
the findings do support previous work in which the synergistic combination of TNF, PDGF-, and
TGF-B culminated in heightened MMP-3 levels and thus, enhanced synovial lining layer hyperplasia
(Shibuya et al., 2015). Additionally, consistent with this data, in a cancer-related study, a decrease
in MMP-1 transcription following exposure to TGF-B was observed (Krstic and Santibanez, 2014).
Revolutionary studies examining the epigenetic regulation of MMPs identified that silencing of
specific histone deacetylases had opposite effects on MMP-1 and MMP-3 subsequent expression,
with histone deacetylase inhibitors enhancing IL-1B induced MMP-3 and repressing IL-1 induced
MMP-1 (Pender et al., 2000; Moores et al., 2017). In addition, Cha et al. (2003) demonstrated that
that both MMP-1 and MMP-3 expression levels were heightened under the characteristic hypoxic
conditions of the joint. However, HIF-1a knockdown suppressed MMP-3 exclusively, with no effect
observed for MMP-1 corroborating the notion they are controlled differently downstream and thus
in relation to the research in this thesis, the combined effect of both IL-1B and TGF-B may be

affecting their downstream transcription/expression differently (Cha et al., 2003; Ahn et al., 2008).
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In regard to aspects of bone degradation, in support of previous findings in human
chondrocytes, the findings indicate that IL-1B resulted in a significant upregulation of OPG from
the RA FLS (Watanabe et al., 2009). However, whilst TGF-B alone was comparable to baseline
levels, the addition of TGF-B alongside IL-1B induced a ‘rescue’ effect, resulting in decreased OPG
production. Furthermore BMP2, a member of the TGF-B family known primarily for its bone
inductive properties and has been shown to be induced in the intimal FLS layer by IL-1f in vitro,
demonstrated a significant synergistic increase in expression following IL-1B/TGF-B stimulation
compared to either cytokine alone (Lories et al., 2003; Whitty et al., 2022). Interestingly, as a TGF
family member, BMPs also demonstrate considerable pleotropic capabilities and have been shown
to also govern multiple additional biological processes including growth, differentiation,
proliferation, and apoptosis thus, making it challenging to definitively determine if this synergy
induced increase in BMP2 is exerting an effect on bone remodelling in this scenario (Lories et al.,
2003). When all bone related markers are considered cumulatively, these results suggest whilst IL-
1B alone has a role in bone resorption/homeostatic capacity of RA FLS, the dual treatment with IL-
1B and TGF-B does not assume a major role in driving this specific aspect of RA pathogenesis.

Finally, a mechanistic manner by which the synergistic/additive effects of IL-1B and TGF-B
could be mitigated was demonstrated, through direct inhibition of the downstream member of
the MAPKKK family, TAK1, using the inhibitor Takinib. Takinib exerts its effects through its inhibition
of TAK1, an enzyme that is an ideal candidate target due to its placement at the nexus between
the NF-kB and MAPK pathways and has previously been shown to play a major role in the
mediation of both IL-1B and indeed, TGF-B responses in inflammatory disease (Yamaguchi et al.,
1995; Shirakabe et al., 1997; Takaesu et al., 2001; Xu and Lei, 2020). Preliminary studies using
Takinib demonstrated a marked reduction in several aspects of disease parameters in a CIA mouse
model including cartilage damage, pannus formation, periosteal bone formation, bone resorption,
and overall inflammatory markers, whilst in human RA FLS, Takinib exhibited a suppressive effect
on proinflammatory JAK/STAT signalling (Scarneo et al., 2019; Panipinto et al., 2021). In agreement
with these findings, the addition of IL-1B/TGF-p following TAK1 inhibition resulted in a suppressive
effect on proinflammatory and invasive mediator expression including IL-6, IL-8, MCP-1, MMP-1,
MMP-3, and MMP-9, in addition to a range of chemokines including Eotaxin, Eotaxin-3, MDC, and
IP-10, and the angiogenic factor Flt1, all of which were paralleled by significant decreases in
glycolytic parameters of the FLS. Moreover, similar suppressive effects were observed on the
spontaneous release of the proinflammatory and invasive mediators from the RA whole tissue
synovial explants cultured with Takinib. This inflammation dampening effect could also be

associated with the more compact biopsy size detected following TAK1 inhibition which reflects
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the data observed by Presti et al. (2024) in which a glycogen synthase kinase-3p (GSK3p) inhibitor
successfully resulted in compaction of the patient-derived organoid. They proposed this
compaction was reflective of a restoration of the lining layer, a process indicative of a healthier,
non-diseased tissue, suggesting Takinib may be inducing a similar regenerative effect. Collectively,
the data highlights the importance of understanding the molecular mechanism by which the
synergistic/additive effects are being induced as this may provide a promising therapeutic target

for mitigating IL-1 and TGF-B pathogenic effects in RA FLS.
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Figure 2.37. An overview of Chapter 2 focusing on the ability of IL-18 and TGF-$ to drive the
pathogenic, invasive nature of THY+FAP+ RA FLS. Synergy between macrophage-derived IL-1
and T cell-derived TGF-B promotes a metabolic switch in the RA FLS in favour of glycolysis which
leads to mitochondrial dysfunction and heightened ER stress. This is paralleled by adoption of an
aggressive phenotype with enhanced production of several pathogenic mediators including
proinflammatory cytokines and chemokines, MMPs, and angiogenic factors. This figure was made
using BioRender.
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CHAPTER THREE:

Enrichment of Specific Fibroblast
Populations with Distinct Functional
Capacity Identified Between RA and PsA
Synovial Tissue
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3.1 Introduction

As previously outlined in the main introduction Section 1.7, FLS are a critical stromal cell type
resident to the synovial joint, where they assume key roles in homeostatic joint maintenance
related to both structural and functional aspects (Ospelt, 2017; Koliaraki et al., 2020). However,
an abundance of well-established research exists implicating FLS pathogenic transformation as a
hallmark characteristic of inflammatory arthropathies, including both RA and PsA, where they are
central instigators of the sequence of destructive events that unfold resulting in bone and cartilage
destruction (Fassbender and Simmling-Annefeld, 1983; Bustamante et al., 2017; Koliaraki et al.,
2020). Once activated in an inflammatory context, FLS are essential producers of a plethora of
proinflammatory cytokines including IL-6, IL-1B, and TNF-a, leukocyte attracting chemokines,
bone destructive factor RANKL, and matrix degrading enzymes including MMP-1 and MMP-3,
which facilitate their invasive phenotype and formation of the distinguishing pannus structure
(Pap et al., 2000; Takayanagi et al., 2000; Bottini and Firestein, 2013; Kondo, Kuroda and
Kobayashi, 2021). This is further exacerbated by their capabilities to rapidly expand and
proliferate, constructing stromal networks whilst simultaneously resisting apoptosis, all disease-
related properties that enable them to fulfil their role as facilitators of chronic inflammation and
widescale tissue damage (Hu et al., 2012; Lee et al., 2013b). Moreover, the existing literature
indicates that this transformation to an ‘imprinted aggressor’ phenotype is paralleled by a
defective metabolic state, with numerous studies highlighting a preferential shift towards
glycolysis under the hypoxic joint conditions, an effect that can be successfully blocked through
inhibition of key glycolytic enzymes including PFKFB3 and PKM2 (Bottini and Firestein, 2013;
Biniecka et al., 2016; Bustamante et al., 2017; Frank-Bertoncelj et al., 2017; Fearon et al., 2022;
Elhai et al., 2023).

Contrary to previous views that considered FLS to be predominantly homogenous in
phenotype and function, immense emphasis has been placed in recent years on stratifying distinct
populations of FLS perpetuating the damage within the synovial joint. The use of scRNA-seq
transcriptomic analysis has revolutionised this field, facilitating the identification of populations
defined by distinct signature markers and gene expression, with Buechler et al. (2021) suggesting
a paradigm in which universal Dpt+ FLS give rise to highly specialised homeostatic and
inflammatory FLS populations observed across tissues. Moreover, whilst the immense intra- and
inter-organ diversity in FLS populations connected to their ECM production and preservation has
been highlighted, in relation to joints specifically, the literature indicates that FLS phenotype
demonstrates joint specific patterns, with distinct gene expression profiles and methylation status

dependent on the joint of origin (Ai et al., 2016; Muhl et al., 2020; Choi et al., 2024). Indeed,
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epigenetics cannot be underestimated in this regard with the methylation status also important
in dictating RA FLS function due to its governance over gene expression, a notion supported by
the work of Ai et al. (2016) which utilised bulk RNA-seq to investigate differences in RA vs OA FLS.
This study discovered distinct FLS gene methylation signatures could clearly demarcate between
both disease states, with the methylation status of genes involved specifically in the IL-6/JAK/STAT
resulting in greater expression of inflammatory IL-6 in RA compared to the OA counterpart.
However, defining FLS based on the expression of surface markers has taken precedence, with
this area of study initiating in 2018 with the discovery of two transcriptomically different FLS
populations that were clearly demarcated by their location within the layers of the synovium. The
lining layer possessed CD55+ FLS with high hyaluronan synthase 1 (HAS1) expression whilst
conversely, within the sub-lining layer, a THY1+ cluster was identified with high expression of
genes directly implicated in ECM degradation and remodelling, thus for the first time suggesting
the location of FLS within the joint i.e. lining versus sub-lining may have a major impact on their
transcriptional profile and function in joint destruction (Stephenson et al., 2018). Building on these
findings, cell sorting and microarray analysis were employed to identify three different PDPN+ FLS
populations, a marker previously shown to be associated with a highly aggressive FLS phenotype
(Croft et al., 2016; Mizoguchi et al., 2018). Firstly, the THY1-CD34- lining layer FLS exhibited high
expression of matrix degrading MMPs, specifically MMP-1 and MMP-3, in addition to RANKL, with
these FLS demonstrating the capacity to drive the differentiation of osteoclasts in vitro. Moreover,
the remaining two CD34+ populations could be subdivided based on the presence/absence of
THY1 co-expression: THY1-CD34+ FLS located in superficial lining layer and the deep sub-lining,
and finally a THY1+CD34+ population which were classified as perivascular FLS due to their close
proximity to the underlying blood supply and which demonstrated an inflammatory role due to
their correlation with leukocyte infiltration and expression of several inflammatory genes
including IL-6, CXCL12, and CCL2. Interestingly, this work also successfully demonstrated that the
nature of the specific arthropathy in question may be related to the dominant FLS cluster with a
significant expansion of the THY1+ FLS identified in RA patients compared to OA and higher
expression of the THY1- clusters in OA compared to their RA counterparts, a discovery that could
account for the differential pathogenesis observed between the disease states. This significant
observation introduced the currently unexplored hypothesis — is there a difference in the
dominance of FLS populations in RA vs PsA that may aid understanding of their differential disease
development and/or progression?

To date, there is an abundance of literature supporting this connection between the

phenotype of FLS and their functional role in disease propagation in relation to RA. Using FAP as
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a marker of tissue inflammation in all FLS subtypes, Croft et al. (2019) eloquently demonstrated
the validity of their transcriptomic analysis through the adoptive transfer of THY1+ and THY1- FLS
into the joints of mice with CIA. These in vitro studies successfully demonstrated the ability of the
THY1+ FLS to augment the production of a plethora of proinflammatory mediators including
cytokine and immune infiltrating chemokine production, whilst conversely the THY1- FLS exhibited
a high propensity to drive bone and cartilage destruction (Croft et al., 2019). The central role of
THY1+ sub-lining FLS in immune effector roles was further expanded on by Zhang et al. (2019) in
which a similar integrated approach of functional mass cytometry and scRNA-seq analysis to
define the sub-lining FLS clusters in RA specifically was utilised. Whilst observing the
aforementioned CD55+PRG4+ lining layer cluster, they actually separated the sub-lining cells into
three distinct populations. Interestingly the CD34+(THY1+) cluster associated with the
perivascular blood vessels was again identified and in support of Mizoguchi et al. (2018) and Croft
et al. (2019), this cluster demonstrated expression of the complement protein C3 thus highlighting
its role in tissue priming and stromal memory (Mizoguchi et al., 2018; Croft et al., 2019; Zhang et
al., 2019b). Furthermore, it has recently been demonstrated that the application of continuous
repetitive inflammatory stimuli to these CD34+C3+ FLS could drive the metabolic rewiring of these
FLS towards an increasingly more inflammatory promoting phenotype, supporting the chronically
inflamed joint microenvironment characteristic of RA patients (Frisci¢ et al., 2021). Interestingly,
not all FLS associated with RA are responsible for exacerbating disease with recent work
identifying a population of FLS in RA characterised by CD200+DKK3+ expression that are capable
of exhibiting dynamic pro-resolving effects on synovial inflammation (Rauber et al., 2024).
However, as outlined above, the majority of available literature focuses on delineating FLS
subpopulations and their driving role in RA pathogenesis, with a stark absence of studies
examining the different roles that lining versus sub-lining FLS assume in PsA.

Whilst the central dogma of lining versus sub-lining and the resulting transcriptional
profile is widely accepted, recent work has highlighted that this phenotype may be extremely
dynamic. Anatomical self-organisation and ability to destruct cartilage when implanted has been
previously shown to be an intrinsic property of RA FLS, reinforcing the concept that FLS are
genetically and epigenetically imprinted with an ‘aggressor’ phenotype that renders them
predisposed to pathogenic transformation (Bottini and Firestein, 2013; Croft et al., 2016;
Karouzakis et al., 2018). Moreover, the impact of neighbouring cells and environmental cues are
becoming increasingly more recognised in the literature in promoting the adoption and
maintenance of differential phenotypes of FLS. Micheroli et al. (2022) advanced the current

approaches by not only defining the FLS clusters by location but matching them to the particular
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RA pathotypes observed i.e. fibroid, myeloid, and lymphoid, suggesting the importance of
examining the impact of immune cells on the FLS phenotype and function. This concept of
examining cell interactions on FLS phenotype was further explored through profiling of the entire
spectrum of cell types that composes the inflamed synovium in patients with active RA, resulting
in the stratification of tissues into six groups denoted as CTAPs (Zhang et al., 2023a). Interestingly,
the influences can not only be attributed to immune cells but additionally other stromal cells in
the microenvironment. Wei et al. (2020) eloquently demonstrated the impact of ECs on driving
FLS to adopt a THY1+ phenotype through NOTCH signalling, an effect lost once removed from the
joint. Moreover, as outlined in Section 1.7.2, FLS behaviour can be affected by repeated culturing
processes supporting the notion that environmental cues are essential for their phenotypic
maintenance (Zimmermann et al., 2001; Neumann et al., 2010; Mizoguchi et al., 2018). Indeed,
the questions of whether RA and PsA FLS are capable of maintaining their distinct lining versus
sub-lining transcriptomic profiles and to a similar extent once removed from the inflammatory
surroundings are yet to be formally investigated.

Global scRNA-seq analysis was conducted previously in Chapter 1, analysis that included
all cellular components of synovial single-cell suspensions thus enabling investigation of
communication between different cell types within the joint. This global analysis identified eleven
FLS clusters based on THY1 and FAP expression in RA vs PsA, however this analysis was performed
in parallel with other cell types within the joint. Therefore to further investigate the FLS
populations in the joint in more detail, in this chapter, re-analysis of the scRNA-seq focused on FLS
exclusively was performed alongside advanced multiplex flow cytometric analysis. The resulting
data demonstrated, for the first time, that distinct FLS populations with unique functional
properties exist in RA and PsA. Moreover, the data suggested that once removed from the joint
microenvironment, FLS subset stability appears transient with convergence towards common

phenotypes.
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3.2 Specific Aims of this Chapter

e Comprehensive transcriptomic RNA-seq analysis focused only on FLS subsets, to stratify
synovial RA and PsA FLS into distinct FLS populations based on the expression of cluster
markers.

e Identify and compare the frequencies of FLS subsets within the inflamed synovium of RA
and PsA patients using a dual approach of scRNA-seq and flow multiparametric analysis.

e To establish the phenotypic and functional differences in the FLS populations that differ
between RA and PsA using the combination of transcriptomics and multi parametric flow
cytometry.

e To directly compare the metabolic, angiogenic, invasive, and inflammatory profile of RA
and PsA FLS ex vivo at passage 0 (PO) under baseline conditions.

e To determine the effects of removal from the joint microenvironment and ex vivo

expansion across consecutive passages on the intrinsic RA and PsA FLS characteristics and
behaviour.
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3.3 Materials & Methods

3.3.1 Patient Recruitment and Arthroscopy

RA and PsA patients, all of which fulfilled the criteria defined by the ACR and CASPAR respectively,
were previously recruited from the outpatient clinic at the Department of Rheumatology, St
Vincent’s University Hospital and Tallaght University Hospital, TCD (Aletaha et al., 2010; Leung et
al., 2018). The RA and PsA patient demographics and synovial tissue were obtained at time of
arthroscopy as previously described in Section 2.3.1. The extent of disease activity in the RA and
PsA patients was defined by the Disease Activity Score in 28 joints (DAS28 score), a clinical tool
that encompasses assessment of SIC, TJC, CRP, and the VAS score, enabling direct comparisons to

be performed across both disease states.

3.3.2 Synovial Tissue Sample Processing

Synovial tissue biopsies obtained at the time of arthroscopy were preserved in 10% DMSO (Fisher
Scientific) and enzymatically digested using the GentleMacs dissociator and a soft tumour
dissociation kit (Miltenyi Biotech, Germany), according to manufacturer’s instructions. Following
DMSO removal through consecutive PBS washes, the biopsies were immediately transferred to a
96-well plate. The plate was incubated for 45 min at 37°C in humidified air with 5% CO; in 100 pl
of an enzyme mix containing 600 pl pre-warmed RPMI-1640, 200 pl enzyme H, 100 pl enzyme R,
and 25 pl enzyme A. This single synovial cell suspension was then filtrated through a 70 um cell
strainer to remove undigested clumps and yield a single-cell suspension of synovial tissue cells
which were then utilised for further experiments outlined below. This method of digestion was
previously optimised by the lab, demonstrating high cellular yield, viability, and intact marker

expression (Floudas et al., 2022a).

3.3.3 CytekAurora Multiparametric Flow Analysis

In order to determine differences in functional and metabolic phenotypes of FLS from RA and PsA
synovial biopsies, flow cytometric analysis of 21+ markers outlined in Table 3.1 below, was
conducted on the CytekAurora. A detailed list of the patient demographics relating to the biopsies
included in the flow cytometric analysis are included in the Appendix, Table 6.3. Whole biopsies
preserved in 10% DMSO (Fisher Scientific) were thawed in a 37°C water bath and excess DMSO
was removed by washing the biopsies in sterile PBS. The biopsies were then digested as outlined

in Section 3.3.2 prior to staining. To remove dead cells, the samples were resuspended in
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LIVE/DEAD fixable NIR (Molecular Probes, Thermofisher Scientific) viability dye for 30 min at 4°C
in the dark. To block the non-specific binding of the monoclonal antibodies to the Fcy-receptor,
samples were then blocked for 10 min with human FcyR-binding inhibitor (TruStain FcX Receptor
blocking solution (BioLegend)) diluted 1:10 in FACS buffer .(Dulbecco’s PBS without Mg2+ or Ca2+
(Sigma Aldrich, USA), 2% heat-inactivated FBS (Biosciences), 0.05% sodium azide (Sigma-Aldrich,
USA), and 0.5M EDTA pH 8.0 (Ambion)) prior to the addition of the extracellular antibodies.
Samples were then incubated for 30 min at 4°C with the appropriate fluorochrome-conjugated
extracellular antibodies and Brilliant Stain Buffer mixture (30 ul Brilliant Stain Buffer + 2 ul/ab per
sample). Following staining with the extracellular antibodies and prior to intracellular staining, the
FOXP3 staining buffer set (eBiosciences) was used to fix and permeabilise the FLS to enable access
of the intracellular antibodies as per the manufacturer’s instructions. The samples were then
incubated for 30 min at 4°C with the appropriate fluorochrome-conjugated intracellular antibodies
and Perm Buffer mixture. Following this, consecutive washes with 100 pl PERM buffer and FACS
buffer and 1400 rpm centrifugation following each wash was performed, before the cells were
resuspended in 200 ul FACS buffer and transferred directly to labelled flow tubes. Samples were
stored at 4°C in the dark until sample acquisition on the CytekAurora with instrument set up and
Quality Control performed per the manufacturer recommendations prior to acquisition. Single
stained controls were acquired first to adjust for the spectral overlap between adjacent
fluorochromes, and multicolour samples were run using the live unmixing functionality. Following
acquisition, analysis was carried out using Spectro Flo and Flowlo (v10) software (Flowlo LCC,
Oregon, USA). For gating purposes, FMO controls were used to determine gate boundaries
between markers. Cell debris and doublets were removed from the analysis and phenotyping of
FLS subsets in addition to analysis of the extracellular/intracellular marker expression on the FLS
was determined as outlined by the gating strategy shown in Figure 3.1. The markers utilised
allowed the (a) exclusion of other cell types and (b) identification of FLS subsets and functional
analysis:
e Exclusion of haematopoietic cells (CD45+), ECs (CD31+), pericytes (CD146+), and inclusion
of FLS (PDPN+).
e FLS subtype phenotyping based on markers previously utilised and published in the
literature (Described in Section 3.1) - THY1, CD34, CD55, and FAP.
e FLS immune and adhesive markers including HLA-DR, Cadherin-11 (Cad11), ICAM-1,
VCAM-1, CD44, PDGFR-a, and the proliferation marker, Ki67.
e FLS metabolic markers such as YAP, pAKT, pmTOR, and pS6.
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In order to analyse the co-expression of markers on the PDPN+ FLS, the supervised algorithm
Simplified Presentation of Incredibly Complex Evaluations or SPICE (Version 5.1) was used. SPICE
is a data-mining software that allows large data sets from polychromatic flow cytometry to be
analysed and organises the normalised data graphically. Before importation into the SPICE
programme, a Boolean gating strategy was applied to all the markers on the data. The pie charts
generated represent frequency of co-expression of costimulatory markers, whereby single
costimulatory marker positive cells are represented by individual arcs surrounding the pie charts,
while double, triple, and quadruple costimulatory marker positive cells were represented by

overlapping arcs.

157



Marker Fluorochrome | Clone Manufacturer
HLA-DR BV421 L243 BioLegend
VCAM-1 BV480 51-10C9 BD

CD34 BV510 581 BioLegend
CD31 BV605 WM59 BioLegend
*Ki67 BV650 11F6 BioLegend
CD146 BV711 P1H12 BD

THY1 (CD90) BV750 5E10 BD

CD44 BV785 IM7 BioLegend
CD45 AF532 HI30 Thermo
*pS6 (Ser235, Ser236) PerCP/Cy5.5 Mouse IgG1, k | BioLegend
ICAM-1 PerCP-eFluor 710 | HA58 Thermo
CD61 (Integrin B3) PerCP VI-PL2 BioLegend
*YAP PE D8H1X Cell Signaling
*pAKT PE CF 594 M89-61 BD
PDGFR-a (CD140a) PE/Cy5 APAS5 BioLegend
Cad11l PE/Cy7 16G5 BioLegend
CD55 APC JS11 BiolLegend
*pmTOR AF647 021-404 BD

PDPN APC-Fire 750 NC-08 BioLegend
L/D Zombie NIR BioLegend
FAPa AF700 427819 Novus

Table 3.1. Multiparametric antibody panel to phenotype FLS in RA vs PsA on the CytekAurora.
*Indicates intracellular antibodies.
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3.3.4 Cell Sort and Supernatant Collection

Fresh RA and PsA biopsies were digested on the day of arthroscopy in RPMI-1640 containing 1
mg/ml collagenase Type Il (Worthington Biochemical, Freehold, NJ, USA) for 4 h (with gentle
agitation every hr) at 37°C in humidified air with 5% CO,. Once dissociated, the cells were spun
down directly at 1400 rpm for 20 min, before being washed twice in sterile PBS and pelleted at
1400 rpm. Subsequently the cells were resuspended in pre-warmed RPMI-1640 and seeded into
T75 culture flasks where they were incubated at 37°C in humidified air with 5% CO; overnight. The
following day, the FLS were removed from the flasks using RT Accutase cell detachment solution
(Sigma-Aldrich, Ireland) to preserve cell viability and cell surface marker expression, before being
resuspended in 1% sterile-filtered bovine serum albumin (BSA) and counted using trypan blue
(Sigma) and a cell counter under the microscope. Cells were then transferred to round a bottomed
FACS tube where they were centrifuged for 3 min at 1400 rpm before being resuspended directly
in FC block (TruStain FcX Receptor blocking solution (BioLegend)) for 10 min. 10 ul of this cell
resuspension was removed to a separate flow tube to function as an unstained control. Following
this, cells were incubated for 30 min at 4°C in the dark with the antibody mix consisting of the
fluorochrome-conjugated extracellular antibodies outlined in Table 3.2 below. The cells were then
washed with 1% sterile-filtered BSA (Sigma-Aldrich, USA) and centrifuged at 1400 rpm for 3 min
twice, before being resuspended in 300 pl 1% BSA. All the above steps were conducted under
sterile conditions. The cells were kept on ice until the FLS subsets were sorted into sterile, 1% BSA
coated 1.5 ml Eppendorf’s based on the expression of the two extracellular markers THY1 and FAP
using the BD FACSAria Fusion sorter (BD Biosciences). The following two populations were
collected: THY1+FAP+ and THY1-FAP-. Populations sorted were based on the scRNA-seq enriched
RA and PsA populations identified in the global analysis in Section 2.4.1. For gating purposes, FMO
controls were also prepared and used to determine gate boundaries between markers. A summary
of the individual yields of THY1+FAP+ and THY1-FAP- populations from each digested biopsy
sample are shown in the Appendix, Table 6.4. Once sorted, the populations were centrifuged for
5 min at 0.3 g to pellet and the supernatant was removed under sterile conditions. The cells were
then resuspended in pre-warmed RPMI-1640 to give a cell number of approx. 30,000 cells per 100
pl media was added to a 96-well cell culture plate and incubated at 37°C in humidified air with 5%
CO.. The cell supernatants were collected after 48 h and stored in the -20°C freezer for future use
in the MSD assay analysis which was performed as outlined in Section 3.3.8 below.

The following extracellular antibodies were used to distinguish the FLS populations: CD45 BV650,
CD146 BV711, CD31 BV605, PDPN AF488, FAP AF700, and THY1 BV421.
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Marker Fluorochrome |Clone Manufacturer
CD146 BV711 P1H12 BD

CD45 BV650 H130 BiolLegend

CD31 BV605 WM59 BioLegend

THY1 BV421 SE10 BiolLegend

PDPN AF488 NC-08 BiolLegend

FAPa AF700 427819 Novus

Table 3.2. Panel of fluorochrome antibodies used to sort FLS populations.

3.3.5 Synovial Histopathological Analysis

To perform haematoxylin and eosin (H&E) analysis of the tissue architecture, RA and PsA biopsies
obtained as previously described in section 2.3.1, were embedded in OCT medium, sectioned, and
stained with haematoxylin and eosin. Microscopic analysis was then performed to analyse the
lining layer thickness (number of cell layers), vascularity of the sub-lining layer (scored 1-3), cellular

infiltration of the sub-lining layer (scored 1-3), and the presence/absence of lymphoid aggregates.

3.3.6 scRNA-seq Data Analysis

3.3.6.1 Initial Processing

scRNA-seq data were processed using Cell Ranger (v3.02) and using the 10X human transcriptome
GRCh38-3.0.0 as a reference. Further analysis was performed in R v.4.4.1. EmptyDrops was used
to identify cell-containing droplets in each individual sample at a false discovery rate of 1% (Lun et
al., 2019). Droplets lacking a cell were removed from downstream analysis. Only genes identified
in @ minimum of 3 cells were included in downstream analysis in Seurat (v.5) (Stuart and Satija,
2019). Quality control measures were used to remove low quality and decaying cells. Apoptotic
and decaying cells were removed using a mitochondrial gene cut-off of 25%. Doublet and multiplet
cells were removed using the DoubletFinder package (McGinnis, Murrow and Gartner, 2019). In
order to remove any batch effects associated with the scRNA-seq data, data was integrated using
the SelectintegrationFeatures, PrepSCTIntegration, FindintegrationAnchors, and IntegrateData

functions. The standard Seurat workflow was used to identify sixteen unique FLS clusters. UMAP
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plots were used for dimensionality reduction and for visualisation of this scRNA-seq data. This

bioinformatic analysis was performed by Dr. Conor Smith.

