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Abstract

Synovial hypoxia is a feature of inflammatory arthritides such as rheumatoid arthritis (RA)
and psoriatic arthritis (PsA). Whether joint hypoxia is a consequence or a cause of
inflammatory arthritis is poorly understood. Targeting hypoxia in the inflamed joint
directly would provide insight as to whether hypoxia is driving synovial inflammation.
Lecithin encapsulated oxygen nanobubbles were purported to act as oxygen carriers that

may relieve peripheral tissue hypoxia.

These nanobubbles were assumed to carry oxygen given that they downregulated hypoxia-
inducible factor (HIF) 1a. I demonstrated that nanobubbles downregulated HIF-1a protein
expression and hypoxia response element (HRE) transcription in vitro irrespective of gas
loading. Animal and human in vivo studies by others confirmed that oxygen nanobubbles
did not increase tissue oxygenation. Nanobubbles therefore would not be expected to

relieve joint hypoxia and my proposed clinical study of nanobubbles was withdrawn.

Synovial hypoxia has been shown to be relieved in patients with inflammatory arthritis
who responded to anti-inflammatory biologic therapies. Intra-articular methylprednisolone
injection is a widely used anti-inflammatory treatment for inflammatory arthritis. I found
that intra-articular methylprednisolone did not affect synovial fluid oxygen levels at 4
weeks follow-up, although interleukin-6 (IL-6) and tumour necrosis factor (TNF)

cytokines were reduced at least in the PsA subgroup.

Single nucleus transcriptomic analysis of synovial tissue biopsies at baseline and 4 weeks
after intra-articular methylprednisolone injection showed no change in hypoxia related

genes. This in vivo therapeutic atlas found that tissue inhibitor of metalloproteinase 1



(TIMP1I) was downregulated in lining fibroblasts and lipogenesis was upregulated in
adipocytes after methylprednisolone treatment, consistent with previous studies.
Exploratory analysis of lining fibroblasts showed upregulation of matrix Gla protein
(MGP) in RA and bone morphogenetic protein-binding endothelial regulator (BMPER) in
PsA, which may account for the preponderance of bony erosions in RA and bushy tortuous

vasculature in PsA.
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Preface
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clinical research studies, hands on experience with diverse wet lab techniques, and
computational skills for analysing big data. During my time as a DPhil student, I attended
courses including the European Alliance of Associations for Rheumatology (EULAR)
course in Barcelona on ultrasound guided synovial biopsy, Oxford Biomedical Data
Science courses at the Weatherall Institute of Molecular Medicine on “Genomics on the
Linux command line”, “Python programming and data science”, “Python for single-cell
RNA-seq”, “R for data science and genomics”, and “Single-cell RNA-seq data analysis
using R”. These training opportunities allowed me to complete my research and
consequently my research abstract was accepted for publication and oral presentation at
the European Congress of Rheumatology in Vienna (Law ef al. OP0279-SINGLE
NUCLEI TRANSCRIPTOMIC STUDY OF INTRA-ARTICULAR
METHYLPREDNISOLONE EFFECTS ON INFLAMMATORY ARTHRITIS
SYNOVIUM. Annals of the Rheumatic Diseases 2024, volume 83, supplement 1, year

2024, page 15).

I secured funding from the National Institute for Health and Care Research Biomedical
Research Centre (Inflammation Across Tissues theme) to continue as a Clinical Research
Fellow at University of Oxford until July 2026. This has allowed me to collaborate in
national multicentre studies involving ultrasound guided synovial tissue biopsies. After the
DPhil, I plan to publish my work, secure grants and fellowships, and transition into an

independent clinician-scientist.
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Introduction

The treatment of inflammatory arthritis has been revolutionised with advances in disease
modifying antirheumatic drugs (DMARDs) such as TNF inhibitors (TNFi). However,
many patients still do not reach disease remission and there remains an unmet clinical need
for more efficacious therapies. Greater understanding of the pathogenesis underlying
inflammatory arthritis would allow development of more effective therapies that targeted

disease processes.

Synovial hypoxia is a well-recognised feature of inflammatory arthritis. Hypoxia may
exacerbate inflammation in the arthritic joint and therefore may serve as a therapeutic
target. Recently, novel orally delivered oxygen encapsulated nanobubbles patented by
Professor Stride have been developed to relieve peripheral tissue hypoxia. These orally
delivered oxygen nanobubbles may therefore relieve joint hypoxia in patients with

inflammatory arthritis to provide therapeutic benefit.

It was my intention in this thesis to investigate the mechanism of action of nanobubbles in
vitro and test whether nanobubbles relieve joint hypoxia in vivo in patients with
inflammatory arthritis. To contextualise these clinical findings, I will also study the effects
of intra-articular methylprednisolone injection, a widely used treatment, in a parallel
cohort of patients with inflammatory arthritis. I will perform ultrasound guided synovial
tissue biopsy to explore the therapeutic effects of nanobubbles and intra-articular

methylprednisolone injection on synovial tissues in inflammatory arthritis.
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1. Chapter 1: Scoping review of the role of hypoxia in rheumatoid and

psoriatic arthritis

1.1 Introduction

1.1.1 Inflammatory arthritis

Rheumatoid arthritis (RA) and psoriatic arthritis (PsA) are inflammatory arthritides that
have significant impacts on quality of life and may result in disabilities (1). Both are
characterised by painful joint swellings and are associated with extra-articular
manifestations (2). If left untreated, RA and PsA may lead to joint destruction with loss of

function and reduced quality of life.

RA is a chronic, debilitating autoimmune disease characterized by synovial inflammation
and joint destruction that affects about 1% of adults (3). The standard definition of RA is
by classification criteria which provides benchmarks for disease definition. The 2010
American College of Rheumatology/European League Against Rheumatism criteria
(ACR/EULAR) classification criteria for RA is designed to classify patients for clinical
trials (4). The classification criteria for RA include synovitis, joint involvement, symptom

duration, serological markers and elevated acute phase reactant (4).

PsA is a seronegative, chronic, inflammatory arthritis associated with psoriasis, with a
prevalence of 0.25% (5). PsA may be defined by the Classification Criteria for Psoriatic
Arthritis (CASPAR) which is designed to categorise patients for clinical trials (6). The
classification criteria include evidence of psoriatic skin or scalp disease, personal or family
history of psoriasis, psoriatic nail dystrophy, negative rheumatoid factor (RF), dactylitis

and radiographic evidence of juxta-articular new bone formation. Skin psoriasis (PsO)
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precedes PsA in 85% of patients and PsA typically develops a decade after the onset of

PsO (2).

Joint involvement is typically symmetrical in RA and asymmetrical in PsA (2). The
distribution of joint involvement varies in RA and PsA. RA can affect shoulder, elbow,
wrist, metacarpophalangeal (MCP), proximal interphalangeal (PIP), hip, knee, ankle and
metatarsophalangeal (MTP) joints (2). These joints may also be involved in PsA, but PsA
may involve distal interphalangeal (DIP) joints of hands and feet not affected in RA.
Unlike RA, PsA is a form of spondyloarthritis (SpA) that can affect the axial skeleton
including spine and sacroiliac joints (2). Cervical atlantoaxial subluxation may be present
in RA but typically not PsA (2). In both RA and PsA, innate and adaptive immune
responses are involved in disease pathogenesis (Figure 1) (2, 7). The pathophysiology of
both diseases is complex without a single aetiological factor. While there are similarities

between RA and PsA, there are key differences distinguishing them (2).
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Figure 1 Pathogenesis of RA and PsA.

Reprinted in accordance with the Creative Commons Attribution Non-Commercial (CC

BY-NC 4.0) license (https://creativecommons.org/licenses/by-nc/4.0/) from Coates et al.

(7) and Merola et al. (2)

It is known that there are genetic factors that predispose to disease susceptibility in

inflammatory arthritis. Human leukocyte antigens (HLA) alleles are associated with RA

and PsA, implicating the adaptive immune system in their pathogenesis. HLA-DRBI

alleles are associated with disease susceptibility and severity in seropositive RA patients

(2). In PsA, HLA-B27 is associated with enthesitis and sacroiliitis, whereas HLA-B0S is

associated with ankylosis, sacroiliitis and dactylitis (8).
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Different immune system components have distinct roles in the pathogenesis of RA and
PsA. For example, B cells and plasma cells produce RF and anti-cyclic citrullinated
peptide (CCP) antibody which are features of RA (2). In PsA, T helper (Th) 17 cells are

key in PsA as they produce pro-inflammatory IL-17A and IL-17F cytokines (2, 7).

DMARD:s such as TNFi have revolutionised the treatment of patients with inflammatory
arthritis. Although some DMARDs may be used for treating both RA and PsA, there are
some differences in treatment strategies between RA and PsA as recommended by
EULAR (Table 1) (2, 9, 10). The international experts convened by EULAR performed
systematic literature reviews of evidence relating to therapeutics including safety, efficacy
and cost-effectiveness. They then reached consensus by voting on the recommendations.
The level of evidence varied depending on the individual context, but most

recommendations had high level of evidence (9, 10).
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Table 1 2022/2023 EULAR recommended DMARD:s for treatment of RA and PsA.

Adapted in accordance with the Creative Commons Attribution Non-Commercial (CC BY-

NC 4.0) license (https://creativecommons.org/licenses/by-nc/4.0/) from Merola et al. (2, 9,

10)
Indication
Class |Agent RA PsA
Conventional synthetic DMARDs
Methotrexate +
Leflunomide +
Sulfasalazine +
Hydroxychloroquine |+ -
Biological DMARDs
TNF inhibitors Adalimumab + +
Certolizumab pegol |+ +
Etanercept + +
Golimumab + +
Infliximab + +
IL-12/23 inhibitor Ustekinumab - +
IL-17A inhibitor Secukinumab - +
Ixekizumab - +
IL-17A/F inhibitor Bimekizumab - +
IL-23-p19 Gueselkumab +
Risankizumab - +
IL-6 receptor inhibitor Tocilizumab + -
Sarilumab + -
T-cell activation inhibitor [Abatacept + +
CD20 inhibitor Rituximab + -
Targeted synthetic DMARDs
PDE4 inhibitor Apremilast - +
Janus kinase inhibitor Baricitinib + -
Filgotinib + -
Tofacitinib +
Upadacitinib +

Although some treatment regimens are shared between RA and PsA, distinguishing
between RA and PsA is important to determine the optimal treatment regimen for patients.
Differences in the pathogenesis of RA and PsA may underlie the difference in efficacy of

their response to treatments. [L-17 and IL-12/23 play an important role in PsA whereas IL-
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6 is a major contributor to disease in RA (2). It is therefore rational that IL-17A inhibitors
(secukinumab, ixekizumab) and IL-12/23 inhibitor (ustekinumab) are efficacious for PsA

whereas IL-6 receptor inhibitor (tocilizumab) is used for treating RA (2).

Although biologic DMARDs such as TNFi have revolutionised the treatment of RA and
PsA, only two-thirds of patients have a good to moderate response to TNFi, whereas one-
third have no or insufficient response (11, 12). Furthermore, up to half of patients who
initially respond well to TNF1, subsequently lose their response within 12 months of
starting therapy. DMARDs also have potential side effects such as an increased risk of
serious infections. For example, treatment with TNFi and corticosteroid tripled the
infection risk compared to conventional DMARD alone in patients with RA and
spondyloarthropathy (13). Currently available treatments are not efficacious for all patients
with inflammatory arthritis. Current therapeutic strategy involves trial and error until a
treatment is found to be effective (9, 10). There is an unmet need for precision medicine to

get the right medicine in the right patient at the right time (14, 15).

A greater understanding of the pathophysiology underpinning RA and PsA would help
development of more effective and safer treatments for patients. The Advances in Targeted
Therapies group identified unmet needs in rheumatology based on expert consensus (14).
Across rheumatological conditions, there was a need for clinical trial design innovation
with regards to therapeutics, endpoint and disease endotypes. In RA, unmet needs were
identified in molecular classification of disease pathogenesis and activity, pre- and early
RA strategies, pain profiling, and precision medicine strategies. For PsA, the unmet needs
were markers that predict development of PsA, and evaluation of combination therapies

for difficult-to-treat PsA. As synovial hypoxia has been implicated in the disease processes
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underlying inflammatory arthritis, and recently oxygen nanobubbles (to be discussed later)
have been developed to target peripheral tissue hypoxia, I therefore focussed on studying

joint hypoxia.

1.1.2 Synovial hypoxia in inflammatory arthritis

Synovial joint hypoxia is a recognised feature of inflammatory arthritis (16). Hypoxia is a
state in which oxygen is not available in sufficient amounts at the tissue level to meet
demand. Joint hypoxia may be due to increased synovial tissue metabolic demand and
diminished oxygen supply (17). HIFs are transcription factors that respond to hypoxia and

orchestrate cellular responses to adapt to hypoxia.

Since the 1970s, joint hypoxia has long been recognised as a feature of inflammatory
arthritis including RA and PsA (16). The seminal study on hypoxia in inflammatory
arthritis was performed by Lund-Olesen et al. (16). They demonstrated synovial fluid
oxygen levels were lower in RA (26.53 mmHg) than OA (42.92 mmHg) or haemarthrosis
(63 mmHg) (16). This study was important because it was the first to suggest that joint
oxygen level was lower in inflamed joints compared with non-inflamed joints in RA,
although no clinical difference was found between the subgroups with high versus low
joint oxygen levels (16). Joint hypoxia in inflammatory arthritis thus formed the

foundation for investigation in this project.

Most of what is known about inflammatory arthritis synovial tissue response to hypoxia
relates to studies involving RA. Less is known about synovial tissue response to hypoxia
in PsA as studies have historically focused on RA rather than PsA. The mechanisms by
which joint hypoxia influence synovial tissue inflammation may be shared across RA and
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PsA. More studies are needed to determine whether synovial tissue response to hypoxia is
the same or different in RA and PsA, as therapeutic targeting of joint hypoxia may be
applicable to both diseases. The synovial tissue response to hypoxia is orchestrated by
HIFs. HIF-1a is upregulated in RA fibroblasts (18), CD3+ T cells (19), and CD68+
synovial macrophages (20). RA synovial macrophages have also been shown to express
hypoxia related genes including stromal cell-derived factor-1 (SDF-1), IL-8, VEGF, IL-1f
and TNF (21). The mechanisms by which joint hypoxia influence synovial tissue

inflammation may be shared across RA and PsA.

HIF-1 is a heterodimeric transcription factor composed of two subunits HIF-1a and HIF-
1B (22, 23). The HIF pathway has been extensively reviewed previously so it is described
briefly here. HIF-1a is regulated by post-translational modifications that are sensitive to
oxygen levels. Under normoxic conditions, HIF-1a is hydroxylated by prolyl-4-
hydroxylase domain protein (PHD) and asparagyl B-hydroxylases such as Factor-
Inhibiting HIF-1a (FIH), followed by ubiquitination by the von Hippel-Lindau protein
(pVHL) and proteasomal degradation (24). Although three isoforms of PHD have been
identified, PHD1, PHD2, and PHD3, the most prominent hydroxylase regulating HIF-1a
levels is PHD-2 (17, 24-26). In hypoxia, PHD and FIH are inactivated so HIF-1a is
stabilised and translocates to the nucleus where it dimerises with HIF-1f. This
heterodimeric transcription factor binds to hypoxia response element (HRE) enabling the

transcription of HIF dependent genes such as VEGF (27).

The relevance of HIFs in the pathophysiology of inflammatory arthritis can be assessed by
comparing HIF levels in inflamed synovial tissues with non-inflamed synovial tissues. HIF

is regulated at the protein level through protein degradation, so HIF gene expression is a
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poor reflection of HIF function. HIF-1a levels were characterised in synovial tissues from
ten patients with RA, ten patients with OA, and six healthy controls (20). HIF-1a was
found in higher levels in RA synovial tissues compared to OA and healthy controls. HIF -
la was also reported to be present at higher levels in RA synovium than OA synovium in

another study (28).

HIF-1a has been shown to be involved in the pathogenesis of inflammatory arthritis (29).
Cramer ef al. used the K/BxN serum transfer model of inflammatory arthritis to study the
effects of HIF-1a knockout (KO) (29, 30). This model involves injecting healthy mice
twice with serum from K/BxN-TCR transgenic mice which results in inflammatory
arthritis development over weeks (31). Cramer ef al. used conditional gene targeting to
delete Hifla gene target in mice expressing cre recombinase in myeloid cells (29). Using
the K/BxN serum transfer model, loss of HIF-1a in myeloid cells reduced ankle joint
synovitis and cartilage destruction compared to wild-type mice demonstrating the

importance of HIF-1a in inflammation (29).

HIF-1a is not the only HIF to be implicated in inflammatory arthritis. HIF-2a is a closely
related isoform to HIF-1a as both HIF-1a and HIF-2a activate HRE-dependent gene
expression. Both HIF-1a and HIF-2a were shown to be upregulated in RA and OA
synovial tissues compared to non-arthritic synovial tissues from patients undergoing hip
joint replacement following fracture (32). However, HIF-1oa and HIF-2a have non-
redundant roles due to “differences in tissue-specific and temporal patterns of induction”
with distinct transcriptional targets (33). For example, HIF-1a coordinates the glycolytic
pathway whereas HIF-2a does not appear to do so (33). In one study, HIF-2a was reported

as the predominant isoform in RA synovium whereas HIF-1a expression was found to be
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sparse in the RA synovium (34). HIF-2a has been shown to be expressed consistently in
synovial and tenosynovial tissues in patients with RA, in co-localisation with VEGF in
synovial lining and areas of inflammatory cell aggregates (35). HIF-1a and HIF-2a may
have distinct roles and act via different mechanisms in pathogenesis of inflammatory
arthritis (34). HIF-2a regulates receptor activator of nuclear factor-xB ligand (RANKL),
IL-6 production, and Th17 cell differentiation (34). Indeed, Ryu ef al. showed that HIF-2a.

deficiency inhibited the development of experimental RA (34).

In the study by Ryu et al., collagen-induced arthritis (CIA) in mice was used as an
experimental model of inflammatory arthritis caused by an autoimmune response against
cartilage type II collagen (29, 34, 36). As homozygous deletion of Epas/ gene (which
encodes HIF-2a) is lethal, Ryu et al. used heterozygous EpasI ™ mice to study the effects
of systemic HIF-2a deficiency (29, 34, 37, 38). In contrast to wild-type mice, Epasl ™"
mice showed significantly reduced incidence (89.4% =+ 7.1% versus 33.2% = 6.5%, p =
0.0004) and severity (2.85% £ 0.26% versus 1.10% + 0.10%, p = 0.004) of CIA on day 60
after the first injection of type II collagen (29, 34). Ryu et al. further validated the role of
HIF-2a in CIA by locally deleting Epas! in joint tissues using intra-articular injection of
Ad-Cre (1 x 10° plaque-forming units) in mice (34). Local deletion of Epas! in joint
tissues significantly inhibited synovitis, pannus formation, angiogenesis and cartilage

destruction in CIA mouse models (34).

Furthermore, overexpression of HIF-2a in joint tissues was sufficient to cause
experimental arthritis in vivo (34). Intra-articular injection of Ad-Epas/ adenovirus in knee
joint of mice upregulated HIF-2a in the synovium, cartilage and meniscus, as well as

synovitis, angiogenesis and cartilage destruction (34). Together, these findings suggest that
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HIF-2a plays a role in the pathogenesis of inflammatory arthritis (34). In contrast,
overexpression of HIF-1a in joint tissues was insufficient to cause inflammatory arthritis
in vivo highlighting the distinct roles of HIF-1a and HIF-2a in the pathogenesis of

inflammatory arthritis (34).

1.1.3 Role of hypoxia and HIFs in inflammatory arthritis

Synovial hypoxia and associated HIF-1a activate transcription factors that promote
synovitis, angiogenesis, cartilage destruction and bone erosion (Figure 2) (24, 39-41).
Indeed, conditional knock-out of H/F'/o in animal models of RA demonstrated significant
reduction in synovial inflammation, pannus formation and cartilage destruction (29, 41).
Similarly, endothelial PAS domain protein 1 (EPASI) overexpression (which encodes
HIF-2a) caused an RA-like phenotype and HIF-2a deficiency blunted the development of

experimental RA (34).
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Many downstream effects of HIF-1a are mediated by VEGF upregulation. The regulation
of VEGF by HIF-1a through its HRE has been well characterised (39). Promotion of
angiogenesis is an important role of HIFs in the pathogenesis of RA (42). In synovial
tissues from patients with RA, the number of HIF-1a expressing cells correlated with the
magnitude of the angiogenic response (43). HIFs induce pro-angiogenic factors including
vascular endothelial growth factor (VEGF), VEGF receptor Flt-1, Tie-2, Tie-2 receptor
Flk-1, angiopoietins, IL-8, CCL20 and CXCL12 (18, 28, 42, 44-47). These in turn promote
endothelial cell migration and proliferation, and tissue remodelling leading to new blood

vessel formation.

Angiogenesis would be expected to increase blood supply and therefore deliver more
oxygen to ameliorate hypoxia. However, angiogenesis is also widely implicated in the
pathogenesis of inflammatory arthritis (48-50). Blood vessel growth promotes recruitment
of inflammatory cells to inflamed synovium (48). The role of angiogenesis in
inflammatory arthritis is further supported by studies that inhibited VEGF pathway which
attenuated arthritis severity in animal models of inflammatory arthritis (48, 50).
Upregulation of VEGF promotes cartilage destruction and bone erosions through post-
translational activation of MMP-9 (51-53). Responses to hypoxia may therefore be a

double-edged sword with both beneficial and deleterious effects in the inflamed joint.

Chemokines such as CXC chemokine ligand (CXCL) 12 are upregulated by hypoxia and

drive recruitment of monocytes and lymphocytes to the synovium in inflammatory arthritis
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(24, 54, 55). The expression of CXCL12 is hypoxia dependent via HIF-1a and HIF-2a (18,
56). The CXCL12 receptor, CXCR4, is also HIF-1a regulated, as is 32 integrin subunit
CD18, which is known to recruit myeloid cells to inflamed tissues (57, 58). Conversely,
passively induced arthritis mouse models with HIF-1a deficient macrophages exhibited
reduced disease development, reduced paw swelling and decreased myeloid cell
infiltration to the joint (29). These findings substantiate the role of HIF-1a in inflammatory

arthritis.

In addition to recruiting inflammatory cells to synovial tissues, HIFs may promote arthritis
by inducing cartilage damage (42). For example, hypoxia via HIF-1 promotes pannus
invasion, cartilage destruction and bone erosion through Ets-1 (42). Hypoxia induces Ets-1
expression which co-localises with HIF-1a in the inflamed synovium (24, 59, 60). In turn,
transcription factor Ets-1 induces matrix metalloproteinases (MMPs) leading to
extracellular matrix remodelling and cartilage degradation (59, 61). Increased activity of
MMPs is associated with articular cartilage destruction in RA (24). MMPs are regulated by
tissue inhibitors of MMPs (TIMP). Hypoxia induces increased levels of MMP-1 and
MMP-3, and decreased levels of TIMP-1, potentially contributing to cartilage degradation
(24, 28, 62). Bone damage is also promoted by the hypoxic pathway. For example, HIF-1a
induces overexpression of angiopoietin-like (ANGPTL) 4 in RA osteoclasts which drives

bone resorption (24, 63).

Epidemiology studies into genetic polymorphisms may provide further insight as to
whether certain genes contribute to pathogenesis of diseases. HIF' 14 polymorphisms may
be associated with RA (27). In a case-control study of HIF'/A gene polymorphisms in

patients with RA, the polymorphic HIF1A4 rs12434439 GG genotype may protect from
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development of RA. Although the functional role of this polymorphism is unknown, RA
patients with HIFI1A rs12434439 GG genotype were found to have higher Foxp3
expression in serum than other RA patients but this did not reach statistical significance (P
=0.06) (27). Given that no other HIF1A4 gene polymorphisms have been reported to be
associated with RA, the contributions of HIF/A gene polymorphisms to the pathogenesis

of RA may be limited.

The heritability of RA is approximately 65% and more than 100 genetic loci have been
associated with susceptibility to RA (64). Genetic variants encoding the HLA molecules
account for most of the known genetic heritability of RA (64). Genome-wide association
studies (GWAS) identify genes in RA-risk loci that may encode proteins that are involved
in pathogenesis of RA. However, GWAS studies have not found an association between

HIF1A rs12434439 gene polymorphisms with RA.

In 2010 a GWAS meta-analysis of 5,539 autoantibody-positive individuals with RA and
20,169 controls of European descent, HIF alleles including HIFI1A rs12434439 gene
polymorphisms were not associated with RA (65). Similarly in 2013, GWAS meta-
analysis of 29,880 RA cases and 73,758 controls of European and Asian ancestries
identified RA risk loci but HIF alleles including HIF1A4 rs12434439 gene polymorphisms
were not associated with RA (66). In 2020, the largest ever trans-ancestral inverse-
variance-weighted fixed-effects meta-analysis consisting of 311,292 individuals of
Korean, Japanese and European populations identified RA susceptibility loci but no
associations between HIF alleles and RA were found (67). More recently in 2022, a large-

scale GWAS of RA involving 276,020 samples from five ancestral groups characterised
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RA susceptibility loci but HIF1A4 rs12434439 gene polymorphisms were not associated

with RA (68). Therefore, genetic studies do not support HIF alleles as risk factors for RA.

1.1.4 Role of NF-kB in hypoxia

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB) mediates crosstalk
between hypoxic and inflammatory pathways (24, 69-71). NF-xB is a master regulator of
innate immunity, inflammation and apoptosis (17, 24). The NF-kB family is composed of
five related proteins p65 (RelA, NF-xB3), p50 (NF-xB1), p52 (NF-kB2), c-Rel and RelB
(70). Activation of toll-like receptors (TLRs) and cytokine receptors lead to NF-xB
phosphorylation and activation through canonical and non-canonical pathways (70). The
canonical pathway involves the heterotrimeric IxB kinase (IKK) complex comprising
IKKa, IKKf and NF-xB essential modulator (NEMO), which phosphorylates [kxBa,
targeting it for ubiquitylation-dependent degradation (70). Translocation of NF-xB dimers
to the nucleus due to IkBa degradation results in gene transcription as canonical NF-xB
signalling. By contrast, the non-canonical pathway is mediated by IKKa homodimers (72).
Activation of lymphotoxin B receptor (LTBR), B cell activating factor receptor (BAFF-R)
or receptor activator of nuclear factor-kB (RANK) induces NF-kB/RelB:p52 dimer in the

nucleus (72).

Hypoxia can also activate NF-kB family members via oxygen-dependent hydroxylases or
HIF-1a interactions (Figure 3) (24, 69, 70). HIF-1a synergises with TLR signalling such as
NF-«kB to upregulate inflammatory cytokines (IL-6, IL-8, TNF), MMPs and VEGF (17,
73). NF-xB is overexpressed in RA synovial tissues and regulate genes associated with
inflammation, angiogenesis and tissue destruction (24, 74, 75). Low synovial pO; levels in
vivo were associated with increased NF-«B activity in RA synovial biopsies (17, 76).

43



Synergistic interactions between NF-kB and HIF-1a maintain the inflammatory response

(24, 77).
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NF-kB in turn affects the hypoxic response through interactions with HIF-1a and NF-kB
overexpression increases HIF-1a protein levels (70, 78). Indeed, IKK-f deficient mice
have reduced HIF-1a mRNA expression, HIF-1a protein levels and HIF-dependent gene
expression (70, 71). Targeting the NF-xB pathway may therefore inhibit inflammation
through hypoxia related pathways. High-mobility group box 1 (HMGB-1) protein is an
endogenous TLR ligand present in RA synovial fibroblasts (79). NF-kB inhibition in a
CIA model inhibited High-Mobility Group Box 1 (HMGB1) protein-dependent

upregulation of HIF-1a, angiogenesis and synovial inflammation (17, 79).

1.1.5 Hypoxia in innate and adaptive immunity

The innate immune system responds to hypoxia (70). HIF-1a is essential for myeloid cell-
mediated inflammation (29). Myeloid cells such as macrophages and neutrophils produce
adenosine triphosphate (ATP) via glycolysis which is regulated by HIF-1a (29).
Furthermore, HIF-1a regulates myeloid cell aggregation, motility, invasiveness and
bacterial killing (29). Crosstalk between innate and adaptive immune systems is mediated
by antigen presenting cells (APC) such as dendritic cells. Hypoxic exposure decreases
dendritic cell presentation of co-stimulatory signals to T cells and induces cell death in

immature dendritic cells (80-82).