3.3.6.2 Cell Population Clustering

Cluster specific markers were identified using the FindAllMarkers function. Only genes with a
Log,FC > 0.25, a min.pct > 0.25 and an adj.p.value < 0.05 following Bonferroni correction were
included as cluster markers. Differentially expressed genes were identified using Wilcoxon Rank
Sum test and displayed using heatmaps and volcano plots. Pathways enriched from the
differentially expressed genes were identified using pathfindR and pathway activity scores were
calculated using the AddModuleScore function in Seurat (Ulgen, Ozisik and Sezerman, 2019).
Nebulosa was used to display gene expression density on the UMAP (Alquicira-Hernandez and
Powell, 2021). DecoupleR was used to identify transcription factor activity (Badia et al., 2022).

Clusters were defined and labelled by Orla Tynan and Aenea Brugman.

3.3.7 PO VS P1 VS P2 Flow analysis

To examine if FLS lose their distinct phenotype with passaging, multiparametric analysis of specific
FLS activation and functional markers on unstimulated RA and PsA FLS was performed using flow
cytometry. FLS cell suspensions from individual RA and PsA donors, previously frozen down in 10%
DMSO at consecutive passages (PO, P1, and P2) following digestion as per outlined in Section 2.3.4,
were thawed in a 37°C water bath before centrifugation for 3 min at 1400 rpm. The cells were then
resuspended in RPMI-1640 and transferred to a 96-well round-bottomed plate for extracellular
staining. The extracellular staining procedure and data acquisition on the LSRFortessa Flow
Cytometer (Beckman Coulter, UK) was performed and analysed using Flowlo (v10) software
(Flowlo LCC, Oregon, USA) as previously described in section 2.3.14. Single stained compensation
beads were used to adjust for the levels of spectral overlap between different fluorochromes and
FMO staining was incorporated to determine the gating of specific surface marker expression. The
gating strategy as per Figure 3.32 was applied. The full panel of extracellular antibodies utilised in

this experiment are outlined in Table 3.3 below.

161



Marker Fluorochrome |Clone Manufacturer
CD146 BV711 P1H12 BD

CD45 BV650 H130 BioLegend
CD31 BV605 WM59 BiolLegend
CD34 BV510 581 BioLegend
THY1 BV421 SE10 BiolLegend
CD54 PerCP/Cy5.5 HASS BioLegend
PDPN AF488 NC-08 BioLegend
HLA-DR PE/Cy7 1243 BioLegend
CD55 APC JS11 BioLegend
L/D Zombie NIR BioLegend
FAPa AF700 427819 Novus

Table 3.3. Extracellular fluorochrome antibodies used for RA FLS flow cytometric staining of PO,
P1, and P2, RA and PsA FLS.

3.3.8 Multiplex ELISA Analysis

MSD analysis was performed to assess differences in expression of specific angiogenic, chemokine,
and migration factors in the sorted FLS subset supernatants collected as per outlined in Section
3.3.4 above and in PO RA and PsA FLS ex vivo at baseline. Protein concentrations of the angiogenic
proteins; PIGF, VEGF-A, VEGF-C, VEGF-D, Tie-2, bFGF, and Flt-1, chemokine proteins; MCP-1, MCP-
4, IL-8, IP-10, TARC, MDC, Eotaxin, Eotaxin-3, MIP-1B, and MIP-1a, and the MMPs; MMP-1, MMP-
3, and MMP-9 were quantified using the V-PLEX Angiogenesis Panel 1 (human) kit (Meso Scale
Discovery, USA), the V-PLEX Chemokine Panel 1 (human) kit (Meso Scale Discovery, USA), and the
Human MMP 3-Plex Ultra-Sensitive Kit (Meso Scale Discovery, USA) respectively, as per the
manufacturer’s recommendation’s. Briefly, 50 ul of supernatants was added to precoated
multiplex wells for 2 hr at RT under constant shaking. Simultaneously, an eight-point standard
curve was added to the plate. The plate was subsequently washed three times using PBS/Tween,
after which 25 pl of Detection antibody was added for 2 h at RT under constant shaking. Finally,

after washing three times, 150 ul of the appropriate Read Buffer was added, and the
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electrochemiluminescence of the plate was analysed immediately after addition using a Meso
Sector S600 Imager. A complete list of the specific MSDs and the analytes measured are depicted

in Table 3.4 below.

Assay Analytes Measured

V-PLEX Angiogenesis Panel 1 (human) PIGF, VEGF-A, VEGF-C, VEGF-D, Tie-2, bFGF, Flt-1

kit

V-PLEX Chemokine Panel 1 (human) kit = MCP-1, MCP-4, IL-8, IP-10, TARC, MDC, Eotaxin,
Eotaxin-3, MIP-1B, MIP-1a

Human MMP 3-Plex Ultra-Sensitive Kit MMP-1, MMP-3, MMP-9

Table 3.4. List of MSDs performed, and the analytes measured.

3.3.9 cDNA Synthesis and Gene Expression Analysis

To assess differences in expression of specific invasion and metabolic genes in RA and PsA FLS ex
vivo at baseline PO, RT-PCR for specific genes was performed (Table 3.5). Adherent cells were
detached following incubation with trypsin (Sigma-Aldrich, USA) at 37°C in humidified air with 5%
CO,for 5 min. The detached cells were then pelleted at 1400 rpm and cell numbers were acquired
and adjusted to yield a final concentration of 300,000 cells/1 mL. The cells were then lysed in
Qiazol and stored at -80°C until RNA isolation. Total RNA was isolated using the miRNeasy Mini Kit
(Qiagen, Germany) as per the manufacturer’s recommendations. The integrity of RNA samples was
assessed using a bioanalyzer (Agilent, CA, USA) to ensure high quality and subsequently stored at
-80°C until needed. Samples with a 260:280 nm ratio of 1.8 and above were used in subsequent
experiments. Total RNA (100 ng) was reverse transcribed to complementary cDNA using a high-
capacity cDNA reverse transcription kit (Applied Biosystems, Cheshire, UK) containing a mixture of
10x RT Buffer, DNTPs, 10 Random Primers, RNase Inhibitor, Multiscribe Reverse Transcriptase
Inhibitor, and RNase-free H,0, and stored at -20°C until further use. Negative controls consisted of
samples lacking multiscribe reverse transcriptase were also prepared alongside.

Using the Quant Studio 5 Thermal Cycler (Applied Biosystem, Lewes, UK), gene expression
data were quantified by RT-PCR. Reaction mixtures contained 1 ul of cDNA, SYBR green Il Universal
PCR mastermix (Applied Biosystems), RNase-free water, and specifically designed target mRNA
specific primer pairs of the following genes outlined in Table 3.5 below (dependent on specific
experiments): MMP-1, MMP-3, HIF-1a, HK2, PKM2, GLUT-1, and GADPH. Negative controls

consisted of samples lacking multiscribe reverse transcriptase which enabled the testing of target
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specific quantification and samples lacking RNA which enabled identification of primer-dimer
formation. Using pre-optimised conditions, the Ct method was used to analyse the data with all
thermal cycling conditions performed as recommended by the manufacturer (Applied
Biosystems). Using a 96-well plate format, all samples were run in duplicate whilst negative
controls were run in singlet alongside. For analysis, all acquired data was normalised to the
expression of the housekeeper RPLPO which acted as an endogenous control and was selected
based on optimisation experiments. To represent the relative changes in gene expression of the

data and graphically represent the results, the CT method and specifically the delta CT method

was used.

Gene Name  Forward Primer Reverse Primer

RPLPO 5’ GCGTCCTCGTGGAAGTGACAT 3’ 5’ TCAGGGATTGCCACGCAGGG 3’

5’ GCTAACAAATACTGGAGGTATGAT 3’ 5" ATTTTGGGATAACCTGGATCCATA 3’
5’ CGGTTCCGCCTGTCTCAAG 3’ 5’ CGCCAAAAGTGCCTGTCTT 3’

5" GAAACTTCTGGATGCTGGTGATTT 3’ 5’ GCAATTCATCTGTGCTTTCTGTCA 3’
5 TTCTTGTCTCAGATTGAGAGTGAC 3’ 5'TTGCAGGATGGCTCGGACTTG 3’

5" ATTATTTGAGGAACTCCGCCG 3’ 5" ATTCCGGGTCACAGCAATGAT 3’
5" CTTCCAGTATGTGGAGCAACT 3’ 5’ GCACAGTGAAGATGATGAAGA 3’
5" GGGAAGCTTGTCATCAATGGA 3’ 5’ TCTCGCTCCTGGAAGATGGT 3’

Table 3.5. Primer sequences designed and used for RT-PCR analysis.

3.3.10 Cellular Bioenergetic Functional Analysis

The analysis of the oxidative and glycolytic metabolic profiles of the RA vs PsA FLS at PO at baseline
and following IL-1B stimulation was performed using the Seahorse-XFe96 analyser (Seahorse
Biosciences, Agilent Technologies, USA). RA and PsA FLS were seeded at a density of 15,000 cells
per well in a 96-well cell culture XFe microplate (Seahorse Biosciences) and allowed to adhere
overnight at 37°C in humidified air with 5% CO,. The calibrator plate was also incubated overnight
at 37°Cin a non-CO; incubator with XF Calibrant, pH 7.4 (Agilent Technologies, USA). On the day
of the experiment, cells were then washed with assay medium (unbuffered DMEM (pH 7.4)
supplemented with 10 mM glucose; Sigma UK, 1 mM Sodium Pyruvate; Gibco, and L-Glutamine 2
mM; Biosciences) before incubation with assay medium for 1 h at 37°C in a non-CO; incubator.

Using the Mitochondrial Stress Test, basal oxidative phosphorylation/glycolysis of the RA and PsA
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FLS at baseline was calculated by the average of three baseline OCR/ECAR measurements
respectively, obtained before injection of specific metabolic inhibitors; oligomycin (ATP-synthase-
inhibitor) (2 pg/ml; Seahorse Biosciences, UK), FCCP (mitochondrial uncoupler) (5 uM; Seahorse
Biosciences), and Antimycin A (complex-Ill inhibitor) (2 uM; Seahorse Biosciences) and Rotenone
(2 uM; Seahorse Biosciences). Additional calculations included: the ECAR:OCR ratio, the level of
ATP synthesis which was calculated by subtracting the OCR following oligomycin addition from the
baseline OCR, the spare respiratory capacity calculated by subtracting the baseline OCR from the
maximal respiratory capacity OCR, and finally the maximum respiratory capacity calculated by
subtracting the average of the three OCR readings following FCCP addition from the baseline OCR

as shown in Chapter 2, Figure 2.1.1A.

3.3.11 Statistical Analysis

All statistical analysis was performed using GraphPad Prism 9 software (GraphPad Software Inc.,
California, USA). The Spearman pair-wise test was used for correlation analysis. Analysis of
unpaired data was performed using the non-parametric, Mann-Whitney U test. Analysis of paired
data was performed using the non-parametric Wilcoxon-Signed Rank test or the one-way ANOVA
with Friedman’s test where appropriate. Statistical significance was defined by *p<0.05, **

p<0.01, *** p<0.001, **** p<0.0001, with all data represented as Mean +/- SEM.
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3.4 Results

3.4.1 Differential expression and phenotype of PDPN+ FLS within the RA and PsA joint synovium.
An abundance of previous literature has emphasised the critical role FLS play in inflammatory
arthropathies, where they are both central instigators and perpetuators of the chronically
inflamed, bone destructive environment characteristic to both RA and PsA pathology (Bottini and
Firestein, 2013; Ospelt, 2017; Croft et al., 2019). While many pathogenic mechanisms within the
synovium differ between RA and PsA, including vascularity, lymphoid aggregates, T cell subsets,
no study has examined FLS ex vivo to date, with the majority of studies examining expanded FLS
(Veale and Fearon, 2015; Veale and Fearon, 2018; Alivernini, Firestein and Mclnnes, 2022).
Therefore, to ascertain if there are differences in the prevalence and function of these general
PDPN+ FLS population within the RA and PsA joint, multiparametric flow cytometric analysis ex
vivo on RA and PsA patient synovial biopsies, digested using previously optimised methods in our
lab, was performed (Floudas et al., 2022a). Representative flow plots outlining the gating strategy
used for detection of this PDPN+ FLS population are shown in Figure 3.1A-F. Following the
elimination of debris and cell doublets (Figure 3.1A-B), live cells were gated on (Figure 3.1C) before
haematopoietic cells (Figure 3.1D) and ECs/pericytes (Figure 3.1E) were excluded and FLS were
finally identified as PDPN+ (Figure 3.1F). The bar graph quantitatively demonstrates a higher
frequency of PDPN+ FLS in PsA compared to RA (Figure 3.1G). Further analysis of the mean %
frequency of several immune related (HLA-DR, CD55, Cad11, ICAM-1, PDGFR-a) and metabolic
markers (YAP, pS6) on PDPN+ FLS between RA and PsA patient cohorts are depicted in the
representative heatmap (Figure 3.1H), demonstrating significant differences in RA and PsA PDPN+
FLS.

Initially adopting an unbiased, exploratory approach, a programme called tSNE that
performs dimensionality reduction of complex data by clustering cells that contain similar
expression profiles was utilised (Hanlon et al., 2024). Using this technique, analysis of one RA and
one PsA synovial tissue was performed, with total PDPN+ cells subjected to unsupervised
clustering following the data concatenation process. Data concatenation and the relative
expression for the indicated markers are shown in Figure 3.2A. Interestingly, several immune,
metabolic, and adhesive markers appeared to exhibit higher expression on the RA clusters with
the most prominent including THY1 (Figure 3.2B(i)) , HLA-DR (Figure 3.2B(iv)), Cad11 (Figure
3.3A(i)), CD44 (Figure 3.3A(iv)), PDGR-a (Figure 3.3A(vi)), and YAP (Figure 3.3B(iv)). Conversely,
initial analysis suggested a higher expression of CD55 (Figure 3.2B(iii)) and the metabolic marker

pPAKT (Figure 3.3B(ii)) on PsA FLS compared to their RA counterparts. Although solely based on
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two patients, this data suggests a stark difference in the functional phenotype of resident FLS
between RA and PsA tissue.

Therefore, analysis of the specific markers in a quantitative manner on the FLS from the
flow data was performed in order to gain a deeper insight into their distinct phenotypes. Figures
3.4A(i) and 3.4B(i) demonstrate representative dot plots for FMO control, RA ex vivo, and PsA ex
vivo synovial tissue for immune associated markers HLA-DR and CD55. As illustrated in the bar
graphs and the accompanying histograms, RA FLS exhibited a significantly higher % frequency of
HLA-DR (p<0.01) (Figure 3.4A(ii)) with a trend towards an increase in MFI (Figure 3.4A(iii-iv)).
Conversely, the PsA FLS have a significantly higher % frequency and MFI of the marker CD55
(p<0.001, p<0.0001) (Figure 3.4B(ii-iv)). Moreover, Figures 3.5A(i) and 3.5B(i) demonstrate
representative dot plots for FMO control, RA ex vivo, and PsA ex vivo synovial tissue for the
adhesion molecules Cad11 and ICAM-1. Cad1l % frequency was significantly higher on the RA FLS
(p<0.01) (Figure 3.5A(ii)), with a trend towards an increase in the corresponding MFI (Figure
3.5A(iii-iv)). Interestingly, although the % frequency of ICAM-1 expression was similar between RA
and PsA FLS (Figure 3.5B(ii)), the MFI was higher in the RA population (p<0.06) (Figure 3.5B(iii-iv)).
Furthermore, Figures 3.6A and 3.6B demonstrate representative dot plots for FMO control, RA ex
vivo, and PsA ex vivo synovial tissue for the metabolic related markers YAP and pS6. As highlighted
by the bar graphs, both YAP (Figure 3.6A(ii)) and pS6 (Figure 3.6B(ii)) demonstrated a significantly
higher % frequency (both p<0.05) in the RA synovium compared to PsA, with a similar trend
towards an increase in MFI additionally for both (Figure 3.6A(iii-iv) and 3.6B(iii-iv)). Cumulatively
these results suggest distinct phenotypic profiles of PDPN+ FLS within the RA and PsA synovium

which may imply differential pathogenic mechanisms driving RA and PsA.
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Figure 3.1. Gating strategy for functional and metabolic comparison of PDPN+ FLS between RA
and PsA. Representative dot plots demonstrating the gating strategy for the identification of
differences in functional and metabolic marker expression of FLS in digested whole synovial tissue
RA (n=11) and PsA (n=10) biopsies using 22 distinct antibodies for staining. Analysis was performed
on the CytekAurora. (A) — (C) The forward and side scatter parameters of cells were set before
doublet exclusion and elimination of dead cells. (D) Haematopoietic cells and (E) ECs/pericytes
were then excluded and (F) FLS were then identified as being PDPN+. (G) Representative bar graph
of the percentage frequency of PDPN+ FLS in RA biopsies (n=11) compared to PsA (n=10). All data
represented as Mean +/- SEM. (H) Heat-map showing the mean expression of several functional
markers on RA vs PsA FLS. Statistical analysis was performed using the non-parametric, Mann-
Whitney U Test with statistical significance defined by *p<0.05, ** p<0.01, ***p<0.001.
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Figure 3.2. Identification of distinct marker expression on PDPN+ FLS in RA vs PsA by
unsupervised clustering. Multiparametric flow cytometric data of total PDPN+ FLS subjected to
unsupervised clustering by the tSNE algorithm following concatenation of data from RA and PsA
synovial tissue. (A) Data concatenation and (B(i-iv)) relative expression for the indicated markers
related to defining FLS populations and immune regulatory functions.
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Figure 3.3. Identification of distinct adhesion molecule and metabolic marker expression on
PDPN+ FLS in RA vs PsA by unsupervised clustering. Multiparametric flow cytometric data of total
PDPN+ FLS subjected to unsupervised clustering by the tSNE algorithm following concatenation of
data from RA and PsA synovial tissue. Data concatenation and relative expression for the indicated
adhesion (A(i-vi)) and metabolic (B(i-iv)) markers are shown.
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Figure 3.4. Differences in the expression of key immune markers between RA and PsA PDPN+
FLS. RA (n=11) and PsA (n=10) biopsies were digested and staining for flow cytometry was
performed. (i) Representative flow dot plots for FMO, RA-stained tissue, and PsA-stained tissue
for (A) HLA-DR and (B) CD55. (ii) Bar charts represent the percentage frequency of FLS that are
positive for (A) HLA-DR and (B) CD55 in RA vs PsA. (iii) Bar charts demonstrate the MFI values for
(A) HLA-DR and (B) CD55 on the PDPN+ RA vs PsA FLS. (iv) Representative histograms show the
MFI shift for (A) HLA-DR and (B) CD55 across the indicated disease states. All data represented as
Mean +/- SEM. Statistical analysis was performed using the non-parametric, Mann-Whitney U Test
with statistical significance defined by **p<0.01, ***p<0.001, and ****p<0.0001.
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Figure 3.5. Differences in the expression of key adhesion markers between RA and PsA PDPN+
FLS. RA (n=11) and PsA (n=10) biopsies were digested and staining for flow cytometry was
performed. (i) Representative flow dot plots for FMO, RA-stained tissue, and PsA-stained tissue
for (A) Cad11 and (B) ICAM-1. (ii) Bar charts represent the percentage frequency of FLS that are
positive for (A) Cad11 and (B) ICAM-1 in RA vs PsA. (iii) Bar charts demonstrate the MFl values for
(A) Cad11 and (B) ICAM-1 on the PDPN+ RA vs PsA FLS. (iv) Representative histograms show the
MFI shift for (A) Cad11 and (B) ICAM-1 across the indicated disease states. All data represented as
Mean +/- SEM. Statistical analysis was performed using the non-parametric, Mann-Whitney U Test
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with statistical significance defined by *p<0.05 and **p<0.01.
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Figure 3.6. Differences in the expression of key metabolic markers between RA and PsA PDPN+
FLS. RA (n=11) and PsA (n=10) biopsies were digested and staining for flow cytometry was
performed. (i) Representative flow dot plots for FMO, RA-stained tissue, and PsA-stained tissue
for (A) YAP and (B) pSé. (ii) Bar charts represent the percentage frequency of FLS that are positive
for (A) YAP and (B) pS6 in RA vs PsA. (iii) Bar charts demonstrate the MFI values for (A) YAP and
(B) pS6 on the PDPN+ RA vs PsA FLS. (iv) Representative histograms show the MFI shift for (A) YAP
and (B) pS6 across the indicated disease states. All data represented as Mean +/- SEM. Statistical
analysis was performed using the non-parametric, Mann-Whitney U Test with statistical

significance defined by *p<0.05.
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3.4.2 Comparison of the polyfunctionality of FLS in RA vs PsA synovium.

Due to the differences observed in individual markers being expressed by RA and PsA PDPN+ FLS,
the polyfunctionality of these FLS was subsequently investigated. Multiparameter flow cytometry
coupled with Boolean gating enabled SPICE analysis to be conducted, a method which allows us
to visualise multiple parameters concurrently. In Figures 3.8A(i-ii) and 3.9B(i-ii), each arc
represents a specific cytokine with the overlapping regions of arc above a specific pie segment
indicating greater than one cytokine being produced simultaneously. As demonstrated by the
differential size of the common pie segments between RA and PsA FLS, different combinations of
specific markers (shown in the pie chart legends in Figure 3.7 and Figure 3.9A) exhibit a higher
prevalence in one disease state over the other. Interestingly, RA patients demonstrated a
significantly enhanced co-expression of several immune and adhesive markers including Cad11
CD44 HLA-DR ICAM-1 (p<0.01) (Figure 3.8B(i)), CD44 HLA-DR ICAM-1 VCAM-1 (p<0.05) (Figure
3.8B(ii)), and CD44 HLA-DR ICAM-1 (Figure 3.8B(iii)). Moreover, PsA patients demonstrated an
enhanced dual co-expression of metabolic/invasive markers including pAKT pmTOR (p<0.01)
(Figure 3.9C(i)) and YAP pmTOR (p=0.07) (Figure 3.9C(ii)). These results suggest that both RA and
PsA FLS are polyfunctional in terms of immune and metabolic markers but the degree of
polyfunctionality and the specific cytokines being co-expressed differ. Cumulatively, analysis of
the specific markers being co-expressed on the RA and PsA FLS, would suggest that RA FLS exhibit
a stronger association with immune regulation whilst the PsA FLS demonstrate a stronger

association with invasive and metabolic functions.
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Figure 3.7. Legend depicting all the possible combinations of the immune markers being co-
expressed using Boolean gating. Each combination corresponds to a specific segment of the pie
in Figure 3.8 (A(i-ii)) below.
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Figure 3.8. PDPN+ FLS demonstrate differences in the co-expression of immune markers in RA
vs PsA. Visual representation of multidimensional flow cytometric data. SPICE analysis was
performed for the identification of polyfunctionality of PDPN+ FLS from (A(i)) RA (n=11) and (A(ii))
PsA (n=9) synovial tissue. Each pie segment indicates the different combinations of marker
expression as denoted in Figure 3.7 above. The adjacent pie arcs indicate the specific immune
markers produced by each pie segment as denoted by the included legend. Multiple arcs above a
single pie segment represent polyfunctional cells. The size of the pie arc/segment correlates with
the frequency of the population. (B(i-iii)) Representative bar graphs quantitatively depicting the
differences in expression of specific combinations of immune markers between the RA and PsA
patients as determined by the SPICE analysis. All data represented as Mean +/- SEM. Statistical

analysis was performed using the non-parametric, Mann-Whitney U Test with statistical
significance defined by *p<0.05, **p<0.01.
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Figure 3.9. PDPN+ FLS demonstrate differences in the co-expression of metabolic/invasive
markers in RA vs PsA. Visual representation of multidimensional flow cytometric data. SPICE
analysis was performed for the identification of polyfunctionality of PDPN+ FLS from (B(i)) RA
(n=11) and (B(ii)) PsA (n=9) synovial tissue. Each pie segment indicates the different combinations
of marker expression as denoted by the legend above (A). The adjacent pie arcs indicate the
specificimmune or metabolic markers produced by each pie segment as denoted by the included
legend. Multiple arcs above a single pie segment represent polyfunctional cells. The size of the pie
arc/segment correlates with the frequency of the population. (C(i-ii)) Representative bar graphs
guantitatively depicting the differences in expression of specific combinations of the
metabolic/invasive markers between the RA and PsA patients as determined by the SPICE analysis.
All data represented as Mean +/- SEM. Statistical analysis was performed using the non-
parametric, Mann-Whitney U Test with statistical significance defined by *p<0.05, **p<0.01.

177



3.4.3 Differential expression of THY1 FAP expressing FLS clusters in RA vs PsA synovium.

Previous literature has focused on the expression of the markers THY1 and FAP to characterise
distinct FLS populations, with THY1+ sub-lining FLS exhibiting a stronger role in immune related
functions in contrast to THY1- lining FLS which have been implicated to a greater extent in bone
and cartilage destruction (Croft et al., 2019). Therefore, to identify potential differences in the
dominance of lining versus sub-lining FLS in RA vs PsA, flow cytometric analysis was performed ex
vivo based on the Croft paper analysis. The gating strategy implemented is indicated in Figure
3.10A-G. Figures 3.11A and 3.11B demonstrate representative dot plots for FMO control and a
stained synovial tissue for the markers THY1 and FAP, whilst Figure 3.11C depicts representative
overlaid histograms showing the differences in THY1+FAP+ vs THY1-FAP+ expressing FLS in RA and
PsA tissue.

As demonstrated in the representative dot plots and quantitatively in the accompanying
bar graphs and histograms representing MFI, there was a significant enrichment in the % frequency
expression of the THY1+FAP+ FLS population in RA (p<0.05) (Figure 3.12A(i-iii)), whilst conversely,
the THY1-FAP+ FLS subset was significantly higher in PsA (p<0.05) (Figure 3.12B(i-iii)). Interestingly,
the THY1+FAP- and THY1-FAP- populations of FLS exhibited a similar frequency in both RA and PsA
alike (Figures 3.12C(i-iii) and 3.12D(i-iii)).

These results indicate that there are indeed differences in the particular FLS subsets that
dominate in RA compared to PsA, primarily based on the presence/absence of the immune-
associated marker THY1, with RA FLS exhibiting higher levels of THY1 expressing FLS compared to

their PsA counterparts.

3.4.5 Differential angiogenic, chemotactic, and ECM degradative function of THY1+FAP+ versus
THY1-FAP- expressing FLS clusters in the inflamed synovium.

To further understand and expand on the differential function of distinct THY1 expressing subsets
identified through scRNA-seq analysis (Chapter 2, Section 2.4.1), cells were sorted from fresh
synovial biopsies based on the presence/absence of THY1 and FAP as demonstrated in Figure 3.13
and MSD multiplex analysis performed on the collected supernatants from these sorted
populations. Interestingly, as depicted in the heatmap (Figure 3.14A) and bar graph (Figure 3.14B),
the production of all angiogenic mediators including PIGF, VEGF-A, VEGF-C, bFGF, and FLT1, was
greater in the THY1+FAP+ FLS compared to the THY1-FAP- population. Indeed, there was a
significantly higher level of VEGF-A (p<0.05) (Figure 3.14C(i)), VEGF-C (p<0.05) (Figure 3.14C{ii)),

and FLT1 (p<0.05) (Figure 3.14C(iii)) in the double positive compared to the double negative cells.
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Furthermore, although analysis of chemokine expression did not demonstrate any significant
differences between both populations (Figure 3.15A and 3.15B), there was a trending increase in
the level of chemokines produced by the THY1+FAP+ FLS including MCP-1 (Figure 3.15C(i)), MCP-
4 (Figure 3.15C(ii)), Eotaxin (Figure 3.15V(iv)), Eotaxin-3 (p<0.09) (Figure 3.15C(v)), IP-10 (Figure
3.15C(vi)), MIP-1a (Figure 3.15C(vii)), MIP-1B (Figure 3.15C(viii)), TARC (Figure 3.15C(ix)), and MDC
(Figure 3.15C(x)). Finally, as shown in Figures 3.16A and 3.16B, analysis of the MMPs from the
sorted cells revealed a higher expression of all three MMPs; MMP-1, MMP-3, and MMP-9, in the
THY1-FAP- FLS compared to the THY1+FAP+ subset, with a particularly high expression level
associated with the THY1-FAP- PsA FLS specifically (Figures 3.16B(i-iii)). Collectively, the data
implies a stronger angiogenic and chemotactic function of the THY1+FAP+ FLS compared to the
THY1-FAP- FLS whilst conversely, the THY1-FAP- FLS, and particularly in the PsA cohort, exhibit

higher invasive MMP expression compared to their THY1+FAP+ counterparts.