The adaptive immune system is composed of lymphocytes including T cells and B cells.
Hypoxia and HIF-1a play a role in T cell differentiation and function (83). For example,
HIF-1a enhanced Th17 development through transcriptional activation of the IL-17
promoter and increased production of IFNy and IL-17 (70, 84). Hypoxia and HIF-1a have
pleiotropic functions in Treg differentiation (70). Treg cell development is inhibited by
HIF-1a which binds Foxp3 and target it for proteasomal degradation (84). However,
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FOXP3 expression and Treg differentiation are promoted by hypoxia. The role of hypoxia
and HIF-1a in Treg cell differentiation and function may depend on other cytokine
signalling in the microenvironment (70). Similarly for B cells, HIF-1a is essential for B
cell development and function (70, 85, 86). Therefore, hypoxia and the HIF pathway have
major roles in immune cell development and function which may influence inflammation

in the setting of arthritis.

1.1.6 Joint hypoxia as inducer of inflammatory arthritis

It is unclear as to whether joint hypoxia is a consequence of inflammatory arthritis, or
whether joint hypoxia has a role in the cause of inflammatory arthritis. It is likely that both
may be true. Jeon et al. studied the reciprocal relationship between joint hypoxia and
inflammation in collagen induced arthritis mice where synovial hypoxia was detected
before the onset of arthritis (87). Hypoxic change as measured by the hydroxyprobe-1 stain
was identified in synovium within one week after the collagen injection, prior to clinically
evident arthritis (87). Moreover, markers of inflammation and hypoxia co-localised in the
synovium and there was a positive correlation between the severity of hypoxia and the
degree of synovitis (87). However, no difference in intra-articular oxygen tension was
noted between naive and pre-arthritic mice (88). This discrepancy may be due to the
hydroxyprobe-1 stain which may be more sensitive to subtle hypoxic changes (87). The
hydroxyprobe system uses pimonidazole hydrochloride as its hypoxia marker, which forms
protein adducts in hypoxic cells in vivo, and may measure hypoxic changes not detectable
with microelectrode (89, 90). Hypoxic changes preceding arthritis suggest that hypoxia

may be involved in pathogenesis of inflammatory arthritis (17).
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1.1.7 Adaptive and maladaptive responses to hypoxia

Physiological responses to hypoxia may be adaptive or maladaptive. For example, chronic
intermittent hypobaric hypoxia pretreatment conferred a protective effect against collagen-
induced arthritis in rat through downregulation of HIF-1a, NF-kB, TNF and IL-17 in
synovial tissues (91). Conversely, HIF-1a has been shown to regulate IL-33 production by
synovial fibroblasts, which in turn induced HIF-1a expression, thus forming a HIF-1a/IL-
33 regulatory circuit that perpetuates inflammatory arthritis (92). Given that hypoxia and
its downstream signalling are implicated in inflammatory arthritis, inhibiting the hypoxic
pathway may be an effective anti-inflammatory strategy. However, HIF hydroxylase
inhibitors which activate the HIF pathway were found to induce anti-inflammatory effects
in animal models of inflammation (70). Relieving joint hypoxia therefore also has the

potential to exacerbate inflammatory arthritis.

In addition to hypobaric hypoxia, environmental factors such as cigarette smoking can also
lead to tissue hypoxia and activate HIF-1a (93, 94). Indeed, smoking is a risk factor for
arthritis such as RA (95-100). Cohort studies have shown that people who smoke for more
than 20 years have a twofold increased risk of developing seropositive RA (100). This
association between smoking and RA may be due to multifactorial effects of smoking
including hypoxia. Chronic cigarette smoking can result in chronic obstructive pulmonary
disease (COPD) which impair pulmonary gas exchange resulting in systemic hypoxia
(101). The binding of carbon monoxide in cigarette smoke to haemoglobin and

mitochondrial cytochrome oxidase further exacerbate tissue hypoxia.

Animal models have been used to study the mechanistic basis by which cigarette smoking

is linked to arthritis. In a CIA animal model, cigarette smoke exacerbated symptomatic
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arthritis (102). This link between smoking and inflammatory arthritis was partially
explained by citrullination of lung tissues, arthritic tissues and tracheal cartilage, as well as
development of anti-CCP antibodies (102). To investigate whether cigarette smoke causes
inflammatory arthritis through hypoxia in synovial tissues, future studies that monitor
synovial tissue pO» with oxygen probes in mice exposed to cigarette smoke would clarify
this relationship. In addition to inducing tissue hypoxia, cigarette smoking may activate
hypoxic pathways independent of tissue pO». For example, cigarette smoke extract has

been shown to activate HIF-1a in vitro and in vivo in non-hypoxic conditions (94).

Smoking may also contribute to the development of arthritis through mechanisms
unrelated to hypoxia. Cigarette smoke contains thousands of toxic chemicals with
cytotoxic, mutagenic and immunomodulatory properties (100). Smoking may result in
genetic or epigenetic modifications, increased oxidative stress, hypoxia, and chemical
toxicity (100). These multifactorial effects of smoking can increase the risk of
inflammatory diseases by increasing immune cell proliferation, Treg inhibition,

autoantibody generation and increasing inflammatory cytokines (100).

1.1.8 Tissue hypoxia as a therapeutic target

Targeting peripheral tissue hypoxia has long been of interest in wide ranging fields
including cancer (103), aerospace medicine (104), sports (105-108), and warfare (109). As
oxygen homeostasis is a fundamental physiological process, interventions that target
hypoxia have profound effects on diverse biological pathways including cell survival,
erythropoiesis, angiogenesis and metabolism (103). Different strategies to intervene in

hypoxia are available.

48



“Oxygen is one of the most commonly used therapeutic agents” (110). Administering high
flow oxygen is widely used to relieve hypoxia in patients with cardiopulmonary disease.
This strategy has also been applied outside of healthcare settings. For example, closed-
circuit rebreathers with 100% oxygen have been used for covert diving operations (111).
However, breathing high partial pressure of oxygen culminates in harmful effects in a
condition called oxygen toxicity (110). Consequences of oxygen toxicity include
neurological effects such as convulsions and retinopathy of prematurity, as well as

pulmonary toxicity such as inflammation and fibrosis of lung tissues (111).

The mechanisms underlying oxygen toxicity have previously been reviewed and are
briefly described here (110, 112). Hyperoxia leads to generation of reactive oxygen species
(ROS) which produce oxidative stress and damage proteins, enzymes, membrane lipids
and nucleic acids (110). Products of oxidative stress such as the hydroxyl radical initiate
lipid peroxidation in unsaturated lipids within cell membranes (110). Hyperoxia also
elevate levels of free radicals including nitric oxide, peroxynitrite and trioxidane (112).
Inadequate detoxification of free radicals by antioxidants such as glutathione underlie cell

damage in oxygen toxicity (110).

The manifestations of oxygen toxicity in the form of retinopathy of prematurity resemble
the tortuous vasculature seen in inflammatory arthritis such as PsA. Retinopathy of
prematurity is characterised by disorganised growth of retinal blood vessels in premature
babies treated with supplemental oxygen (113). Normally, blood vessels grow towards
hypoxic areas of the retina. However, treatment with supplemental oxygen induces
hyperoxia and VEGF suppression that leads to cessation of blood vessel growth in the

retina (114). Removal of supplemental oxygen then results in hypoxia in the avascular
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retina, increases VEGF expression, and rapid abnormal neovascularisation that extend into
the vitreous humour from the retina (113, 114). Retinopathy of prematurity may be
complicated by vascular dilation and tortuosity of the posterior retinal arterioles, vitreous
haze and anterior chamber haze, iris vascular engorgement, and immature blood vessels

overlying the lens which restrict pupil dilatation (115).

Peripheral retinal ablation is the main treatment for retinopathy of prematurity (114). Since
VEGF has been implicated in the pathogenesis of retinopathy of prematurity, intravitreal
injection of anti-VEGF drugs has also been reported as an adjunct treatment for
retinopathy of prematurity (116). A Cochrane review found that combination treatment of
retinopathy of prematurity with laser retinal ablation and intravitreal pegaptanib (a VEGF
antagonist) reduced risk of retinal detachment compared to laser or cryotherapy alone (152
eyes; risk ratio 0.26, 95% CI 0.12 to 0.55; risk difference -0.29, 95% CI -0.42 to -0.16;
low-quality evidence) (116). Retinopathy of prematurity highlights how abnormal tissue
hypoxia can result in disease and the potential of the hypoxic pathway as a therapeutic

target.

It has not been possible to relieve peripheral tissue hypoxia directly until recently.
Formulation of oxygen encapsulated lecithin based nanobubbles in beverages have been
proposed to increase oxygen delivery in blood by acting as oxygen carriers much like how
perfluorocarbon nanodroplets function as blood substitutes (117-119). Indeed, oxygen
nanobubble drinks demonstrated significant and meaningful performance improvements in
elite cyclists (118). Moreover, orally administered oxygen nanobubbles have recently been
shown to relieve peripheral tissue hypoxic markers in an animal cancer model (120).

Measuring hypoxia in the arthritic joint however is poorly understood. Therefore, a

50



scoping literature review is warranted to provide insight into what is known about synovial
oxygen measurements in humans, clinical benchmarks for hypoxia, how to measure pO; in

human joints and entheses.

Systematic reviews and scoping reviews are types of literature reviews, but they differ in
their purpose and analysis. The purpose of a systematic review is to answer a specific
research question whereas the purpose of a scoping review is to provide an overview
(121). If the results of the literature review will be used to answer a clinically meaningful
question or to inform clinical practice, then a systematic review would be the valid
approach (121). Conversely, a scoping review is more appropriate for a general discussion
of characteristics and concepts in studies. As the purpose of this literature review is to
explore concepts and gaps in our knowledge relating to hypoxia in inflammatory arthritis,

a scoping review was selected for this purpose.

1.2 Methods

1.2.1 Information sources and search strategy

A scoping review was conducted to provide an overview of evidence from clinical studies
relating to hypoxia and oxygen measurements in human joints and entheseal tissues. A
scoping review is a rigorous but efficient approach to identify and synthesize the most
relevant available evidence on a given topic. Due to the nature of the questions and the
type of evidence sources available to address them, the Preferred Reporting items for
Systematic Reviews and Meta-Analyses extension for scoping reviews was used to
conduct the review (122). This study was not registered because PROSPERO does not

accept scoping reviews. Evidence was sourced from EmBASE and PubMed. A broad
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search strategy was applied to avoid missing relevant literature. The electronic search
strategy was as follows: Title/Abstract: (arthritis* OR enthesitis*) AND Title/Abstract:
(hypoxi* OR oxygen*) AND Title/Abstract: (synovi* OR joint OR tendon* OR ligament*
OR enthes*). A systematic search of EmBASE and PubMed identified relevant studies for

inclusion.

All citations retrieved from the databases were uploaded into Endnote with duplicates
removed. All titles and abstracts were reviewed by one reviewer. Data processing method

described in section 11. Appendix A: Scoping literature review data processing.

1.3 Results

816 references were imported from Pubmed on 17/03/21. 2047 references were imported
from Embase on 17/03/21. References from Pubmed and Embase were pooled for total of
2863 references. 589 duplicates were automatically removed. All remaining references
were manually reviewed for clinical relevance. 20 clinical studies were found to relate to
hypoxia and oxygen measurements in human joints (Table 2). No studies relating to

hypoxia and oxygen measurements were found in human entheses.

There was heterogeneity amongst the patient populations studied. Healthy participants
were investigated in one study, whereas inflammatory arthritis such as RA and PsA were
the most common populations studied. There was a range of sample size in the studies
with the largest study involving 30 patients with RA and 42 patients with osteoarthritis

(OA) (123).
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A scoping review approach is indicated when examining how research is conducted on a
particular topic (121). This scoping review surveyed the literature to determine how data
pertinent to the measurement of pO» in synovial tissue and fluid were reported in studies,
and whether the methods were similar enough to allow for comparison across studies. 12
studies measured synovial tissue pO, 7 studies measured synovial fluid pO», and one
study did not specify whether the pO, measured was from synovial fluid or tissue (Table
2). There were variations in the methods used to measure pO> in the joint, if the method
was reported at all. Generally, pO; was measured in synovial fluid using gas analysers and
in synovial tissue using a Licox probe (124). There was disparity in the reporting of joint
pO:2. All except 3 studies reported at least either the range, mean or median joint pO»

(Table 2).

One study measured matched in vivo synovial and tenosynovial tissue pO; intra-
operatively in patients with RA having elective hand surgery and in patients without RA
having elective hand surgery for indications other than inflammatory arthritis as controls
(35). Median tenosynovial tissue pO2 was found to be 26 mmHg in invasive tenosynovium
in patients with RA (interquartile range 18-33 mmHg) compared with 74 mmHg in
patients without RA (interquartile range 69-89 mmHg, P <0.001) (35). Invasive
tenosynovium was significantly more hypoxic compared with both joint synovium and

non-invasive tenosynovium in the same patients (35).
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Table 2 Summary of clinical studies of synovial hypoxia in arthritis

Authors Year |Disease Sample size Synovial  [pO2 range Mean pO2 Median pO2 Method of pO2
sample measurement
Lund-Olesen e#{1970 |RA, osteoarthrosis, |29 RA, 8 Fluid 20-71 mmHg in 26.53 mmHg in RA, |Unspecified Clark type
al. (16) traumatic exudates, |osteoarthrosis, 4 osteoarthrosis, 42-87 42.92 mmHg in microelectrode oxygen
Reiter's syndrome  |traumatic mmHg in traumatic osteoarthrosis and 63 monitor
exudates, 1 exudates mmHg in traumatic
Reiter's exudates
syndrome
Falchuk et al. [1970 RA, PsA, OA, torn (22 RA, 2 PsA, 2 [Fluid 9-53 mmHg Unspecified Unspecified Blood gas analyser
(125) menisci, ochronosis,|OA, 2 torn
Reiter's syndrome  |menisci, 1
ochronosis, 1
Reiter's
syndrome
Treuhaft et al. |1971 |Juvenile rheumatoid|44 Fluid 8-78 mmHg Unspecified Unspecified Clark electrode
(126) arthritis,
granulomatous
colitis, internal
derangement, AS,
RA, Reiter's, gout,
PsA, unknown,
trauma, OA,
gonococcal arthritis,
gout, vasculitis,
SLE
Goetzl et al.  |1974 |Juvenile theumatoid|26 Juvenile Fluid Juvenile rheumatoid 21 mmHg in juvenile |Unspecified Sealed heparinised
127) arthritis, adult RA  [rheumatoid arthritis ranged from 1-49 |rheumatoid arthritis. 24 synovial fluid was
arthritis and 32 mmHg. Adult RA ranged |mmHg in adult RA. measured for pO2
adult RA from 9-36 mmHg
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Authors Year |Disease Sample size Synovial  [pO2 range Mean pO2 Median pO2 Method of pO2
sample measurement
Richman et al. [1981 |OA, hypertropic 22 Fluid 0-78 mmHg Unspecified Unspecified Blood gas analyser
(128) OA, CPPD, Reiter's
syndrome, AS, RA
Geborek et al. 1988 RA, PsA, reactive |9 RA,2 PsA, 1 |Fluid Unspecified Unspecified Unspecified Blood gas analyser
(129) arthritis, HLA-B27 |reactive arthritis,
associated 1 HLA-B27
arthropathy, associated
unclassified chronic |arthropathy, 1
arthritis unclassified
chronic arthritis
Lee e al. (123)|2007 |RA, OA 30RA,42 OA |Fluid Unspecified OA with synovial Unspecified Blood gas analyser
proliferation group
(mean%SD,

79.2+14.0). OA
without synovial
proliferation group
(mean+SD

80.2 + 14.0 mmHg).

RA with synovial
proliferation group
(mean+SD
51.0£16.5 mmHg)
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Authors Year |Disease Sample size Synovial  [pO2 range Mean pO2 Median pO2 Method of pO2
sample measurement
Sivakumar et 2008 [Patients having 21 RA patients, [Tissue 14-35 mmHg in Unspecified 46 mmHg in Microelectrode
al. 35) elective hand 10 patients encapsulating synovium, 40
surgery for RA and |[without RA tenosynovium. 65-102 mmHg in
indications other mmHg in tenosynovium of encapsulating
than inflammatory individuals without RA. tenosynovium, 26
synovitis mmHg in invasive
tenosynovium
Bosco etal. 2009 |Healthy Unspecified Unspecified |Physiologic O: Unspecified Unspecified Unspecified
(130) concentration in healthy
joints range between 7-
10%. Rheumatic joint pO2
ranges between 0.8-7%.
Biniecka ef al. 2010 |Inflammatory 16 RA, 7 PsA  |Tissue Unspecified Unspecified 19.35 mmHg
(131) arthritis (2.5%) Licox probe
Ng et al. (132) 2010 |[Unspecified Unspecified Tissue 3.2-54.1 mmHg 22.5 mmHg Unspecified Unspecified
Biniecka ef al. 2011 |RA, PsA 14 RA,4 PsA  |Tissue Unspecified Unspecified 23.5 mmHg for  [Licox probe
(133) RA and 14.5
mmHg for PsA
Kennedy et al. 2011 |RA, PsA 20 Tissue Unspecified Unspecified 22.78 mmHg Licox probe
(134)
Balogh etal. (2012 RA, PsA 30 RA, 14 PsA |Tissue Unspecified 25.9 mmHg Unspecified Licox probe
(135)
Biniecka et al. 2012 |Inflammatory 48 Tissue 3.2-63 mmHg Unspecified 26.3 mmHg Unspecified
(136) arthritis
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Authors Year |Disease Sample size Synovial  [pO2 range Mean pO2 Median pO2 Method of pO2
sample measurement

Harty et al. 2012 |RA, PsA 9RA, 12 PsA  |Tissue Unspecified Unspecified Unspecified Unspecified

(137)

Balogh et al. 2013 [RA, PsA 18 RA, 5 PsA  [Tissue Unspecified 25.94 mmHg. Unspecified Licox probe

(138)

Hardy et al. 2014 |RA Unspecified Tissue Unspecified Unspecified Unspecified An oxygen/temperature

(139) probe

Fisheretal. 2016 RA 23 RA Tissue Unspecified Unspecified 31.1 mmHg Microelectrode

(140)

Biniecka et al. 2019 RA Unspecified Tissue 3.2-63 mmHg Unspecified 25.4 mmHg Unspecified

(141)
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1.4 Discussion

1.4.1 Quality of evidence

As demonstrated in the clinical evidence map (Table 2), these studies were heterogeneous
in disease populations of interest and sample size. The methods used to measure joint
oxygen were highly variable. Some measured synovial fluid oxygen using gas analysers
whereas others measured synovial tissue oxygen using oxygen probes in situ. None of the
studies outlined in the evidence map measured both joint fluid and tissue oxygen to
validate their joint oxygen measurements. The quality of evidence available was limited in
terms of small sample size and joint pO, measurements for the purpose of this scoping
review. Finally, there were marked evidence gaps relating to the effects of therapeutics on

joint hypoxia other than TNFi, as well as hypoxia in enthesitis.

1.4.2 Clinical evidence for joint hypoxia in RA and PsA

It is important to note that pO2 benchmarks for synovial fluid and tissues in normoxia and
hypoxia are unknown. The scoping literature review showed no consensus on the reference
range for synovial tissue or fluid pO; (Table 2). The scoping review therefore provided
insight into the evidence vacuum by which hypoxia is defined in the literature. Without
widely accepted pO> benchmarks for normoxia and hypoxia in synovial fluid and tissues,
there is inconsistency by which researchers report hypoxia in inflammatory arthritis. Bosco
et al. presented a poster which referred to physiologic O2 concentrations in healthy joints
as between 7-10% but provided no data or citations to substantiate this (130). Future
studies on normal synovial tissue or fluid pO> in healthy individuals would define such

reference range but such studies may be limited by ethical concerns. It would be
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challenging to justify an invasive arthroscopic procedure in a healthy subject given the risk

of serious harm and no potential for benefit to the participants.

Increased metabolic demand in synovial cells increases oxygen requirements which may
result in joint hypoxia. Synovial oxygen uptake and lactate production in vivo were shown
to be higher in patients with RA than patients with degenerative joint disease (142). These
measurements were based on the rate of fall of pO; and the rate of rise in lactate
concentration in an intra-articular saline pool after an interruption of the circulation to the
joint with an arterial tourniquet (142). In vitro studies also showed that synovial tissues
from patients with RA have greater oxygen consumption rate and greater lactate
production rate than control synovial tissues (143-145). Increased oxygen consumption by
synovial tissue would be expected to result in hypoxia especially if oxygen supply is

insufficient to meet demand.

Inadequate perfusion, which is affected by intra-articular pressure, may result in synovial
hypoxia. Joint movement and synovial fluid effusion within the rigid joint capsule may
lead to increased intra-articular pressure and tamponade effects which collapse the
capillary network and reduces perfusion to synovial tissues (146). During exercise of the
knee for example, the intra-articular pressure rises above the synovial capillary perfusion
pressure, causing intra-articular hypoxia which resolves with cessation of exercise (146).
Furthermore, synovial fluid pO, was shown to be inversely correlated with synovial fluid
volume (r =-0.54, P <0.01) (128). These studies suggest that the synovial effusion volume
and intra-articular pressure may affect the articular blood supply. Dysregulated vasculature

may also inhibit blood flow to the synovium causing hypoxia.
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Metabolites in the joint provide further evidence for joint hypoxia. This topic has been
extensively reviewed previously so it is described briefly here (17). Hypoxia in the
inflamed joint drives glycolysis and generation of metabolic intermediates including
lactate, succinate and itaconate (17). The increased levels of glycolytic metabolites
confirm hypoxia in the inflamed joint. These in turn can activate synovial cells further
perpetuating disease (17). Lactic acid increases the production of pro-inflammatory
cytokines IL-23 and IL-6 from monocytes, IL-17 by T cells, and promotes RA fibroblast-
like synoviocytes (FLS) invasiveness (17, 147-149). Succinate enhances macrophage
production of IL-1p via HIF-1a (150, 151). Succinate also interacts with Nod-like receptor
family pyrin domain containing 3 (NLRP3) inflammasome to activate RA FLS in a HIF-
la dependent manner (152). Moreover, succinate induces synovial angiogenesis in RA
through metabolic remodelling and HIF-1o/VEGF axis (153). Itaconate is one of the most
highly induced metabolites in macrophages and is a biomarker of inflammatory arthritis in
an animal model (154). Itaconate exerts anti-inflammatory effects by regulating succinate

levels and macrophage secretion of inflammatory cytokines (17, 155).

There is no consensus as to whether joint hypoxia should be measured according to the
pO: in the synovial fluid or synovial tissue. pO> in synovial tissue can be measured using a
Licox probe which requires an arthroscopic port placement with associated risks of
infection and bleeding (124). The technology for measuring tissue pO> is based on the
Clark polarographic electrode, first described in the 1950s, which is the basis for
measurement of pOz by blood gas analysers (124). The Clark electrode measures the
electrical current generated when a cathode and anode immersed in an electrolyte solution
come into contact with oxygen (124). In the Licox probe, the polarographic cathode and

anode are immersed in an electrolyte solution separated from the tissue by an 80 um thick
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polyethylene membrane which prevents a liquid junction with tissue. The measured
current is correlated with pO», but this relationship varies with temperature. The Licox
probe has a tendency to underestimate oxygen tension (mean error, -3.8 + 3.5%) between
33 -39 °C (124). The Licox probe also has a tendency to underestimate temperature when
compared with a resistance thermometer (mean error, -0.67 + 0.22 °C) (124). There is

therefore variability in the calibration of O> and temperature readings by the Licox probe.

The synovial tissue pO; reading would also be highly variable depending on probe
placement in the synovial tissue, as there is no established standard operating protocol for
Licox probe use in synovial tissues. On the other hand, measuring pO; in synovial fluid is
more straightforward with use of a blood gas analyser which is widely available and
without the need for arthroscopic access. In this case, the objective was to look for a
change in joint pO> with treatment rather than an absolute value. As the synovial fluid pO»
is representative of joint hypoxia and capable of demonstrating differences, then synovial
fluid pO, was a reasonable choice to measure joint hypoxia in the absence of clear benefit
of measuring synovial tissue pO2. Some studies investigated the correlation of joint

hypoxia with clinical and tissue biomarkers.

Joint hypoxia is correlated with inflammatory arthritis. Ng ef al. showed that synovial
tissue pO» correlated inversely with the severity of synovial tissue macroscopic synovitis (r
=-0.421, P=0.02), sublining CD3 cells (r=-0.611, P <0.01) and sublining CD68 cells (r
=-0.615, P <0.001) (132). This finding strengthened the association between joint
inflammatory disease with joint hypoxia in RA, but unfortunately these cross-sectional
observations did not answer whether hypoxia is primary or secondary to inflammation. To

address the question of whether joint hypoxia is causative of inflammation, longitudinal
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studies to investigate whether joint hypoxia preceded the onset of arthritis would be
invaluable. Such studies would be challenging as it may be difficult to justify measuring
joint pO2, with its associated risks, in otherwise healthy individuals and then follow them

up to see if they develop inflammatory arthritis.

An alternative approach would be to target hypoxia specifically in the inflamed joints and
assess whether joint inflammation is ameliorated. An intervention proposed to target
peripheral tissue hypoxia specifically emerged recently (to be discussed below) but has not
yet been investigated in inflammatory arthritis. However, previous studies of how joint
hypoxia responded to anti-inflammatory treatments such as TNFi, provided insight into the

biological relevance of joint hypoxia in inflammatory arthritis.

RA and PsA patients who had clinical improvements with TNF1i treatment had statistically
significant increase in synovial tissue pO2 (134). Kennedy et al. showed that successful
biologic therapy improved in vivo synovial hypoxia which was associated with significant
reduction in DAS28, macroscopic synovitis and macroscopic vascularity (134). The
synovial tissue pO2 median value of approximately 18 mmHg at baseline increased to
approximately 39 mmHg after treatment (134). Similarly in another study, a trend towards
an increase in synovial tissue pO2 was noted in patients with RA who responded well to
TNFi although this was not statistically significant (140).Whether this constituted restoring
synovial tissue pO2 to normal was unknown as the reference range for physiological
synovial tissue pO> is unknown. Conversely, no change in synovial tissue pO> was seen in
non-responders (134). Therefore, resolution of inflammation in inflamed joints may
involve reversing the hypoxic state in synovium. This supported the notion that joint

hypoxia exacerbated joint inflammation but did not provide insight as to whether joint
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hypoxia was primary or secondary to joint inflammation. The authors suggested that “as
inflammation is reduced, in vivo synovial tissue oxygen levels are increased and thus the
tissue becomes less hypoxic” (134). However, it may be that joint hypoxia was relieved
through other means such as vascular remodelling during the 3 month follow-up period

leading to increased oxygen delivery.

1.4.3 In vivo targeting of joint hypoxia

Cross-sectional associations of biomarkers relating to hypoxia and inflammation provide
circumstantial evidence linking these processes, but in vivo perturbation of hypoxia would
provide more direct evidence of its role in inflammatory arthritis. The effects of intra-
articular oxygenotherapy on joint hypoxia have been studied in animals. Intra-articular
oxygen infusion into rabbit knee joints reduced tissue lactic acid and inhibited glycolysis,
compared to control rabbits that were not infused with oxygen (the method of oxygen
infusion was not described) (156). Unfortunately, the effects of intra-articular
oxygenotherapy on synovial tissue inflammation were not characterised so this study did
not address how relieving joint hypoxia may impact on joint inflammation. Other studies
of interventions that target the hypoxic pathway are reviewed below. Nonetheless, given
that RA and PsA often have polyarticular presentations involving small joints, intra-
articular interventions that target single joints are unlikely to have significant therapeutic
use. Furthermore, oxygen therapy such as hyperbaric oxygen therapy is limited by
practical concerns such as resource availability and adverse effects such as oxygen

toxicity.

Oxygen availability may be increased diffusely in the body by hyperbaric oxygen therapy
(157). Increased pressure leads to increased amounts of oxygen dissolved in blood
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unrelated to haemoglobin binding. In antigen and collagen induced inflammatory arthritis
mouse models, hyperbaric oxygen therapy reduced paw swelling, clinical arthritis scores,
reduced HIF-1a and Th17 levels, and increased IL-2 receptor subunit beta

(IL2RB) expression by regulatory T (Treg) cells (158, 159). This demonstrated proof-of-

concept that synovial tissue HIF-1a can be altered through increased oxygen delivery.

Hyperbaric oxygen therapy has also been used to treat inflammatory disorders such as
systemic inflammatory response syndrome (SIRS) (160, 161). The manifestations of SIRS
include systemic inflammation, organ dysfunction and organ failure. In adults, the
presence of at least two SIRS criteria (fever, tachycardia, tachypnoea, leukocytosis) are
needed to fulfil diagnosis of SIRS (162). SIRS may be due to infectious causes such as
sepsis and non-infectious causes such as trauma, burns and pancreatitis. Complications of
SIRS include shock and multiple organ dysfunction syndrome related to ischaemia-

reperfusion injury (160).

Hyperbaric oxygen therapy can be used as an adjunct treatment of SIRS by increasing
endothelial nitric oxide synthase (which regulates vasoconstriction and vasodilation in
setting of SIRS), promoting neovascularisation and post-ischaemia tissue oxygenation
(160, 161, 163). Hyperbaric oxygen therapy has been shown to be safe and tolerable in
dogs with SIRS (160). In a prospective cohort study involving 49 dogs with SIRS, all dogs
were treated with hyperbaric oxygen therapy resulting in improvement in 73.5% of dogs
(160). None of the dogs showed major side effects, supporting its safety and tolerability in

dogs with SIRS.
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In case reports, patients with SIRS due to ischaemia-reperfusion injury improved with
hyperbaric oxygen therapy (161). Two patients with avulsions of the hand severed by
machetes at the wrist joint and forearm underwent hand replantation. Post-surgical
recovery was complicated by ischaemia-reperfusion injury related SIRS. The patients
received 90 minutes sessions of hyperbaric therapy on 3 consecutive days. In these two
patients with post-hand replantation SIRS, hyperbaric oxygen therapy resulted in
favourable hand function and improvements in laboratory markers such as leukocyte

count, renal and liver profiles (161).

However, there have been no clinical trials into the effects of hyperbaric oxygen therapy
on inflammatory arthritis. Although it may be feasible to perform short term physiological
studies of hyperbaric oxygen therapy in patients with inflammatory arthritis, long term
treatment with hyperbaric oxygen may be impractical given its risks such as ear
barotrauma, pneumothorax, pulmonary barotrauma, decompression sickness and oxygen
toxicity (164). Alternative interventions that increase the oxygen carrying capacity of

blood may have therapeutic potential for inflammatory arthritis.

The oxygen carrying capacity of blood is reduced in anaemia because of reduced
haemoglobin containing red blood cells which bind oxygen. The oxygen carrying capacity
of blood can be increased with higher levels of haemoglobin containing red blood cells.
Erythropoietin is used to treat chronic anaemia by stimulating red blood cell production to
increase the oxygen carrying capacity of blood. Subcutaneous treatment with
erythropoietin in CIA mouse models at the onset of arthritis improved clinical signs and
histologic status in the joints (165). However, it is unknown as to whether erythropoietin

improved arthritis through increased oxygen delivery. Moreover, erythropoietin induced
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cell growth, invasion and angiogenesis risk exacerbating inflammation (166). Other

strategies to target joint hypoxia therapeutically need to be considered.

1.4.4 Joint hypoxia as a clinical therapeutic target

Current therapeutic strategies for inflammatory arthritis involve anti-inflammatory agents
but there are no approved treatments that directly target the hypoxic pathway to treat RA
and PsA. The contributions of hypoxia and HIFs to inflammation suggest that these may
be therapeutic targets in the treatment of RA and PsA. Indeed, hypoxia and HIFs as
therapeutic targets in inflammatory arthritis have been extensively reviewed (41, 42). The

strategies reviewed included HIF inhibitors and targeting HIF downstream pathways.

Although HIF inhibitors show promise in preclinical studies, the complexity of the HIF
pathway pose a challenge for HIF inhibitors in clinical trials for inflammatory arthritis
(41). HIF-2a inhibitor Belzutifan was approved by the FDA for treatment of von Hippel-
Lindau disease associated tumours but no HIF inhibitors are currently approved for
treatment of inflammatory arthritis (167). This may be because systemic inhibition of HIF-
la can harm physiologically hypoxic tissues such as cartilage (41, 42). Moreover,
pharmacokinetic issues such as premature systemic degradation may make it challenging
for HIF inhibitors to reach multiple joints. Targeting downstream effects of HIF may be

another therapeutic approach.

Many downstream effects of HIF are mediated by VEGF upregulation. In animal models
of inflammatory arthritis, inhibition of VEGF ameliorated arthritis (41, 168, 169). The
timing of VEGF inhibition may be important in its efficacy. Lu et al. reported that anti-
VEGF Ab administration prior to onset of experimental arthritis ameliorated arthritis in the
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CIA model, but administration post-onset of disease was ineffective (169). This suggested
that joint hypoxia may be less attractive as a therapeutic target in late stages of
inflammatory arthritis, and conversely may be more attractive as a target prior to onset of
arthritis, for example in RF or anti-CCP Ab seropositive individuals without arthritis
(170). In humans, anti-VEGF therapies are approved for cancer and age-related macular
degeneration (171, 172). Clinical trials are needed to test whether anti-VEGF therapies

may be efficacious for different stages of inflammatory arthritis.

Joint hypoxia is associated with inflammatory arthritis, but it is unknown as to whether
hypoxia is causative or secondary to inflammatory arthritis. Recently, Professor Stride has
developed novel oxygen sparged nanobubbles that deliver oxygen to tissues with low
oxygen tension (117, 118). Oxygen nanobubbles given orally in mouse xenograft tumour
models significantly reduced hypoxia markers in peripheral tumours, whereas oxygen
saturated water and argon nanobubbles did not (120). Specifically, oral oxygen
nanobubbles reduced tumour tissue HIF-1a protein levels by 25% (120). This provided
proof-of-concept that oral oxygen nanobubbles can relieve peripheral tissue hypoxia.
These surfactant-stabilised nanobubbles are so small that they are thought to be absorbed
into the bloodstream when administered as a drink (120). However, the assumption that
“nanobubbles pass into the blood intact” requires investigation because the disintegrated
constituents may be absorbed leading to physiological effects too (120). Nanobubbles also
have clinical relevance as demonstrated by human data in elite cyclists which showed
improved exercise performance following oral administration of oxygen nanobubbles
(118). These nanobubbles are a novel intervention that specifically relieve hypoxia with
therapeutic potential for inflammatory arthritis, but their mechanisms of action are poorly

understood. Therefore, in vitro characterisation of the physiological effects of nanobubbles
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is warranted to guide clinical investigation into their therapeutic potential for relieving

joint hypoxia in inflammatory arthritis.

1.5 Thesis Structure

In Chapter 1, I undertook a scoping review of the pO, measurements in joints and
discussed joint hypoxia as a potential therapeutic target in inflammatory arthritis. Professor
Stride has developed orally delivered surfactant-stabilised oxygen nanobubbles to treat
hypoxia. The aim of Chapter 2 is to characterise the physiological effects of oxygen
nanobubbles in vitro using cell culture and in vivo in a clinical study. A double-blinded
placebo controlled clinical study of orally delivered nanobubbles was set up, as well as a
parallel study of intra-articular methylprednisolone injection effects on joint hypoxia. As
in vitro investigations showed no oxygen gas related effects of oxygen nanobubbles, the
effects of oxygen nanobubbles on downstream hypoxic pathway may be due to
biochemical effects of its constituents independent of oxygen gas. This led to the
discontinuation of the clinical study of whether orally delivered nanobubbles can relieve

joint hypoxia.

Therefore, the direction of the DPhil pivoted to the investigation of intra-articular
methylprednisolone injection effects in the joints of patients with inflammatory arthritis.
Intra-articular methylprednisolone injection is widely used as a treatment for inflammatory
arthritis. Synovial tissue hypoxia has been shown to be relieved in patients who respond to
TNFi but whether joint hypoxia is relieved by other anti-inflammatory agents such as
intra-articular methylprednisolone injection is not well understood. In a single arm study of
intra-articular methylprednisolone injection in patients with RA and PsA, I found no

changes in synovial fluid pO, 4 weeks after intra-articular methylprednisolone injection.
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Next, I went onto explore the effects of intra-articular methylprednisolone injection on
synovial tissue single nucleus RNA sequencing (snRNA-seq) profiles in inflammatory
arthritis in Chapter 4. Single cell transcriptomic analysis has advanced our understanding
of the cells and molecules underpinning health and disease. The effects of intra-articular
methylprednisolone injection on inflammatory arthritis synovial tissues at single cell level
is poorly understood. This chapter provides a single cell therapeutic atlas of intra-articular
methylprednisolone injection on inflammatory arthritis synovial tissues. Although no
effects were seen on biomarkers with direct links to hypoxia, perturbation in established
and potentially novel biomarkers were found after intra-articular methylprednisolone

injection.
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2. Chapter 2: Do nanobubbles relieve joint hypoxia?

2.1 Introduction

2.1.1 Oxygen nanobubbles

“Increased metabolic demand of activated immune and stromal cells within the synovial
compartment leads to a hypoxic joint microenvironment” (173). In patients with
inflammatory arthritis, synovial tissue pO> correlated inversely with macroscopic synovitis
and increased in those who responded to biologic therapies (132, 134). These findings
suggest that joint hypoxia may be a therapeutic target in the treatment of inflammatory
arthritis. Targeting hypoxia in the arthritic joint may be a potential therapeutic approach
but conventional strategies for treating hypoxia such as breathing high partial pressure of
oxygen increases oxygenation but risks oxygen toxicity (110). Similarly, erythropoietin
stimulates erythropoiesis to ameliorate hypoxia with performance enhancing effects, but
risks adverse effects including myocardial infarction, stroke and venous thromboembolism
(174-176). Alternative approaches to directly target hypoxia would allow us to understand
whether joint hypoxia is a consequence of inflammatory arthritis, or a primary

phenomenon driving development of inflammatory arthritis.

A novel strategy to treat hypoxia was developed by Professor Stride who developed novel
orally delivered surfactant-stabilised oxygen nanobubbles which improved cyclist
performance in a placebo-controlled study (118, 120). Bubbles are defined as gas in a
medium enclosed by an interface as defined by the International Organization for
Standardization (ISO) (177). Bubbles may be categorised into bubbles, microbubbles or
ultrafine bubbles (nanobubbles) depending on their size (177-179). Ordinary bubbles float

in water and burst at the air-water interface (180). Microbubbles are spherical bubbles with
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a diameter of <50 um (178). Microbubbles have low rising velocity in water, and
gradually decrease in size and collapse due to dissolution of interior gases into the
surrounding water (178, 179). Nanobubbles are bubbles with a diameter of less than 1000

nm that can remain stable for months (178, 179, 181).
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Figure 4 Expression of HIF-1a at (a) a transcriptional level and (b) a translational level
in a mouse xenograft tumour model for human pancreatic cancer following administration
of oxygen nanobubbles (dark grey), argon nanobubbles (light grey) and oxygenated water

(black).

n = 3 per group, * denotes P < 0.05, ** denotes P < 0.01, *** denotes P < 0.001, NS =

not significant. Reprinted in accordance with the Creative Commons Attribution Non-

71



Commercial (CC BY-NC 4.0) license (https://creativecommons.org/licenses/by-nc/4.0/)

from Owen et al. (120)

By encapsulating oxygen in sub-micrometre sized nanobubbles, Professor Stride’s group
showed that oxygen nanobubbles have beneficial effects in animal and human studies
(Figure 4) (117, 118, 120). Nanobubble suspensions were prepared using a mixture of
glycyrrhizin (3 mg/mL), lecithin (3 mg/mL), citric acid (5 mg/mL) and glycerol (0.0125
mL/mL) in untreated tap water (120). This mixture was then heated, mechanically agitated
and loaded with oxygen to generate oxygen nanobubbles (120). Oral administration of
these oxygen nanobubbles suspensions in mouse xenograft tumour in vivo models
significantly reduced hypoxic markers in peripheral tumours (Figure 4), although there
was no statistically significant difference in tumour tissue pO- at up to 30 min follow-up
(120). A follow-up experiment by the same group using an implanted oxygen probe with a
longer follow-up of 60 min again found no statistically significant difference in tissue pO:

following administration of either oxygen nanobubbles or air sparged nanobubbles (117).

The authors pointed out that orally administered oxygen nanobubbles downregulated
HIF14A mRNA in excised tumour tissue, but argon nanobubbles did not, as evidence of a
gas mediated effect (Figure 4) (120). However, direct pO, measurements in tumour tissues
showed no statistically significant difference with oxygen nanobubbles (120). Moreover,
hypoxia regulates HIF-1a through post-translational changes as discussed in the previous
chapter. The absence of transcriptional change in H/FF1A mRNA in the argon nanobubble
group may be due to opposing effects of downregulation by the biochemical constituents
of nanobubbles and upregulation by argon. Although noble gases such as argon and xenon

are generally thought to be inert, they have been shown to increase HIF'14 expression and
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induce angiogenesis (182, 183). Indeed, argon and xenon were added to the World Anti-
Doping Code International Standard prohibited list in 2014 as erythropoietins. Therefore,
nitrogen nanobubbles would be preferred over argon nanobubbles as controls for

comparison with oxygen nanobubbles (120).

Further questions regarding the gas related effects oxygen nanobubbles were raised when
HIF-1a protein levels were assessed in the mouse xenograft tumour models (Figure 4)
(120). HIF-1a protein levels were reduced by nanobubbles, regardless of whether it was
sparged with oxygen or argon (Figure 4) (120). These findings implied that the nanobubble
effects may be mediated by biochemical properties of nanobubble constituents rather than
by oxygen gas mediated mechanisms. This warranted in vitro investigations to ascertain
whether the oxygen nanobubbles mediate effects through oxygen gaseous mechanism or

gas independent biochemical effects.

Although the authors assumed the reduced hypoxia markers in tissues as evidence for
increased oxygen delivery by nanobubbles (Figure 4), the existence of nanobubbles and
their effects are controversial (184). The nanobubble nomenclature varies in the literature.
In this thesis, the term nanobubble is used to describe gas-filled spherical bubbles that have
a diameter of less than 1000 nm (181). Nanobubbles are thermodynamically never stable
due to the effects of Laplace pressure (181). The Laplace pressure, AP, for a spherical
object of radius r is given by AP = 2y/r where vy is the interfacial tension of the bubble
interface and AP describes the increase in pressure within the bubble with respect to the
immediate surroundings (181). Therefore, the smaller the bubble, the less stable they are.
However, the nanobubble surface may be stabilised to reduce surface tension and provide

a diffusion barrier for gas molecules crossing the bubble interface (181). “The stability of
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nanobubbles remains unexplained and reports of nanobubbles are generally treated with
scepticism” (181). Circumstantial evidence was published by Professor Stride’s group

demonstrating that these nanobubbles contained gas (117, 120).

Owen et al. measured single particle optical sizing (SPOS) and dynamic light scattering
(DLS) of these lecithin surfactant-stabilised nanobubbles (Figure 5, Table 3) (120). The
nanobubble suspensions had greater amounts of nanoscopic particles than oxygenated
water (Figure 5, Table 3). Although the transmission electron micrographs showed
spherical particles, this did not prove that they were hollow and contained gas (Figure 5C

and D).
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Figure 5 Mean particle size distributions measured for oxygen nanobubbles, argon

nanobubbles and oxygenated water by (a) SPOS and (b) DLS. Panels (c) and (d) show
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transmission electron micrographs of a sample from the oxygen nanobubble suspension

indicating the presence of nanoscale particles (scale bar in (c) is 2 um, in (d) 200 nm).

Error bars indicate the standard deviation in each measurement (n = 9). Reprinted in
accordance with the Creative Commons Attribution Non-Commercial (CC BY-NC 4.0)

license (https.//creativecommons.org/licenses/by-nc/4.0/) from Owen et al. (120)

Table 3 Population statistics for oxygen nanobubbles, argon nanobubbles and oxygenated

water as measured by SPOS.

Reprinted in accordance with the Creative Commons Attribution Non-Commercial (CC

BY-NC 4.0) license (https.//creativecommons.org/licenses/by-nc/4.0/) from Owen et al.

(120)
Suspension Particle size (um) Concentration (ml)
Mean Standard deviation Mode Median
Oxygen nanobubbles 0.86 0.70 0.63 0.66 3x107
Argon nanobubbles 0.85 0.69 0.63 0.66 3x107
Water 0.76 0.61 0.55 0.61 3x10°

Having established that the nanobubble suspensions contained nanoscopic sized particles,
Owen et al. went on to demonstrate their oxygen carrying properties (117, 120). The
oxygen nanobubble suspension had sustained elevation of pO, whereas oxygen-sparged
water demonstrated elevated pO> which gradually declined (Figure 6, Figure 7) (117, 120).
Although these findings showed that oxygen nanobubble suspensions carried more oxygen
than either argon nanobubbles or oxygenated water, it did not provide evidence as to
whether oxygen was held in gaseous form within nanobubbles as opposed to in a dissolved

state. After all, oxygen is known to be highly soluble in lecithin (117, 185-189).
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Figure 7 Measurements of oxygen concentration after addition of 1 mL of oxygenated
sample (nanobubble solution or Milli-Q water) to 10 mL of deoxygenated (nitrogen-
saturated) water under constant mixing of solution and nitrogen flow in vial headspace (n

= 3; measurement every 10 seconds, error bars indicate standard deviation).

Reprinted in accordance with the Creative Commons Attribution Non-Commercial (CC

BY-NC 4.0) license (https.//creativecommons.org/licenses/by-nc/4.0/) from Owen et al.

(117)

Evidence to show that nanobubbles are indeed gas-filled include demonstrating that they
are less dense than surrounding aqueous solution, have a lower refractive index, provide
strong reflection of sound waves, have surface charges consistent with the air-water
interface, and imaging using cryogenic techniques (181). Biophysical validation of
nanobubbles was beyond the scope of this DPhil and instead I sought to characterise the
physiological effects of nanobubbles developed by Professor Stride (118, 120, 190).
Clinical investigation of nanobubbles would investigate whether nanobubbles relieve joint
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hypoxia and in vitro investigations of nanobubbles would provide insight into whether

their effects were mediated by gas or biochemical mediated mechanisms of action.

2.1.2 In vitro investigations of oxygen nanobubbles

All novel therapeutics require in vitro toxicity testing for preliminary safety assessment.
The physiological effects of nanobubbles on cell number and metabolism were
investigated using crystal violet and alamarBlue respectively. Crystal violet is a dye that
binds to proteins and DNA (191). Crystal violet is used to stain adherent cells, allowing
cytotoxicity and cell viability to be determined (191). It relies on the detachment of
adherent cells from cell culture plates during cell death. After dead detached cells are
washed away, live adherent cells are stained with crystal violet. After a wash step, the
crystal violet dye is solubilised and measured by absorbance. The amount of crystal violet

staining is directly proportional to the cell biomass that is attached to the plate.

alamarBlue is another assay to quantitatively measure cell viability (192). Resazurin, the
active ingredient in alamarBlue, is a non-toxic, cell-permeable compound that is blue and
non-fluorescent. Upon entering cells, resazurin is reduced to resorufin which is red and
fluorescent. The oxidised alamarBlue is reduced in the cytosol by mitochondrial enzyme
activity. Changes in cell viability can therefore be detected by fluorescence after

incubating with alamarBlue.

To further explore their effects at cellular levels, the effects of nanobubbles on cell
migration were measured in musculoskeletal relevant cell types as cell migration is key to
the pathogenesis of inflammatory arthritis (193). Cell migration involves cellular
polarisation and reorganisation of actin filaments and microtubules. Cell membrane
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protrusion and dynamic substrate adhesion, followed by membrane retraction at the
lagging cell edge, results in cell migration. The IncuCyte scratch assay is established for
measuring cell migration into a wound region (194). It facilitates reproducible and
quantitative analysis of migration of adherent cell lines in the presence of experimental
agents. The spatial cell density in the wound area relative to the spatial cell density outside
of the wound is the relative wound density. This metric has the advantage of self-
normalising for changes in cell density which may occur outside the wound because of cell
proliferation and pharmacological effects. This is relevant as the incubation of cell cultures
with nanobubbles (which comprise of foodstuff ingredients including lecithin, glycerol,
glycyrrhizin, and citric acid) may induce diverse effects other than cell migration. In
addition to characterising the nanobubble effects at cellular levels, I also characterised the

nanobubble effects at molecular levels.

At a molecular level, the HIF-1a proteins were measured using Western blots to assess the
impacts of nanobubbles on downstream pathways of hypoxia. As HIF-1a protein degrades
rapidly, the transcriptional activity of HRE may be a more sensitive marker of hypoxia
changes by nanobubbles. Therefore, transcriptional activity of HRE was also measured.
Genetic reporter systems are widely used to study gene expression. Dual reporters improve
experimental accuracy by allowing simultaneous measurement of two individual reporter
enzymes within a single system. One reporter is correlated with the effect of specific
experimental condition, while the activity of the co-transfected control reporter allows
normalisation to control for differences in cell viability or transfection efficiency. The
Dual-Luciferase Reporter Assay System provides an efficient means of performing dual-
reporter assays (195). Using this system, the activities of firefly (Photinus pyralis) and

Renilla (Renilla reniformis or sea pansy) luciferases are measured sequentially from a
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single sample. In addition to investigating the transcriptional response to hypoxia, I also

evaluated translational response to hypoxia in vitro.

Hypoxia upregulates VEGF and transforming growth factor o (TGF-a) expression in a
physiological response to induce angiogenesis and reverse hypoxia (42, 196, 197). TGF-a
is a member of the epidermal growth factor family of cytokines that are synthesised as
transmembrane precursors with soluble forms released by proteolytic cleavage. TGF-a is
relevant to inflammatory arthritis as it induces fibroblast proliferation and angiogenesis
(197-199). I applied enzyme-linked immunosorbent assays to cell culture supernatants to
investigate whether hypoxia-induced VEGF and TGF-a protein expression were affected

by nanobubbles. The resolution of hypoxia also has important physiological consequences.

Hypoxia followed by normoxia causes ischaemia-reperfusion injury through generation of
free radicals. Indeed, oxidative damage by free radicals in synovial tissue has been shown
to be associated with the in vivo hypoxic status in the arthritic joint (131). Therefore,
therapeutics that abrogate the damage mediated by ischaemia-reperfusion injury may be
beneficial in inflammatory arthritis. The impact of nanobubbles on ROS production was
measured using CM-H,DCFDA (200, 201). This chloromethyl derivative of H,DCFDA is
widely used as an indicator for ROS in cells. CM-H,DCFDA passively diffuses into cells
where its acetate groups are cleaved by intracellular esterases and its thiol-reactive
chloromethyl group reacts with intracellular glutathione and other thiols. Subsequent
oxidation yields a fluorescent adduct that is trapped inside the cell, allowing CM-

H>DCFDA to act as a fluorescent dye-based sensor of free radicals.
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To perform these in vitro experiments, immortal human MG-63 osteosarcoma cells and
primary human umbilical vein endothelial cells (HUVECs) were selected for their ease for
cell culture investigations. MG-63 is an osteoblast cell line originating from the bone of a
14-year-old male Caucasian osteosarcoma patient (202). The immortal MG-63 cell line has
the advantage of being easy to culture and transfect, as well as having fibroblast properties
relevant to studying musculoskeletal tissues (202, 203). Another advantage of MG-63 cell
line is its amenability for transfection hence they are extensively used in transfection
studies to investigate gene expression and function. However, MG-63 cell line may not
recapitulate synovial tissue cells due to their osteoblast-like features and as a cancer cell

line may not represent normal cell physiology.

I also used HUVECs as a non-cancerous in vitro model to study oxygen nanobubbles.
HUVEC:s are isolated from the vein of normal umbilical cords and exhibit characteristics
of endothelial cells (204). HUVECs are a widely used source of primary endothelial cells
for studying angiogenesis and provide a convenient in vitro model for endothelium in
synovial tissues. Although HUVECs are the most well characterised type of endothelial
cells for research, HUVECs also may not reflect true endothelial states in the synovium
due to their origin from umbilical cord veins. The umbilical vein carries blood rich in
oxygen (pO; ranging from 22 to 53 mmHg) from the placenta to the foetus, in contrast to

the pO; in joints which may be as low as 0 mmHg (128, 205).

To induce hypoxia in these cell cultures, 0.1% O2 was used to induce maximal hypoxic
states. Although this extreme setting may usually be more hypoxic than that of the arthritic
joint, at least it would provide early signal as to the mechanism of actions of oxygen

nanobubbles. If gas related effects of oxygen nanobubbles were found, I would have

81



repeated the experiments at different O, settings to see whether such findings were

reproducible at more physiological levels of hypoxia.

2.1.3 Clinical study of nanobubbles effects on joint hypoxia

We had set up a double-blind, single-centre, randomised, controlled study to investigate
the physiological effects of nanobubbles in RA and PsA patients

(https://www.hra.nhs.uk/planning-and-improving-research/application-

summaries/research-summaries/do-nanobubbles-improve-joint-hypoxia/) (Figure 8).

Participants were to be randomized to drink 200 mL of either unsparged Avrox
nanobubbles (N = 10) or citrus flavoured Dioralyte drinks (N = 10) twice daily for 28
days. The randomized study was designed to balance interventional arms diagnosis (RA or
PsA) by stratification using a web-based commercially available registration system

(Sealed Envelope).

This was an exploratory hypothesis generating study of the biological effects of
nanobubbles (12. Appendix B: Clinical study to investigate whether nanobubbles improve
joint hypoxia). A sample size of 20 (10 in each arm) was selected pragmatically for this
pilot study based on clinical prevalence. The primary objective was to compare the effects
on joint hypoxia (synovial fluid pO;) of orally delivered nanobubbles versus Dioralyte in
patients with RA and PsA. The secondary objectives were to compare the effects of orally
delivered nanobubbles versus Dioralyte on hypoxic and inflammatory biomarkers. This
study would have provided an understanding of the biological effects of orally delivered

nanobubbles versus Dioralyte.
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Randomized
Interventional Study

Rheumatoid & psoriatic arthritis

Population patients

Baseline (Day 1) Collect blood, synovial

fluid/tissues
Intervention Nanobubble drinks Dioralyte drinks
Study End (Day 28) Collect Ploqd, synovial
fluid/tissues

Figure 8 Schematic outline of nanobubble clinical study

2.2 Materials and methods

2.2.1 Cell culture

The human MG-63 osteosarcoma cell line was purchased from European Collection of
Authenticated Cell Cultures. Cells were cultured in DMEM containing 10% foetal bovine
serum (FBS), 2 mM L-glutamine, 50 IU/mL penicillin and 50 pg/mL streptomycin
sulphate. MG63 cell cultures were tested for mycoplasma infection using MycoAlert™ per

manufacturer protocol (Lonza). HUVECs were certified mycoplasma free by supplier.

Pooled human umbilical vein endothelial cells (HUVECs) were obtained from Invitrogen
(Cat. No. C-015-5C). Cells were cultured in endothelial cell growth base media (R&D
Systems Cat No. 390598) containing endothelial cell growth supplement (R&D Systems

Cat No. 390599) and penicillin-streptomycin per manufacturer instructions.
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2.2.2 Hypoxic exposure

Hypoxic exposure of 0.1% O, was conducted with 5% CO», balance N> in a MiniGalaxy

incubator (RS Biotech).

2.2.3 Nanobubble production

300 mg lecithin (ThermoFisher, catalogue number J61675.30), 500 mg citric acid (Sigma-
Aldrich, catalogue number 251275), 50 mg glycyrrhizin (Sigma-Aldrich, catalogue
number 50531), 1.25 mL glycerol (1.26 g/cm?) (Sigma-Aldrich, catalogue number G2025)
were mixed in 100 mL purified water (milliQ) at 40 °C for 30-60 min using magnetic
stirring hot plate until mixture is fully dissolved. 10 mL of dissolved lecithin mixture was
then placed into a 50 mL vial where oxygen or nitrogen was sparged through a blunt
needle at the bottom (Figure 9), or left unsparged. The vial headspace is filled with either
oxygen or nitrogen or room air, and then sealed for immediate use. Oxygen nanobubbles
are just under 1 pm in diameter with a concentration of 3 x 107/mL (120). The oxygen
content of nanobubbles and the concentrations of nanobubbles were not measured directly

in this study as these were previously characterised (120).
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Figure 9 Photo of gas sparging through nanobubbles
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2.2.4 Cell metabolism and viability

Cell metabolism and viability were determined by using alamarBlue (Invitrogen).
AlamarBlue in an amount equal to 10% of the culture volume was added then cell cultures
were returned to incubator for 3 h. Fluorescence was measured with excitation wavelength
at 530-560 nm and emission wavelength at 590 nm using FLUOstar Omega. Cell viability
was also assessed by crystal violet (Sigma). Cells were washed with phosphate-buffered
saline (PBS) and fixed with 4% formalin for 10 min at room temperature. Then cells were
incubated with 1% crystal violet for 60 min at 37 °C. Cells were washed thoroughly to
remove excess dye. Crystal violet stain was extracted from cells by incubating with 0.2%
Triton X-100 overnight. Crystal violet absorbance at 550 nm was read using FLUOstar

Omega.

2.2.5 Cell migration assay

IncuCyte (S3 Live-Cell Analysis System) ZOOM® 96-Well Scratch Wound Cell
Migration Assay was performed using WoundMaker™ per manufacturer instructions
(Essen BioScience). The WoundMaker™ is a 96-pin mechanical device designed to create
homogeneous, 700-800 um wide wounds in cell monolayers on 96-well ImageLock™
microplates. Scratch wounds were made at TOh when cell monolayers were at 100%
confluence. Cells were incubated in either normoxia or 0.1% O». IncuCyte was used to
take images of cells at TOh and T6h post wounding. The first image from each well is used
to generate an initial scratch wound mask which defines the initial wound region. IncuCyte
was used to measure relative wound density which is a measure of the density of the

wound region relative to the density of the cell region, i.e. rapid increase in relative wound
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density demonstrates rapid closure of the wound due to rapid cell migration into the

wound.