3.4.6 Ildentification of a direct positive correlation between THY1+FAP+ FLS and inflammatory
disease parameters.

To investigate the clinical significance of the THY1+FAP+ FLS subset on inflammatory disease
parameters in the IA synovial tissue, Spearman correlation analysis was performed. Interestingly,
a positive correlation (r = 0.55, p<0.05) between the % frequency of THY1+FAP+ FLS and DAS28
was identified (Figure 3.17A). This was shown visually by the accompanying representative dot
plots showing THY1+FAP+ expression from a patient with Low DAS tissue vs a patient with High
DAS tissue (Figure 3.17B). Moreover, a positive correlation (r = 0.54, p<0.05) between the %
frequency of THY1+FAP+ FLS and the extent of synovitis was also identified (Figure 3.17C).
Representative macroscopic images of synovitis from a patient with a high synovitis score vs a
patient with a low synovitis score are shown in Figure 3.17D. Cumulatively, these results indicate
a central role of this THY1+FAP+ FLS population in driving the extent of disease activity and

inflammation in RA and PsA synovial tissue.
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Figure 3.10. Gating strategy to identify differential expression of THY1 FAP expressing clusters
in RA vs PsA. Representative dot plots demonstrating the gating strategy for the identification of
lining versus sub-lining FLS populations within whole synovial tissue RA (n=11) and PsA (n=9)
biopsies digested and stained using 22 extracellular and intracellular antibodies. Analysis was
performed on the CytekAurora. (A) — (C) The forward and side scatter parameters of cells were
set before doublet exclusion and elimination of dead cells. (D) Haematopoietic cells and (E)
ECs/pericytes were then excluded. (F) FLS were then identified as being PDPN+ and further
characterised into specific populations based on the expression of the FLS associated markers (G)
THY1 and FAP.
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Figure 3.11. Differences in the expression of key FLS associated markers THY1 and FAP between
RA and PsA PDPN+ FLS. Representative flow plots show the (A) THY1 and (B) FAP FMO compared
to the unstimulated synovial tissue. (C) Representative flow cytometric dot plot with
accompanying overlaid histograms indicating the MFI, demonstrating differences in the
expression of THY1 FAP expressing FLS populations from the indicated disease states (RA: n=11
and PsA: n=9).
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Figure 3.12. Differential expression of THY1 FAP FLS populations in RA vs PsA. Representative (i)
dot plots and (ii) accompanying bar graphs demonstrating the % frequency of (A) THY1+FAP+, (B)
THY1-FAP+, (C) THY1+ FAP-, and (D) THY1-FAP- expressing populations of FLS (as a % of PDPN)
within RA (n=11) and PsA (n=9) synovial biopsies. (A-D(iii)) Representative histograms of the MFI
of the indicated FLS populations (A-D) in RA and PsA synovial tissue. All data represented as Mean
+/- SEM. Statistical analysis was performed using the non-parametric, Mann-Whitney U Test with
statistical significance defined by *p<0.05.
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Figure 3.13. Gating strategy for FACS sort of RA and PsA FLS. Gating strategy to identify and sort
THY1+FAP+ and THY1-FAP- FLS from RA and PsA synovial tissue using the FACS Aria Fusion sorter.
Following elimination of debris, doublets, and dead cells, cells were gated as CD45-, CD31-, and
PDPN+ and further characterised into double positive THY1+FAP+ and double negative THY1-FAP-
. Cell sorting purity was also analysed using the FACS Aria Fusion sorter.
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Figure 3.14. Significantly higher expression of angiogenic mediators in the supernatants of
THY1+FAP+ FLS compared to THY1-FAP- FLS. FLS from fresh RA (n=4) and PsA (n=4) biopsies were
digested and sorted into two populations based on THY1 and FAP expression, before supernatants
were collected and analysed by an MSD angiogenic-panel. (A) Clustered heatmap depicting the
scaled expression of angiogenic factors in the supernatants of the THY1+FAP+ (++) vs THY1-FAP-
FLS (--) across all the individual donors. (B) Bar graphs depict the expression levels of angiogenic
mediators in the supernatants from THY1+FAP+ vs THY1-FAP- FLS. (C) Representative bar graphs
demonstrating significant differences in the protein levels measured of (i) VEGF-A, (ii) VEGF-C, and
(iii) FLT1 between the two distinct FLS populations with RA donors represented by blue dots and
PsA donors represented by red dots. All data represented as Mean +/- SEM. Statistical analysis
was performed using the non-parametric, Wilcoxon Signed-Rank Test with statistical significance

defined by *p<0.05.
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Figure 3.15. Comparison of the expression of chemokines in the supernatants of THY1+FAP+ FLS
compared to THY1-FAP- FLS. FLS from fresh RA (n=3) and PsA (n=3) biopsies were digested and
sorted into two populations based on THY1 and FAP expression, before supernatants were
collected and analysed by an MSD chemokine-panel. (A) Clustered heatmap depicting the scaled
expression of chemotactic factors in the supernatants of the THY1+FAP+ (++) vs THY1-FAP- (--) FLS
across all the individual donors. (B) Bar graph depicts the expression levels of the chemokines in
the supernatants from THY1+FAP+ vs THY1-FAP- FLS. (C) Representative bar graphs demonstrating
differences in the protein levels measured of (i) MCP1, (ii) MCP4, (iii) IL-8, (iv) Eotaxin, (v) Eotaxin-
3, (vi) IP-10, (vii) MIP-1a, (viii) MIP-1B, (ix) TARC, and (x) MDC between the two distinct FLS
populations with RA donors represented by blue dots and PsA donors represented by red dots. All
data represented as Mean +/- SEM.
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Figure 3.16. Higher expression of MMPs in the supernatants of THY1-FAP- PsA FLS compared to
THY1+FAP+ FLS. FLS from fresh RA (n=3) and PsA (n=3) biopsies were digested and sorted into two
populations based on THY1 and FAP expression, before supernatants were collected and analysed
by an MSD MMP-panel. (A) Bar graph depicts the expression levels of MMPs in the supernatants
from THY1+FAP+ (++) vs THY1-FAP- (--) FLS. (B) Representative bar graphs demonstrating
significant differences in the protein levels measured of (i) MMP-1, (ii) MMP-3, and (iii) MMP-9
between the two distinct FLS populations with RA donors represented by blue dots and PsA donors
represented by red dots. All data represented as Mean +/- SEM. Statistical analysis was performed
using the non-parametric, Wilcoxon Signed-Rank Test with statistical significance defined by
*p<0.05.
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Figure 3.17. Identification of a direct positive correlation between THY1+FAP+ FLS and
inflammatory disease parameters. (A) Representative scatter plots with Spearman pair-wise
correlation analysis of THY1+FAP+ FLS and Das28 in IA synovial tissue (n=20). (B) Representative
flow cytometry plot of THY1+FAP+ FLS frequency in high versus low disease activity. (C)
Representative scatter plots with Spearman pair-wise correlation analysis of THY1+FAP+ FLS and
synovitis in |A synovial tissue (n=20). (D) Representative macroscopic images showing a tissue with

low synovitis versus high synovitis.
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3.4.7 Differential expression of THY1 CD34 CD55 FAP expressing FLS clusters in RA vs PsA, with
distinct functions associated with the different clusters.

To expand on identifying the potential differences in the dominant subsets of FLS present in RA
compared to PsA, the markers THY1 (CD90) and CD34, in addition to CD55 and FAP were used,
and flow cytometric analysis was performed ex vivo using a 21 colour panel.

The gating strategy implemented is indicated in Figure 3.18, giving rise to six discrete FLS
populations in the IA joint. These six populations are depicted quantitatively along with
accompanying heatmap (Figure 3.19A-B), with the results highlighting a particular dominance of
four main populations within the IA synovial joint— three of which are THY1+ and one which is
THY1- (highlighted in red box). Interestingly, when separated out into the disease states, two of
these four populations were enriched in the RA cohort (Figure 3.19C) whilst the opposite two
populations were enriched in PsA (Figure 3.19D), with this visually represented in the
accompanying heatmap (Figure 3.19E). Moreover, when stratified and compared directly between
the two disease states quantitatively, patients with RA exhibited an enrichment in
THY1+CD34+CD55-FAP+ (p<0.05) (Figure 3.20A(i-iii)) and THY1+CD34-CD55-FAP+ FLS (Figure
3.208B(i-iii)), whilst patients with PsA displayed enrichment in the other two populations; THY1-
CD34-CD55+FAP+ FLS (p<0.001) (Figure 3.20D(i-iii)) and unexpectedly, a THY1+ population;
THY1+CD34-CD55+FAP+ (p<0.05) (Figure 3.20C(i-iii)). The THY1+CD34+CD55+FAP+ and THY1-
CD34+CD55+FAP+ FLS populations were relatively similar between RA and PsA and had lower
frequency in the IA joint and thus were excluded from further analysis (Figure 3.19A-E).

In order to understand the functional consequences of the differential dominance of FLS
populations in RA vs PsA, the expression of several immune, adhesion, and metabolic markers on
the four populations in IA were examined. As depicted in the heatmap (Figure 3.21A), there were
stark differences in the expression of several markers across the four individual populations, with
higher mean % frequency of markers such as pS6, VCAM-1, pAKT, and Ki67 in the two PsA
dominant populations whilst PDGFR, YAP, HLA-DR, and Cad11 appeared markedly higher in the
two RA dominant populations (Figure 3.21A). Interestingly, the frequency of markers being
expressed by the THY1-CD34-CD55+FAP+ PsA enriched subset (purple) was nearly the reverse of
the two RA enriched THY1+ subsets (pink & orange), with high expression in the THY1- subset
meaning low frequency expression in the two RA enriched THY1+ subsets and vice versa (Figure
3.21A). However, as shown in the heatmap, the THY1+CD34-CD55+FAP+ FLS population (green),
enriched in PsA, exhibited expression levels of specific markers that overlapped with all three of
the other populations suggesting it may possess more intermediate functionality (Figure 3.21A).

Furthermore, quantitative analysis demonstrated a significantly higher % frequency of both YAP
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(Figure 3.21B) and Cad11 (Figure 3.21C) in the RA dominant populations, particularly the
THY1+CD34+CD55-FAP+ FLS. Conversely, pAKT expression was significantly higher in both of the
FLS populations more prevalent in PsA, THY1+CD34-CD55+FAP+ and THY1-CD34-CD55+FAP+
(Figure 3.21D).

Collectively, the data indicates the existence of six distinct FLS populations based on the
expression of the surface markers THY1, CD34, CD55, and FAP, showing differential expression
levels in RA compared to PsA, with a higher level of THY1- lining layer FLS in PsA and a dominance
of THY1+ sub-lining FLS in RA. Importantly, the expression of specific markers differs across
clusters thus further defining the function of that cluster across both disease states, with these
clusters differentially enriched in RA vs PsA. RA dominant populations potentially exhibit a more
immune regulatory role whilst the data implies a stronger role for pAKT and downstream

pathways in PsA dominant populations.

3.4.8 Histopathological differences in RA vs PsA synovial tissue corresponds with the enriched FLS
clusters in RA vs PsA.

Next to compare the macroscopic and microscopic characteristics of the RA and PsA synovial
tissue, and specifically to determine if the dominance of lining layer FLS in PsA compared to sub-
lining layer FLS in RA identified by the flow cytometric analysis could be translated to the biopsy
and detected visually, histological analysis was performed on the matched biopsies. Figures 3.22A-
B depict H&E stains of RA and PsA tissue, demonstrating intact synovial tissue morphology with
lining-layer, blood vessels, lymphoid aggregates, and synovial infiltrate clearly visible. Firstly, as
depicted in these representative images and quantitatively, although significance was not
reached, there was a trend towards a greater average thickness of the lining layer in the PsA
patients compared to RA indicating a greater dominance of THY1- FLS in PsA (Figure 3.22C(i)).
Conversely, the cellular infiltration score demonstrated a significantly higher level in RA compared
to PsA (p<0.05) (Figure 3.22C(ii)), which was reflected in the representative images showing a
greater extent of inflammation in the RA synovium (Figure 3.22A) compared to the PsA synovium
images (Figure 3.22B). Interestingly, whilst the vascularity score was similar between both disease
states (Figure 3.22C(iii)), the presence/absence of lymphoid aggregates was trending higher in RA
compared to PsA with the majority of PsA samples devoid of aggregates (Figure 3.22C(iv)).
Cumulatively, the data suggests that whilst the extent of vascularity is comparable between both

disease states, there is a higher prevalence of immune cell infiltration and inflammation in the RA
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joint compared to PsA. This may be associated with a higher sub-lining THY1+ FLS presence whilst

the lining layer is thicker in PsA indicative of an enrichment of THY1- FLS.
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Figure 3.18. Gating strategy to identify differential expression of THY1 CD34 CD55 FAP+
expressing clusters in RA vs PsA. Representative dot plots demonstrating the gating strategy for
the identification of lining versus sub-lining FLS populations within whole synovial tissue RA (n=7)
and PsA (n=8) biopsies digested and stained using 22 extracellular and intracellular antibodies.
Analysis was performed on the CytekAurora. (A) — (C) The forward and side scatter parameters of
cells were set before doublet exclusion and elimination of dead cells. (D) Haematopoietic cells and
(E) ECs/pericytes were then excluded. (F) FLS were then identified as being PDPN+ and further
characterised into specific populations based on the expression of the key markers (G) THY1,
followed by (H) FAP, and finally (I) CD34 and CD55 in both RA and PsA synovial tissue as
demonstrated above.
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Figure 3.19. Differential expression of THY1 CD34 CD55 FAP+ expressing FLS clusters in RA vs
PsA. Representative (A) bar graph and (B) accompanying heatmap demonstrating differences in
the % frequency of the 6 populations identified by flow cytometric analysis in IA (n=15) based on
the expression of THY1, FAP, CD34, and CD55. Bar graphs showing the % frequency of each of the
6 populations when separated out into disease status: (C) RA (n=7) and (D) PsA (n=8). (E)
Representative heatmap demonstrating the mean % frequency of each population in the RA vs
PsA cohorts. All data represented as Mean +/- SEM. Statistical analysis was performed using the

non-parametric, Friedman’s Test (*) or Wilcoxon Signed-Rank Test (#) with statistical significance
defined by *# p<0.05, **#) p<0.01, ***##) n<0.001.
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Figure 3.20. Differential expression of four THY1 CD34 CD55 FAP+ FLS populations in RA vs PsA.
Representative (i) dot plots and (ii) accompanying bar graphs demonstrating differences in the %
frequency of the 4 identified dominant populations (A) THY1+ CD34+ CD55- FAP+, (B) THY1+ CD34-
CD55-FAP+, (C) THY1+ CD34-CD55+ FAP+, and (D) THY1- CD34- CD55+ FAP+ of FLS (as a % of PDPN)
within RA (n=7) and PsA (n=8) biopsies. (iii) Representative histograms of the MFI of the indicated
FLS populations (A-D) in RA and PsA synovial tissue. All data represented as Mean +/- SEM. The
unpaired t-test and accompanying Mann-Whitney U Test was utilised to determine significance

with *p<0.05, ***p<0.001 defined as statistically significant.
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Figure 3.21. Potential differential function of THY1 CD34 CD55 FAP+ expressing FLS clusters
enriched in RA and PsA synovium. (A) Hierarchical clustered heatmap representing the average
expression of several functional, metabolic, and immune markers on the 4 dominant populations
identified in 1A as determined by flow cytometric analysis. The colour of the population title box
indicates the matching population in the bar graphs. Bar graphs depicting significant differences
in the % expression levels of (B) YAP, (C) Cadl1, and (D) pAKT on RA and PsA FLS across the 4
dominant populations (n=15). All data represented as Mean +/- SEM. Statistical analysis was

performed using the non-parametric, Friedman’s Test (*) or Wilcoxon Signed-Rank Test (#) with
statistical significance by *# p<0.05, **(#) p<0.01, ***## 5<0,001.
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Figure 3.22. Histopathological differences in RA vs PsA synovial tissue. Representative
hematoxylin and eosin staining of (A) RA and (B) PsA synovium showing intact tissue morphology
and cell-cell contact with lining layer (red arrows), blood vessels (black arrows), lymphoid
aggregates (blue arrow), and synovial infiltrate clearly visible at 10x magnification. Representative
whisker and box plots depicting the (C(i)) synovial lining thickness, (C(ii)) cellular infiltration score,
(C(iii)) vascularity score, and (C(iv)) presence of lymphoid aggregates in RA (n=10) and PsA (n=10)
synovial biopsies. All data is represented as Minimum to Maximum. Statistical analysis was
performed using the non-parametric, Mann-Whitney U Test with significance defined by *p<0.05.
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3.4.9 ScRNA-seq defines synovial tissue FLS heterogeneity between the two inflammatory states of
RA and PsA.

Next, scRNA-seq profiling of 88,953 synovial tissue cells from patients with RA (n=4) and PsA (n=5)
was conducted to provide a unique atlas of FLS phenotypes across both inflammatory disease
states. The number of cells sequenced per donor and the clinical information of included patients
at the time of arthroscopy are highlighted in the Appendix, Table 6.1, and Table 6.2. As
demonstrated in Figure 3.23A, nonlinear, stochastic UMAP analysis identified sixteen distinct FLS
subclusters in the IA synovial tissue. These distinct FLS clusters were further characterised utilising
gene expression analysis of the top 20 DEGs per cluster alongside hierarchical clustering analysis
(Figure 3.23B). As shown in Figure 3.23C, UMAPs investigating the expression of key lining versus
sub-lining markers including THY1 and CD55 were created alongside a tree diagram (Figure 3.23D)
which utilised the top genes expressed by each cluster to compare the similarities in gene
expression and relationship between clusters. Utilising all of these modes of analysis (Figure
3.23A-D), classification into distinct subclusters was performed with initial delineation of the
clusters into three primary categories — sub-lining (SL) with high THY1 expression, lining layer (LL)
with high PRG4 and CD55 expression, and intermediate (INT), with the suggested grouping
outlined in the labelled UMAP (Figure 3.24A) and the table (Figure 3.24B).

The sub-lining population contains two subclusters; CXCL12+ and POSTN+ (Cluster 3), with
the latter possessing a cluster marker gene signature indicative of a central role in cytoskeletal
and ECM regulation as denoted by high collagen gene expression (Figure 3.24B). Furthermore, the
CXCL12+ subcluster could be further segregated based on distinct DEGs into VCAN+ (Cluster 1),
IER2+ (Cluster 8), CHI3L2+ (Cluster 9), APOE+ (Cluster 10), and CCL2+ (Cluster 12), all clusters with
gene signatures implicated in distinct functions related to ECM regulation, inflammatory
responses, signalling regulation, and lipid metabolism (Tullai et al., 2007; Wight et al., 2020; Vogt
et al., 2020; Khmelevskaya et al., 2024). Moreover, the lining layer population could be further
subdivided based on cluster marker genes into three predominant phenotypes: an MMP group,
homeostatic group, and an inflammatory group (Figure 3.24B). Firstly, the MMP group exhibited
upregulated expression of genes involved in ECM turnover and tissue remodelling with
classification into MMP1+ (Cluster 5), MMP3+ (Cluster 6), and TIMP1+ (Cluster 13) subclusters.
The homeostatic group consisted of two clusters with high expression of genes related to the
maintenance of homeostasis: CLIC5+ (Cluster 0) containing high expression of classical lining layer
markers including PRG4 and CD55, and MTIG+ (Cluster 11) characterised by an abundance of
genes related to heavy metal detoxification which have been shown to assist in

immunosuppression in RA mouse models (Sun et al., 2018a). Finally, the remaining lining layer
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subgroup consisted of clusters associated with inflammatory gene signatures and could be
subdivided into a CXCL8+ group (Cluster 2) with high chemoattractant gene expression, an INHBA+
group (Cluster 7) which has been associated with a ‘pain-associated FLS’ phenotype, and a
CSN1S1+ group (Cluster 15) (Nanus et al., 2021). Interestingly, CSN1S1 is typically expressed by
monocytic cells where it drives the production of GM-CSF, suggesting that this particular cluster
may be heavily influenced by interactions with infiltrating monocytes (Vordenbdumen et al.,
2011). From the cluster marker gene expression, it would suggest that these three lining clusters
may play a role in modulating the proinflammatory joint microenvironment. The remaining FLS
clusters were defined as intermediate due to their failure to be categorised distinctly based on
their similarities to both sub-lining and lining layer gene expression in terms of THY1, CD55, and
PRG4 (Figure 3.24B). For the first cluster, high expression of genes implicated in immune response
regulation and antigen processing including HLA-DR and CD74 resulted in its designation as HLA-
DRMe" (Cluster 4). The final cluster was defined as TM4SF1+ (Cluster 14), with a gene signature
associated with EMT. TMA4SF1 itself has been shown to be expressed abundantly by ECs
particularly, where it plays a role in promoting heightened angiogenesis in addition to invasion,
migration, and proliferation of cancer cells, thus suggesting this cluster may be involved in
interactions with ECs (Wei et al., 2018). Cumulatively, a diverse range of phenotypically and
functionally distinct FLS were identified in the lining and sub-lining layers of the inflamed joint in
RA and PsA.

Subsequent analysis revealed differential frequency of the clusters when compared
directly between RA and PsA with specific significant enrichment of the clusters THY1+POSTN+
(Cluster 3), CXCL12+CHI3L2+ (Cluster 9), and the CXCL12+APOE+ (Cluster 10) in RA, importantly all
sub-lining clusters (Figure 3.24C and 3.24D). The exact location of these populations relative to
each other are depicted in Figure 3.25A-C, with these UMAPs demonstrating that all three
populations are in close proximity. Interestingly, two of these RA dominant clusters demonstrate
enriched gene expression for the inflammatory chemokine CXCL12, highlighting their potential
role in immune responses. Moreover, the THY1+ cluster characterised by enriched gene
expression of POSTN, a gene encoding an ECM protein involved in adhesive and collagen
formation roles, is not only significantly higher in RA compared to PsA but also demonstrates a
high frequency in the synovial tissue suggesting this cluster is particularly important and may
assume a major role in RA pathogenesis (Figure 3.24D). Conversely, the lining layer clusters CLIC5+
and MMP3+ were enriched in PsA, alongside the intermediate cluster denoted as HLA-DRAMe"
(Figure 3.24C and 3.24D). The remaining clusters were comparable in expression between RA and

PsA (Figure 3.24D).
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Figure 3.23. scRNA-seq defines FLS heterogeneity in IA synovial tissue. (A) UMAP representation
of sixteen synovial tissue FLS clusters based on 88,953 synovial tissue cells from RA (n=4) and PsA
(n=5) synovial tissue biopsies, identified by high dimensionality scRNA-seq analysis. (B)
Representative heatmap of the top 20 DEGs per identified cluster. (C) UMAPs representing the
expression of the classic FLS population markers THY1, FAP, CD55, and CD34 across all clusters.
(D) Hierarchical clustering of the human synovial tissue FLS.
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Figure 3.24. Differential frequency of scRNA-seq identified FLS clusters between RA and PsA. (A)
UMAP representation of the 16 synovial tissue FLS with their proposed taxonomy attached. (B)
More detailed table outlining the proposed classification of the FLS clusters into lining (LL), sub-
lining (SL), and intermediate (INT) groups and then further subclusters based on cluster marker
gene expression. Clusters were defined by Orla Tynan and Aenea Brugman. (C) Proportional
cluster abundance and (D) representative box and whisker plot depicting differences in the
frequency of the specific clusters between RA (n=4) and PsA (n=5) The two-way ANOVA with
Sidak’s Multiple Comparisons Test (*) and Mann-Whitney Test (*) was utilised to determine
significance with *%p<0.05, **#)p<0.01,***p<0.001, ****p<0.0001 defined as statistically
significant.
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Figure 3.25. Visualization of the location of the RA enriched sub-lining clusters. (A) UMAP
illustrating THY1+POSTN+ mRNA expression in synovial tissue FLS. (B) UMAP illustrating
CXCL12+CHI3L2+ mRNA expression in synovial tissue FLS. (C) UMAP illustrating CXCL12+APOE+
MRNA expression in synovial tissue FLS.
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3.4.10 Differential function of scRNA-seq identified THY1+POSTN+ FLS cluster in RA vs PsA.

Further analysis focused specifically on the RA enriched sub-lining THY1+POSTN+ cluster to further
characterise the function of this cluster and to additionally determine if RA and PsA FLS within this
cluster exhibit different functional properties. Initial pathway enrichment analysis identified
several pathogenic pathways associated with this cluster that were enriched in RA FLS of the
THY1+POSTN+ cluster compared to the PsA FLS including oxidative phosphorylation, MAPK
signalling, and the Hippo signalling pathway (Figure 3.26A). Common genes and the differential
expression of specific members of the NF-kB signalling pathway, the VEGF signalling pathway, the
Hippo signalling pathway, and focal adhesions, in RA vs PsA THY1+POSTN+ FLS are depicted in
Figure 3.26B, with blue colour indicating genes that are upregulated in RA compared to PsA in this
specific cluster. As demonstrated by the violin plots, bioinformatic characterisation of gene
modules based on metabolic reference pathways deposited on KEGG revealed on a transcriptional
level an enhanced level of oxidative phosphorylative (Figure 3.26C(i)) and glycolytic (Figure
3.26C(ii)) involvement in RA FLS of the THY1+POSTN+ cluster compared to the PsA FLS. Conversely,
fold change related to osteoclast differentiation genes were greater in the PsA FLS of the
THY1+POSTN+ cluster implying a more bone degradative involvement of this cluster in PsA
compared to RA (Figure 3.26C(iii)). Cumulatively, these results suggest that on a highly specific
cluster scale, differences in frequency in addition to differences in the functionality of FLS of the

same cluster can be detected between RA and PsA disease states.
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Figure 3.26. Functional pathway analysis of scRNA-seq identified THY1+POSTN+ FLS cluster in
RA vs PsA. (A) Analysis of pathways enriched in THY1+POSTN+ FLS in RA (n=4) and PsA (n=5)
synovial tissue, colour intensity represents significance and dot size denotes the number of genes
within each pathway that are differentially expressed. (B) Term plot of the indicated pathways
with significant enrichment in RA compared to PsA FLS. Blue colour indicates upregulation of
specific genes and red color indicates downregulation of specific genes within the pathway in RA
compared to PsA. Dot size represents statistical significance of change. (C) Violin plots
representing the expression scores of gene modules related to (i) glycolysis, (ii) oxidative
phosphorylation, and (iii) osteoclast differentiation genes in the THY1+POSTN+ cluster in RA vs

PsA.
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3.4.11 Differential expression of invasive mediators may influence RA and PsA PO FLS
migratory capacity.
Next, to further explore functional differences in RA and PsA FLS and to determine if the identified
unique transcriptional and phenotypic profiles of FLS are retained following removal from the joint
microenvironment, several ex vivo experiments on PO FLS were performed. Firstly, to investigate
the potential differential migratory behaviour of RA and PsA FLS under baseline conditions, the
data was interrogated at the RNA level using bioinformatic scRNAseq. As shown visually in the
UMAPs, the PsA FLS clusters demonstrated a higher level of expression of key mediators
responsible for facilitating FLS invasion through ECM degradation; MMP-1 (Figure 3.27A(i)) and
MMP-3 (Figure 3.27A(ii)). Further quantification of both MMP-1 and MMP-3 in PO expanded FLS
was performed using RT-PCR and an MSD Multiplex ELISA Assay. Figures 3.27B(i) and 3.27C(i),
demonstrate a significant increase in MMP-1 and MMP-3 mRNA expression respectively (both
p<0.05) in PsA FLS compared to RA FLS at PO. This trend was mirrored at the protein levels where
both MMP-1 (Figure 3.27B(ii)) and MMP-3 (Figure 3.27C(ii)) were higher in PsA FLS compared to
RA FLS, although not reaching significance.

The data suggests that PsA FLS at PO may intrinsically possess more migratory and invasive
characteristics compared to RA, and also demonstrates that at PO they do maintain some of their

in vivo characteristics as highlighted in the scRNA-seq.