2.2.6 Western blots

Cells were homogenized in HIF lysis buffer (6.2 M urea, 10% glycerol, 5 mM
dithiothreitol, 1% sodium dodecyl sulphate, protease inhibitors). Gels were evenly loaded
with cell lysates and compared against the Precision Plus Protein All Blue Standards
molecular weight marker (Bio-Rad). Primary antibodies were mouse monoclonal anti-HIF-
la IgG1 (BD Biosciences), mouse monoclonal anti-f-tubulin IgG1 (Sigma-Aldrich), rabbit
polyclonal anti-Glucose Transporter GLUT1 IgG (Abcam), rabbit monoclonal anti-
Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) IgG (Epitomics). Densitometric
quantification of Western blots was performed in ImageJ, normalizing experimental bands

to the corresponding B-tubulin control.

2.2.7 Reactive oxygen species assay

The protocol was optimised by determining the concentration of H>O; required to induce
ROS production. 96-well plates were seeded with HUVECs in 100 pL medium in each
well 24 h prior to TOh for target confluence 70-90% at TOh. Cells were cultured in
normoxia. ROS were detected using a fluorescent dye-based free radical sensor CM-
H2DCFDA (Invitrogen Cat No. C6827) per manufacturer protocol. Cells were washed
with PBS and incubated with CM-H2DCFDA in the dark for 45 min. Washed cells were
then incubated with 200 uM H>O> and intervention at 37 °C for 1 h. 200 uM was selected
as the concentration for H>O; as this dose has been shown previously to reliably induce

ROS production in MG63 cells (206). ROS was measured by fluorescence with excitation
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wavelength 495 nm and emission wavelength 529 nm using FLUOstar Omega. ROS

formation was also profiled by fluorescence microscopy using IncuCyte.

2.2.8 Luciferase assay

Phosphoglycerate kinase is a transcriptional target of HIF-1a, induced by binding of the
transcription factor to its HRE. As a measure of HIF-1a transcriptional activation, MG-63
cells were transfected with PGK HRE-firefly luciferase plasmids (gifted by Professor AL
Harris, University of Oxford, UK) and pHRG-TK Renilla luciferase control reporter vector
(Promega) using Lipofectamine® 2000 reagent (Invitrogen). Luminescence was assayed
after 4 and 24 h using the Dual-Luciferase® Reporter Assay System (Promega), with

firefly luciferase normalized to the Renilla transfection control.

2.2.9 ELISA

VEGF and TGF-a ELISA were performed using DuoSet kits per manufacturer’s protocols
(catalog number DY293B and DY239). The capture antibody was diluted to the working
concentration in PBS without carrier protein. A 96-well microplate was coated with 100
uL per well of the diluted capture antibody. The plate was sealed and incubated overnight
at room temperature. Each well was aspirated and washed with wash buffer, repeating the
process two times for a total of three washes. Each well was washed by filling with 400 uLL
wash buffer using a squirt bottle. After the last wash, the plate was inverted and blotted
against clean paper towels to remove any remaining wash buffer. Each plate was blocked
by adding 300 pL of reagent diluent to each well. The plate was incubated at room
temperature for a minimum of 1 h. The plate was washed again as previously described.

100 pL of sample or standard in reagent diluent was added to each well. The plate was
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covered with an adhesive strip and incubated for two h at room temperature. The plate was
washed as previously described. 100 uL of detection antibody, diluted in reagent diluent,
was added to each well. The plate was covered with a new adhesive strip and incubated for
two h at room temperature. The plate was washed as previously described. 100 uL of
working dilution of Streptavidin-HRP was added to each well. The plate was covered and
incubated for 20 min at room temperature away from direct light. The plate was washed as
previously described. 100 uL of substrate solution was added to each well and incubated
for 20 min at room temperature away from direct light. 50 pL of stop solution was added
to each well. The optical density of each well was determined immediately using a
microplate reader set to 450 nm. Wavelength correction was set to 540 nm to correct for

optical imperfections in the plate.

2.2.10 Statistical analysis

Experiments were performed with triplicates of complete experimental repeats unless
otherwise specified. Data were presented as mean =+ standard error of mean (SEM) unless
otherwise specified. Data were analysed using Prism (Graphpad Software). For analysis of
crystal violet, alamarBlue and HIF-1a assays, statistical analysis comprised grouped
analysis with ordinary two-way ANOVA and corrected for multiple comparisons using
Dunnett’s multiple comparisons test, with individual variances computed for each
comparison. For other experiments including relative wound density, HRE luciferase,
VEGEF and ROS assays, analyses involved one-way ANOVA corrected for multiple
comparisons using Dunnett’s multiple comparison as a post-hoc test. Results were

considered significant at P < 0.05.
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2.3 Results

2.3.1 Nanobubble effects on cell viability by crystal violet

Oxygen sparged, nitrogen sparged and unsparged nanobubbles at doses less than 50 pL
had no significant effects on MG63 cell viability in normoxia or 0.1% O hypoxia at T24-
72h. MG63 cell number was significantly reduced at 72 h after incubation with 50 pL
oxygen sparged, nitrogen sparged or unsparged nanobubbles in 0.1% O» or normoxia
(Figure 10) (N =3, P <0.05 in normoxia, P <0.001 in 0.1% O>). Subsequent experiments
therefore used 20 pL nanobubbles as the maximum in vitro dose. Oxygen sparged,
nitrogen sparged and unsparged nanobubbles were found to have pH of 3 which may relate

to their effects on cell viability.
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Figure 10 Nanobubble effects on MG63 cell viability in either normoxic or 0.1% O

hypoxic incubator at T24h, T48h and T72h as assessed by absorbance of crystal violet

after treatment at TOh with either oxygen sparged, nitrogen sparged, or unsparged

nanobubbles (N = 3).

Data plotted as mean = SEM. Grouped analysis with ordinary two-way ANOVA and

Dunnett’s multiple comparisons test, with individual variances computed for each

comparison, showed no significant differences between oxygen sparged nanobubbles,
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nitrogen sparged nanobubbles or unsparged nanobubbles (P > 0.05). Using zero dose as
control for comparison, absorbance of crystal violet was significantly reduced at the
highest dose of 50 uL at T72h timepoint across all treatment groups (* denotes P < (.05,

*** denotes P < 0.001).

2.3.2 Nanobubble effects on cell metabolism and viability by alamarBlue

MG63 cell metabolism in either normoxic or 0.1% O; hypoxic incubator at T24h, T48h
and T72h was assessed by fluorescence of alamarBlue, after treatment at TOh with up to 20
uL of either oxygen sparged, nitrogen sparged or unsparged nanobubbles (N = 3). There
was a trend towards reduced metabolism in MG63 cells after incubation in either normoxia
or 0.1% O, for 72 h with either oxygen sparged, nitrogen sparged, or unsparged
nanobubbles but this did not reach statistical significance (Figure 11) (N =3, P > 0.05).
Grouped analysis with ordinary two-way ANOV A and Dunnett’s multiple comparisons
test, with individual variances computed for each comparison, using zero dose as control

for comparison, showed no significant differences (P > 0.05).
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Figure 11 MG63 cell metabolism and viability in either normoxic or 0.1% O > hypoxic
incubator at T24h, T48h and T72h was assessed by fluorescence of alamarBlue, after
treatment at TOh with up to 20 uL of either oxygen sparged, nitrogen sparged or

unsparged nanobubbles (N = 3).

Data plotted as mean = SEM. Grouped analysis with ordinary two-way ANOVA and
Dunnett’s multiple comparisons test, with individual variances computed for each
comparison, using zero dose as control for comparison, showed no significant differences

across treatment groups and doses at all timepoints (P > 0.05).
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2.3.3 Nanobubble effects on cell migration

Using the scratch wound assay, there was no difference in the relative wound density of
MG63 cells after being cultured in hypoxia for 6 h and incubated with either PBS, oxygen

sparged, nitrogen sparged or unsparged nanobubbles (Figure 12).
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Figure 12 Relative wound density of MG63 cells 6 h after incubation in 0.1% O with

either PBS, oxygen sparged, nitrogen sparged or unsparged nanobubbles.

Ordinary one-way ANOVA with Dunnett’s multiple comparison test, using PBS treatment
group as control for comparison, showed no difference in relative wound density with

nanobubbles (N = 3, not statistically significant).

2.3.4 Nanobubble effects on HIF-1a protein, HRE transcription and VEGF

protein levels

Western blots were performed to assess expression of hypoxia-related proteins with -
tubulin as a loading control. HIF-1a protein levels increased after 2 h of incubation in

0.1% O2 (N = 1) (Figure 13). No difference in GADPH or GLUT-1 protein expression was
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seen after adding either oxygen sparged, nitrogen sparged or unsparged nanobubbles (data

not shown) (N = 1).

Time(h) 0 05 1 2 4 6 24
kDal HIF-1a 120 kDa

100
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% - 5
50 — - —— o —
B-tubulin 50 kDa
Figure 13 Western blot analysis of HIF-1a and [-tubulin (housekeeper) expression in

MG63 human osteosarcoma cells after incubation in hypoxia 0.1% O: for up to 24 h

HIF-1a and B-tubulin expression in MG63 cells were analysed using Western blot analysis
after incubation in hypoxia 0.1% O, for up to 24 h (Figure 14A). Cells were treated at TO
with 250 pL of PBS, oxygen sparged nanobubbles, nitrogen sparged nanobubbles, or
unsparged nanobubbles (N = 3). Using quantitative analysis on Western blots with
densitometry, grouped analysis with ordinary two-way ANOVA and Dunnett’s multiple
comparisons test, with individual variances computed for each comparison, using
unsparged PBS group as control for comparison, nanobubbles reduced HIF-1a to B-tubulin

ratio at 24 h only (Figure 14A) (P <0.05).
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Figure 14 (a) Western blot analysis of HIF-1a and f-tubulin in MG63 cells incubated in
0.1% O; and treated with either unsparged PBS, oxygen sparged nanobubbles, nitrogen
sparged nanobubbles or unsparged nanobubbles. Grouped analysis with ordinary two-way
ANOVA and Dunnett’s multiple comparisons test, with individual variances computed for
each comparison, using zero dose as control for comparison, showed significant increase
in HIF-1a:p-tubulin ratio in unsparged PBS group compared to either oxygen sparged
nanobubbles, nitrogen sparged nanobubbles or unsparged nanobubbles at T24h timepoint
(P < 0.05). (b) HRE-luciferase activity normalized to Renilla luciferase gene for MG63
cells incubated in either normoxia or 0.1% O and treated with either PBS, oxygen
sparged nanobubbles, nitrogen sparged nanobubbles or unsparged nanobubbles. One-way
ANOVA using Dunnett’s multiple comparison showed increased HRE-luciferase activity in
0.1% O: treated with PBS, compared to in 21% O; treated with PBS, or in 0.1% O>
treated with either oxygen sparged, nitrogen sparged, or unsparged nanobubbles (P <
0.01). (c) VEGF levels in culture medium of MG63 cells, after incubation in normoxia or
0.1% O: for 24 h and treated with either PBS, oxygen sparged nanobubbles, nitrogen
sparged nanobubbles or unsparged nanobubbles. One-way ANOVA using Dunnett’s
multiple comparison showed increased VEGF levels 0.1% O; treated with PBS, compared
to in 21% O; treated with PBS (P < 0.05). No difference in VEGF was seen with treatment
with either oxygen sparged, nitrogen sparged, or unsparged nanobubbles in 0.1% O: (P >

0.05).

ns denotes not statistically significant, * denotes P < (.05, ** denotes P < (.01

HRE-luciferase activity normalized to Renilla luciferase gene was measured for MG63
cells in normoxic or 0.1% O hypoxic incubator at T24h (N = 3). 48h prior to TOh, each

well in 96-well plate was seeded with MG63 cells in 200 pL. medium for target confluence
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0f 70-90% at TOh. 24 h prior to TOh, each well was transfected with HRE luciferase
plasmid and Renilla luciferase control reporter vector using Lipofectamine 2000 reagent.
At TOh, each well was treated with either 50 L PBS, or either 20 uL oxygen sparged,
nitrogen sparged or unsparged nanobubbles, made up to 50 pL. with PBS. Nanobubbles
significantly reduced HRE transcription in MG63 human osteosarcoma cells after
incubation in 0.1% O for 24 h (Figure 14B, data plotted as mean + SEM. ** denotes P <
0.01). This effect was irrespective of whether the nanobubbles were unsparged or sparged

with either oxygen or nitrogen.

Having shown that nanobubbles reduced HIF-1a proteins and HRE transcription, I
expected nanobubbles to inhibit HIF-1a mediated responses including VEGF and TGF-a
(207). VEGF levels were measured in culture medium of MG63 cells after incubation in
normoxia or 0.1% O, for 24 h (N = 3). Cells were untreated or treated at TO with 10% well
volume of PBS, or nanobubbles sparged with oxygen, nitrogen or unsparged. Using
ELISA, I found that 0.1% O, increased VEGF protein levels in culture medium of MG63
cells but that treatment of cells with nanobubbles had no significant effects, irrespective of
gas sparging (Figure 14C, data plotted as mean = SEM. Ordinary one way ANOVA with
multiple comparison test comparing means with mean of 0.1% O, + PBS as control. *
denotes P < 0.05. ns denotes not statistically significant). TGF-a was undetectable in

culture medium in both normoxic and hypoxic conditions (data not shown).

In my in vitro experiments, the physiological effects of nanobubbles were unrelated to gas
sparging. Instead, the biochemical constituents of nanobubbles may be mediating its
effects. The next logical question was which components were responsible for the effects

of nanobubbles on hypoxia related signalling? Through systematic elimination of
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individual ingredients from nanobubbles, I demonstrated that lecithin was a necessary
ingredient in nanobubbles for suppression of HRE transcription in hypoxia (N =3, P <

0.05) (Figure 15).

0.5
B Unsparged PBS

0.4 Bl Oxygen sparged citric acid, glycyrrhizin, glycerol
% 0.3~ Bl Oxygen sparged lecithin, glycyrrhizin, glycerol
&-’ B Oxygen sparged lecithin, citric acid, glycerol
'5.':4 0.2 Oxygen sparged lecithin, citric acid, glycyrrhizin, glycerol
T 014 - Em Oxygen sparged lecithin, citric acid, glycyrrhizin

0.0-

Figure 15 HRE-luciferase activity normalized to Renilla luciferase gene for MG63 cells in
0.1% O: hypoxic incubator at T24h treated with either unsparged PBS as control or

oxygen nanobubbles without individual ingredients (N = 3).

Data plotted as mean = SEM. Ordinary one-way ANOVA with Dunnett’s multiple

comparison test comparing means with mean of unsparged PBS as control. * denotes P <

0.05, ** denotes P < 0.005.

A downward trend in HRE transcription was seen with lecithin alone and unsparged
nanobubbles although this was not statistically significant (Figure 16) (N = 8). Although
lecithin was necessary, lecithin alone may not be sufficient for suppression of HRE

transcription.
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Figure 16 HRE-luciferase activity normalized to Renilla luciferase gene for MG63 cells in
0.1% O: hypoxic incubator at T24h treated with either unsparged PBS as control or

individual ingredients that comprise nanobubbles (N = 8).

At TOh, each well was treated with either 50 uL unsparged PBS, or 20 uL of either
unsparged nanobubbles, lecithin, citric acid, glycyrrhizin, or glycerol, made up to 50 uL
with PBS. Data normalized with PBS group as 1. Data plotted as mean £ SEM. Ordinary
one-way ANOVA with Dunnett’s multiple comparison test comparing means with mean of
unsparged PBS as control showed no statistically significant differences (ns denotes P >

0.05).

Confirmation of these findings were attempted with HUVECs. However, HUVECs being

primary cells proved challenging to transfect due to toxicity despite trying different
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transfection times, different lipid to DNA ratios, culturing in normoxia, or replacement of
culture medium after transfection (data not shown). Transfection involves insertion of
foreign nucleic acids into eukaryotic cells. Primary cells including HUVECs are
notoriously difficult to transfect because they degrade exogenous nucleic acids in the
cytoplasm and are susceptible to the toxic effects of transfection reagents (208). In
contrast, immortalised cell lines such as MG63 can easily be transfected as they are rapidly
dividing and resistant to cytotoxicity. Transfection efficiency below 40% has been
reported for primary cells including HUVECs regardless of the transfection reagents used,
confirming primary cells as being difficult to transfect (209). Transfection experiments

involving primary synovial fibroblasts were also not taken forward due to this issue.

Alternative transfection strategies to chemical methods include viral or physical methods.
Viral transduction is widely recognised as a highly effective method to transfect primary
cells (209). However, viral transduction risks immunogenic reactions and would require
stringent laboratory safety measures for use of viral vectors due to infection risks (208).
Physical methods of transduction include electroporation but such methods may damage

cells, and usually require cell suspensions in vitro as well as specialised equipment (210).

2.3.5 Nanobubble effects on hydrogen peroxide induced ROS production

Free radicals such as ROS may exacerbate inflammation in the arthritic joint and are
known to elevate HIF levels (17). Reduction of ROS levels by antioxidant may be
beneficial for inflammatory arthritis. Hydrogen peroxide (H20>) is a widely used inducer
of ROS, but it can be toxic at high doses. In a pilot experiment of HUVECs to optimise
ROS detection assay, 10* M H>O» was found to be optimal to produce a ROS signal that
was at least double the background reading, and ROS signal dropped for H,O, above 103
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M likely due to cytotoxicity (Figure 17, Figure 18) (N = 1). This was consistent with the
literature which showed that the optimal H>O, concentration for ROS induction is

approximately 400 uM for HUVECs and 200-400 pM for MG63 (206, 211).

A: Negative
control (PBS)

B: 10 M H202 C: 10°M H202

D;104MH202  <RE:10°M H202

F:102MH202 © . JG:A10"MH202

Figure 17 Photos from IncuCyte (10x objective) of ROS as measured by fluorescence after
HUVEC: cells (P5) were treated in normoxia for 1 h with (4) PBS as negative control, (B-

G) H:0: at 10 M, 10° M, 10 M, 103 M, 102 M, or 10" M (N = 1).
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Figure 18 ROS as measured by fluorescence after HUVECs cells (P5) were treated in
normoxia for 1 h with (4) PBS as negative control, (B-G) H>Oz at 10° M, 10° M, 10 M,

103 M, 10° M, or 10" M (N = 1)

Nanobubbles reduced H,O, induced ROS production (Figure 19) (N =3, P <0.0005). This

effect was irrespective of whether the nanobubbles were unsparged, or sparged with either

oxygen or nitrogen.

103



%k %k
| * %k

%k Xk

80007 ]
200 uM H,0, + 10

puL PBS

200 uM H,0, + 10 pL
Bl Oxygen sparged
4000 nanobubbles
200 uM H,0, + 10 pL
Nitrogen sparged
nanobubbles
200 uM H,0, + 10 pL
Bl Unsparged sparged

nanobubbles

6000

ROS (Fluorescence)
N
(=]
[=}
T

o
|

Figure 19 H>O; induced ROS production in MG63 cultured in normoxia after incubation
with either PBS, oxygen sparged nanobubbles, nitrogen sparged nanobubbles, or

unsparged nanobubbles.

Grouped analysis with ordinary one-way ANOVA corrected for multiple comparisons
using Dunnett’s multiple comparison, with PBS as control for comparison, showed
significant downregulation in H>O: induced ROS production with nanobubbles (N = 3, **

denotes P < 0.005).

I then tested whether individual ingredients of nanobubbles affected H>O; induced ROS
production (Figure 20). In the negative control, absence of green signal represents absence
of ROS (Figure 20a). Using H>O, as the positive control, there was marked green
fluorescence consistent with H>,O; induced ROS production (Figure 20b). H>O> induced

ROS production was abrogated by either unsparged nanobubbles or citric acid alone
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(Figure 20c, Figure 20d). H,O, induced ROS production was unaffected by either glycerol,

glycyrrhizin, or lecithin (Figure 20e, Figure 20f, Figure 20g).

Figure 20 ROS production in normoxic MG63 after incubation with either a) negative
control (PBS only), b) positive control (H>O: only), c¢) H>O> + unsparged nanobubbles, d)
H>0; + citric acid, e) H>O: + glycerol, f) H>O: + glycyrrhizin, or g) H>O> + lecithin (10x

objective).

Green signal represents fluorescence related to ROS presence.
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Citric acid alone reduced the H>O; induced ROS production to a similar degree as
unsparged nanobubbles (N = 3, P < 0.00005) (Figure 21). Therefore, the antioxidant effect
of nanobubbles may primarily be accounted for by citric acid alone, which is known to
scavenge ROS (212, 213). A limitation is that the strong ROS signal induced by H>O, may
have exceeded the detection limit which may limit the detection of an effect by weaker
antioxidants. For example, glycyrrhizin is a known antioxidant but only demonstrated a
statistically non-significant downward trend in ROS signal in both MG63 and HUVEC

cells (214).
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Figure 21 H>O; induced ROS production in a) HUVEC and b) MG63 cells cultured in

Negative control

H20,

H,O, + unsparged nanobubbles
H,O, + citric acid

H,O, + glycerol

H,O, + glycyrrhizic acid

H,O, + lecithin

Negative control

H20,

H,O, + unsparged nanobubbles
H,O, + citric acid

H>O, + glycerol

H,O, + glycyrrhizic acid

H,O, + lecithin

normoxia after incubation with either PBS, unsparged nanobubbles, citric acid, glycerol,

glycyrrhizin, or lecithin.
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Grouped analysis with ordinary one-way ANOVA was corrected for multiple comparisons
using Dunnett’s multiple comparison, with H>O: positive control group as control for

comparison (N = 3. ns denotes not statistically significant, **** denotes P < 0.0001).

2.4 Discussion

2.4.1 In vitro properties of oxygen nanobubbles

Owen et al. demonstrated that oxygen nanobubbles administered orally relieved hypoxic
markers in peripheral tissues in vivo (120). However, there were outstanding questions as
to their mechanisms of action, specifically whether nanobubble effects were mediated by
gaseous properties of oxygen carried by nanobubbles or biochemical effects of nanobubble
constituents (184). I therefore undertook an in vitro investigation using nanobubbles to

treat cells.

I found that the nanobubbles were not cytotoxic over most of the range of doses tested in
vitro (Figure 10, Figure 11). Of note, the cellular toxicity of nanobubbles was not altered
by sparging with either oxygen or nitrogen. The toxicity of high dose nanobubbles to cells
may be related to non-gaseous properties such as their pH of 3. My findings relating to
high dose nanobubble related cytotoxicity were consistent with published findings by my
supervisors who also found nanobubbles had dose related cytotoxicity in bone relevant

cells in vitro (190).

HIF-1a protein levels were reduced by nanobubbles in vitro which was consistent with the
in vivo study of nanobubbles (Figure 14A) (120). Furthermore, HIF-1a protein reduction

by nanobubbles in vitro was shown to be independent of oxygen sparging. This finding
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was also consistent with the in vivo study of oxygen nanobubbles which showed tissue
HIF-1a protein reduction without changes in tissue pO2 (120). As HIF-1a is the most well-
known HIF, I focused on HIF-1a in the preliminary experiments, and I would have sought

to confirm nanobubble effects on other HIFs if HIF-1a reduction was oxygen dependent.

Having demonstrated that nanobubbles reduced HIF-1a protein levels independently of
oxygen sparging, I then investigated whether nanobubbles had gas dependent effects on
HIF-1a downstream signalling through HRE transcription. HIF-1a activity as measured by
HRE-luciferase was also reduced by nanobubbles. Moreover, HRE-luciferase reduction by
nanobubbles in vitro was also independent of oxygen. This result was consistent with the
findings that nanobubbles reduced HIF-1a proteins independently of oxygen sparging in

vitro (Figure 14A) and in vivo (120).

After demonstrating that nanobubbles reduced HIF-1a expression at transcriptional and
translational levels, independently of oxygen sparging, I went on to investigate whether
nanobubbles affected VEGF expression through gas related mechanisms. I found
nanobubbles had no effects on VEGF protein levels after 24 h incubation in hypoxia
(Figure 14C). Although I could have investigated this further using different nanobubble
doses, cell lines, hypoxic levels, or follow-up timepoints, I opted not to pursue this further.
This was because there was sufficient evidence to show that nanobubbles did not mediate
effects through gas related mechanisms in vitro, which was consistent with previous

animal in vivo experiments (120).

For example, a limitation of this study is that only 0.1% O, was used to induce hypoxia.

0.1% O, is more hypoxic than would be expected in an arthritic joint whereas 1% O»
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would more accurately reflect the physiology in an arthritic joint. As the body of evidence
thus far from the in vitro experiments described in this thesis, as well as in vitro and in vivo
experiments by others were consistent in showing that oxygen nanobubbles would not be
expected to relieve hypoxia in peripheral tissues, it was unnecessary to repeat the

experiments at different O, levels (117, 120, 190).

In hindsight, the lack of change in peripheral oxygen levels in animal in vivo experiments
was further supported by a double-blind, randomised, placebo-controlled pilot study which
examined oxygen nanobubble beverage in elite cyclists (118, 184). The manufacturer
Avrox commissioned and funded this study which found “oxygen-nanobubble beverage”
improved exercise physiology and performance in cyclists, but this study was not without
controversy (118, 184). Some of the strengths of this study were that it was double-blinded
and placebo-controlled. Compared to placebo drinks, oxygen nanobubble drinks did not
increase capillary blood pO- or SpO» by pulse oximetry, which would be expected to
support the hypothesis that oxygen nanobubbles increase oxygen delivery. It may be that
no difference was seen in capillary blood pO2 due to its insensitivity and poor association
with arterial pO2 (118). Similarly, it may be that no difference was seen in oxygen
saturation by pulse oximetry in the treatment groups because haemoglobin saturation is

high and may not reflect total oxygen carrying capacity (118).

Moreover, there were also no differences between oxygen nanobubble drinks and placebo
drinks in blood lactate levels, pH, pCO2, HCOs3, and total CO; (118). King ef al. pointed
out that measurements of skeletal muscle oxygenation using near-infrared spectroscopy
would have helped clarify whether oxygen nanobubbles increased oxygen delivery to

peripheral tissues (118). Their study design would have been more transparent if the
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research team clarified how they selected which bottles to load with oxygen, given these
bottles contained the same beverage supplied by Avrox (118). In my opinion, their study
would have been more rigorous if the research team had randomised the bottles from
Avrox into oxygen-nanobubble beverage and placebo beverage, rather than using the
manufacturer’s assignments (118). Indeed, the study design was criticised and its findings

were attributed to placebo effects by Tiller et al. (184).

The surprising improvement in exercise physiology and performance in cyclists by
oxygenated nanobubbles provoked controversy. The study by King ez al. contradicted
previous studies which found no effects of oxygen-enriched beverages on exercise
performance or exercise Oz uptake (118, 184, 215-217). Tiller et al. commented that the
“oxygenated beverages allegedly improve performance via a mechanism which is
physiologically implausible” (184). To which the authors of the original study conceded,
“the surprising nature of the results reported in the paper” may be due to nanobubbles
being “of a novel design” (118). The dispute related to the amount of oxygen purported to

be delivered by nanobubbles (118, 184).

Given that the nanobubble drinks were estimated to contain approximately 15 mL of
oxygen, such a small amount of oxygen would be expected to yield only 0.073 — 0.075
calories (304-315 joules), which the authors recognised were unlikely to account for the
increase in exercise performance (118, 184). It was speculated that recirculation of
nanobubbles could potentially deliver more oxygen to peripheral tissues than initially
encapsulated in the consumed dose (117, 118). However, there is no evidence to support
the speculation that these nanobubbles act as circulating “oxygen carriers” that “absorb

oxygen during their passage through the lung capillary bed and subsequently release it in
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areas of hypoxia” (117). In the absence of evidence showing that nanobubbles mediate
effects through gas mediated mechanisms, the evidence thus far point to their effects as
mediated by established biochemical means. My in vitro investigations suggested that
nanobubbles may mediate effects through its biochemical constituents, rather than gaseous

mechanisms, providing an alternative rationale for findings reported in previous studies of

these nanobubbles (117, 118, 120, 184).

Recent in vitro characterisation of oxygen nanobubbles on bone related cells by my
supervisors also did not show definitive gas dependent effects of nanobubbles on HIF-1a
(190). Knowles et al. found that osteoclast formation was suppressed by oxygen
nanobubbles compared to nitrogen nanobubbles, and that osteoclastogenesis was promoted
by oxygen nanobubbles compared to nitrogen nanobubbles (190). However, without an
oxygen sparged nanobubble-free control for comparison, it was not clear whether these
gas-dependent effects are due to dissolved oxygen in liquid or gaseous oxygen
encapsulated in nanobubbles. For example, by omitting lecithin from the mixture, oxygen
sparged mixture of glycyrrhizin, citric acid and glycerol could have been used as a

comparator group without the lecithin surfactant-stabilised nanobubbles.

2.4.2 Potential mechanisms of action of oxygen nanobubbles

If HIF-1a protein and activity were reduced by nanobubbles independently of oxygen, then
could the biochemical properties of nanobubbles be driving this reduction? After all,
Knowles et al. also showed that individual biochemical constituent in nanobubbles may be
the predominant driver of nanobubble effects (190). In my in vitro characterisation,
individual ingredients were systematically eliminated from the nanobubbles to see whether
any single ingredient was responsible. Lecithin turned out to be necessary but insufficient

112



for the reduction of HIF-1a activity (Figure 15, Figure 16). The role of lecithin in HIF

pathway needs to be considered.

Lecithin is a generic colloquial term to describe the yellowish fatty substance in foodstuff
such as eggs, soy and sunflower. It is widely used in industry for emulsifying food
mixtures. Lecithin comprises of glycerophospholipids including phosphatidylcholine,
phosphatidylethanolamine, phosphatidylinositol, phosphatidylserine and phosphatidic acid.
To be consistent with the method by which Professor Stride’s group generated
nanobubbles, I used the same lecithin that their group used with a molecular formula of
C42H80NOSP (ThermoScientific, catalogue number J61675.30). In aqueous solutions, the
phospholipids in lecithin form nanoscopic liposomes and micelles, spherical structures

which resemble the shape of nanobubbles (218).

In fact, the biochemical composition of lecithin may account for the nanobubble effects on
hypoxic markers, even if not hypoxia itself. Lipid metabolism is well known to affect the
hypoxic pathway (219-221). For example, Shao et al. demonstrated that decreasing
extracellular lipid supply inhibited HIF prolyl hydroxylation, which was suppressed by
addition of fatty acids (219). In the absence of lipoproteins, depletion of fatty acid oleate
led to the generation of mitochondrial ROS that inhibited PHD enzymes resulting in HIF
stabilisation (219). Their model by which lipid metabolism modulates the hypoxic
pathway offers a useful insight into the potential mechanisms by which nanobubbles may
affect the hypoxic pathway without affecting hypoxia (219). As ROS may mediate
between the lipid metabolism pathway and hypoxic pathway, I went on to investigate

whether nanobubbles may also affect HIF signalling through ROS.
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Inflammatory arthritis is known to be related to ischaemia-reperfusion and free radicals.
Reversing hypoxia may lead to generation of free radicals which in turn may exacerbate
inflammation. Therapeutic agents that target hypoxia may therefore also benefit from
having antioxidant properties to prevent free radical induced damage. In my in vitro
experiments, nanobubbles inhibited H>O, induced ROS (Figure 20). This antioxidant
effect was unrelated to gas sparging and may have been accounted for by citric acid alone
which is a known antioxidant. Knowles et al. also showed that citric acid was the primary
mechanism mediating the nanobubble effects on cytotoxicity and osteoclastogenesis (190).
The antioxidant effects of citric acid in nanobubbles may therefore account for the
reduction in HIF-1a in vitro and in vivo (Figure 14, Figure 20) (120). As the model by
Shao et al. suggests, lipoproteins in nanobubbles and antioxidant effect of citric acid may

reduce ROS leading to activated PHD and HIF-1a degradation (219).
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Figure 22 Graphical abstract of potential mechanisms of action of oxygen nanobubbles

Oxygen nanobubbles are consumed orally. i) Oxygen nanobubbles may be absorbed intact
into the bloodstream. Oxygen nanobubbles may deliver oxygen to peripheral tissues where
it relieves hypoxia resulting in HIF-1a degradation. ii) Oxygen nanobubbles may be
broken down into its constituents in the gastrointestinal tracts. Lecithin may be
metabolised into cholesterol and fatty acids. Absorption of cholesterol, fatty acids and
citric acid may inhibit mitochondrial ROS production, leading to PHD inactivation and
HIF-1a degradation. Adapted in accordance with the Creative Commons Attribution Non-

Commercial (CC BY-NC 4.0) license (https.//creativecommons.org/licenses/by-nc/4.0/)

from Servier Medical Art.

In summary, my experimental work provides insight into the mechanisms by which
oxygen nanobubbles may affect HIF-1a (Figure 22). It was previously thought that oxygen
nanobubbles reduce HIF-1a through oxygen gas mediated mechanisms (Figure 221).
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However, there remains a degree of uncertainty as to whether nanobubbles carry oxygen in
gaseous form on a nanoscopic scale, whether oxygen nanobubbles are absorbed in its
intact form into the bloodstream through the gastrointestinal tract, whether nanobubbles
can replenish its oxygen content when passing through the respiratory system, and whether
oxygen nanobubbles can increase peripheral tissue pO» (Figure 22i) (117, 118, 120, 184,
190). Furthermore, nanobubbles have never been reported to be present in the blood
despite the assumption that nanobubbles are absorbed into the bloodstream after oral

ingestion.

The reason for the lack of pharmacokinetic study of nanobubbles is that the cells and
molecules present in bodily fluids such as blood would impair the detection of
nanobubbles. For example, Owen et al. demonstrated the nanoscopic size and shape of
nanobubbles in vitro using techniques such as single particle optical sizing system,
dynamic light scattering and electron microscopy (120). However, the cells and vesicles in
blood would confound these techniques because they resemble nanobubbles in size and
shape. For example, chylomicrons are approximately 200 — 600 nm in diameter and

exosomes are approximately 30 — 150 nm in diameter (222, 223).

In the absence of pharmacokinetic analysis because the concentration of nanobubbles in
bodily fluids or tissues cannot be measured directly, the assumption that orally delivered
oxygen nanobubbles relieve peripheral tissue hypoxia rests on pharmacodynamic studies.
However, given that in vitro and in vivo studies of oxygen nanobubbles suggest
nanobubbles affect HIF-1a through non oxygen gas mediated mechanisms without altering

pO2, the chemical constituents of nanobubbles may be wholly responsible for the effects of
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oxygen nanobubbles (Figure 14, Figure 15, Figure 19, Figure 20, Figure 21, Figure 22ii)

(117,118, 120, 184, 190).

My findings demonstrated that nanobubbles may alter hypoxic pathways through non-
gaseous mechanisms. On the basis that my in vifro findings suggested that nanobubbles
may mediate effects through biochemical effects rather than oxygen gas delivery, the
clinical study of whether joint hypoxia may be alleviated by nanobubbles was abandoned.
On a related note, a negative clinical study of oxygen nanobubbles by my supervisors in

patients with pulmonary fibrosis was recently reported (224).

Hypoxia may contribute to decreased exercise performance and shortness of breath in
patients with pulmonary fibrosis. In the abstract by Sheth et al., an in vivo, randomised,
cross-over, double-blind, placebo-controlled study was conducted to investigate whether
drinking oxygen nanobubbles would increase the exercise capacity of patients with
pulmonary fibrosis during a 6 Minute Walk Test (6MWT) (224). Each participant
performed two 6MWTs, each 6MWT was 10 minutes after drinking oxygen nanobubbles
or placebo, with a 2-hour washout period between the 6MWTs. 27 patients with
pulmonary fibrosis completed the study. Compared to placebo, drinking oxygen
nanobubbles significantly worsened the primary outcome. The 6 Minute Walk Distance
was the primary outcome and this was 9.3 m (0.8 — 17.8 m; p < 0.05) less in participants
drinking oxygen nanobubbles compared to drinking placebo (224). Drinking oxygen
nanobubbles also did not improve secondary outcomes including changes in oxygen
saturation, heart rate and breathlessness. The full publication of this clinical study is
eagerly awaited for critical analysis of how the oxygen nanobubbles were formulated,

whether the nanobubble gas levels were measured directly, how the dose of nanobubbles
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was standardised, and how oxygen nanobubbles may have contributed to deterioration in

clinical outcomes.

Even though nanobubbles may not mediate its effects through oxygen delivery as intended,
they may nonetheless have value as HIF modulators (118, 120, 190). The combination of
lipids, lecithin, antioxidants, pH regulator, was also used to generate nanoscopic liposomes
for targeted drug delivery and HIF modulation (225). For example, lipid liposomes were
investigated in a mouse model of liver cancer where HIF-1a expression was known to be
increased in liver cancer tissues. In turn, HIF-1a was directly linked to the resistance of
10-hydroxycamptothecin, a treatment for liver cancer (225). Berberine chloride was
known to reduce HIF-1a levels (225). Qi et al. found that intravenous administration of
lipid lipospheres loaded with berberine chloride and 10-hydroxycamptothecin reduced
tissue HIF-1a concentration and inhibited tumour growth in a mouse model of liver cancer
(225). These liposomes share strikingly similar biochemical composition, size and effects
on HIF-1a as Professor Stride’s oxygen nanobubbles. Unfortunately, they did not have a
comparator group to show whether administration of lipid microsphere without drug

loading affected tissue HIF-1a levels (225).

Although oxygen nanobubbles are unlikely to impact peripheral tissue oxygen levels, joint
hypoxia remains a potential therapeutic target as discussed in Chapter 1. Glucocorticoids
have been shown to have protective effects in hypoxic settings such as high-altitude
mountain sickness and perinatal hypoxia (226). A clinical study of how current therapies
such as intra-articular glucocorticoid injection affect hypoxia and hypoxic pathways in

joints is warranted.
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3. Chapter 3: Exploration of intra-articular methylprednisolone

effects on joint hypoxia in inflammatory arthritis

3.1 Introduction

3.1.1 Glucocorticoids

As discussed in Chapter 1, joint hypoxia may be involved in the pathogenesis of
inflammatory arthritis and was shown to be relieved in patients who responded to TNF1
(149, 227). The original plan was to undertake an interventional study to investigate
whether orally delivered nanobubbles can relieve joint hypoxia in patients with
inflammatory arthritis, as discussed in Chapter 2. In view of the in vitro data, the clinical

study of nanobubbles was no longer justified.

It is unknown as to how other therapies affect hypoxia and hypoxic pathway in arthritic
joints. Glucocorticoids have been widely used to treat inflammatory arthritis since the
Nobel Prize was awarded for the discovery of glucocorticoid effects in patients with RA in
1950 (228). The direction of the DPhil pivoted to investigate how an established treatment
in the form of intra-articular methylprednisolone injection joint hypoxia in patients with

inflammatory arthritis.

Glucocorticoids are important in regulating homeostasis, metabolism, inflammation, and
mediating response to stress (229). They are endogenously produced in the adrenal cortex.
Stress induces corticotropin-releasing hormone (CRH) release from the hypothalamus.
CRH in turn stimulates the release of adrenocorticotropic hormone (ACTH) from the
anterior pituitary gland. ACTH induces the synthesis and release of glucocorticoids such as

cortisol in the adrenal cortex. Cortisol is inactivated to inactive form cortisone by 11f-
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hydrosteroid dehydrogenase type 2 (11B-HSD2) expressed in tissues such as kidneys,
which is reversed by 11B-hydrosteroid dehydrogenase type 1 (11p-HSD1) expressed in
tissues such as adipose tissues. Negative feedback mediated by cortisol inhibits further
release of CRH and ACTH to prevent overproduction of and prolonged exposure to
glucocorticoids. Although glucocorticoids have many uses, they are associated with
diverse adverse effects such as hypertension, obesity, diabetes mellitus, infection,

osteoporosis and Cushing’s syndrome (229, 230).

Intra-articular glucocorticoid injection is a commonly used therapy for the treatment of
inflammatory arthritis (231, 232). Intra-articular glucocorticoid injection into the affected
joint has the advantage of treating inflammatory arthritis while limiting adverse effects of
systemic glucocorticoid therapy (233). Depot glucocorticoids formulated for joint
injections release glucocorticoid at a much slower rate for sustained effects (230). Intra-
articular glucocorticoids such as triamcinolone acetonide and methylprednisolone acetate
have similar efficacy in treating inflammatory arthritis (234, 235). To avoid confounding
in the choice of glucocorticoid injected, this study investigated the effects of intra-articular
methylprednisolone acetate. Although there are other methylprednisolone esters such as
methylprednisolone aceponate and methylprednisolone succinate, methylprednisolone

acetate is hereafter referred to simply as methylprednisolone.

Much is known about the effects of glucocorticoids but the exact molecular mechanisms of
action underlying their effects remain incompletely understood (230). More precise
targeting of anti-inflammatory pathways mediated by glucocorticoids would deliver the
beneficial effects of glucocorticoids without associated adverse effects. The binding of

glucocorticoid such as methylprednisolone with intracellular glucocorticoid receptors
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induces a conformational change and ligand-receptor dimerisation which mediate many

physiological effects (Figure 23) (236).

bl
4 — ' Ty N

1. Direct binding to GREs 2. Protein-protein interactions 3. Composite GRE binding

Figure 23 Genomic, non-genomic, and mitochondrial glucocorticoid signalling pathways

Reprinted in accordance with the Creative Commons Attribution Non-Commercial (CC
BY-NC 4.0) license (https://creativecommons.org/licenses/by-nc/4.0/) from Meduri et al.

(237)

In the cytoplasm, glucocorticoid receptors are bound to co-chaperones such as heat-shock
proteins (HSP) and immunophilins FK506 binding proteins (237). Binding of
glucocorticoid to glucocorticoid receptors displaces the chaperone and the activated

receptor translocates into the nucleus where it interacts with glucocorticoid response
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elements (GRE) leading to transactivation. Activated glucocorticoid receptors also interact
with transcription factors such as NF-kB and activator protein 1 (AP-1) (237).
Transrepression of NF-kB and AP-1 signalling are important mechanisms of the anti-
inflammatory effects of glucocorticoids. Translocation of activated glucocorticoid
receptors into the mitochondria also results in interaction with mitochondrial DNA
glucocorticoid responsive elements (237). These genomic signalling pathways mediated by
glucocorticoids have slow onset and slow dissipation (238). Conversely, non-genomic
signalling pathways mediated by glucocorticoids have a fast onset (238). For example,
activated glucocorticoid receptors activate mitogen-activate protein kinase (MAPK) and
phosphoinositide 3-kinases (PI3Ks) (Figure 23) (237). Non-genomic effects on
metabolism such as increased itaconate levels are important mediators of glucocorticoids
effects on resolution of inflammation (239). Activated glucocorticoid receptors interact
with the pyruvate dehydrogenase complex to potentiate tricarboxylic acid (TCA)-cycle

dependent production of anti-inflammatory metabolite itaconate (239).

3.1.2 Glucocorticoids in hypoxic settings

Previous studies suggest glucocorticoids such as methylprednisolone may protect from
hypoxia induced damage (226, 240). Inflammation is a metabolically active process that
consumes oxygen through aerobic respiration. The anti-inflammatory effects of
glucocorticoids may reduce oxygen consumption thereby relieving hypoxia.
Glucocorticoids may also be beneficial in hypoxic settings such as altitude sickness and

neonatal hypoxia through biochemical means independent of oxygen.

People are exposed to hypobaric hypoxia when they travel to regions of altitudes higher
than 2500 m (226). For non-acclimatised individuals, rapid high-altitude ascent may result
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in acute mountain sickness which is characterised by headache, nausea, loss of appetite,
fatigue and dizziness. This phenomenon is due to systemic hypoxia, vascular leakage and
increased levels of circulating pro-inflammatory cytokines (226). In the setting of high-
altitude related hypoxia, prophylactic treatment with glucocorticoids such as
dexamethasone and prednisolone reduced symptoms of acute mountain sickness,
suppressed inflammatory pathways, reduced vascular permeability and vasoconstriction,

and improved arterial oxygenation (226).

Glucocorticoids have also been shown to be beneficial in the setting of neonatal hypoxia.
For example, hypoxic-ischaemic damage in the brain has been shown to be improved with
glucocorticoids (240, 241). Indeed, glucocorticoid administration reduced cerebral
infarction in neonatal rat model of hypoxic-ischaemic induced brain damage (240-242).
The protective effect was thought to be mediated by glucocorticoid receptors, as opposed
to mineralocorticoid receptors, since this effect was inhibited by glucocorticoid receptor
antagonism (240, 243). Although joint hypoxia was associated with inflammatory arthritis,
whether hypoxic pathway in arthritic joints may be targeted with glucocorticoid is unclear
(16). Given that successful TNFi treatment has been shown to relieve joint hypoxia, |
sought to understand whether another common treatment, intra-articular glucocorticoid
injection, relieves hypoxia and hypoxic pathways in arthritic joints in patients with RA and

PsA.

3.1.3 Prospective Longitudinal Effects of Intra-articular Methylprednisolone

Injection on Synovial Fluid Oxygen

I undertook a prospective clinical study to investigate the effects of intra-articular

methylprednisolone injection on synovial fluid oxygen. To avoid confounding by other
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medications such as DMARDs, the dose of DMARD regimen must be stable for at least 4
weeks prior to baseline visit. Other than the intra-articular methylprednisolone injection,
none of the participants had changes in their medications such as DMARDs during the

study.

To measure therapeutic effect on pO: in the arthritic joint, the options included measuring
pO: in the synovial fluid or synovial tissue as discussed in Chapter 1. Measuring synovial
tissue pO> would be substantially more complex as it would require insertion of a port to
allow a rigid oxygen probe to reach the synovial tissue. As the synovial fluid pO2 would be
expected to reflect the synovial tissue pO; as it is a closed system, and measuring synovial
fluid pO; was substantially more convenient with less risk to the patient, synovial fluid
pO2 was the assay of choice for measuring joint hypoxia. I also undertook ultrasound

guided synovial tissue biopsies to interrogate biomarkers of hypoxia and inflammation.

To determine whether biomarkers were associated with clinical disease activity, composite
disease activity scores were collected. Disease Activity Score 28 (DAS28) and Disease
Activity Index for Psoriatic Arthritis (DAPSA) were used to assess disease activity in
patients with RA and PsA, respectively (244, 245). The DAS28 is a composite disease
activity score based on a count of 28 swollen and tender joints, a measure of general
health, and the acute phase response. The disease activity states in patients with RA may
be defined using the DAS28 score as being high (> 5.1), moderate (3.2 - 5.1), low (2.6 -
3.2) and in remission (< 2.6) (244). The DAS28 score at baseline along with the change in
DAS28 at follow-up can be used to define response to treatment (244, 246). For patients
with RA, DAS28 has been validated against radiographic progression and physical

function (244).
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DAS28 is not appropriate for assessing patients with PsA because it does not capture joints
commonly affected in PsA such as the DIP, ankle and foot joints (245). For patients with
PsA, the DAPSA is a disease specific tool validated for assessing disease activity states
and treatment response (245). The DAPSA integrates five key components: swollen joint
counts, tender joint counts, patient’s assessment of pain severity, patient’s assessment of
rheumatic disease activity, and CRP levels. It is endorsed by the EULAR
recommendations on treat-to-target management of PsA (247). These composite disease
activity scores provide clinical context for the evaluation of therapeutic effects on joint

hypoxia.

There was scant data available to guide as to the optimal follow-up timepoint for
assessment in my study. Biniecka et al. showed that successful TNFi treatment increased
synovial tissue pO: levels at 3 months (149). However, TNFi treatment is administered by
the patient repeatedly with peak effects expected at 3 months. Conversely, an intra-
articular methylprednisolone is injected once into the patient and its effects may have
waned after 3 months (248). Indeed, EULAR states a general accepted rule in clinical
practice is to wait at least 3 months before repeating an intra-articular glucocorticoid
injection, although this was not evidence based (231). A follow-up timepoint earlier than 3
months would therefore be needed to study the effects of intra-articular

methylprednisolone injection.

The concentration of methylprednisolone in synovial fluid following an intra-articular
injection was previously studied in thoroughbred racehorses, which provided insight when
determining the follow-up timepoint in this clinical study (249, 250). After an intra-

articular methylprednisolone acetate injection in horses, the half-life of
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methylprednisolone in synovial fluid was approximately 4 days (249, 250).
Methylprednisolone was detected in synovial fluid in the majority of horses up to 42 days

after an intra-articular injection (249).

Although these repeated arthrocentesis in animal studies were helpful in demonstrating
pharmacokinetics of methylprednisolone in synovial fluid, recurrent joint aspirations
would have to be more limited in human clinical studies to ensure acceptability to patients
and with ethical concerns of repeated procedural risks. As the early effects of intra-
articular methylprednisolone within 2 weeks of injection have been studied previously, I
opted to study the effects at follow-up timepoint of 4 weeks where the late effects are less
well known and yet there is evidence for methylprednisolone to still be present in synovial
fluid (249). I characterised the change in synovial fluid cytokine profiles as biomarkers for

the therapeutic effects of intra-articular methylprednisolone injection (Table 4).
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Table 4 Summary of cytokines tested in synovial fluid

Cytokine | Source Targets Role Therapeutic implication References
IFN-y CD4+ T helper 1 Activates Janus kinase /signal Innate and adaptive immunity. | IFN-y levels in synovium (251-254)
(Th1) cells, natural | transducer and activator of Promote inflammation, cell correlate with arthritis
killer (NK) cells, transcription (JAK/STAT) proliferation and disease severity and therapy
CD8+ cytotoxic T | signalling pathway. Activates differentiation. evaluation. Glucocorticoids
cells, innate macrophages. Induces CD8+ downregulate IFN-y
lymphoid cells cytotoxic T cell differentiation and expression.
(ILC), dendritic activation. Induces IgG isotype
cells, macrophages, | switching in B cells.
B cells
IL-1B Monocytes, Activates osteoclasts. Drives Th17 | Contribute to joint IL-1RA (anakinra), anti-IL- | (255-257)
macrophages, differentiation. Promotes inflammation. 1B (canakinumab)
dendritic cells endothelial vasodilation.
IL-2 CD4+ T cells, Activates regulatory T (Treg) cells | Pleiotropic functions including | IL-2 under investigation as | (258, 259)
CD8+ T cells, NK | and inhibits differentiation of Th17 | promotion of inflammation and | a treatment for
cells, dendritic cells to maintain immune tolerance. | maintaining immune tolerance. | inflammatory arthritis
cells Activates T cells and NK cells.
IL-4 Th2 cells, NK Activates STAT6 signalling. Induce | Suppresses production of pro- | Subcutaneous (260, 261)

cells, Th1 cells,
CD8+ T cells,
ILCs, B cells, mast
cells, macrophages,
basophils,
eosinophils

macrophage polarisation into the
anti-inflammatory M2 phenotype.
Switching immunoglobulin class of
IgE and IgG4. Stimulate B cells
proliferation. Activates eosinophils,
basophils, mast cells, endothelial
cells. Promotes Th2 differentiation.

inflammatory cytokines (IL-1p,
IL-6, IL-8, TNF), VEGF and
metalloproteinases. Role in
allergic inflammation and
parasite infection.

administration of IL-4
reduced inflammatory
cytokines in patients with
skin psoriasis.

Induction of IL-4/IL-13
signalling pathway may be
beneficial in treating
inflammatory arthritis.
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Cytokine | Source Targets Role Therapeutic implication References
IL-6 Monocytes, Induce synovial fibroblast Drives inflammation, Anti-IL-6R (tocilizumab, (262, 263)
macrophages, activation and proliferation. atherosclerosis, impaired lipid | sarilumab), anti-IL-6
synovial fibroblasts | Induced osteoclast differentiation. metabolism, and anaemia. (sirukumab)
Induce Th17 differentiation and
proliferation. Induce B cell survival
and antibody production. Induce
hepatocyte production of acute
phase reactants.
IL-8 Macrophages, Promotes chemotaxis of neutrophils | Drives leukocyte chemotaxis. Synovial tissue 1L-8 (264)
endothelial cells, and leukocytes. Activates Activate immune and stromal | expression in higher in
osteoclasts osteoclasts. cells to promote inflammation. | involved joints compared to
uninvolved joints in patients
with RA. However, an anti-
IL-8/CXCLS agent was
tested in RA but the trial
results were not published
and the compound was not
developed further.
IL-10 Monocytes, Th2 Inhibits inflammatory cytokines, Pleiotropic effects in Recombinant IL-10 failed to | (265-268)
cells, mast cells, downregulates antigen-presenting immunoregulation and improve disease in RA, skin
Tregs cell function, inhibits NF-xB inflammation psoriasis or Crohn’s disease.
activity, suppresses T cells and
macrophages.
IL-12p70 | Macrophages, Induce Th1 and Th17 cell Promotes Th1l and Th17 Anti-p40 (common subunit

dendritic cells

differentiation. Stimulates Th1 cells
to produce IFNy and GM-CSF
(granulocyte-macrophage colony-
stimulating factor)

phenotype

of IL-12/23; ustekinumab)
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Cytokine | Source Targets Role Therapeutic implication References
IL-13 Th2 cells, NK Binds receptor which comprises the | Suppresses production of pro- | Induction of IL-4/IL-13 (260)
cells, Thl cells, IL-4R chain and IL-13RA1 chain. | inflammatory cytokines (IL-1P, | signalling pathway may be
CD8+ T cells, Activates STATG6 signalling. Induce | IL-6, IL-8, TNF), VEGF and beneficial in treating
ILCs, B cells, mast | macrophage polarisation into the metalloproteinases. Role in inflammatory arthritis.
cells, macrophages, | anti-inflammatory M2 phenotype. allergic inflammation and
basophils, Switching immunoglobulin class of | parasite infection.
eosinophils IgE and IgG4. Stimulate B cells
proliferation. Activates eosinophils,
basophils, mast cells, endothelial
cells.
TNF Monocytes, Induce synovial fibroblast pro- Drives inflammation and bone | Anti-TNF (infliximab, (7)
macrophages inflammatory cytokine production. | erosion adalimumab, golimumab,

Induce osteoclasts differentiation
and activation. Induce
neovascularisation. Inhibit Tregs.

certolizumab), anti-TNFR
(etanercept)
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3.2 Materials and methods

3.2.1 Clinical study design

This was a prospective, longitudinal, single arm, pilot study to investigate the
physiological effects of intra-articular corticosteroid injection on markers of joint hypoxia
and inflammation in patients with RA and PsA who were due to receive intra-articular
corticosteroid injection as part of their routine care. I was the Chief Investigator and
Principal Investigator. I designed and wrote the study protocol in collaboration with co-
investigators Professor Duncan Richards, Professor Laura Coates, Professor Philippa

Hulley, and Dr Helen Knowles.

University of Oxford was the study sponsor and the Climax Donation at University of
Oxford funded this study. This study was registered on clinicaltrials.gov

(https://clinicaltrials.gov/ct2/show/NCT04804449). The main research question was to

investigate the effects of intra-articular methylprednisolone injection on joint oxygen
tension in patients with RA and PsA. The primary outcome measure was change in
synovial fluid pO; at Day 28 (study end) compared to Day 1 (baseline). The other aim of
the study was to understand the biological effects of intra-articular methylprednisolone

injection by identifying the biomarkers related to the intervention and disease activity.

The study aimed to recruit 10 patients to study completion. Participants were recruited
from Nuffield Orthopaedic Centre, Oxford University Hospitals NHS Foundation Trust
(OUH). Biological samples (blood, synovial fluid, synovial tissues) and questionnaire
information were collected at Day 1 and Day 28 to investigate the biological effects of

intra-articular corticosteroid injection (Figure 24). To allow for scheduling of
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investigations the day 28 assessments may take place between 26 and 30 days. Study visits

were conducted in compliance with Oxford University and OUH guidance for prevention

of transmission of COVIDI19 at the time of the visit.

Population

Baseline (Day 1)

Study End (Day 28)

Figure 24 Clinical study flow chart

3.2.2 Patient recruitment

Rheumatoid & psoriatic arthritis
patients

Collect blood, synovial fluid/tissues,
intra-articular corticosteroid
injection

Collect blood, synovial fluid/tissues

Adult patients with RA or PsA who require intra-articular corticosteroid injection at

Nuffield Orthopaedic Centre were invited for eligibility screening. I assessed patients’

eligibility by review of their medical notes. Potentially eligible subjects were provided

with an invitation letter and Participant Information Sheet prior to attending clinic. The

inclusion and exclusion criteria are shown in Table 5.
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Table 5 Eligibility criteria for intra-articular corticosteroid injection study

Inclusion criteria

Participant is willing and able to give informed consent for participation in the study.
Male or Female, aged 18 years or above.

Fulfil ACR/EULAR 2010 Rheumatoid Arthritis Classification Criteria or fulfil
Classification Criteria for Psoriatic Arthritis 2006 (CASPAR).

Participant has been selected for intra-articular corticosteroid injection as part of their
routine clinical care.

Selected joint for biopsy must be minimum Grade 2 synovial thickening for large joint
(knee)

Exclusion criteria

Current enrolment in any other clinical study involving an investigational study
treatment.

Intramuscular, intravenous or intra-articular administration of corticosteroid within 4
weeks prior to baseline visit.

Oral corticosteroid > 10 mg/day prednisolone or equivalent within 4 weeks prior to
baseline visit.

Oral corticosteroid dose not stable for at least 4 weeks prior to baseline visit.