3.4.12 PsA FLS at PO demonstrate a stronger preference for glycolysis over oxidative
phosphorylation compared to RA FLS.

Using the Seahorse XFe-Analyser, real-time oxidative phosphorylation and glycolysis were
examined, in order to assess potential differences in PO RA and PsA FLS metabolic capacity under
basal conditions. The overall energy map in Figure 3.28A demonstrates that both RA and PsA FLS
exhibit similar average metabolic profiles under baseline conditions, with a slightly higher
preference for glycolysis in the PsA FLS. This was further corroborated by the trending increase in
baseline ECAR in the PsA FLS (Figure 3.28B) in addition to the ECAR:OCR ratio which exhibited a
trend towards an increase in PsA compared to RA, suggesting a greater preference for glycolysis
over oxidative phosphorylation in these cells (Figure 3.28D). Conversely, baseline OCR (Figure
3.28C), ATP synthesis (Figure 3.28E), and the maximal respiratory capacity (Figures 3.28F)
demonstrated a trend towards an increase in RA. Next, using RNA isolated from unstimulated RA
and PsA at PO, the gene expression of several key enzymes and mediators directly implicated in

the glycolytic pathway were analysed by RT-PCR. Although significance was not reached, as
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demonstrated in the bar graphs (Figure 3.28G(i-v)) and accompanying heatmap (Figure 3.28(vi)),
a trend towards an increase in the expression of HIF-1a (p<0.07), HK2, PKM2, GLUT-1, and GAPDH
in the PsA FLS compared to their RA counterparts was identified.

However, addition of IL-1B stimulation had an interesting effect. Whilst the cytokine
introduction appeared to exert a similar reduction on the oxidative phosphorylative activity of the
RA and PsA PO FLS compared to basal (Figure 3.29A), a greater impact on the glycolytic metabolic
activity of the RA FLS compared to PsA was observed, with a significant increase in ECAR from
baseline following stimulation in RA but not PsA (Figure 3.29B). Moreover, whilst a significant
increase in the ECAR:OCR ratio from basal was detected in both disease states (Figure 3.29C), the
average bioenergetic profile and energy map clearly depicts a greater shift towards an energetic
profile in RA compared to PsA following IL-1B addition (Figure 3.29D-E). Cumulatively, the data
suggests that at baseline PsA FLS may favour glycolysis over oxidative phosphorylation for energy
production compared to RA. However, when an inflammatory stimulus is introduced, the RA FLS
demonstrate a greater metabolic response resulting in a robust increase in the glycolytic pathway

than that observed in PsA.
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Figure 3.27. PsA FLS at PO exhibit a greater expression of invasive mediators MMP-1 and MMP-
3 than RA FLS. UMAP representation depicting gene expression of invasive mediators (A(i)) MMP-
1 and (A(ii)) MMP-3 in PsA vs RA FLS using scRNA-seq analysis. Bar graphs showing quantification
of gene mRNA expression of (B(i)) MMP-1 and (C(i)) MMP-3 in unstimulated RA and PsA FLS (n=6-
7). Normalization to the housekeeping gene RPLPO was used to generate &ct values. Bar graph
representations of the level of secretion of (B(ii)) MMP-1 and (C(ii)) MMP-3 in RA and PsA FLS
(n=5) as determined by an MSD assay. All data represented as Mean +/- SEM. Statistical analysis
was performed using the non-parametric, Mann-Whitney U Test with statistical significance
defined by *p<0.05.
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Figure 3.28. PsA FLS demonstrate a greater preference for glycolysis at PO compared to RA FLS.
(A) Representative energy map depicting the differences in the overall energy profile of RA (n=8)
and PsA (n=7) PO FLS under basal conditions as determined by Seahorse metabolic analysis before
and after injections of oligomycin, FCCP, and antimycin A/rotenone. Quantitative bar graphs
demonstrating the (B) baseline ECAR, (C) baseline OCR, (D) baseline ECAR:OCR ratio, (E) ATP
synthesis, and (F) maximum respiratory capacity in the PO RA and PsA FLS under basal conditions
before and after injections of the metabolic inhibitors. (G) Representative bar graphs and
accompanying heatmap (vi) showing quantification of gene mRNA expression of (i) HIF-1a, (ii)
HK2, (iii) PKM2, (iv) GLUT-1, and (v) GAPDH in RA (n=7) and PsA (n=6) FLS under baseline
conditions. Data is represented as Oct, normalized to housekeeping control RPLPO. All data
represented as Mean +/- SEM. Statistical analysis was performed using the non-parametric, Mann-
Whitney U Test with statistical significance defined by *p<0.05.
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Figure 3.29. RA FLS at PO demonstrate a more robust glycolytic response to IL-1B stimulation
compared to PsA FLS. RA (n=8) and PsA (n=7) FLS at PO were stimulated with IL-1B (1 ng/ml) for
24 h before seahorse metabolic analysis was performed. Quantitative bar graphs depict the
changes in (A) baseline OCR, (B) baseline ECAR, and (C) ECAR:OCR ratio in the basal versus cytokine
treated PO RA and PsA FLS before and after injections of the metabolic inhibitors. (D) Average
ECAR profile of RA (n=8) and PsA (n=7) FLS at PO before and after injections of oligomycin, FCCP,
and antimycin A/ rotenone. (E) Representative energy map depicting the differences in the overall
energy profile of RA and PsA PO FLS from baseline following IL-1B stimulation as determined by
Seahorse metabolic analysis. All data represented as Mean +/- SEM. The 2-Way ANOVA with
Turkey’s Multiple Comparison’s Test was used to determine significance with *p<0.05 and
***p<0.001 defined as statistically significant.
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3.4.13 Comparison in the levels of angiogenic mediators and chemotactic factors in the
supernatants of RA and PsA PO FLS.

Previous literature has highlighted that whilst angiogenesis is a hallmark characteristic of both RA
and PsA, the structure and relative abundance of newly formed blood vessels differs significantly
(Veale and Fearon, 2015; Fromm et al., 2019). Therefore, to explore if this may be related to
differential levels of angiogenic mediators being released by the FLS, an angiogenic MSD assay was
conducted using the previous collected supernatants. Interestingly, although the results were
highly donor specific as demonstrated by the representative heatmap (Figure 3.30A), bFGF was
significantly higher (p<0.01) in the PsA supernatants compared to RA as shown in Figure 3.30C(i),
whilst VEGF-D and VEGF-C exhibited the opposite with slightly elevated expression in RA (Figure
3.30B). Moreover, the remainder of the angiogenic mediators including VEGF-A and FLT1,
exhibited trending increases in PsA compared to RA, as shown collectively in Figure 3.30B and
differential production of angiogenic drivers from RA and PsA FLS may contribute in part to the
stark difference in blood vessel patterns observed at the macroscopic level.

Furthermore, a critical perpetuator of the inflammatory process in RA and PsA is the
recruitment and infiltration of circulating immune cells into the hypoxic joint microenvironment in
response to chemotactic gradients (Veale and Fearon, 2018; Alivernini, Firestein and Mclnnes,
2022). Thus, analysis of chemokines being produced from FLS in the RA vs PsA synovium may
provide us with further insights into their differential function in regard to inflammation. To
achieve this objective, supernatants were collected from unstimulated RA and PsA FLS at PO and
subjected to MSD analysis examining a wide array of chemokines. As demonstrated in the heatmap
(Figure 3.31A) and representative bar graph (Figure 3.31B), although highly donor dependent, the
levels of MCP-1, MCP-4, Eotaxin, MIP-1a, MIP-1B, MDC, and TARC, were relatively similar between
both arthropathies. However, there was a trending increase in IL-8 (Figure 3.31C(i)) and Eotaxin-3
(Figure 3.31C(ii)) levels in PsA compared to RA, whilst conversely, IP-10 (Figure 3.31C(iii)) appeared
to be trending higher in RA supernatants. These results suggest that whilst both RA and PsA FLS
demonstrate the capacity to recruit an abundance of peripheral immune cells, there may be a

variation in the specific type of immune cells that preferentially accumulate in the joint.
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Figure 3.30. Higher expression of angiogenic mediators in the supernatants of PsA FLS at PO
compared to RA. RA and PsA FLS (n=6 respectively) were digested before supernatants were then
collected from the cells at PO under baseline conditions and subjected to an MSD angiogenic-panel
analysis. (A) Clustered heatmap depicting the scaled expression of angiogenic factors in the
supernatants of the PO RA and PsA FLS, separated out across the individual donors. (B) Bar graph
showing the expression levels of angiogenic mediators in the supernatants of the unstimulated
RA and PsA FLS at PO. (C) Representative bar graphs demonstrating differences in the expression
of (i) bFGF, (ii) VEGF-A, and (iii) Flt1 in RA and PsA FLS at PO. All data represented as Mean +/-
SEM. Statistical analysis was performed using the non-parametric, Mann-Whitney U Test with
statistical significance defined by **p<0.01.
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Figure 3.31. Comparable expression of chemokines in the supernatants of RA and PsA FLS at PO. RA
and PsA FLS (n=6 respectively) were digested before supernatants were then collected from the cells
at PO under baseline conditions and subjected to an MSD chemokine-panel analysis. (A) Clustered
heatmap depicting the scaled expression of chemokine factors in the supernatants of the PO RA and
PsA FLS, separated out across the individual donors. (B) Bar graph depicting the expression levels of
the panel of chemokines in the supernatants of the unstimulated RA and PsA FLS at PO. (C)
Representative bar graphs demonstrating differences in the expression of (i) IL-8, (ii) Eotaxin-3, and
(iii) IP-10 in RA and PsA FLS at PO. All data represented as Mean +/- SEM.
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3.4.14 RA and PsA FLS demonstrate differences in the expression level of key functional and activation
markers across passages 0, 1, and 2.

In order to determine if FLS phenotype is transient and may be altered once removed from the joint
microenvironment and across serial passaging, flow cytometric analysis was conducted. RA and PsA
FLS were frozen down across consecutive passages — PO, P1, and P2, and then thawed and stained for
the markers HLA-DR, CD55, CD34, and CD54. Representative flow plots of the gating strategy are
shown in Figure 3.21A-H. Following the elimination of debris and cell doublets (Figures 3.32A-C), live
cells were gated on (Figure 3.32D) before haematopoietic cells (Figure 3.32E) and ECs (Figure 3.32F)
were excluded and FLS were finally identified as being PDPN+ (Figure 3.32G), thus allowing the specific
markers to be analysed on the PDPN+ cells (Figure 3.32H).

Representative dot plots for FMO control (Figure 3.33A) and a stained RA (Figure 3.33B(i)) and
PsA (Figure 3.33B(ii)) synovial tissue across P0-2 for HLA-DR are shown. As demonstrated by the
histograms representing MFI (Figure 3.33C(i-ii)) and quantitative bar charts of frequency (Figure
3.33D(i)) and MFI (Figure 3.33D(ii)), HLA-DR shows a trend towards a decrease in expression in both
RA FLS and PsA FLS across increasing passages, although the reduction in expression was greater in
PsA than RA (Figure 3.33E(i-ii)). Moreover, representative dot plots for FMO control (Figure 3.34A) and
a stained RA (Figure 3.34B(i)) and PsA (Figure 3.34B(ii)) synovial tissue across P0-2 for CD55 are
demonstrated. Similarly to HLA-DR, there was also a significant decrease in CD55 frequency and MFI
across the three passages (p<0.05) (Figure 3.34D(i-ii)), with a comparable reduction between both
disease states (Figure 3.34E(i-ii)).

Furthermore, Figure 3.35A demonstrates representative dot plots for FMO control and a
stained RA (Figure 3.35B(i)) and PsA (Figure 3.35B(ii)) synovial tissue across PO-2 for CD34. In contrast
to the previous markers, as shown in Figure 3.35D(i-ii), CD34 demonstrated a trending increase in
expression frequency and MFI (both p<0.06) for both RA FLS and PsA FLS from PO to P3, with similar
increases seen between the two disease states (Figure 3.35E(i-ii)). Moreover, the exact same trend was
observed in relation to the expression of CD54 (Figure 3.36). As demonstrated in Figure 3.36D(i-ii), the
expression and MFI of CD54 exhibited elevated levels across the consecutive passages with similar
increases seen once again between both disease states (3.36E(i-ii)). Cumulatively, these results
indicate that both RA and PsA FLS alter their phenotypic profiles across passages, with a loss/gain of

markers once removed from the inflammatory influences of the joint microenvironment.
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Figure 3.32. Gating strategy to identify expression of key activation and functional markers on RA
vs PsA FLS at PO, P1, and P2. RA and PsA FLS, frozen down in 10% DMSO across serial passages — PO,
P1, and P2, were thawed and multiparametric flow cytometric analysis was performed.
Representative dot plots demonstrating the gating strategy for the identification of % frequency of
marker expression on RA and PsA FLS at baseline (n=3 for each disease at each passage). (A) — (D) The
forward and side scatter parameters of cells were set before doublet exclusion and elimination of
dead cells. (E) Haematopoietic cells and (F-G) ECs/pericytes were then excluded and FLS were then
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Figure 3.33. Differential expression of the immune marker HLA-DR on RA and PsA FLS at PO, P1, and
P2. (A) Representative flow plot shows the HLA-DR FMO. (B) Representative flow cytometric dot plots
demonstrate differences in the expression of HLA-DR on FLS across passages 0, 1, and 2 from the
indicated disease states - RA (i) and PsA (ii). (C) Representative histograms of the MFI of HLA-DR on
PDPN+ FLS in (i) RA and (ii) PsA synovial tissue from PO, P1, and P2. (D) Bar graphs demonstrating the
changes in (i) expression frequency and (ii) MFI of the marker HLA-DR as a % of PDPN+ cells in IA FLS
across three passages as determined by flow cytometric analysis. (E) Bar graphs demonstrating the
changes in (i) % frequency and (ii) MFI of the marker HLA-DR as a % of PDPN+ FLS across 3 passages
separated out between disease states. All data represented as Mean +/- SEM. Statistical analysis was
performed using the non-parametric, Friedman’s Test (*) or Wilcoxon Signed-Rank Test (#) with
statistical significance defined by *#p<0.05.
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Figure 3.34. Differential expression of the immune marker CD55 on RA and PsA FLS at PO, P1, and
P2. (A) Representative flow plot shows the CD55 FMO. (B) Representative flow cytometric dot plots
demonstrate differences in the expression of CD55 on FLS across passages 0, 1, and 2 from the
indicated disease states - RA (i) and PsA (ii). (C) Representative histograms of the MFI of CD55 on
PDPN+ FLS in (i) RA and (ii) PsA synovial tissue from PO, P1, and P2. (D) Bar graphs demonstrating the
changes in (i) expression frequency and (ii) MFI of the marker CD55 as a % of PDPN+ cells in IA FLS
across three passages as determined by flow cytometric analysis. (E) Bar graphs demonstrating the
changes in (i) expression frequency and (ii) MFI of the marker CD55 as a % of PDPN+ FLS across 3
passages separated out between disease states. All data represented as Mean +/- SEM. Statistical
analysis was performed using the non-parametric, Friedman’s Test (*) or Wilcoxon Signed-Rank Test
(#) with statistical significance defined by *#p<0.05, **#)p<0.01.
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Figure 3.35. Differential expression of the marker CD34 on RA and PsA FLS at PO, P1, and P2. (A)
Representative flow plot shows the CD34 FMO. (B) Representative flow cytometric dot plots
demonstrate differences in the expression of CD34 on FLS across passages 0, 1, and 2 from the
indicated disease states - RA (i) and PsA (ii). (C) Representative histograms of the MFI of CD34 on
PDPN+ FLS in (i) RA and (ii) PsA synovial tissue from PO, P1, and P2. (D) Bar graphs demonstrating the
changes in (i) expression frequency and (ii) MFI of the marker CD34 as a % of PDPN+ cells in IA FLS
across three passages as determined by flow cytometric analysis. (E) Bar graphs demonstrating the
changes in (i) expression frequency and (ii) MFI of the marker CD34 as a % of PDPN+ FLS across 3
passages separated out between disease states. All data represented as Mean +/- SEM. Statistical
analysis was performed using the non-parametric, Friedman’s Test (*) or Wilcoxon Signed-Rank Test
(#) with statistical significance defined by *#p<0.05.
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Figure 3.36. Differential expression of the adhesion marker CD54 on RA and PsA FLS at PO, P1, and
P2. (A) Representative flow plot shows the CD54 FMO. (B) Representative flow cytometric dot plots
demonstrate differences in the expression of CD54 on FLS across passages 0, 1, and 2 from the
indicated disease states - RA (i) and PsA (ii). (C) Representative histograms of the MFI of CD54 on
PDPN+ FLS in (i) RA and (ii) PsA synovial tissue from PO, P1, and P2. (D) Bar graphs demonstrating the
changes in (i) expression frequency and (ii) MFI of the marker CD54 as a % of PDPN+ cells in IA FLS
across three passages as determined by flow cytometric analysis. (E) Bar graphs demonstrating the
changes in (i) expression frequency and (ii) MFI of the marker CD54 as a % of PDPN+ FLS across 3
passages separated out between disease states. All data represented as Mean +/- SEM. Statistical
analysis was performed using the non-parametric, Friedman’s Test (*) or Wilcoxon Signed-Rank Test
(#) with statistical significance defined by *#p<0.05.
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3.5 Discussion
Most studies in the field of synovial analysis to date have examined FLS responses in the context of
expanded FLS. However, more recent studies have focused on delineating FLS subsets in RA tissue,
ranging from analysis of differences in FLS subsets across RA pathotypes to a plethora of studies
providing comparisons between the inflamed RA synovium and non-inflamed comparators including
healthy or OA donors (Stephenson et al., 2018; Mizoguchi et al., 2018; Croft et al., 2019; Zhang et al.,
2019b; Micheroli et al., 2022; Smith et al., 2023). In this study, FLS subsets and their transcriptional
profiles between two highly inflammatory arthropathies were explored for the first time, with the aim
of understanding FLS contribution to the differential disease mechanisms in RA and PsA. Initially the
analysis focused on examining PDPN+ FLS as a discriminatory marker of FLS due to its association with
stromal cells and an aggressive FLS phenotype as described previously (Croft et al., 2016; Zhang et al.,
2023a). A significantly higher frequency of PDPN+ FLS in PsA compared to RA was identified.
Furthermore, significantly higher expression of the markers HLA-DR, Cad11, YAP, and pS6 on the
PDPN+ RA FLS were demonstrated whilst the PsA FLS were enriched for CD55. In support of these
findings, an abundance of previous literature has demonstrated significant expression of these specific
markers in RA FLS, with HLA-DR classified as a characteristic marker of THY1+ RA FLS and elevated
levels of the calcium-dependent adhesion molecule Cad11 previously observed in RA FLS, where it was
associated with FLS pathological behaviour in mouse models and in in vitro studies (Mizoguchi et al.,
2018; Zhang et al., 2019b; Kemble and Croft, 2021). Moreover, higher levels of YAP, a protein with a
vast range of functions including the regulation of cell motility, growth, proliferation, and
differentiation, have been demonstrated in the RA synovium, whilst Barker et al. (2023) successfully
identified increased pS6 levels, a major downstream effector of mTOR, in RA compared to HC (Zhou
et al., 2020; Caire et al., 2021; Symons et al., 2022; Barker et al., 2023). Conversely, the discovery of
higher CD55 expression on the PsA FLS, a marker more renowned in the FLS field for being associated
with lining layer FLS than its actual involvement with the complement cascade, is of particular interest
as it would imply an enrichment of the lining layer FLS in PsA compared to RA. Furthermore, in the
context of biological relevance, analysing the co-expression of the aforementioned and additional
markers on the FLS is critically important as it may provide a more accurate representation of their
actual in vivo behaviour. Interestingly, using SPICE analysis, it could be determined that the RA FLS
appear to exhibit greater co-expression of immune related markers whilst PsA FLS demonstrate
greater metabolic marker co-expression, evidence which may be helpful in understanding differences
in their immune and metabolic related functionality in both disease states.

In recent years the primary emphasis in the literature has focused on distinguishing FLS

populations predominantly by their THY1 phenotype, with scRNA-seq of inflamed mouse synovium
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culminating in THY1+ FLS being defined as sub-lining immune effectors whilst THY1- FLS are the more
bone and cartilage degradative lining subtype (Croft et al., 2019). Therefore, utilising this marker in
addition to the marker FAP associated with an activated FLS phenotype, it was determined that THY1+
FLS are expanded in RA whilst in contrast, THY1- FLS are expanded in PsA, evidence which further
supports the notion that the lining layer is indeed expanded in PsA cohorts. In line with the theory
that the RA synovium is chronically inflamed, Croft et al. (2019) identified an expanded population of
PDPN+FAPa+THY1+ immune effector FLS in RA patients compared to those with OA, results which are
similar to the observations seen in this chapter when compared directly to PsA. Similarly, Mizoguchi
et al. (2018) discovered higher THY1+CD34- FLS in RA compared to OA, whilst individuals with OA, a
disease more characterised by the irreversible degradation of cartilage than inflammation, possessed
higher levels of THY1-CD34- FLS. Thus this data ultimately demonstrates, for the first time, a
differential predominance of FLS phenotypes in RA vs PsA, with possible impact for their disease
pathogenesis.

Based on these differences between RA and PsA predominance of THY1+ vs THY1- FLS,
potential functional discrepancies between these two subsets were next examined. Interestingly, a
trending increase in the expression of several chemokines was detected including MCP-1, MCP-4,
Eotaxin, Eotaxin-3, IP-10, MIP-1a, MIP-1pB, and TARC, in THY1+FAP+ FLS compared to their negative
counterparts. Traditionally, THY1+ FLS have been strongly associated with immune effector functions,
with several studies highlighting they provoke elevated levels of inflammation through release of
proinflammatory mediators, whilst additionally they have been shown to correlate in a positive
manner with the proportion of infiltrated leukocytes (Mizoguchi et al., 2018; Croft et al., 2019;
Alivernini et al., 2020). In further support of this, a positive correlation was identified between the %
frequency THY1+FAP+ FLS in the combined RA and PsA cohorts and the inflammatory parameters;
DAS28 and synovitis scores, corroborating their central role in the perpetuation of synovial
inflammation. Moreover, a higher angiogenic propensity of the THY1+FAP+ FLS was identified with
significantly elevated expression of the angiogenic mediators VEGF-A, VEGF-C, and FLT1 in this cell
phenotype, which supports previous work showing that as the number of THY1+ mesenchymal stem
cells (MSCs) increased, the extent of angiogenesis occurring also increased proportionally (Zeng et al.,
2023). Indeed, in the field of FLS it has been well-established that during the inflammatory process,
extensive angiogenesis occurs in the sub-lining area, a region enriched in the THY1+ FLS, enabling a
plethora of immune cells to invade (Kemble and Croft, 2021). Additionally, the close proximity to the
underlying blood vessels and influence of EC signalling on the adoption of THY1 expression on FLS
would further suggest that unlike THY1- FLS, the cells positive for THY1 assume a far greater role in

angiogenic processes (Wei et al., 2020). The results were further reinforced by a study utilising novel
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THY1 antagonistic antibodies in RA FLS, which resulted in simultaneous reduction in inflammatory
factor secretion and angiogenesis, with significantly reduced ability of the RA FLS supernatants to drive
tube formation when applied to HUVEC, ultimately corroborating the important immune and
angiogenic role of THY1+ FLS (Hu et al., 2023). Conversely, in agreement with previous studies in
human and CIA mouse models suggesting THY1- lining FLS exhibit a higher propensity to mediate
structural bone and cartilage damage, higher expression of the matrix degradative MMPs — MMP-1,
MMP-3, and MMP-9, from the sorted THY1-FAP- FLS were identified (Mizoguchi et al., 2018; Croft et
al., 2019). Interestingly, although THY1+ FLS appeared to possess a stronger immune and angiogenic
role, it was merely their frequency and not their functionality that differed between the two
arthropathies. However, the ECM degradative role of THY1- FLS appeared to be higher in the PsA
cohort, particularly in relation to MMP-1 and MMP-3 expression. This suggests that THY1- FLS may
serve a more prominent role in PsA, although the exact nature of this role remains unclear considering
much of the literature suggests that whilst PsA patients do present with radiographical bone
alterations, RA is traditionally classified as a markedly more bone-resorbing, erosive disease (Finzel et
al., 2011; Mc Ardle et al., 2015; Braga et al., 2020; Elliott, McGonagle and Rooney, 2021).

Due to the complexity of the joint, distinguishing FLS populations based purely on THY1
expression may not be sufficient. Therefore, further stratification of differences in FLS populations
within the joint was performed using advanced flow cytometric analysis based on the additional
markers previously utilised for FLS characterisation - THY1 and FAP, in addition to CD55 and CD34
(Stephenson et al., 2018; Mizoguchi et al., 2018; Croft et al., 2019; Micheroli et al., 2022; Zhang et al.,
2023a). Interestingly, whilst six different FLS subsets were detected based on these markers in the IA
joint, two of these populations, both notably THY1+CD55-, were enriched in the RA cohorts, which
supports previous literature demonstrating an enrichment of the sub-lining FLS in RA (Stephenson et
al., 2018; Mizoguchi et al., 2018; Zhang et al., 2019b; Croft et al., 2019; Micheroli et al., 2022).
Moreover, one of these populations was CD34+, which correlates with the RA enriched CD34+THY1+
‘perivascular’ subset, named accordingly due its location surrounding the deep sub-lining capillary
structures. Several studies have highlighted the role of this subset in driving inflammation, with gene
set enrichment analysis and in vitro experiments indicating high level of expression of
proinflammatory mediators including CXCL12, CCL2, and IL-6 (Mizoguchi et al., 2018; Zhang et al.,
2019b; Kemble and Croft, 2021). In alighment with this more ‘immune-regulatory’ role of THY1+ sub-
lining FLS clusters, the examination of the H&E histological sections of the matched donors
demonstrated significantly higher immune cell infiltration and lymphoid aggregate presence in the RA
donors compared to PsA, thus reinforcing the dominance of more immune related sub-lining FLS in

RA (Veale et al., 1993; Veale and Fearon, 2015; Alivernini, Firestein and Mclnnes, 2022).
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Furthermore, whilst two populations were comparable between both disease states, PsA
patients exhibited significant enrichment in the remaining two populations — THY1-CD34-CD55+FAP+
and interestingly, the THY1+ population THY1+CD34-CD55+FAP+. The available literature has clearly
identified THY1-CD55+ FLS as the classic lining layer phenotype, with CD55 presence being proposed
as a clear marker to demarcate lining from sub-lining cells due to their independent staining
(Stephenson et al., 2018; Mizoguchi et al., 2018; Zhang et al., 2019b; Kemble and Croft, 2021;
Micheroli et al., 2022). Analysis at the histological level corroborated these results with a trending
increase in lining layer thickness in PsA compared to the RA samples, implying greater abundance of
the THY1-CD55+ FLS phenotype. In contradiction of these findings, some previous studies
demonstrated more extensive lining layer hyperplasia in RA while others demonstrated similar lining
layer thickness in RA and PsA (Veale et al., 1993; Baeten et al., 2005; Veale and Fearon, 2015).
However, this could be explained by differential obtainment of synovial tissue in addition to
underlying patient heterogeneity and treatments at the time of scope. Moreover, the identification of
the THY1+CD55+ FLS population enriched in PsA was of particular interest due to its both lining and
sub-lining characteristic markers which would categorise it as an ‘intermediate’ subset. This finding
supports the notion that FLS subsets can exist along a gradient depending on their proximity to the
influencing signals of the blood vessel ECs as demonstrated eloquently by Wei et al. (2020).
Importantly, whether this state is merely transitionary or permanent and whether the behaviour of
this subset is more resemblant of THY1+ or THY1- or in fact a combination of both remains to be
investigated. However, despite this subset, when considered cumulatively, the data would indeed
indicate an enrichment of lining layer FLS in PsA, with sub-lining FLS more dominant in RA.