Oral non-steroidal anti-inflammatory drugs (including aspirin > 75 mg/ day and
selective-cyclooxygenase inhibitors) dose not stable for at least 4 weeks prior to baseline
visit.

Disease modifying anti-rheumatic drugs (DMARDs) dose not stable for at least 4 weeks
prior to baseline visit.

History of septic arthritis.

Participants on warfarin, heparin, low molecular weight heparin, direct oral
anticoagulants. Oral anti-platelet agents are permitted.

History of haemophilia.

3.2.3 Informed consent

The participant signed the approved version of the Informed Consent form before any
study specific procedures were performed. Written and verbal versions of the Participant
Information and Informed Consent were presented to the participants detailing no less
than: the exact nature of the study; what it involved for the participant; the implications
and constraints of the protocol; the known side effects and any risks involved in taking

part.
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It was clearly stated that the participant is free to withdraw from the study at any time for
any reason without prejudice to future care, without affecting their legal rights, and with

no obligation to give the reason for withdrawal.

The participant was allowed as much time as wished to consider the information, and the
opportunity to question the Investigator, their GP or other independent parties to decide
whether they would like to participate in the study. Written Informed Consent was
obtained by means of participant-dated signature and dated signature of the person who

presented and obtained the Informed Consent.

3.2.4 Screening and eligibility assessment

After informed consent was given, all screening assessments were completed within 42
days prior to baseline. Each participant must satisfy all the approved inclusion and

exclusion criteria of the protocol. Re-screening was permitted.

3.2.5 Study procedures

Participants received intra-articular methylprednisolone 80 mg injection into the knee as
part of their routine clinical care. The selection of treatment was not affected by study

participation.

Patient reported outcomes (PROs):
All PROs were collected before any laboratory assessments and other procedures or
consultations to avoid influencing the participant’s perception of their disease. The

following PROs were completed:
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Patient’s Assessment of Arthritis Pain. Participants assessed the severity of their arthritis
pain over the past week, using a 100 unit visual analogue scale (VAS), with anchors “0”
(no pain) and “100” (most severe pain).

Patient’s Global Assessment of Arthritis. Participants completed a global assessment of
disease activity using the patient global assessment (PtGA) item, a VAS with anchors “0”

(very well) to “100” (very poor).

Joint Assessment:
An evaluation of all 68 joints for tenderness and 66 joints for swelling was performed
(Figure 25). Joint swelling and joint tenderness were classified as either present or absent.

Replaced or fused joints were considered non-evaluable and were not included in joint

evaluations.
Swollen joints Tender joints
Swollen joints  Tender joints
Temp dibular joint (0-2) (0-2)
Stermoclavicular joints [ (1= S {1 -]
lar joints (0-2) (0-2)
Glenchumaral(s) 2 _ (02
Elbow(s) I (1 N (1 5]
Wrist{s) e (0-2)

I phal I joints (0-10) (0-10)
o —— 00 050
intephalangealjoints  ——— @ ©8)
Hip(s) NA 5]
Knee(s) S (- R (1]
Ankle(s) [ {1 R |1 1]
Tarsus/Midfootifeat) (0-2) (0-2)
Metatarsal phalangeal joints (0-10) (0-10)
Toe PIP(s) _ {0-10p {0-10)
Total joint counts (088 (0-68)

Figure 25 Joint assessment
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Blood samples:

Blood samples for research were collected from all participants at Day 1 and Day 28.

Rheumatoid Arthritis Disease Activity Score:

DAS28 assessment is a derived measurement with differential weighting given to each
component. The components of the DAS 28 arthritis assessment include:
Tender/Painful Joint Count (28).

Swollen Joint Count (28).

High sensitivity C-reactive protein (CRP)

Patient’s Global Assessment of arthritis

Psoriatic Arthritis Disease Activity Score:

DAPSA is a validated tool for psoriatic arthritis assessment. The components of DAPSA
include:

Tender/Painful Joint Count (68).

Swollen Joint Count (66).

High sensitivity CRP

Patient’s Assessment of Arthritis Pain

Patient’s Global Assessment of arthritis

Musculoskeletal Ultrasound:

Musculoskeletal ultrasound was necessary to assess whether there was sufficient synovial
fluid and tissue for sampling. Ultrasound is widely used in the routine assessment of
disease. Ultrasound of the knee joint took no more than 15 min to complete and assess

eligibility for biopsy.
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Ultrasound guided synovial tissue needle biopsy:

I attended Queen Mary University of London to train in ultrasound guided synovial tissue
needle biopsy. At Oxford University Hospitals NHS Foundation Trust, I performed
ultrasound guided synovial tissue needle biopsy under direct supervision of a competent
trainer from Queen Mary University of London. My tissue biopsy was confirmed to be
synovial tissue as quality control by an accredited NHS histopathology department at The
Royal London Hospital. I attended the EULAR course on ultrasound guided synovial
biopsy. Prior to this DPhil, I performed 15 ultrasound guided synovial tissue needle
biopsies at Oxford University Hospitals NHS Foundation Trust. An example of an

ultrasound guided knee synovial tissue needle biopsy I performed is shown in Figure 26.

Skin

Muscle

Joint capsule

Effusion

Synovial tissue

Biopsy needle

Extended side notch

Figure 26 Ultrasound image of knee synovial tissue needle biopsy in suprapatellar

transverse view
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Synovial fluid and 20 small synovial tissue samples were collected under ultrasound
guidance to investigate biological effects of the study interventions (13. Appendix C:
Ultrasound guided synovial tissue needle biopsy). This procedure was conducted under

local anaesthesia. Each biopsy procedure took approximately 1 h to complete.

3.2.6 Sample size determination

This was a hypothesis driven study of the physiological effects of intra-articular
methylprednisolone injection. The primary outcome of the effects on synovial fluid
oxygen level determined the sample size needed. The primary outcome was reported at
both time points and analysed using paired t-test and reported as mean difference between

baseline and Day 28, together with a 95% confidence interval.

The mean difference between baseline and Day 28 in the primary outcome was postulated
to be 20 mmHg based on a study which showed that successful TNFi treatment increased
synovial pO; levels from 11 mmHg at baseline to 31 mmHg at 3 months (149). The follow
up timepoint in my study is 28 days but it is unknown what is the effect of intra-articular
methylprednisolone injection on synovial fluid oxygen tension at 28 days so I postulated

this to be 20 based on the study by Biniecka et al. (149).

To estimate sample size, the standard difference between means was postulated to be 19.29
based on study which showed that standard deviation in synovial fluid oxygen
measurement is 19.29 from a sample of 85 patients with RA (Lund-Olesen et al. 1970).

Using sample size calculator http://www.biomath.info/power/prt.htm, for a paired t-test

with alpha value (probability of type I error) of 0.05, power value (1—3, where B is the risk
of a type II error) of 0.8, mean difference of 20, standard deviation of the mean difference
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as 19.29, the number of subjects needed was 10. These were replaced if participants were

lost to follow up.

3.2.7 Safety reporting

Intra-articular corticosteroid injection is an established practice in clinical care. Consistent
with good clinical practice, participants were monitored for any adverse effects that might
be due to study interventions or procedures. Safety reporting window started from time of

consent until the participant completed the study.

A serious adverse event (SAE) is any untoward medical occurrence that:
e Results in death
e Islife-threatening
e Requires inpatient hospitalisation or prolongation of existing hospitalisation
e Results in persistent or significant disability/incapacity

e Consists of a congenital anomaly or birth defect.

Other ‘important medical events’ may also be considered a serious adverse event when,
based upon appropriate medical judgement, the event may jeopardise the participant and

may require medical or surgical intervention to prevent one of the outcomes listed above.

A SAE occurring to a participant would be reported to the REC that gave a favourable
opinion of the study where in the opinion of the Chief Investigator the event was ‘related’
(resulted from administration of any of the research procedures) and ‘unexpected’ in
relation to those procedures. Reports of related and unexpected SAEs would be submitted

within 15 working days of the Chief Investigator becoming aware of the event.
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3.2.8 Early Discontinuation/Withdrawal of Participants

During the study, a participant may choose to withdraw early from the study at any time.
This may happen for several reasons, including but not limited to inability to comply with
study procedures or participant decision. Participants may also withdraw their consent,
meaning that they wish to withdraw from the study completely. Data and samples obtained
up until the point of withdrawal will be retained for use in the study analysis. No further

data or samples would be collected after withdrawal.

In addition, the Investigator may discontinue a participant from the study if the
Investigator considers it necessary for any reason including, but not limited to:

e Pregnancy

Ineligibility (either arising during the study or retrospectively having been
overlooked at screening)

e Significant protocol deviation

e Significant non-compliance with treatment regimen or study requirements

e C(linical decision

Participants that have withdrawn from study would be seen by the clinical rheumatology

care team without further research follow up. Withdrawn participants would be replaced.

3.2.9 Data management

Data Storage and Confidentiality
Source documents were where data were first recorded, and from which participants’ Case

Report Form (CRF) data were obtained. These included, but were not limited to, hospital
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records from which medical history and previous and concurrent medication may be
summarised into the CRF. Entries in CRF were considered as source data. On all study-
specific documents and database, other than the signed consent, the participants were

referred to by the study participant number, not by name.

The study complied with the General Data Protection Regulation and Data Protection Act
2018, which require data to be de-identified as soon as it is practical to do so. All
documents were stored securely in a locked cabinet and all study data were entered in
study database stored on password-firewall protected servers maintained by the University
of Oxford. Only the study staff and authorised personnel could access study documents

and database.

3.2.10 Risk assessment

A risk assessment and mitigation strategy for the research protocol was in place (not

shown).

3.2.11 Ethical and regulatory considerations

As the Principal Investigator and Chief Investigator, I conducted this study in accordance

with the principles of the Declaration of Helsinki and Good Clinical Practice.

Approvals
As the Principal Investigator and Chief Investigator, I obtained written approvals from the
Sponsor (IRAS project ID 288760), North of Scotland Research Ethics Committee (REC

reference 21/NS/0002), HRA, and the host institution OUH.
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3.2.12 Sample processing

Blood:

Blood RNA processing tubes were stored at -80 °C. Blood in EDTA tubes were spun at
room temperature at a speed of 1,500 g for 10 min in centrifuge. The upper supernatants
were removed with a sterile pipette and then centrifuged at 2,000 g for 15 min at 4 °C to
remove all remaining cells. The plasma supernatants were aliquoted in 1.5 mL cryovials

and stored at -80 °C.

Synovial fluid:

The volume of synovial fluid aspirated was recorded. 1 mL of synovial fluid was tested
using a i-STAT CG4+ cartridge (Abbott, code 03P85-51) at bedside immediately after
arthrocentesis. The i-STAT system measures pO», amperometrically. The oxygen sensor
was like a conventional Clark electrode. The hub of the syringe was directed into the
sample well of the i-STAT CG4 cartridge to slowly dispense synovial fluid into the sample
well until it reached the fill mark indicated on the cartridge. The snap closure of the
cartridge was folded over the sample well. The cartridge was processed using an i-STATI

analyser (Abbott, code 04P75-03) per manufacturer’s instructions.

Remaining synovial fluid was cooled in ice, spun at 4 °C at a speed of 2,000 g for 10 min
in centrifuge. Synovial fluid supernatants were aliquoted (200 puL) in 1.5 mL cryovials and

stored at -80 °C.

Synovial tissue:
Synovial tissues were snapfrozen in cryovials and embedded in OCT compound by snap

freezing.
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3.2.13 Meso Scale Discovery (MSD) analysis of proteins in synovial fluid

The MSD methodology uses a sandwich ELISA method to quantify the target protein via
light emitted upon electrochemical stimulation initiated at the electrode surface of the
MSD microplates. This generates raw signals that are converted to concentrations by the
operation application software called MSD Discovery Workbench. Synovial fluids were
tested using the MSD U-PLEX Biomarker Group 1 (Human) multiplex assay (Lot#

700U0202) per manufacturer’s instructions.

In brief for U-PLEX assays, U-PLEX linkers are joined to biotinylated capture reagents
and allowed to bind to spots on the U-PLEX plate. Synovial fluid is incubated in the plate
so synovial fluid proteins are bound to the capture reagents and detected using
electrochemiluminescent labelled antibodies (MSD GOLD SULFO-TAG). 200 pL of each
biotinylated antibody was added to 300 pL of the unique assigned Linker. Each U-PLEX
Linker-coupled antibody solution was mixed by vortexing and incubated at room
temperature for 30 min. 200 pL of Stop solution was added, mixed by vortexing, and
incubated at room temperature for 30 min. 600 uL of each U-PLEX Linker-coupled
antibody solution was combined into a single tube and mixed by vortexing to make the
multiplex coating solution. The U-PLEX 96-well plate was coated with 50 uL of the
multiplex coating solution. The plate was sealed with an adhesive plate seal and shaken for
1 h at room temperature. The U-PLEX 96-well plate was washed three times with at least

150 pL/well of 1x wash buffer.

25 uL of assay diluent was added to each well along with 25 pL of the prepared calibrator
standard or sample. The plate was sealed with an adhesive plate seal and incubated at room

temperature with shaking for 1 h. The plate was washed three times with at least 150
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pL/well of wash buffer. 50 pL of detection antibody solution was added to each well. The
plate was sealed with an adhesive plate seal and incubated at room temperature with
shaking for 1 h. The plate was washed three times with at least 150 uL/well of wash
buffer. 150 uL of MSD GOLD Read Buffer B was added to each well. The plate was
analysed on a MSD Discovery Sector Imager SQ 120 plate reader per manufacturer’s

instructions.

3.2.14 Blood bulk RNA sequencing

RNA was extracted from blood samples using Tempus™ Blood RNA Tube and Tempus™
Spin RNA Isolation Kit (ThermoFisher Scientific: catalogue number 4342792 and
4380204) following the manufacturer’s instructions. RNA concentration was measured
using a NanoDrop spectrophotometer and RNA quality assessed using High Sensitivity
RNA ScreenTapes (Agilent, Santa Clara, CA, United States) on an Agilent 4200
TapeStation. Libraries were created using a NEBNext Ultra II Directional RNA Library
Prep Kit for [llumina (New England Biolabs, Ipswich, MA, USA) and a NextSeq High
Output Kit (I1lumina, San Diego, CA, USA) as per the manufacturers’ instructions.
Libraries were quantified for RNA content with High Sensitivity DNA ScreenTapes
(Agilent). Libraries with unique identifiers were pooled and run on an Illumina NextSeq

500 using the 75 cycles NextSeq High Output kit (Illumina).

Raw FASTAQ files containing reads were generated by the Illumina software CASAVA
v1.8. The raw FASTQ files were kindly processed by Alina Kurjan using CGAT-flow

readqc and mapping workflows (https://github.com/cgat-developers/cgat-flow) (269). The

quality of the reads was kindly processed by Alina Kurjan using FASTQC. Raw reads
were kindly aligned by Alina Kurjan to the GRCh38 reference genome using HiSat2
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version 2.0.5. All downstream analyses and figures were generated by me unless otherwise
specified. Downstream analyses were performed using R version 4.4.1 (R Foundation,
Vienna, Austria) and RStudio (Boston, MA, United States). Differential expression
analysis was performed with the DESeq2 package (270). The design was set as the
treatment status of the participant, pre- or post-treatment with intra-articular
methylprednisolone injection, to measure the effect of treatment on blood bulk RNA
sequencing. The apeglm method to apply the shrinkage of logarithmic fold change (271).
The adjusted P value (padj) and significance of changes in gene expression were
determined using DESeq2 by applying the Benjamini-Hochberg correction of 5% false
discovery rate (FDR) (270, 272). PCA plots were generated using the package ggplot2,
heatmaps were generated using the package pheatmap, and EnhancedVolcano was used to

create volcano plots.

3.2.15 Statistical analysis

Statistical analysis for bulk RNA-seq were performed by me using R and RStudio. All
other statistical analyses were performed by me using GraphPad Prism version 10.2.3 for
Windows, GraphPad Software, Boston, Massachusetts, USA, www.graphpad.com. P
values were not corrected for multiple comparisons unless otherwise specified. Statistical
analysis with DESeq2 was corrected for multiple testing using the Benjamini and

Hochberg method by default (270, 272).
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3.3 Results

3.3.1 Clinical study details

The clinical study started on 01/10/2021 and closed on 24/02/2023. Study set-up and
patient recruitment were profoundly delayed due to COVID-19. 17 patients were screened
for study eligibility (Figure 27). 3 participants were lost to study follow up so these were
replaced so that 10 participants completed the study. Out of the participants who
completed follow-up, 4 have RA and 6 have PsA. The clinical characteristics of the

patients who completed the study were reported (Table 6).

17 patients screened

13 patients enrolled
-4 RA
-9 PsA

3 patients withdrew
-3 PsA

10 patients completed follow up
-4 RA

-6 PsA

Figure 27. Study recruitment
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Table 6 Clinical characteristics of study participants

Clinical data RA PsA

Sample size 4 6

Gender 3 men and 7 women

Age mean (range) 62.5 (48 - 74) 39 (28 - 49)

Disease duration in years (mean % SD) 13.7+13.7 8.7t5.6

Treatment history 1 participant not |2 participants on
on DMARD, 2 csDMARDs and
participants on bDMARD naive, 4
c¢sDMARDs and participants on

bDMARD naive, 1
participant on
TNFi

TNFi

CRP (mean + SD) Baseline [5.15+5.39 8.6 £ 8.40
Follow up (2.6 + 1.83 5.43 +4.57
SIC66 (mean + SD) Baseline [1.25%1.26 2+1.10
Follow up |0.75+ 1.5 1.67+£0.82
TJC68 (mean * SD) Baseline [1.5+0.58 2.33+2.07
Follow up [2.25 + 3.86 1.83+1.60
Composite disease activity scores (mean + SD) |Baseline (3.16 + 0.48 16.81+£4.80
Follow up |2.53 £ 1.14 11.33+4.79

DAS28 and DAPSA disease activity scores were measured for patients with RA and PsA

respectively at baseline and follow-up (Figure 28). After intra-articular

methylprednisolone injection, DAPSA was significantly reduced in patients with PsA (P <

0.05, mean of differences -5.48, 95% CI -10.15 to -0.82), but DAS28 was unchanged in

patients with RA (P > 0.05, mean of differences -0.63, 95% CI -2.77 to 1.52).
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Figure 28 Disease activity of patients with RA (DAS28) and PsA (DAPSA) at baseline and

follow-up after intra-articular glucocorticoid injection.

Baseline and follow-up values were compared using paired parametric t test. ns denotes P

> 0.05, * denotes P < 0.05.

There was no statistically significant difference in the volume of synovial fluid aspirated at
baseline and follow up in the RA group (P > 0.05, mean of differences -4.98, 95% CI -
25.58 to 15.63) or the PsA group (P > 0.05, mean of differences -27.67, 95% CI -78.87 to
23.53) (Figure 29). A limitation of this study is the small sample size which may have led
to underpowering to detect a difference in synovial fluid volume aspirated. Patients with

the synovial effusion greater than 50 mL at baseline were patients with PsA (Figure 29).
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Figure 29 Synovial fluid volume aspirated in patients with RA and PsA at baseline and

follow-up after intra-articular glucocorticoid injection

Baseline and follow-up values were compared using paired parametric t test. ns denotes P

> 0.05.

3.3.2 Effects of intra-articular methylprednisolone injection on hypoxia in

synovial fluid

Synovial fluid was aspirated and tested for pO2 and lactate using a blood gas analyser.
There was no difference in synovial fluid pO; after intra-articular methylprednisolone
injection in participants with RA and PsA (P > 0.05, mean of differences 0.33, 95% CI -
2.50 to 3.15) (Figure 30). Subgroup analysis showed no difference in synovial fluid pO»
before and 4 weeks after intra-articular glucocorticoid injection in either the RA subgroup
(P> 0.05, mean of differences 0.10, 95% CI -4.43 to 4.63) or PsA subgroup (P > 0.05,

mean of differences 0.46, 95% CI -4.84 to 5.76) (Figure 31).
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Figure 30 Synovial fluid pO: in patients with RA and PsA at baseline and follow-up after

intra-articular methylprednisolone injection

Baseline and follow-up values were compared using paired parametric t test. ns denotes P

> 0.05.
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Figure 31. Subgroup analysis of synovial fluid pO: in RA subgroup and PsA subgroup at

baseline and follow-up after intra-articular methylprednisolone injection

Baseline and follow-up values were compared using paired parametric t test. ns denotes P

> 0.05.

There was also no difference in synovial fluid lactate before and 4 weeks after intra-
articular glucocorticoid injection in patients with RA and PsA (P > 0.05, mean of
differences -0.07, 95% CI -0.69 to 0.55) (Figure 32). Subgroup analysis showed no
difference in synovial fluid lactate before and 4 weeks after intra-articular glucocorticoid
injection in either the RA (P > 0.05, mean of differences -0.56, 95% CI -2.19 to 1.07) or

PsA subgroups (P > 0.05, mean of differences 0.22, 95% CI -0.63 to 1.07) (Figure 33).
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Figure 32 Synovial fluid lactate in patients with RA and PsA at baseline and follow-up

after intra-articular glucocorticoid injection.

Baseline and follow-up values were compared using paired parametric t test. ns denotes P

> 0.05.
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Figure 33 Subgroup analysis of synovial fluid lactate in RA subgroup and PsA subgroup at
baseline and follow-up after intra-articular glucocorticoid injection
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Baseline and follow-up values were compared using paired parametric t test. ns denotes P

> 0.05.

3.3.3 Effects of intra-articular methylprednisolone injection on cytokines in

synovial fluid

After intra-articular methylprednisolone injection, synovial fluid IL-6 levels were

significantly reduced in patients with inflammatory arthritis (P < 0.05, mean of differences

-2277,95% CI -4369 to -185.6) (Figure 34).
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Figure 34 Paired pre- and post-treatment synovial fluid IL-6 levels

Baseline and follow-up values were compared using paired parametric t test. * denotes P

<0.05.

In subgroup analysis, synovial fluid IL-6 levels were significantly reduced after intra-

articular methylprednisolone injection in the PsA subgroup (P < 0.05, mean of differences
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-2142,95% CI -4184 to -100.6) but not in the RA subgroup (P > 0.05, mean of differences

-2502, 95% CI -12555 to 7551) (Figure 35).
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Figure 35 Subgroup analysis of paired pre- and post-treatment synovial fluid IL-6 levels.

Baseline and follow-up values were compared using paired parametric t test. ns denotes P

> (.05, * denotes P < 0.05.

After intra-articular methylprednisolone injection, synovial fluid TNF levels were

significantly reduced in patients with inflammatory arthritis (P < 0.01, mean of differences

-0.49, 95% CI -0.82 to -0.16) (Figure 36).
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Figure 36 Paired pre- and post-treatment synovial fluid TNF levels

Baseline and follow-up values were compared using paired parametric t test. ** denotes P

<0.01.

Subgroup analysis showed after intra-articular methylprednisolone injection, synovial fluid
TNF levels were significantly reduced in the PsA subgroup (P < 0.05, mean of differences
-0.58,95% CI -1.06 to -0.11) but not the RA subgroup (P > 0.05, mean of differences -

0.33,95% CI -1.39 to 0.74) (Figure 37).
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Figure 37 Subgroup analysis of paired pre- and post-treatment synovial fluid TNF levels

Baseline and follow-up values were compared using paired parametric t test. ns denotes P

> 0.05, * denotes P < 0.05.

There were no differences in synovial fluid levels of IL-12p70 (P > 0.05, mean of
differences -0.50, 95% CI -1.11 to 0.11), IL-1B (P > 0.05, mean of differences -0.57, 95%
CI-1.54 t0 0.40), IL-10 (P > 0.05, mean of differences -1.71, 95% CI -4.20 to 0.79), IL-8
(P> 0.05, mean of differences -36.06, 95% CI -144.5 to 72.44), or IFN-y (P > 0.05, mean
of differences -77.19, 95% CI -170.6 to 16.18) with intra-articular methylprednisolone
injection in patients with inflammatory arthritis (P > 0.05) (Figure 38). Subgroup analysis
of the RA group showed there were no differences in synovial fluid levels of IL-12p70 (P
> 0.05, mean of differences -0.52, 95% CI -2.40 to 1.35), IL-1B (P > 0.05, mean of
differences -0.57, 95% CI -1.54 to 0.40), IL-10 (P > 0.05, mean of differences -3.00, 95%
CI-15.56 t0 9.56), IL-8 (P > 0.05, mean of differences -110.1, 95% CI -538.0 to 317.8),
I[FN-y (P > 0.05, mean of differences -93.25, 95% CI -455.9 to 269.4) with intra-articular
methylprednisolone injection (Figure 39). Subgroup analysis of the PsA group showed
there were no differences in synovial fluid levels of IL-12p70 (P > 0.05, mean of

differences -0.49, 95% CI -1.50 to 0.52), IL-1B (P > 0.05, mean of differences -0.24, 95%
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CI-0.79 t0 0.31), IL-10 (P > 0.05, mean of differences -0.93, 95% CI -2.04 to 0.18), IL-8
(P > 0.05, mean of differences 8.36, 95% CI -103.1 to 119.8), IFN-y (P > 0.05, mean of
differences -67.55, 95% CI -196.9 to 61.85) with intra-articular methylprednisolone
injection (Figure 39). IL-2, IL-4, and IL-13 were undetectable in most synovial fluid

samples (data not shown).
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Figure 38 Paired pre- and post-treatment synovial fluid a) IL-12p70, b) IL-1p, c) IL-10, d)

IL-8, and e) IFN-y levels

Baseline and follow-up values were compared using paired parametric t test. ns denotes P

>0.05
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Figure 39 Subgroup analysis of paired pre- and post-treatment synovial fluid a) IL-12p70),

b) IL-1p, c) IL-10, d) IL-8, and e) IFN-y levels

Baseline and follow-up values were compared using paired parametric t test. ns denotes P

>0.05

3.3.4 Effects of intra-articular methylprednisolone injection on blood bulk RNA

sequencing

Where available, blood from each visit was analysed for bulk RNA sequencing. Blood
samples were categorised as either pre-treatment or post-treatment with intra-articular
methylprednisolone injection. To undertake principal component analysis, the object was
transformed using rlog function and the plotPCA function was applied with the default
setting of using the top 500 most variable genes for analysis (270). Principal component
analysis showed no overall effects of intra-articular methylprednisolone injection on blood

bulk RNA sequencing at 4 weeks follow up (Figure 40).
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Figure 40 Principal components analysis (PCA) of blood bulk RNA sequencing

A PCA is an unsupervised analysis to look for sources of variation from factors such as

treatment groups or donors.

Differential gene expression analysis analysed perturbation effect of intra-articular
methylprednisolone injection on blood bulk RNA sequencing, with the pre-treatment
sample as the control and the adjusted p value cutoff set to 0.05. The log fold change was
shrunk using the apeglm method (271). There were two differentially expressed genes in
the blood by bulk transcriptomic analysis at 4 weeks after intra-articular
methylprednisolone injection (log2foldchange > 1, adjusted P value < 0.05) (Figure 41).
Self-ligand receptor of the signalling lymphocytic activation molecule family 6 (SLAMF6)
was upregulated and solute carrier family 35 member B3 (SLC35B3) was downregulated
in bulk transcriptomic analysis of blood after intra-articular methylprednisolone injection

(log2foldchange > 1, adjusted P value < 0.05) (Figure 41).
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Figure 41 Volcano plot of differential gene expression in blood bulk RNA sequencing

Volcano plots are a type of scatterplot that shows statistical significance versus magnitude
of change, enabling quick visual identification of genes with large fold changes that are
also statistically significant. P values were corrected for multiple testing using the

Benjamini and Hochberg method in DESeq?2 by default (270, 272)

3.4 Discussion

3.4.1 Intra-articular methylprednisolone injection effects on disease activity

scores

After intra-articular methylprednisolone injection, DAPSA was statistically significantly
reduced in patients with PsA but the DAS28 reduction in patients with RA was not

statistically significant (Table 6, Figure 28). Given that intra-articular methylprednisolone
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injection is known to be efficacious at reducing joint swelling, joint tenderness and pain,
this treatment would be expected to reduce disease activity scores in both patients with RA
and PsA. In particular, Salem et al. showed that intra-articular methylprednisolone
injections have been shown to reduce DAS28 at 4 weeks follow up in patients with RA (n
= 25) (273). This surprising discrepancy between the efficacy of intra-articular
methylprednisolone in previous studies compared to this study for patients with RA may
be due to the limitation of small sample size of the RA group in this study (RA: n =4).
However, this study was not designed to assess efficacy of intra-articular
methylprednisolone injection. Instead, this study was designed to assess effects on

synovial fluid oxygen.

3.4.2 Intra-articular methylprednisolone injection did not change synovial fluid

oxygen

Biniecka et al. showed that successful TNFi treatment increased synovial tissue pO> levels
(149). By contrast, I observed no consistent difference in synovial fluid oxygen
concentration 4 weeks after intra-articular methylprednisolone injection. This negative
finding may be due to my study being underpowered. The sample size calculation in my
study was based on the change in synovial tissue pO; with successful TNFi treatment
whereas the intervention used in my study was an intra-articular methylprednisolone
injection. Given that there was no change in disease activity with treatment in the RA
group of my study, the sample size calculation based on the study by Biniecka et al. may
not be applicable to my study population. After all, patients who did not respond to TNFi

also exhibited no change in synovial tissue pO2 (149).
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The discrepancy between my results and that of Biniecka et al. may also be because of
differences in oxygen measurement methods (149). Biniecka et al. measured synovial
tissue pO; by inserting an oxygen probe in vivo whereas I measured the pO> of synovial
fluid ex vivo. Synovial tissue pO, may vary widely with synovial fluid pO, depending on
the position of the oxygen probe, such as its proximity to vasculature. Of note, my
synovial fluid pO; readings were at similar levels to that seen with their synovial tissue

pO2, albeit without change before and after treatment.

The lack of consistent change in synovial fluid pO» with intra-articular methylprednisolone
injection in my study conflicted with a previous study which showed increase in synovial
fluid pO, levels albeit unchanged synovial oxygen uptake in vivo after intra-articular
corticosteroid injection (142). In vivo oxygen consumption and lactate production were
based on the rate of fall of synovial fluid pO; and rise in lactate concentration in an intra-
articular saline pool after interruption of the circulation to the joint with an arterial
tourniquet (142). In a previous study, of 8 patients who underwent intra-articular
corticosteroid injection with follow-up at 7-10 days, there was increased synovial fluid
pO:, decreased lactate production, and reduced circulatory flow as assessed by '3*Xe
washout rate but no difference in synovial oxygen uptake (142). The difference in the
change in synovial fluid pO> after intra-articular glucocorticoid injection between these
studies may be due to the follow-up of 7-10 days in the study by Goetzl et al. and follow-
up of 4 weeks in my study (142). Due to the short half-life of methylprednisolone in
synovial fluid of approximately 4 days, the pharmacodynamic effect of intra-articular
methylprednisolone on synovial fluid pO; at 7-10 days may have resolved at 4 weeks

follow up (249, 250).
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Imaging at the level of the joint may provide better characterisation of synovial tissue
oxygenation than synovial fluid pO». Optoacoustic imaging, also known as photoacoustic
imaging, utilises the optoacoustic effect phenomenon to allow non-invasive evaluation of
tissue molecules in vivo (274). Ultrashort light pulses are absorbed by tissue molecules
resulting in transient rise in local temperature. The photo-absorbing molecules undergo
thermoelastic expansion which generate acoustic waves detectable by ultrasound.
Multispectral optoacoustic tomography (MSOT) incorporates ultrasound with
photoacoustic imaging. MSOT illuminates tissues at multiple wavelengths to quantify
chromophores such as deoxyhaemoglobin, oxyhaemoglobin, lipids and collagen. MSOT
has demonstrated impaired oxygen saturation in inflamed synovial structures in PsA,
compared with healthy individuals, by demonstrating higher signal intensities of
oxyhaemoglobin and deoxyhaemoglobin (275). MSOT has also shown that enthesitis was
associated with increased total haemoglobin levels, oxygen saturation and collagen
content, reflecting increased vascularisation, whereas synovitis was associated with
increased haemoglobin levels but reduced oxygen saturation and collagen content (276).
Future clinical studies of synovial tissue hypoxia using MSOT may allow more accurate
characterisation of response to therapies such as intra-articular methylprednisolone

injection or orally administered oxygen nanobubbles.

Another imaging modality that may be useful to characterise microcirculatory changes is
fluorescence optical imaging (274). This technique uses near-infrared light to measure
accumulation of a fluorescent dye administered intravenously. This dye accumulates in
inflamed tissues due to impaired microcirculation and angiogenic activity. However,
fluorescence optical imaging is limited to microcirculation imaging in the joints of hands

and wrists, and therefore unsuitable for studying knee synovitis as in this study (277).
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Doppler ultrasound can visualise blood flow but imaging of blood flow in small vessels is
limited due to low resolution and movement artefact. Contrast-enhanced ultrasonography
involves intravenous administration of microbubble contrast agents, lipid shells filled with
inert gas agents (278). This technique successfully enhanced vascularisation signal of
synovitis in RA (279). Future studies using contrast-enhanced ultrasonography may
provide insight into whether intra-articular methylprednisolone injections affect blood flow

and hypoxia in inflammatory arthritis.

Many factors can affect the synovial fluid pO; readings leading to discrepancy with
synovial tissue pOz. The i-STAT1 system is intended for use with blood but has also been
used for other bodily fluids. Exposure of synovial fluid to air would cause an increase in
pO2 when values are below 150 mmHg (approximate pO; of room air). However, the
exposure of synovial fluid to air was minimised by measuring the synovial fluid pO»
immediately after aspiration. This was facilitated by having the i-STAT1 system at bedside
at the time of ultrasound guided synovial tissue biopsy, instead of having to transport
samples to the Intensive Care Unit where blood gas analysers are conventionally located.
The presence of haemoglobin in synovial fluid samples may confound the synovial fluid
pO:> reading but haemarthrosis was not noted in any of the synovial fluid samples. pO»
results may be falsely elevated in cold samples but the synovial fluid samples were not
chilled before testing. pO- results may be falsely decreased if the cartridge was cold but
the cartridges were at room temperature when used. Although I found that intra-articular
methylprednisolone injection had no impact on synovial fluid pO,, a pharmacodynamic

effect was noted in synovial fluid inflammatory cytokines.
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3.4.3 Intra-articular methylprednisolone injection reduced synovial fluid levels

of IL-6 and TNF

Although my findings demonstrated no effects of intra-articular methylprednisolone
injection on synovial fluid pO; at 4 weeks follow up, there may nonetheless be therapeutic
effects on downstream hypoxic pathways. Hypoxia related mitochondrial dysfunction is
known to be a feature of inflammatory arthritis and methylprednisolone has been shown to
affect hypoxia induced mitochondrial dysfunction (141). For example, in isolated perfused
rat livers, methylprednisolone protected against mitochondrial membrane depolarisation
under hypoxic conditions (280). However, there is a knowledge gap relating to the impact
of methylprednisolone on downstream hypoxic pathways in synovial tissues. Before
studying the synovial tissues, I investigated the synovial fluid cytokine profiles to confirm

that the intra-articular methylprednisolone injection effects persist at four weeks follow-up.

The U-PLEX pro-inflammatory panel kit from MSD offers convenient analysis of
biomarkers associated with inflammatory response and immune system regulation. I1L-6
and TNF levels are known to be elevated in synovial fluids from patients with
inflammatory arthritis (281-290). Compared to OA, synovial fluid IL-6 and TNF levels
were increased in RA and PsA (281, 288-291). The expression levels of TNF and IL-6 in
synovial tissues were as high in PsA as in RA (292). Moreover, synovial fluid IL-6 and
TNF levels have been shown to correlate with disease activity in patients with RA and PsA
(286, 293-295). My findings showed synovial fluid IL-6 and TNF levels were significantly
reduced with intra-articular methylprednisolone injection (Figure 34, Figure 36). These
findings are consistent with previous studies where intra-articular glucocorticoid injections
reduced synovial protein expression of TNF as well as serum levels of IL-6 and TNF (296,

297). In a study of 31 patients treated with intra-articular glucocorticoid, af Klint et al.
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found reduced synovial protein expression of TNF, IL-1p, VEGF and ICAM-1 (296).
Further subgroup analysis showed that IL-6 and TNF levels were reduced in the PsA
subgroup but not the RA subgroup (Figure 35, Figure 37). This may reflect the limitation
of the very small sample size, as well as differences in joint inflammation in participants at

baseline between the two disease groups.

IL-12 is a heterodimeric cytokine encoded by genes IL12A (p35) and IL12B (p40). The
active heterodimer (p70) and homodimer of p40 are formed after protein synthesis. Some
studies showed direct correlation between RA disease activity and synovial fluid IL-12
levels, whereas others did not (298, 299). The effects of intra-articular glucocorticoid
injection on synovial fluid IL-12p70 levels have not been assessed previously. My results
showed no statistically significant difference in synovial fluid IL-12p70 with intra-articular
methylprednisolone injection in patients with RA and PsA (Figure 38, Figure 39). A
limitation is that the small sample size may not be sufficiently powered to detect
perturbation in synovial fluid IL-12p70 levels. Perhaps this finding was not too surprising
as IL124 and IL12B genes were previously shown in GCgx to be unaffected by
methylprednisolone in vitro (300). GCgx is a tool shared by the National Institute of
Arthritis and Musculoskeletal and Skin Diseases which allows easy review of how

methylprednisolone affects gene expression in different cell types in vitro (300).

The presence of neutrophils in the synovial joints of patients with inflammatory arthritis
was thought to be due to the chemotactic factors such as IL-8. Synovial fluid IL-8 was
previously found to be abundant in patients with inflammatory arthritis such as RA (301).
However, another study found only 32% (27/83) of synovial fluids from patients with RA

had detectable levels of IL-8 (302). My findings showed no statistically significant change
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in synovial fluid IL-8 with intra-articular methylprednisolone injection in patients with RA
or PsA (Figure 38, Figure 39). CXCLS8 which encodes IL-8 was known to be
downregulated in response to methylprednisolone (300). It may be that no difference in
synovial fluid IL-8 levels was seen due to the late follow-up timepoint (4 weeks) in the
clinical study, whereas the in vitro study looked at early glucocorticoid effects within 6 h
(300). The disparity may also be due to differences in glucocorticoid effects on IL-8 at
protein and RNA levels. In a rabbit model of post-traumatic osteoarthritis, intra-articular
glucocorticoid injection reduced synovial tissue IL-8 mRNA expression but not IL-8
protein levels (303). The small sample size in my study also limits evaluation of

therapeutic effects on synovial fluid IL-8.

My study showed IL-4 and IL-13 levels were mostly undetectable in synovial fluids which
contradicted with some previous studies showing elevation in patients with RA and PsA.
Synovial fluid IL-4 levels were previously found to be elevated in patients with RA and
seronegative spondyloarthropathy compared to OA (304). IL-13 was also found to be
present in synovial fluid from patients with RA and PsA (305-307). For example,

Isomaki et al. reported synovial fluid from patients with RA were found to have IL-4
levels of 240 + 98 pg/mL (mean + SEM) and IL-13 levels of 1,081 £ 257 pg/mL (mean +
SEM) (305). These levels far exceed the lower limit of detection in my U-PLEX assay of
0.08 pg/mL for IL-4 and 3.1 pg/mL provided by the manufacturer. It is worth noting that in
the study by Isomiki ef al., IL-4 was also undetectable in 10/28 (36%) of synovial fluids

from patients with RA (305).

On the other hand, Woods ef al. showed IL-13 was undetectable in synovial fluids from

69% of patients with RA, and 82% of patients with OA (308). Moreover, Woods et al.
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found that IL-13 protein was also undetectable by immunohistochemistry within joints
from patients with RA, OA and normal joints (308). The discrepancy in the synovial fluid
findings between my study and some previous studies may be due to underlying duration
of disease. Indeed, Raza et al. found that synovial fluid cytokine levels including IL-2, IL-
4, 1L-13,IL-17, IL-15, fibroblast growth factor and epidermal growth factor were elevated
within 3 months after symptoms onset, but these were no longer present in established RA
(285). The participants in my study have established disease with mean disease duration of
13.7 years in the RA group and 8.7 years in the PsA group (Table 6). Therefore, it may be
that some synovial fluid cytokines were lower in my study compared to previous studies

due to differences in disease duration of study participants.

3.4.4 Intra-articular methylprednisolone injection had no effects on hypoxia

related genes in blood bulk RNA sequencing

Examination of blood bulk RNA transcriptomics showed only SLC35B3 and SLAMF6
were differentially expressed genes at 4 weeks after intra-articular methylprednisolone
injection, neither of which are known to be related to hypoxia (Figure 41). This finding
was to be expected given that the systemic effects of intra-articular glucocorticoid
injection on blood bulk RNA profiles would likely have resolved after four weeks. After
all, methylprednisolone was undetectable in the blood one week after intra-articular
methylprednisolone injection (249). The only genes that were significantly different by
blood bulk transcriptomic analysis were upregulation in SLAMF6 and downregulation in

SLC35B3, four weeks after an intra-articular glucocorticoid injection (Figure 41).

SLAMF6 encodes a protein belonging to the CD2 subfamily of the immunoglobulin

superfamily. This protein is expressed on NK, T and B cells. SLAMF6 is involved in both
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innate and adaptive immune response. Its functions include NK cell activation, Th17 cell
differentiation and activation, maintaining B cell tolerance in germinal centres by
inhibiting adhesion between T cells and B cells (309, 310). SLAMF6 is known to be
glucocorticoid responsive. For example, Cao et al. showed that SLAMF6 was upregulated
in CD4+ T cells and downregulated in B cells by methylprednisolone in vitro (300). A
limitation of bulk transcriptomic analysis is that it is not known whether the upregulation
seen in SLAMF6 was due to increased transcription of SLAMF6 in cells or differences in
cell composition, i.e. more cells that expressed SLAMF6. This finding could have been
confirmed at protein level using flow cytometry of blood. Alternatively, single nucleus
transcriptomic analysis of synovial tissues (to be discussed later) would provide insight as
to whether SLAMF6 transcription in individual cell population was affected by intra-

articular methylprednisolone injection.

The other gene that was significantly affected at 4 weeks follow-up by intra-articular
methylprednisolone injection by bulk blood transcriptomic analysis was SLC35B3 (Figure
41). This gene is a member of the solute carrier family and encodes a protein involved in
the transport of 3’-phosphoadenosine-5’-phosphosulfate (PAPS) from the nucleus or the
cytosol to the Golgi lumen (311). PAPS is a cofactor for sulfation reactions (312).
SLC35B3 was not known to be glucocorticoid responsive (300). Single nucleus
transcriptomic analysis of synovial tissues would delineate if SLC35B3 was perturbed by

glucocorticoid in individual cell types.

In this chapter, I demonstrated that intra-articular methylprednisolone injection
downregulated synovial fluid levels of IL-6 and TNF but had no effects on synovial fluid

pO:2 at 4 weeks follow up. Nonetheless, investigation of the synovial tissue biopsies from
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this cohort may reveal hypoxia related and anti-inflammatory effects of glucocorticoids.
Systemic and intra-articular glucocorticoids are widely used for treatment of inflammatory
arthritis but their effects on synovial tissue using modern deep phenotyping methods are
incompletely described. In the next chapter, [ will investigate how intra-articular
glucocorticoid injection affects synovial tissues, from the same cohort, using snRNA-seq
to characterise perturbation in cellular proportion of tissues and differential gene

expression.

170



4. Chapter 4: Effects of intra-articular glucocorticoid injection on

synovial tissue snRNA-seq expression in inflammatory arthritis

4.1 Introduction

4.1.1 Synovial tissue biopsy to study disease processes and therapeutic effects in

inflammatory arthritis

Inflammatory arthritis such as RA and PsA have articular and extra-articular
manifestations. Blood is commonly analysed in the investigation of inflammatory arthritis,
but blood may not present an accurate picture of disease mechanisms predominant in
synovial tissues. An understanding of the molecular and cellular basis of disease in the
synovium would help provide insights as to the pathogenesis and therapeutic targets. The
articular manifestations may be studied through synovial tissue biopsies. Synovial tissues

may be sampled through arthroscopic or ultrasound guided synovial biopsies (313).

Synovium lines diarthrodial joints and is comprised of lining and sublining tissues (314).
Healthy synovial lining consists of macrophages and fibroblasts while the sublining
includes blood vessels, lymphatic vessels, adipocytes, lymphocytes and macrophages (314,
315). The microscopic anatomy of normal synovial tissue may be classified based on the
structure and content of the subintimal layer: fibrous, areolar and adipose (315). Adipose
synovium is found mainly in fat pads but is also seen within villi (315). The lining may lie
directly on adipocytes but is often separated by a band of collagen-rich substratum, while
the deeper tissue is fat (315). Ultrasound guided synovial biopsy is a minimally invasive
procedure that allows sequential biopsies before and after interventions to study the

longitudinal effects of treatments on tissue at the site of disease (313).
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4.1.2 Glucocorticoid effects on inflammatory arthritis synovium

Glucocorticoids are widely used for the treatment of arthritis. Intra-articular glucocorticoid
injections help with local joint inflammation, swelling and pain, whereas systemic
glucocorticoids are used for polyarticular flare of inflammatory arthritis. Despite
widespread use for many decades, the therapeutic mechanisms of glucocorticoids in
rheumatic diseases remain poorly understood (230). The nuclear receptor subfamily 3,
group C, member 1 (NR3C1) gene encodes two main transcriptional variants of the
glucocorticoid receptor, GRa and GRB. GRa contains all the domains required for
glucocorticoid receptor signalling and is thought to mediate most of the classical effects of
glucocorticoids (230). GRP can form GRa-GRp heterodimers or GRB-GRP homodimers

that may mediate glucocorticoid resistance through negative effects on GRa (316).

Additional diversity in glucocorticoid receptors arises from variation in isoforms such as
splice variants and isoforms with different translational start sites (317). Translational
variants from the GRa transcript include GRA, GRB, GRC, GRC1, GRC2, GRD1, GRD2
and GRD3 (318). GRA is the classical glucocorticoid receptor isoform that has been

extensively characterised and is most well-known compared to other isoforms.

Much is known about the effects of glucocorticoids but the effects of glucocorticoids on
synovium in patients with inflammatory arthritis have not been characterised at single cell
transcriptomic level. I undertook a systematic literature review on the glucocorticoid
effects on synovial tissues. Unlike the previous scoping literature review (Table 2), the
purpose here is to answer the specific question relating to glucocorticoid effects on
synovial tissue. A systematic literature review, rather than a scoping review, is therefore

performed to synthesise evidence from studies to provide a definitive answer relating to
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glucocorticoid effects on synovial tissues (121). Using Web of Science, I used search
terms: All Fields (methylprednis* OR dexamethasone* OR triamcinolone OR steroid* OR
predniso*) And All Fields (synovi*) And All Fields (biops*). Of the 134 results generated,
17 were deemed to be relevant as having synovial tissue data comparing before and after

glucocorticoid treatment (Table 7) (296, 319-334).

The studies were highly variable as to the glucocorticoid drug used, route of
administration, disease of interest, follow-up timeline, joint biopsied, and sample size
(Table 7). The physiological effects of glucocorticoid on synovium as classified by follow-
up timepoints and assay used were summarised in Table 8. Most studies looked at early
glucocorticoid effects with little described beyond 14 days after glucocorticoid treatment.
Intra-articular methylprednisolone injections may have sustained effects for up to 3 months
so there is a knowledge gap relating to late effects of intra-articular glucocorticoid in
synovial tissues (248). There were some discrepancies among the study findings. For
example, synovial tissue expression of tissue inhibitor of metalloproteinases (TIMP) was
noted to be reduced at RNA (334) and protein levels (329) after glucocorticoid treatment
in some studies, but not others (328). Such discrepancies may be due to differences in the
study design including patient populations, glucocorticoid choice, route of glucocorticoid

administration, follow-up timepoint, and TIMP assay readouts.
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Table 7 Systematic literature review of glucocorticoid effects on synovial tissues

Authors Year | Observational/Intervention Sample size Disease Joint Follow-up
biopsied

Makrygiannakis ez | 2012 | Intra-articular 40 mg triamcinolone 15 RA Unspecified | 2 weeks

al. (319) hexacetonide injection

van der Goes et al. | 2012 | Intra-articular glucocorticoid injection 14 Persistent Knee 12 weeks

(320) knee arthritis

Gheorghe et al. 2009 | Intra-articular 40 mg triamcinolone 11 RA Knee 10 days

(321) hexacetonide injection

Makrygiannakis ez | 2008 | Intra-articular triamcinolone injection 12 RA Knee 11 days

al. (322)

Vandooren et al. 2008 | Oral prednisolone 60 mg/day the first week | 10 SpA Knee 12 weeks

(323) and 40 mg/day the second week

Makrygiannakis et | 2006 | Intra-articular triamcinolone hexacetonide | 13 Inflammatory | Knee 2 weeks

al. (324) injection arthritis

af Klint et al. (296) | 2005 | Intra-articular triamcinolone hexacetonide | 31 Chronic Knee 9-15 days

injection arthritides

Korotkova et al. 2005 | TNFi or intra-articular glucocorticoid 18 TNFi, 16 intra- | RA Unspecified | 10 weeks after

(325) injection articular TNF inhibitor. 9-
glucocorticoid 12 days after intra-
injection articular injection

Gerlag et al. (326) | 2004 | Oral prednisolone or placebo Oral prednisolone | RA Knee, 14 days
(n=10) or placebo ankle, wrist
(n=11)

Wong et al. (327) | 2001 | Intravenous pulse methylprednisolone 7 RA Unspecified | 24 h

Young et al. (328) | 2001 | Intra-articular 120 mg methylprednisolone | Methylprednisolone | OA Knee 1 month

acetate or placebo (n=21). Placebo

(20).

Wong et al. (329) | 2000 | Intravenous pulse methylprednisolone 11 RA Knee 24 h
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Youssef et al. 1997 | Intravenous pulse methylprednisolone 10 RA Knee 24 h

(330)

Youssef et al. 1996 | Intravenous pulse methylprednisolone 10 RA Knee 24 h

(331)

Debois et al. (332) | 1993 | Intra-articular 20 mg triamcinolone 7 RA Knee 14 days
hexacetonide injection

Corkill et al. (333) | 1991 | Parenteral gold therapy alone or combined | 11 RA Unspecified | 2 and 12 weeks
with 120 mg intramuscular
methylprednisolone acetate

Firestein et al. 1991 | Intra-articular triamcinolone injection 3 RA Knee 1-2 weeks

(334)
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Table 8 Summary of physiological effects of glucocorticoid on synovial tissues

positive cells
(320)

Follow-up | Assay Synovial tissue glucocorticoid effects
(days) Cell Cytokine Other
1 Immunohistochemistry IMCP1, IMMP-1,
IMIP-1a | TIMP-1 (329).
(327). |IL-8, | |E-selectin,
JTNF (330) | [ICAM-1 (331)
7-14 Immunohistochemistry | [Macrophage | |TNF, |IL- | |Citrullinated
infiltration 1B (323). proteins and
(326) IVEGF peptidylarginine
(296) deiminases
(319).
lcadherin 11
(323).
|HMGB-1,
JIICAM-1
(296).
|mPGES-1,
1COX-2 (325)
Immunofluorescence {Tcells (322) | |]RANKL 1 5-
(324) lipoxygenase
(321)
in situ hybridization lcollagenase,
|TIMP, |HLA-
DR,
lcomplements
(334)
28 Immunohistochemistry | |Macrophage
infiltration
(328)
84 Immunohistochemistry | | Steroid
hormone
receptor

Ultrasound guided synovial tissue biopsy has been applied to investigate the effects of

therapeutics such as biologics, but not glucocorticoids, on synovial tissues at single cell

transcriptomic level (335-338). Longitudinal single cell transcriptomic studies of synovial

tissues are limited. A prospective longitudinal study was needed to study the effects of

glucocorticoid on synovial single cell transcriptomic profiles. Ideally, all synovial tissue
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biopsy samples from the POLO cohort would be taken forward for snRNA-seq analysis
but due to financial limitations, only 8 pairs of pre- and post-treatment synovial tissue
samples were able to be analysed. To allow for even sample size between RA and PsA
subgroups, 4 pairs of RA and 4 pairs of PsA synovial tissue biopsy samples were analysed
with snRNA-seq. As only 4 pairs of RA synovial tissue biopsy samples were available, all
of these were analysed. As there were 6 pairs of PsA synovial tissue biopsy samples were
available, 4 pairs were randomly selected for analysis to avoid selection bias. The patient
demographics and clinical data for the snRNA-seq study is therefore slightly different
from those presented in the previous chapter as 2 patients with PsA were omitted. This was
the first reported longitudinal snRNA-seq of inflammatory arthritis synovium to provide
insight into mechanisms of action of intra-articular methylprednisolone injection at single
cell transcriptomic level. This study also established the approach by which novel

therapeutics may be studied using synovial tissue snRNA-seq in future.

4.1.3 Inflammatory arthritis synovial tissue adipocytes transcriptomic analysis

at single cell level

Adipocytes are absent from previous single cell atlases because mature adipocytes are
buoyant and therefore lost in the tissue disaggregation process in traditional single cell
approaches (339). There is therefore a knowledge gap about synovial tissue adipocytes at
single cell transcriptomic level in inflammatory arthritis. The advantage of using single
nucleus transcriptomics in this study is that single nucleus sequencing can capture and
describe adipocytes (339, 340). Single nucleus transcriptomic atlas of adipocytes from
subcutaneous adipose tissues, visceral adipose tissues and infrapatellar fat pad have
previously been described, but not in inflammatory arthritis synovial tissues (339, 340).

Single nucleus transcriptomic analysis of adipocytes in inflammatory arthritis synovial
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tissues could shed light on their roles in pathogenesis and resolution of inflammatory
arthritis. Adipocytes used to be regarded as morphologically and functionally bland, but
are now recognized as dynamic, plastic, heterogeneous, and involved in diverse biological
processes (340). There is emerging evidence of roles of synovial tissue adipocytes in

inflammation and signalling beyond energy storage (341, 342).

4.1.4 Comparison of RA and PsA synovial tissues

Both RA and PsA are inflammatory arthritides, but they are distinct diagnoses with
different clinical manifestations. Differential diagnosis of inflammatory arthritis may be
diagnostically challenging due to similarities in clinical presentations. Radiologically, bone
erosions without new bone growth are characteristic of RA (2, 343). On the other hand,
juxta-articular bony proliferations, ankylosis, pencil-in-cup deformities and arthritis
mutilans are characteristic of PsA (343). In arthroscopic views of knee synovitis, straight
branching vessels are observed in RA, whereas tortuous bushy vessels are observed in PsA
(2, 344). The aetiology of tortuous vessels in synovial tissues that distinguish PsA from
RA has long eluded rheumatologists (345). This physiological difference was previously
thought to be due to differences in interleukins, but remains poorly understood (2).
Understanding the molecular endotypes underpinning the differences in synovial tissue

vasculature in RA and PsA may identify novel therapeutic targets.

Characterisation of synovial tissues from patients with RA and PsA at single cell
transcriptomic level has so far been limited (346). Exploratory cell-cell communication
analysis of RA and PsA synovial tissues may provide insight into the role of synovial
tissue immune-stromal cell crosstalk in inflammatory arthritis. Pre-treatment samples were
prioritised for this exploratory analysis of inter-disease differences to limit confounding by
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intra-articular methylprednisolone injection. Nonetheless, a caveat with this exploratory

analysis of RA versus PsA is that there may be other confounders such as differences in

age, gender, disease stage, disease severity, comorbidities and medications.

4.2 Materials and methods

4.2.1 Patient cohort and ethics

8 paired synovial tissue biopsies before and 4 weeks after 80 mg intra-articular

methylprednisolone injection from patients with RA (n =4) and PsA (n =4) from the

POLO observational study (REC 21/NS/0002) were used for snRNA-seq (Figure 42). No

statistical method was used to predetermine sample size.
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Day 0: Knee intra-articular

methylprednisolone

injection

Filtering (Mean

absolute

FASTQ files deviation;
Alignment manual filter
thresholds of

Count matrices nCounts,

(kallisto outputs) nFeatures and %
mitochondrial

reads)

Add clinical
metadata to
object
Convert Single
Cell Experiment
into Seurat

Day 0 & 28: Paired
synovial biopsies (n = 8;
4 RA and 4 PsA)

Data
normalisation
(LogNormalise}
ScaleData

Ambient RNA
removal [soupX,
decontX)
Doublets
removal
(scDblFinder)

Dimensionality
reduction
{runPCA)
Integration
{Harmony)

Nuclei extraction from
snapfrozen synovium

Single nucleus RNA sequencing

Chrorium Next GEM Chip G

—
- 8 0 0® a8 %
o .

% Fart Lion ng Oil

scProportionTest
Pseudobulk
DESeq2

Gene set
pathway analysis

FindClusters
FindAllMarkers

Manual cluster
annotation

Figure 42 Overview of (a) synovial tissue single nucleus transcriptomic sequencing

pipeline and (b) computational analysis strategy
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4.2.2 Sample preparation

All synovial tissue samples were collected into cold DMEM-F12 media supplemented
with 10% FBS and 1% Penicillin/Streptomycin in 1.5 mL Eppendorf tubes and kept on ice.
All samples were processed within 2 h of the procedure. Sample processing was performed
under sterile conditions. Samples to be used for single nucleus transcriptomic analysis
were gently washed with 1x PBS, snapfrozen in 1.5 mL cryogenic vials using liquid

nitrogen. Tissues were stored at -80 °C until use.