To gain a more comprehensive understanding of the distinct functions of these identified FLS
subsets in RA and PsA, the expression of a range of immune and metabolic markers within the
individual populations were analysed by flow cytometry. In line with the findings when only focused
on PDPN+ FLS in RA vs PsA, significantly higher expression of Cad11l and YAP in the RA dominant
populations was detected whilst pAKT was significantly elevated in the PsA dominant subsets.
Interestingly, higher expression of Cad1l in the RA dominant THY1+ populations conflicts with
previous literature demonstrating a prominent role for Cad11 in the synovial lining layer where it
assumes a critical role in aggregation and integration of FLS into the designated lining layers (Kiener
et al., 2006; Lee et al., 2007; Croft et al., 2016). However, further studies have expanded the scope for
the role of Cadl1 in RA pathogenesis with research delineating its ability to induce the release of a
plethora of proinflammatory mediators from RA FLS through NF-kB engagement whilst simultaneously
exacerbating the pathogenic, inflammatory effects of other cytokines within the joint

microenvironment (Chang et al., 2011). In the context of the findings and the known immune effector
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role of THY1+ FLS, this would suggest high Cad11 expression on the RA dominant THY1+ populations
may be serving a more proinflammatory rather than adhesive role. Moreover, in relation to YAP, a
specific study conducted in an adjuvant-induced arthritis mouse model identified that GDF-5 lineage
FLS, which included both PDPN+THY1+ and PDPN+THY1- cells, demonstrated significantly elevated
levels of YAP (Symons et al., 2022). Subsequent abrogation of this YAP resulted in reduced immune
infiltration in addition to a reduction in the erosive and invasive properties of the FLS, a finding which
was also shown by Barker et al. (2023) in which inhibition of crosstalk between mTOR and YAP
pathways in human RA FLS successfully mitigated their invasiveness (Symons et al., 2022).
Additionally, higher pAKT expression in the populations more dominant in PsA supported the
identification of elevated pAKT in the PDPN+ PsA FLS implying that pAKT is assuming a greater role in
PsA pathogenesis. However, its ability to regulate multiple downstream pathways and effectors makes
it challenging to definitively classify its primary contribution to PsA pathogenesis. Collectively the data
highlights that differential enrichment of FLS subsets with diverse functional roles could translate into
direct implications for their contribution to differences in RA vs PsA disease pathogenesis.

Moreover, from a single-cell transcriptomic perspective, a diversity in FLS subsets in the RA
and PsA synovium was illustrated, with 16 distinct clusters initially identified. In line with previous
bioinformatic analysis, demarcation into clear lining versus sub-lining subsets was performed on the
basis of previously utilised markers including THY1, PRG4, and CD55 (Stephenson et al., 2018;
Mizoguchi et al., 2018; Zhang et al., 2019b; Croft et al., 2019; Micheroli et al., 2022; Zhang et al.,
2023a; Faust et al., 2023). Interestingly, although CD34 was used in the flow cytometric data as a
population marker and has been shown to be an identifier of subsets in other single-cell analysis, CD34
exhibited minimal expression in the scRNA-seq dataset and thus was not useful in the process of
annotation in this study (Mizoguchi et al., 2018; Zhang et al., 2019b; Kemble and Croft, 2021). Indeed,
the majority of previous annotation has been based on RA synovium exclusively, with a scarcity of
datasets integrating both RA and PsA synovial tissue, thus this may explain the differential clusters
and subsequent annotation observed. Whilst lining layer clusters were enriched in PsA, specific focus
was placed on the RA enriched populations, which in alignment with previous literature and indeed
our own flow cytometric analysis, were all of sub-lining origin (Mizoguchi et al., 2018; Croft et al.,
2019; Zhang et al., 2019b; Micheroli et al., 2022). The THY1+POSTN+ subset was of particular interest
due to its alignment with the THY1+CD34- subset initially identified by Mizoguchi et al. (2018). Indeed,
this study revealed this particular subset was localised to the deep sub-lining in close proximity to the
underlying vasculature, where it demonstrated a close association with leukocyte infiltration and the
extent of histological synovitis (Mizoguchi et al., 2018). Moreover, an eloquent deconvolution analysis

conducted by Micheroli et al. (2022) using integrated data from five published datasets identified a
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comparable sub-lining POSTN+ FLS cluster, with KEGG pathway analysis demonstrating significant
enrichment of genes related to actin cytoskeleton regulation, in addition to several collagens,
pathways/genes also implicated in the POSTN+ RA enriched cluster in this chapter. The POSTN gene
itself has a strong association with RA pathogenesis, with a recent publication stating that POSTN is a
central gene with high abundance in the RA synovium, specifically around blood vessels, with a
significant correlation between its level of expression and macrophage infiltration (Li et al., 2024a).
Therefore, in the context of this previous literature it would suggest the identified THY1+POSTN+ RA
enriched cluster exhibits immune related and ECM functions. When functionality of this specific
cluster between RA and PsA was compared, enrichment of several pathways were observed including
focal adhesion and adherens junctions, both fundamentally important in facilitating cell migration, in
addition to oxidative phosphorylation, the Hippo signalling pathway and the MAPK signalling pathway,
in RA compared to PsA. This suggests that the THY1+POSTN+ cluster is not only more abundant in RA
but additionally exhibits a higher degree of pathogenic activity in RA compared to the same population
in PsA, introducing the notion that at a very specific cluster level, FLS of the same cluster may possess
slightly different functionality depending on the disease state. Furthermore, enrichment of two
CXCL12+ subsets in RA supports previous literature in which a CXCL12+ HLA-DR"&" subset was
identified in the RA sub-lining, expressing genes related to collagen and immune regulation (Zhang et
al., 2019b; Alivernini et al., 2020; Micheroli et al., 2022). Specific enrichment of CXCL12+APOE+ and
CXCL12+CHI3L2+ subsets were demonstrated, the latter of which was previously identified in scRNA-
seq analysis of healthy homeostatic FLS clusters, exhibiting significant enrichment in disease state thus
reinforcing its pathogenic role (Faust et al., 2023). CHI3L2 has previously been shown to be expressed
at a significantly higher level in the serum of RA vs PsA patients, with the same RA cohorts containing
a higher proportion of CHI3L2"&" FLS compared to not only PsA but OA, UA, and HC, implying it is a
driver of aspects of RA pathogenesis specifically (Khmelevskaya et al., 2024). Moreover, whilst APOE
is well-established for its role in lipid metabolism, an eloquent study demonstrated its ability to serve
animmune role through its activating influences on innate complement responses in certain situations
(Vogt et al., 2020). Additionally, it was concluded that two of the clusters specifically enriched in PsA
compared to RA were both of lining layer origin, with significantly higher frequency of the MMP3+
cluster matching the ex vivo data. Interestingly, the remaining cluster enriched in PsA, named HLA-
DR"&" was denoted as intermediate as a consequence of its expression of both classic lining and sub-
lining markers. This introduces the question — does it match the THY1+CD34-CD55+FAP+ population
identified in the previous flow cytometric analysis of RA vs PsA biopsies, suggesting this cluster may
be responsible for contributing to the more inflammatory aspects of PsA pathogenesis? Collectively,

the scRNA-seq analysis mirrors the findings from the ex vivo flow cytometric and sorted cell
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experiments — sub-lining FLS with more potent immune regulatory functions are enriched in RA whilst
conversely, PsA dominant populations are classified as lining layer and exhibit matrix degradative
roles.

Furthermore, this research aimed to address two unanswered questions that are critical to
furthering understanding of RA and PsA pathogenesis — are RA and PsA FLS at PO functionally distinct
and secondly, do they retain their distinct phenotypic characteristics that define subsets upon ex vivo
expansion? Indeed, although the pathogenic role of FLS in individual inflammatory arthropathies has
been well-established, a direct comparative analysis of the functional behaviour of the FLS between
RA and PsA specifically remains unexplored. Therefore, experiments on the FLS at PO were performed
in order to recapitulate their behaviour within the joint as closely as possible ex vivo. Whilst
differences in the expression of chemokines was highly patient and indeed chemokine specific,
reflecting the scRNA-seq analysis, significantly higher expression of MMP-1 and MMP-3 in the PsA FLS,
in addition to higher expression of certain angiogenic mediators including bFGF, and a slightly more
glycolytic profile at baseline of the PsA FLS was shown. These results are in line with previous research
showing that PsA FLS are potent producers of MMP-1 and MMP-3, suppression of which can be
achieved through JAK/STAT inhibition, ultimately impeding their invasive capacity (Gao et al., 2016;
O'Brien et al., 2021). Additionally, the association between PsA FLS and the phenomenon of
angiogenesis is well-developed, with abundant research highlighting the ability of PsA FLS to induce a
more dysregulated EC phenotype compared to their RA counterparts, a finding that may be in part
attributed to the higher levels of angiogenic mediators such as angiopoietins and VEGF expressed in
early PsA synovial membrane (Fearon et al., 2003; Fromm et al., 2019). Rather unexpectedly, the
results failed to demonstrate a stark, significant difference in the expression of angiogenic mediators
including VEGF-A and FItl in the RA vs PsA supernatants as observed in this previous literature, but
this could be attributed to the disease stage of the PsA patients included in this analysis. Moreover,
bFGF, the sole angiogenic marker which did demonstrate significantly higher levels in PsA compared
to RA, has previously been shown to be pivotal to the invasion and metastasis of cancer cells,
suggesting its role in PsA may not be merely limited to angiogenic functions (Li et al., 2022). In relation
to glycolysis, although an abundance of literature has highlighted the central role dysfunctional FLS
glucose metabolism assumes in RA pathogenesis, the role of glycolysis in PsA FLS is far less established
(Biniecka et al., 2016; Fearon et al., 2019; Fearon et al., 2022). Whilst it has been shown that PsA FLS
do utilise glycolytic pathways to facilitate their pathogenic activities, this was the first study to
determine if this reliance on glycolysis at baseline differs between RA and PsA FLS (O'Brien et al.,
2021). Interestingly, although not significantly different, slightly higher levels of glycolysis in the PsA

FLS compared to RA were detected, alongside trending increases in glycolytic related genes including
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HIF-1a, HK2, and GLUT-1, indicating a PsA exclusive preferential skew towards glycolysis that could be
related to the higher pAKT detected in PsA dominant subsets. However, upon addition of IL-1f3, whilst
oxidative phosphorylation levels decreased comparably in both disease states, the RA FLS exhibited
an exceedingly more robust glycolytic response with a significant elevation from baseline that was not
mirrored to the same extent in the PsA FLS. IL-1B itself is renowned in its capacity to drive the
aggressive phenotype of RA FLS, with less known about its effect on PsA FLS. This differential metabolic
response to stimulation has been shown before, albeit in the context of different disease states, with
PDGF inducing a significantly lower glycolytic response in OA FLS compared to RA (Kvacskay et al.,
2021). This suggests that the FLS metabolic responses in different forms of inflammatory disease may
be highly dependent on the activating stimulus. Furthermore, it also introduces the concept of
‘priming’, a theory that suggests FLS may possess a proinflammatory memory after being exposed to
an inflammatory stimulus, with previous research suggesting that a ‘glycolytic memory’ could also be
developed in the FLS following repeated chronic stimulatory episodes (Bottini and Firestein, 2013;
Crowley et al., 2017; Kvacskay et al., 2021). Thus, the results from this study introduce a plethora of
important unanswered questions that require further investigation — are RA FLS more responsive to
proinflammatory cytokine stimulation and could this be related to a heightened priming effect in RA
FLS compared to their PsA counterparts? Cumulatively, it can be concluded that PsA and RA FLS do
possess intrinsic functional differences ex vivo, with a predominantly more invasive profile associated
with PsA FLS.

Although differences in enriched FLS populations between RA and PsA in the joint have been
shown, with functional differences retained ex vivo at PO reinforcing the existence of some influence
of the ‘imprinted aggressor’ phenotype, the ability of these differences to be sustained over further
expansion and whether it is affected by disease state remains unanswered (Bottini and Firestein,
2013). To address this, the frequency expression of several surface markers on expanded RA and PsA
FLS across consecutive passages (0-2) were characterised, demonstrating a gradual elevation in CD34
and CD54 expression whilst FLS expression of CD55 and HLA-DR demonstrated a stepwise
diminishment across increasing passages. These results support an abundance of literature
demonstrating that removal of cells from the cues and stimuli surrounding them in the joint
microenvironment can impact directly on their phenotypic profile and corresponding functional
behaviour (Wei et al., 2020). Indeed, striking decreases in the percentage of cells positive for MHC-II+
between freshly isolated and 4" passage RA FLS have been shown, data which corroborates the
findings in relation to HLA-DR, suggesting immune properties may be affected by serial passaging
(Zimmermann et al., 2001). Moreover, the effect of serial passaging on RA FLS gene expression profiles

at the mRNA level specifically was investigated by Neumann et al. (2010). Interestingly, this study

224



determined that significant DEGs were only detected in later passages, evidence that supports the
identification of gradual changes in marker expression on the FLS across passages in this study whilst
implying transcriptomic changes are progressive and not immediate. However, it has been
demonstrated that delayed blood processing results in progressive distancing of PBMCs from their
native in vivo biology in as little as 4-6 hrs following removal from the body, suggesting the subtle
alterations in the transcriptomic profile of the FLS may be initiating even as early as PO (Savage et al.,
2021). Furthermore, Wei et al. (2020) conducted a significant study examining the gene expression of
THY1+ and THY1- FLS ex vivo over serial passages, research particularly important in the context of the
specific subsets. Once removed from the innate positional cues of the neighbouring ECs, the data
demonstrates that the transcriptional profiles of the lining/sub-lining FLS converge, and they lose their
proximity to specific poles, a finding mirrored in this data with a gradual convergence across passages
of all FLS towards a THY1+FAP+ phenotype. Interestingly, whilst initial expression of the surface
markers examined differed slightly between the RA and PsA FLS, the manner in which they are
increasing/decreasing across passages is highly comparable between the two disease states. This
suggests that once removed from their native biological environment, the transcriptional profiles of
the FLS are lost to a similar extent in RA and PsA, rather than disease specific, which is critical

knowledge for comparative research purposes.
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Figure 3.37. An overview of Chapter 3 focusing on the differential FLS subsets enriched in RA vs PsA,
and their transient nature when expanded ex vivo. Different FLS subsets with unique transcriptional
phenotypes are enriched in RA vs PsA, with a higher frequency of THY1+ sub-lining FLS exhibiting
immune and ECM regulatory functions in RA whilst PsA exhibits enrichment of THY1- lining layer FLS
populations with potent MMP expression. Furthermore, once removed from the joint
microenvironment, the FLS subsets gradually converge towards a common phenotype. This figure was
made using BioRender.
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In summary, the existence of distinct FLS clusters with differential frequency in RA vs PsA have been
identified for the first time, with the results indicating that these FLS possess unique transcriptomic
profiles and functional capabilities that translate into different effects on RA and PsA pathogenesis.
Moreover, the evidence indicates that once removed from their native in vivo environment, gradual
alterations to the phenotype of the FLS occurs, with a gradual convergence towards a common
phenotype. Further examination of the FLS subsets and elucidation of their role in RA vs PsA may
provide opportunities to further understanding of the differences in disease mechanisms at the

cellular level and thus guide the development of future therapeutic interventions.
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CHAPTER 4:

Biomarker Potential of a Circulatory
microRNA Signature Distinguishing
Rheumatoid Arthritis and Psoriatic

Arthritis
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4.1 Introduction

As outlined in the main introduction, Section 1.15.1, miRNA are defined as non-coding RNA that are
critical mediators of post-transcriptional gene regulation in cells. Through ‘guide’ strand mediated
base-pairing between the miRISC and intended target mRNA, miRNA achieve their functions primarily
via induction of mRNA degradation and/or repression of protein translation, both of which effectively
culminate in gene silencing. Indeed, there is an abundance of research highlighting the pivotal role
miRNAs play in inflammatory pathologies where aberrant miRNAs govern the local and systemic
inflammatory responses through downregulation and in some instances upregulation of genes. For
example, previous work demonstrated a strong correlation between miR-128-3p upregulation and the
TNF-a-induced inflammatory response in bone marrow-derived MSCs, with heightened downstream
levels of proinflammatory factors including IL-6, MCP-1, and MMP-9 (Wu et al., 2020a). Similarly, an
eloquent study conducted in individuals with MS identified increased levels of the miRNAs — miRNA-
21, miRNA-155, and miRNA-182, in cerebrospinal fluid which positively correlated with elevated levels
of proinflammatory cytokines including IL-1B, IL-6, TNF-a, and high-sensitive-CRP, thus suggesting a
role for these miRNA in inducing an inflammatory shift in MS (Shademan et al., 2023). Much of this
inflammatory role is linked to the ability of miRNA to regulate the specific master inflammatory
transcription factor NF-kB bidirectionally. Whilst the mitigation of inflammation driven myocardial
injury has been shown as a consequence of miR-217 and miR-543 downregulation, the reverse
behaviour of miRNA has also been shown with upregulation of miR-9 ameliorating RANKL associated
destructive arthritis in FLS, both of which ultimately exert their effect through suppression of NF-kB
signalling (Xia, Zhang and Sun, 2020; Lee et al., 2020). However, the pathogenic responses induced by
miRNA are not solely NF-kB related but may also be connected to several other downstream target
pathways with studies showing TNF-a induced miRNA dysregulation in endometriotic cells resulted in
phosphorylation of not only NF-kB, but additionally the PI3K, AKT, and ERK signalling pathways
(Banerjee et al., 2023).

In the context of rheumatic disease including ankylosing spondylitis, gout, juvenile idiopathic
arthritis, OA, systemic lupus erythematosus, and importantly RA and PsA, an abundance of data has
implicated miRNA dysregulation as central contributors to the characteristic bone and cartilage
destruction observed within the environment of the synovial joint (Shaikh et al.,, 2023). The
identification of two crucial proinflammatory miRNAs by Stanczyk and colleagues (2008) in RA
patients, miR-155 and miR-146a respectively, that were significantly elevated in RA SF compared to
osteoarthritic controls, instigated this area of study. In the subsequent years, several studies have
identified strong associations between the progressive hypertrophy, inflammation, and angiogenesis

of synovial tissue characteristic of RA and the presence of altered miRNA expression levels (Li et al.,
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2024b). Indeed, the detrimental impact a single miRNA can exert on the pathogenicity of various cell
types in the joint is encapsulated in relation to miR-23a. Studies have shown that its downregulation
in RA articular cartilage results in heightened IKKa-IL-17-induced activation of proinflammatory
articular chondrocytes, whilst similarly in PsA, the decreased levels of this miRNA have been
associated with heightened PDE4 induced FLS activation and increased synovitis (Hu et al., 2017a;
Wade et al., 2019b). Thus, within the inflammatory microenvironment, the subsequent abnormal
activity of a combination of miRNA can culminate in the propagation of several destructive processes
in the synovial joint. There is an abundance of available literature highlighting the effect of
dysregulated miRNA on the function of immune cell subsets in RA including regulation of the NLRP3
inflammasome in synovial macrophages, the promotion of B cell-driven humoral responses, the
disruption of the balance of CD4+ T cells subsets in favour of proinflammatory responses, the
activation of synovial monocytes, in addition to potentiation of DC activation and differentiation into
aggressive osteoclasts (Alivernini et al., 2016; ElImesmari et al., 2016; Yang et al., 2021; Tu et al., 2022;
Gaudenzi et al., 2024). Moreover, the research indicates the abnormal activity of miRNA interferes
with proinflammatory signalling pathways, ultimately resulting in the enhanced production of
proinflammatory cytokines and chemokines including TNF-a, IL-6, IL-1B, IL-8, IL-17A, MCP-1, and
RANTES, in addition to MMPs, further perpetuating RA joint destruction (Elmesmari et al., 2016;
Tavasolian et al., 2018; Shaikh et al., 2023). Similarly, although not as well characterised, a growing
body of evidence has demonstrated the differential expression of miRNAs including miR-146a-5p, miR-
21-5p, miR-130a-3p, miR-221-3p, miR-151-5p, and miR-26a-5p in serum of PsA patients, in addition
to the role of miR-941 and the aforementioned miR-23a in driving proinflammatory mechanisms in
PsA synovial cells, highlighting their significance in PsA pathology (Wade et al., 2019b; Wade et al.,
2020; Lin et al., 2020).

Moreover, recent research has implicated the role of miRNAs, and particularly miR-126 and
miR-125 in driving angiogenic mechanisms, a fundamental process occurring within the inflamed
joints of both RA and PsA patients (Fish et al., 2008; Wade et al., 2019a; Gao et al., 2021; Zhao et al.,
2024). Whilst this angiogenic involvement was initially discovered in 2006 in a groundbreaking in vitro
study, it is now well-established that of the 2300 miRNA currently identified in the human genome,
approximately 10% have demonstrated roles in the regulation of ECs and their angiogenic properties
through both direct and indirect mechanisms (Poliseno et al., 2006; Sun et al., 2018b). Promotion of
angiogenesis can be mediated via miRNA activation of several additional downstream signalling
pathways previously shown to be important in the context of EC angiogenesis including
PI3K/AKT/mTOR and the JAK/STAT3 signalling pathways, in addition to repression of specific negative
regulators of the VEGF pathway including Sprouty-related protein 1 (SPRED1) and the
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phosphoinositol-3 kinase regulatory subunit 2 (PI3KR2/p85-B) (Fish et al., 2008; Zhao et al., 2024).
Conversely, several miRNA including miR-126, miR-106a-5p, miR-206, miR-150-5p, and miR-16-5p,
have demonstrated an inhibitory role on angiogenesis through direct repression of the essential
angiogenic growth factor VEGF-A itself (Zhao et al., 2024). Similarly, deletions of mediators required
for miRNA target interactions including the DICER enzyme critical for miRNA maturation, can disrupt
the activity of crucial angiogenic factors such as VEGF, VEGFR2, VEGFR1, Tie2, eNOS, ROS, and IL-8,
subsequently leading to reduced EC migration, sprouting, and tube formation (Suarez et al., 2007).
Moreover, although not fully understood, recent evidence suggests a strong association between
miRNAs and dysfunctional energy metabolism in immune cells and ECs which drives destructive
events, including neoangiogeneis, within the joints of RA and PsA patients. Altered bioenergetics
appears to stem from perturbations in the miRNAs responsible for regulating activity of a number of
key metabolic enzymes such as HK2 and PKM2, GLUTs, and glycolysis-promoting transcription and
signalling factors, resulting in aberrant activation of destructive effector T cells and ECs (Wade et al.,
2019a; Colamatteo et al., 2019). Significantly decreased levels of miR-125 within the PsA synovium is
directly correlated with both increased macroscopic vascularity and expression of GLUT-1, PFKFB3,
and PKM2, thus demonstrating the glycolytic shift in EC metabolic profiles which enhances
angiogenesis (Wade et al., 2019a). However, further investigations into the downstream targets of
these miRNAs, as well as the potential involvement of other miRNA capable of governing angiogenesis,
are required.

As the understanding of the central role miRNA play in inflammatory disease development
and progression grows, it has opened a new avenue of research examining the potential of miRNA to
be used as valuable biomarkers and therapeutic targets in various human diseases. As previously
mentioned in Section 1.15.5, there is a substantial body of data supporting the role of miRNA, both
tissue and circulating, as valuable biomarkers in several types of cancer including prostate, melanoma,
colorectal, lung, and breast cancers, where they display oncogenic or tumour-suppressive functions
(Chakrabortty et al., 2023). However, their biomarker potential extends beyond cancer to a wide array
of human conditions including Alzheimer’s disease, Parkinson’s disease, epilepsy, heart failure, and
sepsis, emphasising the scope of their capabilities (Wiedrick et al., 2019; Salemi et al., 2022; Shen,
Wang and Fu, 2022; Zheng et al., 2023; Szydlowska et al., 2024). Their value as diagnostic biomarkers
in inflammatory-driven, autoimmune diseases is a current area of focus, with the aim of identifying
signatures that distinguish health from disease, thereby facilitating more prompt diagnosis and
intervention (Nag et al., 2023). Although a number of biomarkers are currently employed in clinical
practice to facilitate RA diagnosis including RF, CRP, and ESR, and the multi-biomarker disease activity

(MBDA) score, ACPA positivity is considered the hallmark biomarker for widespread diagnosis of RA
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(Abdelhafiz et al., 2023). In spite of this, approximately 20-30% of patients are ACPA negative and the
evidence indicates that not all arthralgia patients with ACPA positivity actually develop RA, highlighting
the need for additional biomarkers that can improve the diagnostic accuracy and timeliness (Floudas
et al., 2021; O'Neil, Alpizar-Rodriguez and Deane, 2024).

Focusing on single miRNA can prove useful in certain contexts, for example in acute
pancreatitis where miR-29a upregulation has been observed compared to HC, with a robust
correlation with disease development and severity (Gao et al., 2018). However, due to the abundance
of miRNAs, research has moved towards focusing on patterns of several miRNA that may be
characteristic to specific diseases, a revolutionary approach that has facilitated superior diagnosis and
enhanced understanding of disease pathogenesis. In a cross-sectional study examining the blood of
individuals with type-1 DM compared to HC, a distinct signature of nine upregulated miRNA was
detected, whilst similarly in chronic urticaria, a panel of five circulating upregulated miRNAs were
found to be capable of distinguishing between the control and non-control cohorts, all with distinct
roles in the regulation of genes implicated in skin inflammation (Barutta et al., 2017; Jerobin et al.,
2023). Furthermore, in the context of IA, previous studies have identified six miRNA that were
differentially expressed between PsA and HC, with a nine-miRNA signature significantly distinguishing
RA compared to HC (Wade et al., 2020; Cunningham et al., 2021). Interestingly six of these miRNA
were also upregulated in individuals at risk of developing RA highlighting their predictive value for
disease onset also (Cunningham et al., 2021).

Currently, there is an absence of data comparing aberrant miRNA expression in RA vs PsA,
which may facilitate better diagnostic capabilities and a deeper understanding of the differences in
the pathogenic progression of the two distinct diseases. The use of miRNA signatures not only to
diagnose IA but additionally to distinguish different pathotypes of IA has proven highly efficacious in
the context of IBD in which studies dating back to 2011 demonstrated a distinct miRNA profile in the
circulation associated with different circulating immune cells that could be utilised to distinguish UC
and Crohn’s (Wu et al., 2011). However, to date, no studies have provided a direct comparison of a
potential circulating miRNA signature distinguishing RA from PsA, highlighting the focus of the
research outlined in this chapter. In this chapter, differences in the levels of specific circulating miRNA
between RA and PsA patient cohorts were examined and downstream pathways regulated by these
miRNA explored, with the aim of providing a better understanding of differential disease

pathogenesis.
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4.2 Specific Aims of this Chapter

o Toinvestigate differences in the expression of circulating miRNAs between RA and PsA patient
cohorts (and RA vs PsA vs HC) and to establish their capacity to function as reliable biomarkers.

e To determine the accuracy and sensitivity/specificity with which these miRNA can distinguish
between RA and PsA pathology, and to identify if particular combinations of miRNA may be
more effective as diagnostic signatures.

o To explore the relationship of specific circulating miRNA with patient clinical demographics.

e To determine if ACPA positivity is correlated with or affects miRNA levels in the RA patient
cohort.

e To establish whether gender has an influence on the specific levels of miRNA in the patient
populations.

e To examine the potential downstream genes and pathways regulated by differentially

expressed miRNA in RA and PsA individuals in order to gain a deeper understanding of disease
pathogenesis.

232



4.3 Materials & Methods

4.3.1 Patient Recruitment
Patients with IA were previously recruited from the outpatient clinic at the Department of
Rheumatology, St Vincent’s University Hospital. Patients with RA (n=48) fulfilled the criteria
established by the ACR/EULAR classification for RA (Aletaha 2015). PsA patients (n=50) fulfilled
CASPAR for the classification of PsA (Taylor et al., 2006). Patient demographics and baseline clinical
and laboratory assessments including CRP, SIC, TJC, the VAS, synovitis, and vascularity are summarized
in Table 4.1. Twenty HC, all of which were negative for autoimmune disease, were recruited and
included in the study for comparative purposes.

All patients and controls provided fully informed written consent before commencing the
study. Ethical approval was granted by St. Vincent’s University Hospital Medical Research and Ethics

Committee and all research was performed in accordance with the Declaration of Helsinki.

Patient/ Clinical Info. RA (n=48) PsA (n=49)
'Agemedian (range)  58(27-83)  46(34-58)  38(27-49)

Gender (F:M) 36:12 34:15 13:7

DAS28 CRP +/-SEM 4.42 +/-0.21 3.70 +/- 0.16 NA

CRP (mg/dl) +/-SEM 26.22 +/-7.02 11.2 +/-2.78 NA

SJC +/SEM 4.98 +/- 0.69 2.73 +/- 0.50 NA

TIC +/-SEM 5.93 +/-0.99 3.4 +/-0.59 NA

VAS +/-SEM 61.45 +/- 4.47 59.43 +/-1.97 NA

Synovitis +/-SEM 65.89 +/- 4.8 70.03 +/- 3.26 NA
Vascularity +/-SEM 66 +/-5.27 66.45 +/- 3.57 NA

Table 4.1. Patient demographics. Summary of RA (n=48) and PsA (n=49) patient demographics and
clinical parameters, as well as age and gender for the HC comparators (n=20). Clinical parameters are
presented as Mean +/- SEM. DAS: Disease Activity Score, CRP: C-Reactive Protein, SIC: Swollen Joint
Count, TIC: Tender Joint Count, VAS: Visual Analogue Scale, SEM: Standard Error of Mean.

4.3.2 Serum miRNA Expression Analysis
Blood was obtained from three cohorts; serum was isolated and subsequently transferred to RNase

and DNase free tubes. The FirePlex Circulating 68 miRNA Immunology Fixed Panel was performed as
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a service by Abcam, Cambridge, UK. This specific multiplex panel used focused on miRNA associated
with immune and stromal cell dysfunction characteristic of autoimmune diseases. While there are
many different methods of miRNA analysis, the FirePlex method was utilised as a high-throughput
platform as this method reliably quantifies miRNA directly from biofluids with minimal sample
preparation, therefore reducing the miRNA isolation-induced variability.

Targeted hybridization of serum miRNA to miRNA probes involved the incubation of 20 pl of
patient serum with 35 ul of FirePlex hydrogel particles in addition to incubation with 25 pul of
hybridization buffer with gentle agitation at 37°C for 1 h. Using rinsing Buffer A, samples were rinsed
twice before 75 ul of labelling mix was added. This solution was then incubated at RT for 1 h with
gentle agitation. Following rinsing with Buffer B (x 2) and Buffer A (x 1), 110 ul of RNase-free water
was added to the solution and was incubated at 55°C for 30 min. Ligated miRNAs were then eluted
and amplified using single-step universal primer RT amplification which consisted of 27 cycles of PCR
amplification followed by 6 cycles of asymmetric amplification. Following this, the amplified products
were rehybridized with FirePlex particles in 75 ul of reporting buffer and incubated at RT for 15 min
whilst gently agitated. To enable fluorescent detection of the particle-bound miRNA, 175 pl of run
buffer was then added prior to reading on the EMID Millipore Guava 8HT flow cytometer. Background
signals were corrected for using internal positive, negative, and blank controls. Further interpretation

and analysis of assay results was performed using the FirePlex Analysis Workbench software.

4.3.3 Bioinformatic Analysis

miRNA expression data were analysed in R v4.0 following scaling. Principle component analysis (PCA)-
biplots were generated under R v4.0 with package ggbiplot v0.5 with function ggbiplot. The DNA
Intelligent Analysis (DIANA)-miRPath online software suite was used to perform miRNA pathway
analysis. This was performed to identify downstream KEGG pathways and genes potentially altered by
the dysregulated serum miRNA being evaluated in this study (Vlachos et al., 2015). STRING software
was subsequently used to generate visual representations of the protein-protein interactions of the

genes involved in the pathways targeted by the dysregulated miRNAs (Szklarczyk et al., 2019).

4.3.4 Statistical Analysis
All statistical analysis was performed using GraphPad Prism 9 software (GraphPad Software Inc.,
California, USA). The nonparametric, Mann-Whitney U test was used to determine significant

differences between RA and PsA samples whilst the one-way ANOVA and Kruskal-Wallis test was used
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to determine significant differences between RA, PsA, and HC. All data was presented as Mean +/-
SEM with statistical significance defined by *p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Receiver
operating characteristic (ROC) curves were performed using Prism 9 Software to establish the ability
of a specific miRNA or miRNA combination to discriminate between RA and PsA using the area under
the curve (AUC) determined using a 95% confidence interval (Cl). Spearman rank correlation

coefficient was used to evaluate the association between miRNA levels and clinical variables.
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4.4 Results

4.4.1 RA serum displays a distinct miRNA profile compared to PsA serum.

Previous studies have demonstrated the involvement of aberrant miRNA expression profiles within
the inflammatory joint environment of both RA and PsA patients, suggesting their role as potential
biomarkers and therapeutic targets (Wade et al., 2020; Cunningham et al., 2021). In this study, serum
was isolated from the blood of RA patients (n=48) and PsA patients (n=49), and the expression profile
of a 68-miRNA immunology panel associated with immune dysregulation was determined using the
Abcam Multiplex Circulating MiRNA Assay. The FirePlex Analysis Workbench software was used to
analyse miRNA expression between RA and PsA. Significant differences in the expression levels of
nineteen mMiRNAs between RA and PsA cohorts were identified, with sixteen of these miRNA exhibiting
a significantly higher level of expression within the serum of the RA patients compared to the PsA
group (all p<0.05) whilst conversely, three miRNA; miR-203a (***p<0.001), miR-185-5p, and miR-151-
a-5p (both *p<0.05), were significantly elevated in the PsA group (Figure 4.1A(i-xix)). A full list of the
significantly different miRNA are shown in Table 4.2 below. PCA analysis of differentially expressed
miRNA demonstrated that specific RA patients clustered separately from PsA, although there is
overlap with some patients between each group as demonstrated in the PCA plots (Figure 4.2A).
Further interrogation using biplot analysis of the PCA plot, identified that seven miRNA were
specifically skewed towards RA compared to PsA and thus were further analysed (Figure 4.2B).

Dot plots of these top seven differentially expressed miRNA in RA compared to PsA are shown
in Figure 4.2C for (i) miR-126-3p (****p<0.0001), (ii) miR-29b-3p (****p<0.0001), (iii) miR-22-3p
(****p<0.0001), (iv) miR-223-3p (*p<0.05), (v) miR-320a (*p<0.05), (vi) let-7e-5p (***p<0.001), and
(vii) let-7g-5p (***p<0.01). In order to establish their potential validity as biomarkers in RA versus PsA,
these seven-miRNA exhibiting significantly increased expression levels in RA compared to PsA (Figure
4.2) were further compared to HC (n=20). Interestingly, all seven identified miRNA that were
significantly increased in the RA patients versus the PsA were also significantly increased compared to
the HC (Figure 4.3A(i-vii)).

Furthermore, ROC curve analysis was performed to evaluate the sensitivity and specificity of
each of the seven to distinguish between RA and PsA patients (Figure 4.4A-G). The strongest statistical
separation was observed for miR-22-3p with and AUC of 0.7538 (p<0.0001) (Figure 4.4C) followed by
miR-29b-3p and miR-126-3p, both with AUCs of 0.7560 (p<0.0001) (Figure 4.4B) and 0.7321
(p<0.0001) (Figure 4.4A) respectively. Let-7g-5p, let-7e-5p, miR-320a, and miR-223-3p (Figure 4.4D-G)
all demonstrated lower sensitivity and specificity with an AUC of <0.7. Interestingly, as shown in Figure
4.5, multivariate analysis for the strongest performing miRNA improved the predictive value slightly

as compared to the individual miRNA with the highest predictive value observed with miR-29b-3p,
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miR-22-3p, and miR-320a with an AUC of 0.8151 (Figure 4.5B(i)). Moreover, multivariate analysis for
the complete serum miRNA signature generated an AUC of 0.7784, thus demonstrating a slightly

higher prediction accuracy than each miRNA alone (Figure 4.5C).

Differentially expressed miRNA P Value

Higher expression in RA

miR-126-3p P<0.0001
miR-22-3p P<0.0001
miR-29b-3p P<0.0001
miR-142-3p P<0.0001

miR-1246 P<0.001
miR-16-5p P<0.001

Let-7g-5p P<0.01
Let-7e-5p P<0.01
miR-15-5p P<0.01
miR-29¢-3p P<0.01

miR-30a-5p P<0.05
miR-885-5p P<0.05
miR-16-2-3p P<0.05
miR-24-3p P<0.05
miR-223-3p P<0.05
miR-320a P<0.05

Higher expression in PsA

miR-203a-3p P<0.001
miR-185-5p P<0.05
miR-151a-5p P<0.05

Table 4.2. Table depicting the top nineteen differentially expressed serum miRNA between RA
(n=48) and PsA (n=49) patients and their corresponding p value. Statistical analysis was performed
using the non-parametric, Mann-Whitney U Test with statistical significance defined by *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4.1. Identification of nineteen differentially expressed circulating miRNA between RA and
PsA. Serum was isolated from the blood of RA (n=48) and PsA (n=49) patients and a panel of 68 miRNA
were analysed using the Multiplex Circulating miRNA Assay. (A(i-xix)) Representative dot plots
demonstrating the difference in expression MFI of the nineteen differentially expressed miRNAs of
interest between the RA and PsA patient cohorts. All data represented as Mean +/- SEM. Statistical
analysis was performed using the non-parametric, Mann-Whitney U Test with statistical significance
defined by *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4.2. Analysis of miRNA expression for the top seven differentially expressed miRNAs between
RA and PsA. (A) PCA analysis demonstrating serum miRNA expression between RA (n=48) and PsA
(n=49). PCA analysis was performed in R (v4.0) function prcomp with scaling. (B) Biplot analysis of the
seven significant miRNA skewed towards RA vs PsA. PCA-biplots were generated under R v4.0 with
package ggbiplot v 0.5 with function ggbiplot. (C (i-vii)) Dot plot representations showing MFI of the
relative expression of the seven most differentially expressed serum miRNA isolated from the serum
of RA patients (n=48) versus PsA patients (n=49), and analysed and amplified using the Multiplex
Circulating miRNA Assay. All data represented as Mean +/- SEM. Statistical analysis was performed
using the non-parametric, Mann-Whitney U Test with statistical significance defined by *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4.3. Expression of seven serum miRNA that are significantly increased in RA patients
compared to both PsA patients and HC. (A(i-vii)) Dot plot representations showing MFI of the seven-
serum miRNA of interest isolated from the serum of RA patients (n=48), PsA patients (n=49), and HC
(n=20) and analysed and amplified using the Multiplex Circulating miRNA Assay. All data represented
as Mean +/- SEM. Statistical analysis was performed using the non-parametric, Kruskal-Wallis Test
with statistical significance defined by *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4.4. ROC curve analysis based on the expression levels of serum miRNA. (A-G) ROC curves of
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Figure 4.5. ROC curve analysis based on the expression levels of multivariant serum miRNA. The
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seven most differentially expressed miRNA signature. The prediction accuracy with which each
combination of miRNA can differentiate between RA and PsA is represented by the AUC. AUC was
determined with a 95% Cl.
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4.4.2 Effect of disease parameters, ACPA positivity, and gender on the expression of the serum miRNA.
Firstly, to ensure that the differential expression of miR-126-3p, miR-29b-3p, miR-22-3p, miR-223-3p,
miR-320a, let-7e-5p, and let-7g-5p, observed in the serum of RA compared to PsA is not owing to
potential disease severity in the patients, miRNA serum expression was compared to clinical
parameters including DAS28, CRP, synovitis, and vascularity. Importantly, subsequent correlation
analysis of patient subsets demonstrated that there were no significant correlations observed
between the seven differentially expressed miRNA and any clinical features in the RA or PsA patients
indicating that these miRNA are not associated with disease severity but rather the disease itself
(Figures 4.6 and 4.7). To determine if the seven-miRNA skewed towards RA are affected by the
presence/absence of ACPAs, a sub-analysis was performed comparing the serum miRNA levels of the
miRNA in a cohort of ACPA+ RA patients (n=11) and ACPA- RA patients (n=18). As demonstrated in
Figure 4.8A(i-vii), no significant differences were detected for any of the miRNA between ACPA+ vs
ACPA- individuals indicating the biomarker value of these miRNA in all RA patients irrespective of their
ACPA status.

Finally, to ascertain if gender may influence the expression of the miRNA associated with RA,
patients in both disease states were stratified into male vs female categories and comparative analysis
was performed (Figure 4.9). Interestingly, in the RA cohort, the levels of five of the miRNA; miR-29b-
3p, miR-126-3p, miR-320a, let-7e-5p, and let-7g-5p, were not affected by gender and had comparable
levels of expression in males vs females. However, the levels of miR-22-3p and miR-223-3p were
significantly different between males and females in RA, with miR-22-3p demonstrating a significantly
higher level in males (p<0.05) (Figure 4.9A(ii))) and conversely miR-223-3p exhibiting significantly
higher levels in female patients (p<0.05) (Figure 4.9A(iii)). Furthermore, when compared directly
between males and females in RA alongside PsA, the levels of miR-22-3p remained significantly higher
in the RA cohort compared to PsA, irrespective of gender (Figure 4.9B(i)). However, whilst miR-223-
3p expression in RA females was significantly higher than both males and females in PsA, the
expression of this miRNA in RA males was similar to the PsA cohort, failing to demonstrate a significant
difference (Figure 4.9B(ii)), thus suggesting this miRNA may be a stronger RA biomarker in females
compared to males. Cumulatively, the data highlights the existence of gender effects on the
expression of miRNA in RA and the importance of incorporating gender stratification into data

analysis.
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Figure 4.6. No correlation between serum miRNA and clinical parameters in RA and PsA patient
cohorts. (A-D) Spearman pair-wise correlation analysis of miRNA expression and (i) DAS28, (ii) CRP,
(iii) synovitis, and (iv) vascularity in RA and PsA patients (n=24-43). Simple linear regression model was
used with unknown standards interpolated from the curve and the data presented with the 95%
confidence bands of the best fit.
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Figure 4.7. No correlation between serum miRNA and clinical parameters in RA and PsA patient
cohorts. (A-C) Spearman pair-wise correlation analysis of miRNA expression and (i) DAS28, (ii) CRP,
(iii) synovitis, and (iv) vascularity in RA and PsA patients (n=24-43). Simple linear regression model was
used with unknown standards interpolated from the curve and the data presented with the 95%
confidence bands of the best fit.
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Figure 4.8. ACPA status did not alter levels of the seven significantly increased serum miRNA in RA
patients. (A(i-vii)) Dot plot representations showing MFI of the relative expression of seven miRNA of
interest isolated from the serum of a subset of RA patients; RA ACPA+ (n=11) versus RA ACPA- (n=18),

analysed and amplified using the Multiplex Circulating miRNA Assay. All data represented as Mean +/-
SEM.
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4.4.3 Functional pathway analysis of the seven significantly different miRNA between RA and PsA.

The DIANA miRPath tool was used to specifically recognise KEGG pathways that are enriched in genes
containing predicted target sites of the identified seven miRNA (Figure 4.10) (Vlachos et al., 2015).
Analysis demonstrated that the Hippo signalling pathway and the ECM receptor interaction were the
two topmost significant pathways targeted by six of the dysregulated RA serum miRNAs (p<0.0001),
excluding miR-22-3p (Figure 4.10A). However, interestingly, the PI3K-AKT signalling pathway was
identified as containing the greatest number of target genes, 126 in total, regulated by all seven of the
miRNAs of interest (Figure 4.10A and B). Additional pathways with high significance identified to be
regulated by activity of these specific seven miRNA included adherens junctions, the HIF-1 signalling
pathway, the FoxO signalling pathway, and the mTOR signalling pathway, all of which demonstrated a
significance of p<0.01. Furthermore, amongst the pathways being targeted by the miRNA were certain
processes directly implicated in metabolism including the anabolic reactions; keratan sulfate
biosynthesis, fatty acid biosynthesis, and o-glycan biosynthesis in addition to catabolic processes such
as lysine degradation. However, these metabolic pathways identified were not under the control of all
seven dysfunctional miRNA but by combinations of at least four of the miRNA (Figure 4.10A). The
specific pathways, and the number of genes within each that are targeted by varying combinations of
the seven miRNAs of interest can be found in detail in Figures 4.10A and B below, demonstrating the
diversity and sheer complexity of pathways involved in RA vs PsA pathogenesis.

Next, the STRING software was utilised to provide supplementary information regarding the
highly convoluted network of protein-protein interactions directly associated with the pathways
identified to be targeted by the seven miRNAs of interest (Szklarczyk et al., 2019). A clear visual
representation of the direct and indirect interactions between the 126 genes involved in the significant
PI3K-AKT pathway which were predicted to be regulated by the miRNAs was generated in the context
of a biological system (Figure 4.11A). Interestingly, this network demonstrated a central hub of activity
centred around the organisation of the ECM and actin cytoskeleton, both of which are integral to
facilitating cell migration, a characteristic pathogenic feature of RA FLS as they invade into the adjacent
cartilage and bone (Fassbender and Simmling-Annefeld, 1983; Croft et al., 2019; Koliaraki et al., 2020).
Specific targets included several members of the collagen family, integrins such as ITGA5 and ITGA6,
and growth factors including PDGF-B, all with critical roles in the dynamic modulation of the structural
architecture of the cells and surroundings required for their invasive capacity. Moreover, MAPK
signalling was prominent within this network, a well-established pathway responsible for the
integration and amplification of signals to drive multiple physiological events including cell
proliferation, differentiation, and importantly inflammatory responses. Notably, multiple proteins

within this PI3K-AKT pathway appeared to be implicated in several pathogenic processes, with PDGFR-
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a and PDGFR-B assuming a role in the regulation of cytoskeletal organisation, cell migration, and
additionally MAPK signalling. This highlights the complexity of miRNA regulated pathways and the
valuable nature of targeting them in order to limit the damaging effects of cellular invasion and

inflammatory cascades in RA progression.
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(A)

KEGG Pathway No. of miRNA  No. of genes P value
Hippo signalling pathway 6 65 4.17468299224e-09
ECM-receptor interaction 6 29 1.78303347328e-08

Lysine degradation 5 24 1.48310558063e-07
Adherens junction 6 41 1.19838242734e-06
Fatty-acid-biosynthesis 5 4.11040953062e-06
Glycosaminoglycan synthesis 4 9 2.67115642984e-05
TGF-B signalling pathway 6 36 4.07173095568e-05
FoxO signalling pathway 7 60 0.000313068596507
Focal adhesion 7 86 0.00150616995929
HIF-1 signalling pathway 7 48 0.00166960590817
O-glycan biosynthesis 5 10 0.0037867801522
PI3K-Akt signalling pathway 7 126 0.00764408901686
mTOR signaling pathway 7 28 0.00995070318448
Apoptosis 7 36 0.023953419166
Whnt signalling pathway 6 53 0.0418923167258

Fatty-acid-biosynthesis
Glycosaminoglycan biosynthesis
O-glycan biosynthesis

Lysine degradation

mTOR signalling pathway
ECM-receptor interaction

p53 signalling pathway
Apoptosis

TGF-B signalling pathway
Adherens junction

Estrogen signaling pathway
HIF-1 signalling pathway
Neurotrophin signalling pathway
Wnt signalling pathway
Spliceosome

Ubiquitin mediated proteolysis
Stem cell pluripotency regulation
FoxO signalling pathway

Cell cycle

Hippo signalling pathway
Endocytosis

PI3K-Akt signalling pathway
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No. of genes targeted

Figure 4.10. KEGG pathways enriched in miRNA target genes. The DIANA-miRPath tool was used to
identify KEGG pathways enriched in genes significantly targeted by the seven differentially expressed
miRNA of interest. (A) Table showing relevant KEGG pathways enriched in genes experimentally proven
to be targeted by the seven miRNAs of interest in decreasing order of statistical significance. (B) Bar
graph representing the number of genes in each relevant KEGG targeted by one or more of the seven
miRNA of interest.
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Figure 4.11. Potential miRNA target gene interactions and downstream effects for the PI3K-AKT
signalling pathway. (A) STRING software was used to investigate and create a visual representation of
the protein-protein interactions involved in the PI3K-AKT pathway that are targets of the top seven
differentially expressed miRNA (highest confidence score=0.9). These networks may influence activity
of downstream effector molecules with a significant role in aspects of RA pathogenesis including cell
migration and inflammatory pathways. Colour coded genes indicate protein targets involved in the
following pathways in RA; regulation of cytoskeletal organisation (red nodes), ECM organisation (blue
nodes), cell migration (green node), MAPK signalling pathway (purple nodes).
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4.4.4 Functional pathway analysis of the three significantly different miRNA demonstrating greatest
separation between RA and PsA.

While a highly significant difference in the expression of seven miRNA between RA and PsA was
identified, further biplot analysis of PCA and logplot of normalised miRNA expression demonstrated
that the miRNA expression distribution was mainly associated with a dominant skew towards three
specific miRNA in RA vs PsA; miR-29b-3p (****p<0.0001), miR-22-3p (****p<0.0001), and miR-223-3p
(*p<0.05) (Figure 4.12A). Moreover, as shown in Figure 4.12B(i-iii), ROC curve analysis of combinations
of these three specific miRNA revealed a strong ability to distinguish between RA and PsA, with the
greatest separation observed for miR-29b-3p and miR-22-3p, with an AUC of 0.7968 (Figure 4.12B(i)).
The DIANA tool was then further used to analyse the specific pathways targeted by these three
significant miRNA and the number of genes involved (Figure 4.13). The ECM-receptor interaction was
the most significant pathway identified (p<0.0001), with a total of twenty-four genes being targeted
by two of the miRNA — miR-29b-3p (20 genes) and miR-22-3p (11 genes). The PI3K-AKT signalling
pathway contained the greatest number of target genes, with eighty-seven genes being influenced by
contributions from all three miRNA of interest, more than two-thirds of the genes being regulated by
all seven significantly different miRNA. Interestingly, miR-29b-3p and miR-22-3p exerted the greatest
regulation over the pathway by targeting fifty-three and fifty-one genes respectively, whilst the
contribution from miR-223-3p was minimal with only six genes targeted. Additional pathways
containing genes targeted by all three-miRNA included focal adhesion, amoebiasis, and the FoxO
signalling pathway, all p<0.01. Furthermore, anabolic pathways including fatty acid biosynthesis and
catabolic pathways such as lysine degradation were also identified to be targets solely of miR-29b-3p
and miR-22-3p. However, these metabolic pathways demonstrated the lowest number of target genes
with only two genes, FASN and ACACA, recognised as targets in the lysine degradation process. The
specific pathways, and the number of genes within each that are targeted by varying combinations of
the three miRNAs of interest can be found in detail in Figures 4.13A and B below.

To identify the contribution solely of these three specific miRNA in targeting the PI3K-AKT
signalling pathway, the STRING software tool was then used to visually analyse the complex protein
network involving the eighty-seven genes (Figure 4.14A). Among the targets of interest were several
processes highly associated with the invasive and inflammatory capacity of cells that perpetuate
damage within the inflamed synovium including regulation of cytoskeletal organisation (red), ECM
organisation (blue), cell migration (green), and the MAPK signalling pathway (purple). The specific
proteins involved in mediating these various processes included growth factors FGF9, PGF, and PDGF-
B, the adhesive glycoprotein THBS1, structural proteins including FN1 and collagen family members, in

addition to several members of the AKT/mTOR signalling pathway such as MYC, AKT1, AKT3, and mTOR
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itself. Of particular interest, these three-miRNA appeared to be targeting twenty-four out of the thirty-
four proteins recognised as targets of the seven initial significantly different miRNA involved in cell
migration. Notably, all eleven of the proteins associated with actin cytoskeletal organisation in the
initial seven miRNA analysis were defined as targets of the three miRNA. These results suggest the
central role these three miRNA assume in facilitating structural alterations and migratory processes
within the inflamed joint and thus their potential benefit as therapeutic targets. Moreover, due to the
involvement of all three miRNA in its regulation and the high number of gene targets (thirty-nine), the
FoxO pathway signalling interactions were also examined using STRING analysis (Figure 4.15). Among
the primary targets of interest in this pathway were several processes related to cell survival and death
including the regulation of programmed cell death (red nodes), regulation of autophagy (blue nodes),
and apoptotic processes (green nodes). Interestingly, the AKT1 gene also assumed a central role in this
network where it demonstrated a function in the mediation of all three aforementioned processes,
highlighting the potential importance of AKT1 in mediating not solely the PI3K-AKT pathway but
additionally its interconnection with FoxO-mediated signalling. Furthermore, to further examine
potential downstream targets of these three miRNA of interest, STRING interrogation of the targets in
the Hippo signalling pathway was conducted due to its known role in promoting RA pathogenesis
(Barker et al., 2023). Among the targets of interest in this analysis were Wnt signalling (red nodes), a
network critical to the process of joint formation and homeostasis of articular cartilage, and in
particular the canonical Wnt pathway (blue nodes), in addition to the fibrosis-related and highly
pleotropic TGF-B signalling pathway (green nodes) (Figure 4.16) (Peng et al., 2022; Floudas et al.,
2022b; Huang et al., 2023). Cumulatively, these results would imply that these three miRNA of interest
assume an integral role in regulating not only migratory but additionally apoptotic and bone/cartilage-
related inflammatory processes within the inflamed joint and thus their potential benefit in

ameliorating RA pathogenesis if targeted therapeutically.
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Figure 4.12. Biplot and ROC curve analysis of the three significant miRNA most skewed towards RA
vs PsA. (A) PCA-biplots were generated under R v4.0 with package ggbiplot v0.5 with function ggbiplot.
The predictive value for the most differentially expressed (B) two miRNA signature, (i) miR-29b-3p and
miR-22-3p; (ii) miR-29b-3p and miR-223-3p; and (iii) miR-22-3p and miR-223-3p and (C) three miRNA
signature; miR-29b-3p, miR-22-3p, and miR-223-3p, in the serum of RA patients (n=48) compared to a
PsA patient cohort (n=49). The prediction accuracy with which each combination of miRNA can
differentiate between RA and PsA is represented by the AUC. AUC was determined with a 95% Cl.
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(A)

KEGG Pathway No. of mMiRNA  No. of genes P value
ECM-receptor interaction 2 24 8.98508857424e-20
Fatty acid biosynthesis 2 2 3.27481972983e-10
Hippo signalling pathway 2 41 6.14869909062e-10
Focal adhesion 3 69 1.28095156673e-05
Cell cycle 2 45 1.50670969418e-05
Adherens junction 2 26 1.82404483848e-05
TGF-B signalling pathway 2 22 0.000214371555354
Lysine degradation 2 14 0.000216169215609
Amoebiasis 3 30 0.0038695256464
PI3K-Akt signalling pathway 3 87 0.00490562649047
FoxO signalling pathway 3 39 0.00529613018493
(B) Fatty acid biosynthesis

Lysine degradation

TGF-B signalling pathway
ECM-receptor interaction
Adherens junction

Estrogen signalling pathway
Amoebiasis

FoxO signalling pathway

Stem cell pluripotency regulation
Hippo signalling pathway
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Focal adhesion
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Figure 4.13. KEGG pathways enriched in miRNA target genes. DIANA-miRPath tool was used to
identify KEGG pathways enriched in genes significantly targeted by the top three differentially
expressed miRNA of interest. (A) Table showing relevant KEGG pathways enriched in genes
experimentally proven to be targeted by the three miRNAs of interest in decreasing order of statistical
significance. (B) Bar graph representing the number of genes in each relevant KEGG targeted by one
or more of the three miRNA of interest.
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Figure 4.14. Potential miRNA target gene interactions and downstream effects for the PI3K-AKT
signalling pathway. (A) STRING software was used to investigate and create a visual representation of
the protein-protein interactions involved in the PI3K-AKT pathway that are targets of the top three
differentially expressed miRNA (highest confidence score=0.9). These networks may influence activity
of downstream effector molecules with a significant role in aspects of RA pathogenesis including cell
migration and inflammatory pathways. Colour coded genes indicate protein targets involved in the
following pathways in RA; regulation of cytoskeletal organisation (red nodes), ECM organisation (blue
nodes), cell migration (green nodes), MAPK signalling pathway (purple nodes).
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Figure 4.15. Potential miRNA target gene interactions and downstream effects for the FoxO
signalling pathway. (A) STRING software was used to investigate and create a visual representation of
the protein-protein interactions involved in the FoxO signalling pathway that are targets of the top
three differentially expressed miRNA (highest confidence score=0.9). These networks may influence
activity of downstream effector molecules with a significant role in aspects of RA pathogenesis
including regulation of the following survival processes; regulation of programmed cell death (red
nodes), regulation of autophagy (blue nodes), and apoptotic processes (green nodes). The red box
highlights a central gene implicated in the PI3K-AKT signalling pathway.
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Figure 4.16. Potential miRNA target gene interactions and downstream effects for the Hippo
signalling pathway. (A) STRING software was used to investigate and create a visual representation of
the protein-protein interactions involved in the Hippo signalling pathway that are targets of the top
three differentially expressed miRNA (highest confidence score=0.9). These networks may influence
activity of downstream effector molecules with a significant role in aspects of RA pathogenesis
including regulation of the following pathways: Wnt signalling pathway, Canonical Wnt signalling
pathway specifically, and the TGF-B signalling pathway. Colour coded genes indicate protein targets of
the above pathways in RA; regulation of Wnt signalling (red nodes), regulation of the Canonical Wnt
signalling pathway (blue nodes), TGF-B signalling pathway (green nodes).
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4.5 Discussion

The identification of biomarkers that may provide a non-invasive and reliable method of enabling early
diagnosis of autoimmune diseases including RA, constitutes an area of intense focus as it has been
well-established that earlier diagnosis precedes superior outcomes (Abdelhafiz et al., 2023).
Unfortunately, despite only being present in 70% of RA patients, ACPA positivity remains the only
validated biomarker currently utilised for diagnosis in a clinical setting (Floudas et al., 2021; Abdelhafiz
et al., 2023; O'Neil, Alpizar-Rodriguez and Deane, 2024). As a consequence, investigation of serum
miRNAs as potential RA biomarkers and their prominent role in the initial development and
progression of RA is of particular importance (Stanczyk et al., 2008; Li et al., 2024b). In this present
study, nineteen serum miRNA related to immune dysfunction were identified that demonstrated
significant differences between RA and PsA patient cohorts. However, upon further interrogation using
PCA and biplot analysis, it was discovered that seven of these miRNA could function as potential
biomarkers assisting in the early discrimination of RA patients from PsA patients, with all seven
exhibiting good sensitivity and specificity for RA vs PsA. These seven-miRNA included miR-126-3p, miR-
29b-3p, MiR-22-3p, miR-223-3p, miR-320a, let-7e-5p, and let-7g-5p, all of which were significantly
increased in RA serum compared to PsA serum and importantly, were additionally significantly
increased compared to HC, thus confirming their possible involvement in RA pathogenesis. Moreover,
in-depth analysis of particular patient subgroups confirmed that the ACPA status of the RA patient did
not induce changes in the expression of the significantly different miRNA. Additionally, none of the
miRNA exhibited a correlation with any of the disease parameters associated with inflammation or
joint damage including DAS28, CRP, synovitis, and vascularity. This indicates that their potential value
as biomarkers is not limited to a specific RA patient cohort but may in fact be reliable in all RA patients,
irrespective of factors such as the extent of disease activity or synovitis. Conversely, a gender specific
influence on the expression of two of the miRNA in the RA cohort; miR-22-3p and miR-223-3p, was
identified highlighting the importance of patient gender stratification in research in order to establish
optimal diagnostic methods for male versus female populations. Interestingly, using further biplot
investigation, it was subsequently determined that three of these miRNA in particular were skewed
predominantly towards RA compared to PsA - miR-22-3p, miR-29b-3p, and miR-223-3p. Downstream
analysis of the potential gene targets resulted in the identification of several key pathways implicated
in processes including angiogenesis, cell death, and bone metabolism, all of which are fundamental
pathogenic events driving joint destruction within the inflamed RA synovium. Cumulatively, the results
suggest that these three serum miRNAs may prove highly valuable, not solely as therapeutic targets,

but as diagnostic markers enabling prompt discrimination of RA from PsA pathology.
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An extensive body of literature exists that has previously elucidated the central involvement
of miRNAs in a wide array of human diseases ranging from cancer, where they have been validated as
reliable biomarkers of disease stage, to diseases of a viral or neurodegenerative nature (Garzon, Calin
and Croce, 2009b; Wiedrick et al., 2019; Salemi et al., 2022; Smolarz et al., 2022; Chakrabortty et al.,
2023). However, their significant role in autoimmune diseases is of particular interest in the context of
our research topic, RA (Simpson and Ansel, 2015; Das and Rao, 2022; Nag et al., 2023). The results
corroborate previous studies identifying differences in the levels of circulating miRNAs, thus reinforcing
the hypothesis that miRNAs exhibit aberrant expression in autoimmune-driven pathologies (Qu, Li and
Fu, 2014; Tavasolian et al., 2018; Li et al., 2024b). Indeed, previous studies have illustrated the various
roles different miRNA assume in RA pathogenesis including the well-established miRNAs miR-155 and
miR-146, in addition to miR-31-5p, miR-126-3p, miR-221-3p, miR-24-3p, and miR-339-5p, amongst
others, all of which have been shown to govern the functioning of innate and adaptive immune cell
populations such as T cells, the release of proinflammatory cytokines, and transcriptional activation of
the NF-kB pathway (Stanczyk et al., 2008; Tu et al., 2022; Nag et al., 2023). Furthermore, although
evidence regarding the role of miRNAs in PsA is considerably less extensive, recent work has
highlighted panels of specific miRNA that demonstrate abnormal serum expression levels in patients
compared to healthy comparators including miR-21-5p, miR-23a, miR-26a-5p, miR-125a, miR-130a-
3p, miR-146a-5p, miR-151-5p, and miR-221-3p (Wade et al., 2019a; Wade et al., 2019b; Wade et al.,
2020). However, whilst these previous studies have all analysed RA or PsA against HC, this was the first
study to specifically determine if expression levels of serum miRNA could prove efficacious in
discriminating RA and PsA patients thus providing novel insights.

Whilst initial analysis identified seven miRNA that exhibited significant differences in
expression between RA and PsA, further biplot analysis revealed that three miRNA in particular
contributed to the greatest separation between the two pathologies, thus potentially exhibiting the
capacity to function as independent biomarkers of RA compared to PsA. Interestingly, gender
stratification of these three specific RA associated miRNA demonstrated unexpected results, with two
of these miRNA exhibiting significantly different expression levels between males and females in the
RA cohort exclusively. This suggests that although valuable as biomarkers, they may prove more
effective in particular patient populations, highlighting the importance of patient stratification. In
relation to their function, extensive previous investigations have demonstrated a central role for all
three of these miRNA; miR-22-3p, miR-29b-3p, and miR-223-3p in diseases of an inflammatory nature
in addition to cancer biology (Evangelatos et al., 2019; Tang et al., 2022; Jurj et al., 2023; Wang et al.,
2023; Barbagallo et al., 2024). The involvement of miR-22-3p in cancer has been previously well

characterised where its upregulation has exhibited the potential to supress both cell migration and the
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process of EMT, both critical promoters of tumour metastasis in various cancers including breast, liver,
and non-small cell lung cancer (NSCLC) (Zou et al., 2017; Cui et al., 2023; Wang et al., 2023). Whilst the
available literature is sparse regarding its involvement in RA directly, increased serum levels of miR-22-
3p, which is consistent with this chapter’s findings, have previously been implicated as a strong
predictor of RA development potential in susceptible individuals already demonstrating a positivity for
circulating ACPA antibodies. This research identified significant upregulation of this miRNA in those
who progressed from general systemic symptoms of autoimmunity to specific joint disease, an
upregulation which was not detected in those who did not deviate from the original ‘at-risk’ status
(Ouboussad et al., 2017). Moreover, more recent studies have proposed that serum miR-22-3p may
be a viable diagnostic biomarker for RA, with significantly higher levels detected in RA compared to
HC, similar to the differences observed in the serum of RA and HC individuals in this study cohort (Tang
et al., 2022; Hassanpoor and Abbasi, 2022). Conversely, within the synovial joint itself, several lines of
evidence have demonstrated a down-regulation of this specific miRNA, an occurrence which is strongly
associated with the induction of pathogenic effects. Whilst it has been illustrated that a
downregulation of miR-22-3p in RA synovial tissue and FLS correlated negatively with IL-6 promoting
Cyr61 expression and the extent of FLS proliferation, additional research demonstrated that a similar
downregulation resulted in heightened proliferative and inflammatory capacity of the resident FLS (Lin
et al., 2014; Zhang et al., 2020a). Cumulatively, these two studies suggest that the levels of serum
miRNA may exhibit an inverse relationship to the miRNA levels within the inflamed joint which is in
line with previous studies (Lin et al., 2014; Wade et al., 2019b; Zhang et al., 2020a).

Furthermore, similarly to miR-22-3p, the role of miR-29b-3p in cancer is significantly more
established than its function in autoimmune disease, with miR-29b-3p being defined as a central
regulator of EMT, a pathway implicated in cancer metastasis and tumour invasion (Yan et al., 2015). It
has been corroborated independently by multiple studies that miR-29b-3p exhibits a central role in
prostate cancer where it functionally reduces cell motility and invasiveness of tumour cells, through
direct targeting of MMP-2, in addition to impacting angiogenesis through VEGF inhibition (Steele, Mott
and Ray, 2010; Hasegawa, Lewis and Esquela-Kerscher, 2017). A similar dampening effect on tumour
metastasis via MMP-2 expression in NSCLC has also been reported, whilst the migration and invasion
capacities of cancerous cells in both gastric and breast cancer were significantly supressed in the
presence of elevated levels of this miRNA (Wang et al., 2015; Li et al., 2017; Zhao et al., 2021).
Moreover, in addition to its significant metastatic properties, an extensive amount of research has
shown miR-29b-3p to be critical in regulating angiogenesis, not only in tumours but additionally in
retinal microvascular ECs primarily through the targeting of VEGF (Li et al., 2017; Sun et al., 2024). In

the context of RA and PsA, elevated expression of both angiogenic promoting VEGF and MMP-2 is
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integral to the characteristic EC migration and subsequent angiogenesis observed within the joint
microenvironment (Fearon et al., 2003; Balogh et al., 2019). Interestingly, the aforementioned papers
related to miR-29b-3p in cancer all demonstrate reduced levels of this miRNA within the specific
cancerous cells themselves, which could further reinforce the hypothesis that serum miRNA have an
inverse relationship with the miRNA levels within the tissue itself. Indeed, this effect could be in play
in RA with reduced levels of miR-29b-3p in the inflamed joint itself, but heightened levels as observed
within the serum thus ultimately resulting in significant effects on angiogenic and migratory functions
within the synovium. Furthermore, additional studied downstream targets of miR-29b-3p in
pathological states include the dynamic histomorphometry of bone and inflammation associated
genes and pathways such as NF-kB all of which are well-established features related to RA
development and progression (Feichtinger et al., 2018; Zhang et al., 2019a; Akbaba et al., 2021). Whilst
there is a lack of available research relating to miR-29b-3p in RA specifically, studies in chondrocytes
and rat models of OA have demonstrated that miR-29b-3p induces chondrocyte apoptosis and
migration, paralleled by the release of cartilaginous degeneration-related molecules, with miR-29b-3p
knock-down reversing these effects, suggesting that it may also play a role in cartilage homeostasis
loss and subsequent degradation in RA (Chen et al., 2017b; Horita et al., 2022). Moreover, a recent
study demonstrated a unique circulating miRNA signature in individuals with psoriasis and PsA, with
this analysis determining that miR-29b-3p was among five miRNA best able to discriminate between
PsA and HC (Haschka et al., 2023). Although this result conflicts with the findings in this chapter, this
may be due to differences in the demographics of the PsA patients and HCs included, particularly their
treatment status and disease duration.

Furthermore, the biomarker and functional potential of serum miR-223-3p is becomingly
increasingly recognised in a wide variety of pathologies ranging from Parkinson’s disease to cancers
including colorectal, breast, and pancreatic cancer, in addition to lung cancer where it may be used to
not only distinguish cancerous tissue from HC but additionally to differentiate between lung cancer
subtypes (Citterio et al., 2023; Barbagallo et al., 2024). Although the evidence indicates it does possess
the capability to function as an onco-suppressor in certain contexts, the research is sparse in
comparison to the abundance of available literature highlighting its oncogenic role, mediated through
its dampening effects on cell death mechanisms and promotion of invasion and migration (Barbagallo
et al., 2024). In the context of rheumatic disease, this miRNA has been shown to be significantly
upregulated compared to HC and OA comparators in RA human/mouse SF and cells including FLS, CD4+
T cells, and myeloid cells, where it has a known function in RA-associated erosion through suppression
of osteoclastogenesis (Fulci et al., 2010; Murata et al., 2010; Li et al., 2012). Moreover, although miR-

223-3p expression in the RA serum specifically has been addressed in many studies, a considerable
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amount of conflicting evidence regarding its expression levels have been identified. Indeed, studies
have demonstrated reduced serum miR-223-3p in early RA patients, with a lack of a significant
difference in serum miR-223-3p levels between established RA and HC, results which may be explained
by differences in disease stage, therapeutic intervention, and considerable patient heterogeneity
(Filkova et al., 2014; Dunaeva et al., 2018). In contrast, and more in line with the findings in this thesis,
previous analysis revealed that the level of miR-223-3p was significantly higher in the serum and
synovial tissue of RA individuals compared to healthy comparators, and when considered alongside
miR-146a could improve the prediction accuracy for diagnosis significantly, an effect not observed to
as great an extent when the three miRNA of interest were combined (Zhang et al., 2023b). In support
of these findings, numerous studies have also shown that elevated serum miRNA-223-3p levels in RA
correlate with the extent of disease activity, the risk of relapse, and in the regulation of pathogenic
mechanisms involved in driving the characteristic inflammation (Fulci et al., 2010; Evangelatos et al.,
2019). The functional implications of this miRNA are extremely important in the context of
inflammation with several studies highlighting the strong association of miR-223-3p with NLRP3
inflammasome regulation in several disease and mouse models including radiation-induced
inflammatory responses in macrophages, the promotion of a DC tolerogenic phenotype in
autoimmune myocarditis, and the regulation of chondrocyte driven cartilage remodelling, all cell types
that are also important in RA perpetuation (Dong et al., 2019; Chen et al., 2020; Zhang et al., 2023c).
Additionally, the role of this miR-223-3p/NLRP3 interaction in RA specifically has been investigated
with targeting of this pathway exhibiting success in the promotion of pathogenic human RA FLS
apoptosis (Wu et al., 2020b). Furthermore, its effects extend beyond the inflammasome to other
inflammatory processes with a study showing the ability of miR-223-3p to induce macrophage
secretion of proinflammatory cytokines in RA, in addition to studies demonstrating a decrease in the
levels of EC adhesion molecule expression, thus suggesting its possible involvement in immune cell
influx into the RA synovial joint (Ormseth et al., 2015). With this knowledge, to ensure higher DA and
inflammatory parameters amongst RA patient cohorts was not influencing the results, subgroup
analysis of matched RA and PsA individuals with the same disease activity was performed and the
results revealed that the three miRNAs were still higher in RA compared to PsA serum.

Functional pathway analysis of the seven significantly different miRNA most strongly
associated with RA compared to PsA indicated that the PI3K-AKT pathway is a key target, with the
greatest number of associated target genes. Interestingly, these results were mirrored in the analysis
of the top three significantly different miRNA skewed towards RA thus, not only highlighting the central
role of the PI3K-AKT pathway in mediating/contributing to the destructive events within the RA joint,

but also the valuable nature of these three miRNA as potential biomarkers and possibly therapeutic
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targets. An abundance of existing research has highlighted the integral role the PI3K-AKT pathway
assumes in a diverse range of cellular processes including cell growth and proliferation in RA FLS and
ECs, regulation of metabolism, promotion of angiogenic functions, and the release of multiple
proinflammatory cytokines that perpetuate the inflammation further (Ding et al., 2023). Indeed,
previous success has been achieved in treating immune-mediated arthritis by targeting this pathway
with PI3K small molecule inhibitors (Malemud, 2015). However, of particular significance is the
network of genes within this pathway identified to be potential targets of the RA miRNA, which
included metabolic and invasive factors such as the master metabolic regulator mTOR, SIRT1, RAC-1,
FN-1, ITGA5, and AKT3, which was also shown to be a key downstream target regulated by miR-29b-
3pin breast cancer (Li et al., 2017). This network also included several members of the collagen family,
all genes with critical roles in the dynamic reorganisation of the cellular scaffolding and promotion of
invasive capacity (Trepat, Chen and Jacobson, 2012).

The identification of these genes as potential targets for alleviating the pro-migratory capacity
of cells within the synovium is supported by previous research showing that direct blockade of the
mTOR pathway, in which AKT proteins assume a central role as upstream regulators, can have a
suppressive effect on RA FLS migratory and invasive mechanisms (Barker et al., 2023). Furthermore,
the FoxO signalling pathway was established as another significant pathway targeted by all three
miRNAs of interest with the next greatest number of target genes at thirty-nine. Interestingly, FoxO1
has also previously been shown to assume a role in angiogenesis where it is responsible for tip cell
selection though its governance over VEGF-responsive tip cell-enriched genes (Miyamura et al., 2024).
In the context of RA, it has been previously established that FoxO family members play a key role in
the modulation of cell proliferation and survival, with eloquent studies showing that not only is
reduced FoxO1 expression required to promote FLS survival but additionally, miR-155 directly targets
FoxO3a in FLS resulting in heightened release of proinflammatory cytokines and elevated proliferative
capacity (Grabiec et al., 2015; Wang et al., 2020b). Key potential gene targets of the three miRNAs
were identified as being central to programmed cell death and apoptotic processes including SIRT1,
PTEN, RAF1, and ATM, reinforcing the valuable nature of potentially targeting this pathway to restore
normal states of homeostasis in pathogenic RA cells. Moreover, AKT1 was identified as a key target
gene of the three miRNAs in this pathway also where it appeared to have roles in the regulation of cell
death mechanisms and autophagy as determined by the STRING analysis.

Previous literature has highlighted a clear interconnected network between PI3K-AKT and
FoxO signalling, with an RA-associated paper identifying a reduction in pathogenic FLS apoptosis
induced through AKT1 upregulation which directly inhibits FoxO1 (Liu and Yan, 2019). This interaction

may be of particular interest in the context of RA therapeutic intervention as it suggests that targeting
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the three miRNAs could exert beneficial effects on not one but a myriad of pathways driving RA
pathogenesis. Finally, in-depth analysis of the Hippo signalling pathway was performed, one of the
most significant pathways identified as a target by DIANA analysis. With well-established roles in
facilitating cell migration through actin cytoskeleton rearrangement, its propensity to also interact with
the aforementioned mTOR signalling, driving FLS pathogenic behaviors, has been recently highlighted
(Barker et al., 2023). Interestingly, Wnt genes and particularly members of the canonical Wnt pathway
were identified as potential downstream targets, in addition to TGF-B related genes. These genes are
critical in multiple biological phenomena, with Wnt family members associated with bone destruction
and formation, a process severely dysregulated in rheumatic disease (Huang et al., 2023). Thus
cumulatively, this evidence emphasises the future therapeutic potential of targeting miRNAs to reduce

several different avenues of synovial joint inflammation and deterioration simultaneously.
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Figure 4.17. An overview of Chapter 4 focusing on the biomarker potential of miRNA in RA and PsA.
The levels of circulating miRNA; miR-22-3p, miR-223-3p, and miR-29b-3p are significantly higher in the
serum of RA compared to PsA. This highlights the valuable nature of using miRNA not only as
diagnostic biomarkers but additionally as therapeutic targets, resulting in improved patient outcomes.
This figure was made using BioRender.

In conclusion, the results from this study indicate that analysis of serum miRNA may indeed provide a
minimally invasive and reliable manner of distinguishing RA from PsA patients, in addition to
introducing targets for potential therapeutic intervention. However, limitations of the study include
that this was a focused panel of 68 miRNA, and there may be additional miRNA that are also associated
with RA and PsA that were not included in the analysis. Further investigation of greater patient cohorts
from diverse multicentres are also required to validate the results obtained before widespread

implementation in a clinical setting.

265



CHAPTER 5:

General Discussion and Future Directions
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5.1 General Discussion

RA and PsA are complex, heterogenous diseases characterised by extensive soft tissue swelling and
synovial inflammation, which is not merely restricted to the joint but additionally multiple clinical
domains (Veale and Fearon, 2015; Veale and Fearon, 2018; Alivernini, Firestein and Mclnnes, 2022;
Bragazzi et al., 2022; Winthrop et al., 2024). In recent years, utilisation of conventional and newer
imaging modalities, including magnetic-resonance imaging and computed tomography, have proven
efficacious in assisting clinicians in the diagnosis and monitoring of RA and PsA patients through the
identification of characteristic features, such as ‘pencil-in-cup’ erosions and entheseal inflammation,
both predominant indicators of PsA that would not otherwise be detected (Mc Ardle et al., 2015;
Braga et al., 2020; Saalfeld et al., 2021; Elliott, McGonagle and Rooney, 2021). However, a large
number of patients still remain either underdiagnosed or misdiagnosed, particularly in non-
rheumatological settings, which can have serious consequences for patient outcomes (McGonagle,
Hermann and Tan, 2015; Merola, Espinoza and Fleischmann, 2018). In the context of RA, delays of
diagnosis can have significant impacts on disease progression and treatment resistance risk with
studies showing patients who initiate therapy after 12 months compared to those at 3 months
exhibiting reduced improvement in disease activity, joint destruction, and functional outcomes (Green
et al., 1999; Nell et al., 2004; Veale, Orr and Fearon, 2017; Naeem et al., 2021). Indeed, studies are
now focusing on individual’s ‘at-risk’ of developing RA, with recent landmark studies suggesting that
early intervention with abatacept in this cohort could potentially diminish their risk of progression to
established disease (Cope et al., 2024). Similarly, in PsA, it has been shown that there is an optimal
time window to ensure patients achieve maximum treatment effects, with even a 6-month delay
between initial symptom onset, proper assessment by a rheumatologist, and treatment initiation
culminating in the development of peripheral joint erosions and worse long-term impacts on joint
mobility (Haroon, Gallagher and FitzGerald, 2015). Therefore, timely treatment is imperative,
necessitating the requirement for biomarkers to facilitate this. Moreover, successful patient outcomes
are not limited to the notion of ‘window-to-treat’ as the correct treatment should also support a more
‘treat-to-target’ approach proposed by EULAR, an approach that at a fundamental level requires a
deep understanding of the cellular mechanisms driving the disease (Veale, Orr and Fearon, 2017;
Alivernini, Firestein and Mclnnes, 2022; Winthrop et al., 2024).

It is now recognised that despite their similarities, RA and PsA are indeed two distinct
pathologies with distinguishable clinical features, co-morbidities, and radiographic erosions (Veale
and Fearon, 2018; Smolen et al., 2018; Merola, Espinoza and Fleischmann, 2018; Alivernini, Firestein
and Mclnnes, 2022; Winthrop et al., 2024). However, the mechanistic differences driving them at a

cellular and molecular level are still not fully understood. In this regard, the role of FLS, stromal cells
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responsible for perpetuation of joint inflammation and invasive damage, are of critical importance
with most studies to date investigating their phenotypes and function in RA exclusively (Croft et al.,
2016; Mizoguchi et al., 2018; Croft et al., 2019; Koliaraki et al., 2020; Micheroli et al., 2022; Zhang et
al., 2023a). However, there is an absence of studies exploring their corresponding profiles in PsA, as
well as providing a direct comparative analysis of FLS between RA and PsA, knowledge of which may
be pivotal in understanding their differential pathogenic progress. Therefore, this thesis focused on
conducting an in-depth analysis of FLS subsets within the inflamed synovium, to study their
functionality and to define potential therapeutic strategies. In addition to investigating differential
cellular mechanisms of action at the site of inflammation, potential soluble biomarkers in the
circulation that may distinguish RA from PsA were examined.

In recent years, the utilisation of bioinformatic approaches including scRNA-seq and ‘omic’
analysis has revolutionised understanding of the cellular nature of the synovium. Although examining
cells as an individually entity is useful and can provide highly important information at a mechanistic
level, the true nature of the in vivo environment is far more complex. Thus, these techniques provide
clear insights into the ‘multi-tiered’ complexity of the joint at the gene expression level and the various
cell-cell interactions that drive cell phenotype and functional characteristics. In this thesis, scRNA-seq
analysis was incorporated to thoroughly explore the diversity of FLS subsets and their regulators
present within the RA and PsA synovial tissue, with the primary objective of understanding how
different populations may be important in driving disease aspects that differ between RA and PsA.
However, although bioinformatic analysis is useful, the question always remains - can it actually be
proven at a functional level? Therefore, in this thesis multiparametric flow cytometry and functional
experimental analysis were incorporated alongside the scRNA-seq to provide greater validity to the
findings. Moreover, in the past, cell types were considered predominantly homogenous particularly
within a specific tissue, a central dogma that has been proven incorrect in recent years. In the context
of FLS, a research explosion has brought the considerable heterogeneity of FLS to light, with
differences in their transcriptomic and phenotypic profiles relating to their specific anatomical
location and cellular interactions within the joint (Muhl et al., 2020; Kemble and Croft, 2021; Micheroli
et al., 2022; Faust et al., 2023). In Chapters 2 and 3, for the first time, FLS subsets were compared
between RA and PsA synovial tissue, identifying not only differences in their pathogenic regulation but
a diversity in the dominant populations within each disease state, which aligned with previous
literature showing significant variation between FLS subsets and function in RA versus healthy and OA
tissue (Mizoguchi et al., 2018; Croft et al., 2019; Faust et al., 2023).

In Chapter 2, for the first time, in-depth global scRNA-seq analysis of the RA vs PsA synovium

was conducted, focusing on FLS function and regulation and providing significant insight into the
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impact of additional infiltrating immune cells on their pathogenic activity. Initially, using single-cell
analysis of synovium tissue biopsies, a significant enrichment of THY1+ sub-lining FLS in RA was
demonstrated whilst PsA exhibited enrichment for the THY1- lining layer phenotype. Furthermore,
taking advantage of the fact that this analysis was performed on all cells, both stromal and immune
within the synovium, ligand-receptor interaction analysis was subsequently performed to determine
what cell communication could be driving the FLS activity, providing potential therapeutic targets.
From this bioinformatic information, it was ascertained that a synergistic interaction between two
primary cytokines — IL-13 and TGF-B, derived predominantly from macrophages and T cells within the
cellular microenvironment, could be driving the proinflammatory, metabolic, and invasive capacity of
the THY1+FAP+ RA FLS enriched cluster. Subsequent ex vivo experiments on IL-13 and TGF-( treated
FLS supported this hypothesis with synergistic increases observed in several proinflammatory
cytokines, chemokines, adhesion molecules, and invasive MMPs, all of which was paralleled by a
significant synergistic increase in the glycolytic profile of the RA FLS. Moreover, a closer examination
of metabolism at the mitochondrial level revealed a significant shift towards fission alongside a highly
specific activation of the ATF6 branch of the UPR.

When considered collectively, it was hypothesised that treatment with IL-18 and TGF-B drive
the FLS mitochondria towards a fission phenotype, a process that has been shown to support a skew
towards rapid ATP producing states, reflecting the enhanced glycolytic capacity of the RA FLS (Biniecka
et al., 2016; Bustamante et al., 2017; Fearon et al., 2022). However, this dominance in fission disrupts
the homeostatic balance of the ER, an organelle that is tightly interconnected with the mitochondria,
culminating in the rapid upregulation of the UPR to circumvent the induced stress. As mentioned
previously, although two branches of the UPR are more focused on pro-apoptotic roles, the results
demonstrate an activation of the ATF6 branch through BIP, both of which were increased with IL-13
and TGF-B treatment and have been shown to facilitate cell survival (Miglioranza Scavuzzi and
Holoshitz, 2022). ATF6 specifically assumes a multi-pronged role in cell survival under stressful
conditions through the robust upregulation of several cytoprotective genes involved in the
enhancement of ER folding capacity and clearance of misfolded proteins to the proteosome, in
addition to the maintenance of healthy ER redox status (Miglioranza Scavuzzi and Holoshitz, 2022). In
light of this, it could be theorised that this preference for the ‘pro-survival’ pathway following
exposure to IL-1B and TGF-B is an adaptive mechanism to ensure the FLS can generate abundant
energy though fission-driven glycolysis to promote their pathogenic activity whilst simultaneously
remaining alive. Indeed, in support of this theory, previous literature in murine models has exhibited
involvement of this ATF6 pathway in promoting potent proinflammatory cytokine production in liver

ischemic reperfusion injury (Rao et al., 2014). Moreover, an eloquent study conducted in colorectal
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cancer cells suggested that heightened BIP production as a consequence of hypoxia-induced ER stress
culminated in more aggressive disease progression (Verras et al., 2008). Cumulatively, this reinforces
the notion that ‘pro-survival’ is not always beneficial. In the context of this research, it may be ensuring
the FLS can sustain their highly invasive and pathogenic behaviour, thus perpetuating RA disease
progression.

Furthermore, this chapter reinforces the ambiguous nature of cytokines within the joint,
clearly highlighting that classification of cytokines as merely ‘good’ or ‘bad’ is an oversimplification. In
the context of TGF-, the results indicate that when acting in concert with IL-1B, certain synergistic
interactions worsen pathogenic effects. Conversely, in other situations, it exerts a rescue effect on the
negative impact of IL-1B, such as in the context of VCAM-1, MMP-1, and the specific chemokine
receptors CXCR3 and CXCR4. This has been previously demonstrated in ECs treated with TGF-$ and
stimulatory LPS, suggesting that the rescue effects of TGF-B may play a role in interactions with several
different more classical proinflammatory cytokines whilst additionally highlighting that these effects
are not FLS exclusive, an important consideration in light of the abundant cell types in the RA joint
(Kang, Brummel and Lee, 1996). Further research into ‘pleotropic’ cytokines such as TGF-B is
warranted to fully understand their predominant roles in the pathogenesis of RA and what could be
influencing their pro- versus anti-pathogenic effects. Much of this may be rooted in a better
understanding of the downstream signalling pathways through which the individual cytokines induce
their effects and the potential shared mediators. In light of this, a critical finding of the research was
the identification of TAK1 as a central regulator of IL-1B and TGF-B synergistic/additive effects, with
suppression of this signalling molecule resulting in a reduction in several synergy-induced pathogenic
mediators/events in isolated FLS and additionally, whole biopsy explants. As IL-1B targeting therapies
alone have proven disappointing, these results suggest that a move towards a more dual-therapy
targeted approach could achieve more successful results in RA patients (Kondo, Kuroda and
Kobayashi, 2021). Moreover, it also introduces the question — would targeting downstream molecules
such as TAK1 itself be more beneficial than targeting the individual cytokines in order to achieve
optimal suppression of several interconnected pathways simultaneously?

Building on the foundations of Chapter 2, in Chapter 3, reanalysis of the scRNA-seq data
focusing solely on the FLS within the joint provided a more detailed analysis of their phenotypes and
enabled more specific stratification. Sixteen distinct FLS clusters were identified, with significant
enrichment of three sub-lining clusters in RA: CXCL12+CHI3L2+ and CXCL12+APOE+, both of which
demonstrated high expression of immune related genes, and lastly an ECM/cytoskeletal regulatory
THY1+POSTN+ subset. Interestingly, when this subset was compared between RA and PsA, several

pathways were upregulated in the RA FLS including MAPK signalling, focal adhesion, VEGF signalling,
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and the Hippo signalling pathway, which aligns with the higher YAP expression identified on the RA
FLS. Moreover, the RA FLS demonstrated greater glycolytic and oxidative phosphorylative gene
module expression, indicating a more metabolically active state of this subset in RA compared to PsA.
When considered cumulatively, this suggests that the THY1+POSTN+ subset is not only higher in RA
but additionally contributes to pathogenic progression more extensively in RA compared to PsA,
introducing the theory that when focusing on highly specific subsets (beyond the scope of just THY1+
vs THY1-) the exact function of FLS within the same subset may vary depending on the disease state.
Further flow analysis enabled the stratification of populations based on a greater number of
characteristic surface markers including THY1, CD55, CD34, and FAP, with the enrichment of two sub-
lining populations, THY1+CD34-CD55-FAP+ and THY1+CD34+CD55-FAP+ in RA and a lining layer
subset, THY1-CD34-CD55+FAP+ in PsA, corroborating the single-cell data. In line with the scRNA-seq,
using the flow and cell sorting, a more potent inflammatory role of the THY1+ subsets was identified,
in addition to higher angiogenic properties, whilst the THY1- FLS exhibited a remarkably more
enhanced expression of MMPs highlighting their role in cartilage and bone degradation. These results
correlated with the histological analysis of the corresponding patient tissue, which revealed
significantly greater immune cell infiltration in RA combined with a more frequent presence of
lymphoid aggregates, whilst PsA donors appeared to have a thicker lining layer, reinforcing a greater
THY1- enrichment. Interestingly, the extent of vascularity was similar between both diseases despite
the greater THY1+ dominance in RA, suggesting a role for additional factors in driving PsA
angiogenesis. Although all subsets are indeed found in both disease states, a deeper understanding of
these differences in FLS subset dominance in RA vs PsA is incredibly important as, in theory, the more
dominant a population, the greater functional impact they exert. In the context of this research,
combining extensive data at the gene, protein, and functional level from scRNA-seq, flow cytometry,
and experiments on sorted cells, it has been identified that the RA enriched FLS are more involved in
driving inflammatory processes compared to the MMP expressing role of PsA dominant FLS,
knowledge that could prove useful when selecting therapeutic targets to have maximum benefit in
patient cohorts.

A particularly interesting finding in this chapter was the flow identified enrichment of a
THY1+CD34-CD55+FAP+ FLS population in PsA, a population that appears to match the scRNA-seq PsA
enriched ‘intermediate’ population denoted as ‘HLA-DR"&". The expression of both key lining and sub-
lining markers on this population reinforces the concept that FLS phenotypes may exist across a
spectrum (Wei et al., 2020). Indeed, this idea has been explored recently with regards to synovial
macrophages with the sheer diversity of macrophage populations within the synovial lining and sub-

lining becoming increasingly recognised, dispelling the previous overly simplified dogma of classical
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versus non-classical subtypes. A revolutionary study by Hanlon et al. (2024) identified a unique CD40-
expressing CD206+CD163+ macrophage population with aspects of both M1 and M2, a population
defined as being in a ‘transitionary’ state. This introduces a number of questions in relation to this
study that need to be addressed in the future —is the THY1+ FLS enriched in PsA a permanent state or
transitionary and if this is the case, what could be provoking the transition? Whilst it is known that
proximity to signals from other cells such as ECs may be important, another hypothesis is related to
the eloquent work of Smith et al. (2023) examining the lining versus sub-lining FLS populations in
healthy tissue in relation to activated versus resting states. Whilst resting lining layer exhibited
traditionally high ECM and SF producing genes, the activated lining phenotype was predominantly
characterised by inflammatory gene signatures and markedly higher HLA-DR expression. Thus, is the
flow cytometry identified THY1+CD55+ population potentially an ‘activated’ state of the lining layer?

Perhaps one of the most perplexing aspects of this chapter was the clear association between
lining layer FLS subsets and enhanced expression of MMPs, both of which are increased in PsA
compared to RA at the single-cell and protein level. Even within the scRNA-seq THY1+POSTN+ FLS
cluster, the osteoclast differentiation module was one of the sole modules that exhibited greater fold
change in gene expression in PsA compared to RA, reinforcing their degradative role. However, while
these findings were of particular interest on a clinical level, they fail to align with previous radiographic
evidence showing PsA to be less erosive than RA counterparts (Finzel et al., 2011; Mc Ardle et al.,
2015; Croft et al., 2019). Could this simply be due to the fact PsA has superior protective and bone
regenerative mechanisms to circumvent the damage or alternatively, could the MMPs be driving
alternative processes to a greater extent (Dimitriou et al., 2011)? A significant reduction in CX3CR1
lining layer macrophages that are associated with retaining barrier integrity have been observed in RA
compared to HC suggesting that potentially there is a greater presence of this immunoprotective
barrier in PsA (Hanlon et al., 2024). Alternatively, several studies have been published demonstrating
a role for MMPs, including MMP-1, MMP-3, and MMP-9, in degrading EC basement membranes,
releasing a plethora of angiogenic factors that promote EC proliferation and neoangiogeneis, with
tissue inhibitors of these MMPs effective in reducing tumour neovascularisation (Quintero-Fabian et
al., 2019; Bian et al., 2023). Moreover, higher expression of pAKT in PsA enriched populations was
consistently demonstrated, a mediator which has been shown to be a critical regulator of VEGF-
induced EC migration and can alleviate cell metastasis when abrogated in cancer models (Islam, Jones
and Ellis, 2023). Thus collectively, the results would suggest the potential for MMPs and pAKT to be
assuming an angiogenic-supporting role in PsA that may not be active in RA. However, if they are
playing an angiogenic role, whether this role is related to increasing the actual quantity of blood

vessels or is more associated with an influence on the distinct vascular pattern remains to be
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determined. Although in conflict with previous studies suggesting higher levels of angiogenesis in the
PsA synovium, the findings in this thesis of higher angiogenic factor production by the THY1+ FLS
(which are less dominant in PsA) and a comparable level of vascularity following histological analysis
between both disease states would suggest the latter (Ceponis et al., 1998; Fearon et al., 1999; Fearon
et al., 2003; Veale and Fearon, 2018). Ultimately, the results would imply that whilst the extent of
angiogenesis does not differ between RA and PsA, the factors influencing it do with more complex,
indirect mechanisms associated with PsA, and this could be contributing in part to the distinct vascular
pattern, although further investigations are warranted.

A significant consideration that underpins scientific research is how reflective of inherent
behaviour the results obtained from ex vivo experiments are, a reflection that is particularly pertinent
in relation to the FLS in the synovial joint. In the laboratory, prolonged expansion and culturing of cells
is a commonplace technique necessary to obtain sufficient cells for experimental protocols, and
although the use of fresh cells would be desirable, it is not always feasible. Therefore, in Chapter 3,
the research attempted to ascertain the extent to which removal of cells from their native in vivo
environment and subsequent passaging would alter their distinct transcriptomic profile and
importantly, whether this varied between RA and PsA-derived FLS. Whilst the data demonstrated that
RA and PsA FLS at PO did maintain certain functional properties that mirrored their in vivo behaviour
including higher MMP expression in PsA FLS, it was subsequently shown that the frequency expression
of certain immune and functional markers, including HLA-DR, CD34, CD54, and CD55, were altered
across consecutive passages. These findings are in line with previous work in expanded murine
hematopoietic stem cells (HSCs) in which altered cell surface Tie-2, Mpl, and Endoglin expression
compared to their freshly isolated counterparts was observed (Zhang and Lodish, 2005). However, this
did not translate into a reductive effect on their repopulation capacity, an inherent feature of this cell
type, suggesting that although the FLS may lose/gain certain features, their underlying pathogenic
nature is retained and thus still provide value for study, reinforcing the notion of an ‘imprinted
aggressor’ phenotype (Bottini and Firestein, 2013). To further enhance the complexity, studies have
shown that mechanical stimulation associated with culturing processes can impact FLS activity
resulting in heightened proliferative capacity (Wahlsten et al., 2021). Although this study focused
specifically on cell cycle related genes, there is a high possibility it may extend to other functional
genes, thus suggesting that minimal handling is optimal and current culturing techniques may not be
the most efficient. Importantly, however, the changes observed across passages were highly
comparable between both disease states suggesting that the comparative analysis is still valid. In

conclusion, the results emphasise the significance of developing new techniques for the yielding of
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cells for experimental purposes so that they resemble their in vivo configuration as closely as possible,
as in straightforward terms, the less FLS change, the more reflective of the actual joint results will be.

Whilst Chapters 2 and 3 attempted to address the mechanisms driving differential
pathogenesis in RA and PsA, the final chapter attempted to not only address this aspect but to
simultaneously explore more diagnostic differences between the two arthropathies. As previously
mentioned, prompt diagnosis is crucial in the context of inflammatory disease such as RA and PsA
where joint erosion is irreversible, and thus biomarkers may prove extremely valuable in this regard
(Abdelhafiz et al., 2023). The establishment of irreversible bone erosion is now understood to be
instigated at the very initial stages of disease, with research showing that treatment of RA patients
with intensive DMARD therapy at an early point exhibits far superior efficacy in reducing symptoms
compared to the exact same intervention at a later timepoint (Veale, Orr and Fearon, 2017). Currently,
ACPA positivity is a gold standard biomarker for RA with serological levels of this antibody preceding
the manifestation of clinically detectable symptoms, suggesting its involvement not solely as a
biomarker but additionally in potentially initiating/perpetuating disease mechanisms, a theory
reinforced by its significantly higher expression levels in RA synovium compared to in the serum
(Masson-Bessiére et al., 2000; Abdelhafiz et al., 2023). Whilst additional diagnostic RA markers include
CRP and RF, the sensitivity and specificity of the latter is only 60-90% and 85% respectively and has
been detected in non-RA disease previously which further confounds its validity (Mun et al., 2021;
Abdelhafiz et al., 2023). Conversely, in relation to PsA, the biomarker field is far sparser and although
several determinants have been proposed they have yet to be universally confirmed (Queiro and
Pardo, 2024). To date the strongest PsA biomarker is the presence of psoriasis in individuals, with
particularly scalp and nail involvement, with one third of patients with psoriasis progressing to develop
PsA (McGonagle et al., 2019; Carter et al., 2022). However, not every patient experiences this skin
manifestation before joint symptoms emerge, reinforcing the need for additional biomarkers. Several
important factors must be considered when attempting to identify newer biomarkers, including
ensuring they are stable, reliable, and can be measured in a non-invasive manner, all criteria which
have been shown to be fulfilled by circulating miRNA (Mitchell et al., 2008; O'Brien et al., 2018).
Moreover, miRNA have been implicated in several different cancers and autoimmune diseases where
they exhibit aberrant expression and can provide critical information regarding disease severity,
progression, and risk recurrence, all of which reinforces the valuable nature of miRNA in the field of
biomarker research and provides clear rationale to why they were selected to analyse for this purpose
in this chapter (Wade et al., 2020; Cunningham et al., 2021; Zellinger et al., 2022; Chakrabortty et al.,
2023; Zhang et al., 2023b; Saadawy, El-Ghareeb and Talaat, 2024).
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Hence in this thesis, in Chapter 4, a circulating miRNA signature was identified that could
provide a non-invasive method of distinguishing RA from PsA patient cohorts. Out of a panel of 68
immune dysregulation associated miRNA, seven miRNA were identified that were not only
significantly higher in RA compared to PsA but additionally HC, highlighting their potential pathogenic
role. Further analysis revealed that three of these miRNA were even more specific to RA; miR-22-3p,
miR-223-3p, and miR-29b-3p, suggesting that the presence of these three miRNA within the serum
may provide a reliable method of distinguishing patients with RA compared to PsA. Interestingly, a
gender specific effect on two of the significantly different miRNA - miR-22-3p and miR-223-3p, was
detected, data which supports the findings of a recently conducted study identifying significant sex
related differences in the levels of circulating proteins in RA including CRP, leptin, and VEGF (Ferreira
et al., 2022). As previously mentioned in the general introduction, overall epidemiology studies have
shown that RA is more prevalent in females whilst conversely PsA is more male associated, and
although the exact causative reasons may not be fully understood, it does emphasise the critical
importance of stratifying patients according to gender in future studies to ensure these differences
are not ignored (Mclnnes and Schett, 2017; Cutolo and Straub, 2020; Bragazzi et al., 2022).
Furthermore, in-depth pathway analysis was subsequently performed to determine the potential
downstream mechanisms of these RA associated miRNA resulting in the identification of several
prominent pathways with known pathogenic roles in processes such as apoptosis and inflammation,
including the FoxO pathway and the Hippo signalling pathway (Grabiec et al., 2015; Wang et al., 2020b;
Barker et al., 2023). The latter was also shown to be upregulated in the dominant THY1+POSTN+ FLS
cluster in RA in Chapter 3, suggesting its potential importance as a therapeutic target in RA cohorts.
Furthermore, the PI3K-AKT pathway was also of particular significance as it was a target of all three
miRNA and contained a multitude of genes directly implicated in the process of ECM/cytoskeletal
reorganisation, all of which cultivates a state supportive of enhanced migratory and invasive capacity
(Ding et al., 2023).

In summary, the data presented in Chapters 2-4 of this thesis provide an in-depth analysis of
the differences at the cellular and molecular level that may contribute to the differential pathogenesis
of RA and PsA, in addition to identifying novel approaches to improve the accuracy and efficiency with
which diagnosis is achieved. The importance of immune-stromal cell communication within the
inflamed joint alongside the importance of cytokine interactions in the perpetuation of inflammation
have been shown, with the synergistic interaction between macrophage-derived IL-13 and T cell-
derived TGF-B driving the proinflammatory, invasive phenotype of a specific population of RA FLS.
Moreover, the first comprehensive analysis of RA and PsA FLS subsets has been provided in this study,

resulting in the identification of distinct populations demonstrating unique transcriptomic and
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functional properties, with differential frequencies of these subsets in RA and PsA disease states.
Finally, the findings indicate that miRNA may prove invaluable as circulating biomarkers that can
distinguish RA from PsA whilst simultaneously providing insights into differences in downstream

pathways that drive disease progression.

5.2 Future Directions
In this thesis the importance of immune-stromal cell interactions have been highlighted, and
specifically the central role of macrophage-derived IL-1B and T cell-derived TGF-B, in driving the
proinflammatory nature of RA FLS. However, as previously described, the synovial environment is
extremely complex with a plethora of different cell types coordinating the joint destruction and
inflammation. Previous literature has reinforced the importance of the other joint stromal cell, the EC,
in influencing the adaptation of a sub-lining layer phenotype of FLS through NOTCH signalling (Wei et
al., 2020). Thus, the scRNA-seq analysis will be expanded using the available data to identify
potentially important receptor-ligand interactions between the two stromal cell types - the ECs and
FLS. This will hopefully enable us to discern molecular pathways to target ex vivo through several
functional experiments, ultimately informing future therapeutic targets to minimise disease effects.
Moreover, in Chapter 2, a significant glycolytic shift in the metabolic capacity of the RA FLS in
response to IL-1P and TGF-B stimulation was demonstrated, a process that supported their adaptation
of a highly aggressive phenotype. Targeting TAK1 exhibited efficacy in the attenuation of several
pathogenic responses of RA FLS, including a suppression of their glycolytic transformation, which
suggests that direct metabolic targeting could also provide a valuable target in this context. A central
focus of the fast-paced field of immunometabolism is the concept of ‘metabolic reprogramming’, with
the primary purpose of altering the downstream inflammatory and invasive phenotype of cells.
Indeed, previous literature has consistently shown that inflammatory resolution can be achieved
through metabolic reprogramming of multiple synovial cells including FLS, T cells, macrophages, and
monocytes, in addition to intact synovial explants ex vivo (Biniecka et al., 2016; Garcia-Carbonell et
al., 2016; Bustamante et al., 2017; McGarry et al., 2018b; Canavan et al., 2020; Gallagher et al., 2020;
Petrasca et al., 2020). Furthermore, although of critical importance in RA pathogenesis, energy
production is not limited solely to the use of glycolytic and oxidative pathways. Thus, this line of
research in the context of IL-1B and TGF-f3 treatment of RA FLS will be expanded through additional
experimental techniques including the novel metabolic Fluorescence Lifetime Imaging Microscopy
(FLIM) assay and metabolomic analysis, to ascertain levels of metabolic intermediates such as lactate,

citrate, and succinate, all of which can influence the inflammatory phenotype of cells (Hanlon et al.,
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2022). Determination of the extent to which alternative metabolic pathways such as fatty acid
oxidation are being utilised by the activated RA FLS under the different stimulated conditions will
advance understanding of the disease pathogenesis and simultaneously provide potential therapeutic
targets.

In this thesis, in Chapter 3, extensive characterisation of FLS subsets utilising a combined
approach of scRNA-seq and multiparametric flow analysis was performed. To extend these findings
further, future phenotypic analysis of distinct FLS subsets in RA vs PsA patients pre/post therapy will
be conducted to establish if therapeutic interventions culminate in alterations to the frequency of the
identified subsets. Moreover, to further characterise the exact functional nature of the subsets, the
six flow-identified FLS populations will be sorted by incorporating CD55 and CD34 to the pre-existing
panel. Once sorted, the supernatants will be collected and the levels of proinflammatory, angiogenic,
and invasive mediators examined to establish their role in disease perpetuation, with particular
interest in investigating the role of the THY1+CD34-CD55+FAP+ population significantly higher in PsA.
This flow identified population appears to match the scRNA-seq PsA enriched intermediate population
denoted as ‘HLA-DR"&" suggesting it may assume an immune related function, however whether it
possesses characteristics of both lining and sub-lining FLS or whether it could be considered a
completely separate functional entity remains to be explored. Importantly, the levels of bone related
factorsincluding BMPs and additional growth factors will be thoroughly examined in order to establish
if the PsA joint contains an inherently higher abundance of these regenerative factors (Dimitriou et
al., 2011). This may provide rational for the higher MMP associated lining layer FLS frequency, yet
lower clinical erosion compared to RA, all information that will further understanding of the distinct
disease mechanisms. In relation to the scRNA-seq specifically, it is important to note that there are
unavoidable limitations, despite the value of the information obtained from it. Although both RA and
PsA patients included were comparable in regard to disease activity scores, with all categorised as
moderate-high levels, sample heterogeneity may be influencing some of the observed results. To
overcome these issues related to patient variability, sequencing of a greater number of patients in
future analysis would be useful to increase the reliability and to validate the findings. Furthermore,
spatial transcriptomics will be conducted which would provide more detailed information of the
biological interactions and relationships occurring at the cellular level in the complex synovial tissue,
enabling exploration of the data from a geographic perspective.

As previously mentioned, in the direct comparative analysis of ex vivo PO RA vs PsA FLS,
differential expression of invasive promoting factors, in addition to subtle differences in their baseline
metabolic profiles, were identified, with PsA more skewed towards a glycolytic profile. Interestingly,

however, upon addition of IL-13, a more robust metabolic response in the RA FLS compared to their
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PsA counterparts was observed, which may be due to an RA-associated priming effect. To expand on
this theory, RA and PsA PO FLS will be stimulated with IL-18 and functional outputs subsequently
examined at the mRNA and protein levels, with particular emphasis on factors including MMPs that
were initially higher in the PsA FLS at baseline. In addition to this, the FLS CM collected from PO RA
and PsA FLS will be applied to MSCs, a multipotent cell type renowned for its capacity to differentiate
into a range of cell types including osteoblasts, chondrocytes, myocytes, and adipocytes, under the
influence of stimuli in the environment (Pittenger et al., 2019). Following this, mRNA will be prepared
to examine gene expression of the MSCs with the objective of evaluating the differential effects RA
and PsA FLS have on dictating the lineage the MSCs differentiate towards, with a particular emphasis
on chondrogenic and osteogenic profile. This will further provide insights into the differences in the
RA and PsA joint microenvironment at the cellular and molecular levels that may be contributing to
differential disease progression.

In Chapter 4, for the first time, evidence was provided indicating that there are indeed
significant differences in circulating miRNA profiles between RA and PsA, with seven miRNA
significantly upregulated in RA compared to PsA. However, there is scope for extensive sub-analysis
to be conducted to further investigate the role of these miRNA in different patient cohorts. Definitively
identifying patients at an early disease stage who are at an increased risk for more severe disease
progression or who will be likely to be less responsive to therapeutic intervention may be critical in
ensuring patient quality of life is maintained. The valuable nature of miRNA in this regard has been
shown eloquently by Wade et al. (2020), with this study outlining that lower levels of three specific
miRNA at baseline were associated with more optimal treatment responses. Moreover, Cunningham
et al. (2021) determined that a specific miRNA signature could establish individuals ‘at risk’ of
progression to established RA. Thus, it would be interesting to expand on the analysis and evaluate
the levels of the significantly different serum miRNA in patients stratified according to early/late
disease stage and treatment responses, to possibly distinguish potential responders from non-
responders before irreversible damage occurs. Assessment of these miRNAs in additional larger
cohorts are required to further validate their potential as a blood biomarker. Extensive analysis of the
downstream pathways being targeted by the miRNA significantly upregulated in RA compared to PsA
was additionally conducted, providing insights into the importance of multiple signalling pathways in
perpetuating the damage, with the P13K/AKT pathway amongst them. To expand this research
further, additional experiments are now planned to test the functional impacts ex vivo using matched
SF from the donors included in this study.

In this thesis, although nineteen serum miRNA were initially identified to exhibit significantly

different expression levels between RA and PsA cohorts, exclusive focus was placed on the RA
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associated miRNA. In future research, the three miRNA specifically upregulated in PsA will be
specifically analysed as downstream analysis could prove valuable in delineating specific pathways of
disease more related to PsA, thus furthering understanding of disease pathogenesis and introducing
therapeutic targets that may be more effective in this patient cohort. Another exciting finding of this
research was the identification of gender differences in the miRNA expression levels when stratified
between male and female RA patients. Preliminary analysis identified higher levels of miR-22-3p in
female RA patients whilst miR-223-3p was significantly higher in male RA patients, suggesting that sex
differences may affect the reliability of specific miRNA as biomarkers, thus highlighting the need to
further explore sex differences in RA vs PsA. To acknowledge limitations of the research, the miRNA
analysed in this thesis were centred around 68 miRNA with well-established roles in several aspects
of immune and inflammatory dysfunction (Cunningham et al., 2021). Although relevant in the context
of RA and PsA, both pathologies characterised by significant dysregulation of the inherent immune
system, there is the risk that additional miRNAs associated with RA and PsA may not have been
included and thus it would be worthwhile to perform additional analysis of a full miRNA screen in
future studies if possible.

In summary, although the research contained in this thesis represents a significant
advancement in the understanding of RA and PsA pathogenesis at the cellular, molecular, and
immunological levels, further studies are warranted. Cumulatively, this information will prove
invaluable in the development of targeted therapeutic interventions as well as facilitate the

movement towards precision medicine and corresponding optimal patient outcomes.
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CHAPTER 6:

Appendix
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Disease Patient No. cells

sequenced
RA RA1 42,473
RA2 965
RA3 10,136
RA4 49,347
PsA PsA1 39,047
PsA2 8,685
PsA3 3,803
PsA4 12,355
PsAS5 11,358

Table 6.1. Numbers of cells sequenced per donor for the scRNA-seq.

I N RN
57.5 (39-83) 47.2 (26-72)

Disease duration years, Mean +/-SD 4.5+/-8.3 5.1+/-7.6

RF (Positive/Negative) 3/1 0/5

Composite Disease Activity Scores, 46+/-1.1 24.2 +/-4.9
Mean +/-SD

CRP (mg/dl), Mean +/SD 14.5 +/- 8.3 12 +/-6

Table 6.2. ScCRNA-seq patient demographics. Clinical information of RA and PsA synovial tissue
biopsies included in the scRNA-seq analysis in Chapter 2 and Chapter 3. ACPA: Anti-Citrullinated
Protein Antibody, RF: Rheumatoid Factor, CRP: C-reactive Protein, SD: Standard Deviation.
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4/7 2/8

Number (M/F)

Mean Age (range) 58.6 (37-80) 47.9 (29-78)

Disease duration years, Mean +/-SD 5.1+4/-3.1 15.7 +/-13.1

ACPA (Positive/Negative) 10/1 0/10

RF (Positive/Negative) 10/1 0/10

Composite Disease Activity Scores, 4.65 +/-1.68 4+/- 1.1

Mean +/-SD

CRP (mg/dl), Mean +/SD 33.98 +/- 45 21.65 +/-35.8

Medication DMARD: 4 DMARD: 3
Biologics: 1 Biologics: 1

Naive: 5 Naive: 5

Unknown: 1 Unknown: 1

Table 6.3. Patient demographics for donors included in the multiparametric AURORA flow analysis
Chapter 3. Clinical information of RA and PsA patients for synovial tissue samples included in the
multiparametric flow cytometry analysis Chapter 3. ACPA: Anti-Citrullinated Protein Antibody, RF:
Rheumatoid Factor, CRP: C-reactive Protein, SD: Standard Deviation.
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THY1+FAP+ THY1-FAP-

RA 24,600 47,900
RA 6,300 26,600
RA 2,200 30,000
RA 44,000 1,300
RA 32,000 1,443
RA 1,897 23,062
PsA 32,000 171,500
PsA 31,500 37,500
PsA 19,200 27,000
PsA 62,600 6,500
PsA 15,000 43,000
PsA 58,800 5,000
PsA 146,000 1,384

Table 6.4. Yields from cell sort. Table indicating the yields of the specific FLS populations FACS-sorted
from RA (n=6) and PsA (n=7) synovial tissue biopsies.
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