4.2.3 Nuclei isolation

Nuclei were isolated based on previously published protocol involving musculoskeletal
tissues (347). Briefly, forceps, scalpels and petri dishes were pre-cooled on dry ice.
Ultrasound guided synovial tissue biopsies were minced using scalpels to ensure fragments
were < 1 mm in diameter. Tissue fragments were stored in a pre-cooled 50 mL Falcon
tube. The tubes containing the minced tissues were thawed and 4 mL of cold 1x CST
buffer (salts and Tris buffer, including NaCl, Tris-HCL pH 7.5, CaCl,, MgCl,, CHAPS
hydrate (Sigma), BSA (Sigma), Rnase inhibitors (Rnaseln Plus (Promega) and SUPERase
In (Invitrogen)), and protease inhibitor (cOmplete tablet, Roche) was added. After 10 min
of incubation on a rotor at 4 °C, the tissue/buffer mixture was poured through a 40 um
strainer and the tube used for tissue lysis was washed twice with 2 mL PBS with 1% BSA.
The nuclei solution was then transferred to a 15 mL Falcon tube, and the previous 50 mL
tube was washed once with 4 mL PBS with 1% BSA. The solution was centrifuged at 500
g at 4 °C for 5 min. After pouring off the supernatant, the tubes were briefly spun down.

The nuclei were then re-suspended in the remaining supernatant, and remaining volume
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was determined. The concentration of nuclei was determined by staining the nuclei with

DAPI and counting using a Neubauer Improved haemocytometer (NanoEnTek).

4.2.4 Library preparation and sequencing

Nuclei suspensions were diluted (PBS with 1% BSA) to 200-1000 nuclei/uL and loaded
on the Chromium Next Gel bead-in-emulsion (GEM) Chip G (10x Genomics) with a
targeted nuclei recovery of 5,000-10,000 nuclei per sample. Samples were then loaded to
the Chromium Controller (10x Genomics) and libraries were prepared using the Chromium
Next GEM Single Cell 3° Reagent Kits v3.1 (10x Genomics) following the manufacturer’s
instructions and indexed with the single-index kit T set A (10x Genomics). Quality control
of cDNA and final libraries was analysed using High Sensitivity ScreenTape assays on a
4150 TapeStation System (Agilent). Final libraries were pooled and sequenced on a
NovaSeq 6000 (Illumina) by Genewiz at a minimum depth of ~20,000 read pairs per
expected nuclei. Sequencing by Genewiz was performed at their headquarter in Leipzig,

Germany.

4.2.5 snRNA-seq quality control

Raw Fastq files were mapped by kind courtesy of Dr Carla Cohen to the human genome
hg38 using kallisto bustools kb count (release 99) with kmer size = 31

(https://www kallistobus.tools/kb_usage/kb_count/). Spliced and unspliced matrices were

merged by Dr Carla Cohen to create the count matrix for downstream analysis. All
downstream analyses were performed by me unless otherwise specified. Analysis training
and pipelines were provided by my supervisors and collaborators including Dr Carla

Cohen and Dr Jolet Mimpen. All figures were generated by me unless otherwise specified.
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Droplets more than 3 median absolute deviations from the median were discarded to
remove outliers. Nuclei with greater than 300 unique genes expressed, greater than 500
UMIs, of which less than 5% are mitochondrial genes, were taken forward for snRNA -seq

analysis which was performed using R v3.6.1 and Seurat v4.0 (348).

Ambient RNA removal was performed with soupX using automated method to determine
cell specific contamination fraction (349). All Seurat objects were merged. Ambient RNA

above decontX threshold 0.2 was removed (350). Doublets were removed using

scDblFinder (351).

4.2.6 Normalisation, dimensionality reduction, clustering and annotation

Log normalisation (NormalizeData), selection of 5000 variable genes
(FindVariableFeatures), scaling (ScaleData), dimensionality reduction (RunPCA),
clustering (FindNeighbors with 40 dimensions and FindClusters with 0.3 resolution), and
RunUMAP were performed on the merged object. The merged object was integrated with
Harmony v1.2.1 (reduction.use = pca_name, group.by.vars = “orig.ident”, dims.use = 1:40,
kmeans init nstart = 20, kmeans init inter max = 100) to minimise technical variation
from batch effects. I manually annotated cell clusters by identifying genes that are
differentially expressed between clusters and by comparing them with literature-based

marker genes (352-355).
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4.2.7 Compositional analysis, differential gene expression and gene set

enrichment analysis

The difference between the proportion of cells in clusters was analysed using
scProportionTest (permutation_test(prop_test, cluster identity = “cluster id”, sample 1=
“Pre”, sample 2 = “Post”, sample identity = “treatment_status’)) (356). I set the FDR
threshold at 5% using scProportionTest to correct for multiple testing (356). Pseudobulked
profiles were generated at the compartment level to account for pseudoreplication for
differential expression analysis. Counts were aggregated with AggregateExpression
(group.by = c(“cluster_id”, “sample”), assays = ‘SoupXcounts’, slot = “counts”). Counts
less than 10 were discarded. Differential gene expression required cell types to contain at

least 10 cells from at least 3 participants for analysis.

Using an interaction term consisting of treatment status and adjusting for patient, paired
analysis of differential gene expression was performed using DESeq2 (270). I shrunk the
Log2FoldChange values using the apelgm method to facilitate visualisation (270).
Statistical analysis with DESeq2 was corrected for multiple testing using the Benjamini
and Hochberg method by default (270, 272). Absolute Log2FoldChange greater than 1 and
adjusted p value of less than 0.05 were considered statistically significant. Gene set
enrichment analysis was performed with g:GOSt (organism = “hsapiens”, ordered query =
FALSE, multi_query = FALSE, significant = TRUE, exclude iea = FALSE,
measure_underrepresentation = FALSE, evcodes = FALSE, user_threshold = 0.05,
correction_method = “g SCS”, domain_scope = “annotated”, custom bg = all gene ids,

numeric_ns = 7, sources = NULL) and fgsea (pathways = hallmark_list, stats = ranks,

nperm = 10000, maxSize = 500).
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4.2.8 Exploratory subgroup analysis of RA and PsA synovial tissue snRNA-seq

profiles

Exploratory analysis comparing RA and PsA was performed on the snRNA-seq dataset. |
used scProportionTest to compare synovial tissue cell proportions between RA and PsA.
DESeq2 was performed on pseudobulked data for differential gene expression analysis
between RA and PsA. Gene set enrichment analysis comparing RA and PsA was
performed. CellChat was used to compare cell-cell communication in RA and PsA
synovial tissues before treatment (mergeCellChat(object.list, add.names = NULL,

merge.data = FALSE, cell.prefix = FALSE)).

To facilitate the interpretation of the complex intercellular communication networks, I
applied CellChat to quantitatively measure networks through methods abstracted from
graph theory, pattern recognition and manifold learning. CellChat readily identifies
dominant senders, receivers, mediators and influencers in the intercellular communication

network by computing several network centrality measures for each cell group (357).

4.3 Results

4.3.1 Synovial tissue snRNA-seq therapeutic atlas of intra-articular

methylprednisolone in RA and PsA

8 paired synovial tissue biopsies (4 patients with RA and 4 patients with PsA) before and 4
weeks after treatment with intra-articular methylprednisolone were processed for single
nucleus RNA sequencing. The clinical data for these 8 patients are described in Table 9.
The gender of the participants is not shown to avoid inadvertent identification due ton <5

(Table 9). There was a trend towards reduced composite disease activity scores at follow-
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up, but this was not statistically significant for either the RA (P = 0.42) or PsA subgroups

(P=0.11).

Table 9 Clinical data of the snRNA-seq study

bDMARD naive, 1
participant on TNFi

Clinical data RA PsA

Sample size 4 4

Gender 3 men and 5 women

Age mean (range) 62.5 (48 - 74) 43.8 (36 - 49)

Disease duration in years (mean + SD) 13.7+13.7 8.716.5

Treatment history 1 participant not |2 participants on
on DMARD, 2 csDMARDs and
participants on bDMARD naive, 2
c¢sDMARDs and participants on

TNFi

CRP (mean % SD) Baseline |5.15+5.39 5.08 £+ 3.64
Follow up|2.6 +1.83 5.13+3.72
SJC66 (mean * SD) Baseline |1.25+1.26 2.25+1.26
Follow up|0.75 £ 1.5 1.75+0.96
TJC68 (mean + SD) Baseline |1.5+0.58 3+2.16
Follow up|2.25 + 3.86 1.75+2.06
Composite disease activity scores (mean * SD; |Baseline |3.16 +0.48 16.48 £ 6.13
DAS28 for RA and DAPSA for PsA) Follow up|2.53 +1.14 13.54+4.21

4.3.2 Library preparation

Sample clogs impacted several samples as evidenced by reduced GEM recovery

particularly in the pre-treatment sample of participant 12 (labelled 12-1) and post-

treatment sample of participant 14 (labelled 14-2) (Figure 43). The post-treatment sample

of participant 8 was also affected by clogging although this was not photographed (Figure

44). Due to the preciousness of the samples, processing continued with cDNA generation

albeit at lower levels.
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Figure 43 GEM recovery (samples 8-1 and 8-2 not shown)

4.3.3 Quality control

For quality control, commonly used filtering thresholds of nFeatures > 300, nCounts >
500, mitochondrial RNA < 5%, decontX score < (0.2 and doublet removal using
scDblFinder default settings were applied to all samples by me. A total of 26,453 nuclei
passed quality control with mean of 1,653 nuclei per sample (Figure 44, Supplementary
Figure 1). The clogged samples had lower nuclei recovery, e.g. the clogged post-treatment

sample of participant 14 had the lowest nuclei count of 247 (Figure 44).
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Figure 44 Clinical data and final nuclei count in snRNA-seq study

Sample identifier [Patient identifier |Disease |Sex |Age (years) |Treatment status |CRP |SJC66 [TJC68 [Composite disease activity score |[Nuclei

POLO-008-1 008 RA M 74|Pre 2.8 0 2 2.7 1759
POLO-008-2 008 RA M 74|Post 1.8 0 1 2.59 585
POLO-011-1 011 RA F 48|Pre 2.9 1 2 2.95 2306
POLO-011-2 011 RA F 48|Post 2.9 0 0 1.79 1853
POLO-012-1 012 RA F 63|Pre 13 1 1 3.81 912
POLO-012-2 012 RA F 63|Post 5 0 0 1.63 956
POLO-014-1 014 RA F 65|Pre 1.7 3 1 3.17 2110
POLO-014-2 014 RA F 65|Post 0.7 3 8 412 247
POLO-005-1 005 PsA M 47|Pre 4.2 1 1 12.82 2519
POLO-005-2 005 PsA M 47|Post 1.9 0 1 9.59 3753
POLO-009-1 009 PsA M 36|Pre 0.9 2 2 11.29 1601
POLO-009-2 009 PsA M 36|Post 6.6 1 3 10.46 1214
POLO-010-1 010 PsA F 49|Pre 9.7 6 4 24.97 679
POLO-010-2 010 PsA F 49|Post 3 4 18.37 1634
POLO-015-1 015 PsA F 43|Pre 5.5 2 3 16.85 2889
POLO-015-2 015 PsA F 43|Post 2.3 2 0 15.73 1436
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4.3.4 Integration, clustering and annotation

The merged object was integrated with Harmony (Supplementary Figure 2, Supplementary

Figure 3). I applied FindClusters to identify clusters of cells using a shared nearest
neighbour modularity optimisation based clustering algorithm (358). Differentially
expressed cluster markers were used to annotate clusters as fibroblasts, macrophages, T
cells, adipocytes, NK cells/NKT cells, B cells, myocytes, vascular endothelial cells,
plasma cells, proliferating cells, granulocytes, mural cells, dendritic cells, lymphatic

endothelial cells, and plasmacytoid dendritic cells (Figure 45, Figure 46).

There was agreement in broad cell-type composition between this study and previously
published scRNA-seq and snRNA-seq studies of synovium and musculoskeletal tissues
(354, 359). The presence of skeletal myocytes was likely due to accidental uptake of

adjacent tissues outside of the joint capsule. Skeletal myocytes were present in synovial

tissue biopsy samples from 2 participants with RA and 1 participant with PsA. A limitation

in the analysis of samples containing skeletal myocytes is that the other cell types in these

biopsies may also arise from extra-articular tissues, such as adipocytes from fat tissues as

well as vascular endothelial cells and immune cells from blood vessels outside the joint

capsule. Initial analyses therefore excluded all samples from these 3 participants to limit

confounding by extra-articular cells. However, exclusion of these patients may constrain

the statistical power so exploratory analyses of samples from all 8 participants was also

performed.
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Figure 46 UMAP of integrated cell cluster annotations

4.3.5 Effects of intra-articular methylprednisolone injection on synovial tissue

cellular composition

Cellular composition analysis excluded samples from patients containing skeletal
myocytes to ensure analysis is not confounded by extra-articular cells. There were fewer
adipocytes, and more NK/NKT cells and ribosomal RNA high T cells in synovial tissues
after intra-articular methylprednisolone injection (Figure 47). Having evaluated the effects
of intra-articular methylprednisolone on synovial tissue cellular composition, I then

evaluated its effects on differential gene expression.
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Figure 47 Paired differential cellular proportions before and after intra-articular

methylprednisolone injection (n = 5; 2 RA and 3 PsA )

FDR was set at < 0.05 to account for multiple testing (272)

4.3.6 Effects of intra-articular methylprednisolone injection on differential gene
expression across cell types, excluding samples from patients containing skeletal

myocytes

Initial analysis of intra-articular methylprednisolone effects on differential gene expression
excluded samples from patients containing skeletal myocytes to avoid misinterpretation
due to the presence of extra-articular cells. Using an interaction term consisting of
treatment status and adjusting for patient, I examined gene expression changes in each cell
cluster following intra-articular methylprednisolone injection. The only differentially
expressed genes were sodium leak channel (non-selective) channel auxiliary factor 1

(NALFI) and integrin subunit beta 8 (/7GB8) which were downregulated in sublining
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fibroblasts after intra-articular methylprednisolone injection, neither of which are currently

known to be directly related to hypoxia (Table 10, Figure 48). Unlike the blood bulk RNA

sequencing, there was no differential gene expression of SLAMF6 or SLC35B3 in synovial

tissue cell types with intra-articular methylprednisolone injection (Figure 41, Table 10,

Supplementary Figure 4, Supplementary Figure 5).

Table 10 Differentially expressed genes (Log2FoldChange < -1 or >1 and adjusted P

value < 0.05) in synovial tissues with intra-articular methylprednisolone injection,

excluding samples from patients containing skeletal myocytes (n =35, 2 RA and 3 PsA. -

denotes no differentially expressed genes. Not applicable denotes analysis was not

possible as there were not at least 10 cells of that cell type from at least 3 participants.)

P values were corrected for multiple testing using the Benjamini and Hochberg method in

DESeq?2 by default (270, 272)

Downregulated genes post-treatment

Upregulated genes post-treatment

Adipocytes

Bcells

Dendritic cells

Granulocytes

Lining fibroblasts

Lymphatic endothelial cells

Not applicable

Not applicable

MERTKhi macrophages

MERTKlo macrophages

Muralcells

Not applicable

Not applicable

NK cells/NKT cells

Plasma cells

Plasmacytoid dendritic cells

Proliferating cells

Ribosomal RNA hi T cells

Ribosomal RNA lo T cells

Sublining fibroblasts

NALF1, ITGB8

Vascular endothelial cells
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Figure 48 a) NALF'1 and b) ITGBS expression in sublining fibroblasts at baseline and

follow-up after intra-articular methylprednisolone injection, excluding samples from

patients containing skeletal myocytes (N =5; 2 RA and 3 PsA)

* denotes padj < 0.05 and *** denotes padj < 0.001 by DESeq?2 analysis of pseudobulked
data. P values were corrected for multiple testing using the Benjamini and Hochberg

method in DESeq?2 by default (270, 272)

4.3.7 Exploratory analysis of intra-articular methylprednisolone effects on
differential gene expression, including samples from patients containing skeletal

myocytes

Initial analysis excluded samples from 3 patients that contained skeletal myocytes to
ensure that the cells were of articular origin rather than from extra-articular tissues.
However, the reduction in sample size limits the statistical power for differential gene

expression. I proceeded to undertake exploratory analysis utilising samples from all 8
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participants to increase statistical power to detect treatment effects, with the caveat that

some samples may include cells from extra-articular tissues (n = 8; 4 RA and 4 PsA)

(Table 11).

Table 11 Differentially expressed genes (Log2FoldChange < -1 or >1 and adjusted P

value < 0.05) in synovial tissues with intra-articular methylprednisolone injection in

patients with RA and PsA, including samples from patients containing skeletal myocytes (n

=8, 4 RA and 4 PsA. - denotes no differentially expressed genes. Not applicable denotes

analysis was not possible as there were not at least 10 cells of that cell type from at least 3

participants )

P values were corrected for multiple testing using the Benjamini and Hochberg method in

DESeq?2 by default (270, 272)

Downregulated genes post-treatment

Upregulated genes post-treatment

Adipocytes PENK-AS1, ENSG00000254865, INSIG1, FADS2, ACLY, GPAM,
ENSG00000287720, PRKCH-AS1, PNPLA3, SCD, ACACA, ME1
FAM151B-DT

B cells ENSG00000286221, VCAN, IL2RA -

Dendritic cells

Fast twitch skeletal myocytes

Granulocytes

Lining fibroblasts

TIMP1, NLGN4X, NALF1

Lymphatic endothelial cells

MERTK high macrophages

MERTK low macrophages

FPR3

Mural cells

NK cells/NKT cells

Plasma cells

Plasmacytoid dendritic cells

Proliferating cells

Ribosomal RNA high T cells

Ribosomal RNA low T cells

Slow twitch skeletal myocytes

Not applicable

Not applicable

Sublining fibroblasts

ENSG00000254303

Vascular endothelial cells
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Adipocytes

Adipocytes were found to have the most differentially expressed genes after intra-articular
methylprednisolone injection, although this result may be confounded by extra-articular
adipocytes that may have been included (Table 11). In adipocytes following treatment with
intra-articular methylprednisolone, there was significant upregulation in markers of steroid
metabolism and lipid metabolism such as stearoyl-CoA desaturase (SCD), glycerol-3-
phosphate acyltransferase, mitochondrial (GPAM), fatty acid desaturase 2 (FADS?2),
acetyl-CoA carboxylase alpha (ACACA), ATP citrate lyase (ACLY), patatin like domain 3,
I-acylglycerol-3-phosphate O-acyltransferase (PNPLA3), malic enzyme 1 (MET), insulin

induced gene 1 (INSIG1) (Figure 49).

Post (right) vs Pre (left): Adipocytes

41 | |
PENK-AS | |
31 | |
s - ° ;‘CACP?M’ACLY
§’ 2 ENSGoooooganzo ME1q 6SCD_ INSIG1
I

%___E’NP A3%ADs2

Log, fold change

® NS ® Log;FC @ pvalue @ p—valueandlog,; FC

total = 14897 variables

Figure 49 Volcano plot of differentially expressed genes in adipocytes pre- and post-
intra-articular methylprednisolone injection, including samples from patients containing

skeletal myocytes (n = 8; 4 RA and 4 PsA)
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P values were corrected for multiple testing using the Benjamini and Hochberg method in

DESeq?2 by default (270, 272)

Glucocorticoids are metabolised into sterols which are known to regulate sterol regulatory
element-binding transcription factors (SREBFs), such as SREBF1 and SREBF2, and are
master regulators of lipid homeostasis (360). Since lipogenesis was upregulated in
adipocytes, I analysed the effects of intra-articular methylprednisolone injection on
SREBFI and SREBF?2 expression in adipocytes to see whether these mediated
methylprednisolone induced lipogenesis. There was a trend towards increase in SREBF']

and SREBF2 expression in adipocytes but these were not statistically significant (Figure

50).
SREBF1 SREBF2
ns
20 " 20-
8 8
S 15- S 15+
o o
Q Q
3 kS
$ 104 9 107
© ©
Z r4
0 g 0 | T
] <
& Q‘\)Q ( éoQ
& O & O
Q <« Q e

Figure 50 SREBFI and SREBF?2 expression in adipocytes at baseline and follow-up after

intra-articular methylprednisolone injection, including samples from patients containing

skeletal myocytes (n = 8, 4 RA and 4 PsA)
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ns denotes non-statistically significant by DESeq?2 analysis of pseudobulked data. P values
were corrected for multiple testing using the Benjamini and Hochberg method in DESeq?2

by default (270, 272).

Over-representation analysis of gene pathways showed intra-articular methylprednisolone
upregulated metabolic and biosynthetic processes in adipocytes (Table 12). Gene set
enrichment analysis of Hallmark pathways in adipocytes showed statistically significant

upregulation of cholesterol homeostasis pathway (Figure 51).

Table 12 Over-representation analysis of gene pathways affected by intra-articular

methylprednisolone in adipocytes, including samples from patients containing skeletal

myocytes
id . term_id . term_name . p_value

1 -GO:GDEETB? monocarboxylic acid metabolic process 2.0e-07 .
2 -GO:Dm 9752 | carboxylic acid metabolic process _2.06-0'5
3 'GD:GDOEEM fatty acid metabolic process ﬁz.ﬁe—ﬂﬁ
4 'GO:E}043436 oxoacid metabolic process 2.9e-06
5 lGO:OOOGOB’E organic acid metabolic process 3.4e-06
6 -GO:GUOSGID lipid biosynthetic process N 1.3e-04
7 ‘GO:OUMEN small molecule metabolic process _2,49-04
8 -GD:OUDSEEG fatty acid biosynthetic process 2.9e-04
9 :GO:GD?EBBG monocarboxylic acid biosynthetic process _?.2E—D4
10

GO:0044255 | cellular lipid metabolic process 1.0e-03
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Figure 51 Gene set envichment analysis of Hallmark pathways in adipocytes, including

samples from patients containing skeletal myocytes

P values were corrected for multiple testing using gprofiler2 by default (361)

Lining fibroblasts

Tissue inhibitor of metalloproteinases 1 (TIMP1), NALF1 and neuroligin 4 X-Linked

(NLGN4X) were significantly downregulated in lining fibroblasts (Figure 52, Figure 53)
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Post (right) vs Pre (left): Lining fibroblasts
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Figure 52 Volcano plot of differentially expressed genes in lining fibroblasts pre- and
post- intra-articular methylprednisolone injection, including samples from patients

containing skeletal myocytes (n = 8; 4 RA and 4 PsA)

P values were corrected for multiple testing using the Benjamini and Hochberg method in

DESeq?2 by default (270, 272).
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Figure 53 NALF1, NLGN4X and TIMPI gene expression in lining fibroblasts at baseline
and follow-up after intra-articular methylprednisolone injection, including samples from

patients containing skeletal myocytes (n = 8; 4 RA and 4 PsA)

* denotes padj < 0.05 by DESeq?2 analysis of pseudobulked data. P values were corrected
for multiple testing using the Benjamini and Hochberg method in DESeq?2 by default (270,

272).
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Figure 54 Plot of ligand activities, expression, differential expression and predicted target genes of ligands in lining fibroblasts by nichenet

analysis
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I applied nichenet to model how cell-cell communication in synovial tissues is perturbed
by intra-articular methylprednisolone injection (362). This analysis included samples from
patients containing skeletal myocytes because the differential gene expression was
supported by ground truth, i.e. independent studies also found downregulation of 7IMP1
with intra-articular methylprednisolone injection (329, 334). Although there were diverse
cell-cell communication changes predicted by nichenet, only the predicted 7IMP]
perturbation in lining fibroblasts was supported by statistically significant differential gene
expression (padj < 0.05, absolute log fold change > 1) (Figure 52, Figure 53, Figure 54).
This perturbation in 7IMP1 expression synovial lining fibroblasts was predicted to target
genes including Dual Specificity Phosphatase 1 (DUSPI), H2A Clustered Histone 6
(H2AC6), JunD proto-oncogene (JUND), matrix metalloproteinase 3 (MMP3), Nuclear
receptor Coactivator 3 (NCOA3), TNF induced protein 3 (TNFAIP3), Krueppel-like factor
6 (KLF6), Runt-related transcription factor 1 (RUNXI), secreted phosphoprotein 1 (SPPI),
IL-2 receptor subunit alpha (/L2RA), lamin A/C (LMNA), neuroblast differentiation-
associated protein (AHNAK) and zinc finger protein 36 C3H1 Type-Like 2 (ZFP36L2)
(Figure 54). These predicted target genes of TIMP-1 were found to be expressed in

synovial tissues, except for ZFP36L2 (Figure 55).
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Figure 55 Dotplot of expression of TIMP-1 predicted target genes

Sublining fibroblasts

In the analysis including samples containing skeletal myocytes, there was a trend towards
reduction in sublining fibroblasts expression of NALF1 and ITGBS after intra-articular
methylprednisolone injection but this was not statistically significant, in contrast to the
analysis excluding samples containing skeletal myocytes (Supplementary Figure 6,

Supplementary Figure 7).

4.3.8 Intra-articular methylprednisolone injection effects in RA and PsA

subgroups

Having reviewed the perturbation effects across both disease groups, I went on to analyse

perturbation effects in individual disease subgroups. As biopsy samples from two of the
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participants with RA contained skeletal myocytes, exclusion of samples from participants
with skeletal myocytes would mean there would not be samples from at least 3 participants
with RA for subgroup analysis. This exploratory analysis of intra-articular
methylprednisolone injection effects in RA and PsA subgroups therefore included all
samples from participants including those that contained skeletal myocytes. There were
scant differentially expressed genes in RA and PsA subgroups in cell types other than
lining fibroblasts (Supplementary Table 2). Subgroup analysis of RA group showed no
differentially expressed genes in lining fibroblasts with treatment (Figure 56), but there
were differentially expressed genes in PsA lining fibroblasts with intra-articular

methylprednisolone injection (Figure 57).

Post (right) vs Pre (left): Lining fibroblasts
RA

Log, fold change

® NS @ Log:FC

total = 19086 variables

Figure 56 Volcano plot of differentially expressed genes in RA patients in lining

fibroblasts after vs before intra-articular methylprednisolone injection (n = 4)

P values were corrected for multiple testing using the Benjamini and Hochberg method in

DESeq?2 by default (270, 272).
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Post (right) vs Pre (left): Lining fibroblasts
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Figure 57 Volcano plot of differentially expressed genes in PsA patients in lining

fibroblasts after vs before intra-articular methylprednisolone injection (n = 4)

P values were corrected for multiple testing using the Benjamini and Hochberg method in

DESeq?2 by default (270, 272).

4.3.9 Exploratory subgroup comparison of RA and PsA synovial tissue snRNA-

seq profiles

Exploratory subgroup comparison of RA versus PsA was performed with the caveat that
results may be confounded by other factors such as disease type, disease stage, age,
gender, comorbidities and medications. Synovial tissue biopsy samples including those
containing skeletal myocytes were included in the analysis, but skeletal myocytes were
excluded because they originate from outside the joint capsule and their multinucleated
nature is unsuitable for analysis with scProportionTest. In the pre-treatment samples, there

were more adipocytes, ribosomal RNA high T cells, NK/NKT cells, B cells and mural
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cells in RA, whereas PsA synovium had more lymphatic endothelial cells and

plasmacytoid dendritic cells (Figure 58). The increased abundance of lymphatic

endothelial cells in PsA synovium persisted even in the post-injection analysis (Figure 59).

Adipocytes
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Figure 58 Differential cellular proportions in pre-treatment RA (left) and PsA (right)

synovial tissues
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Figure 59 Differential cellular proportions in post-treatment RA (left) and PsA (rvight)

synovial tissues

Differential gene expression analysis showed most differentially expressed genes between
PsA and RA synovial tissue were in pre-treatment lining fibroblasts (Supplementary Table
3, Figure 60), but these were not present after glucocorticoid treatment (Figure 61). In pre-
treatment lining fibroblasts, 27 genes were upregulated in RA and 56 genes were
upregulated in PsA (padj < 0.05, log2FoldChange > 1) (Figure 60). Strikingly in pre-
treatment lining fibroblasts, matrix Gla protein (MGP) was upregulated in RA and bone
morphogenetic protein-binding endothelial cell precursor-derived regulator (BMPER) was

upregulated in PsA with the lowest padj values (Figure 60).
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PsA (right) vs RA (left): Lining fibroblasts
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Figure 60 Differential gene expression in pre-treatment lining fibroblasts in RA and PsA

(RA: n =4; PsA: n =4)
P values were corrected for multiple testing using the Benjamini and Hochberg method in
DESeq? by default (270, 272).
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Figure 61 Differential gene expression in post-treatment lining fibroblasts in RA and PsA

(RA:n =4; PsA: n =4)
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P values were corrected for multiple testing using the Benjamini and Hochberg method in

DESeq?2 by default (270, 272).

Although MGP was upregulated in RA compared to PsA in pre-treatment lining
fibroblasts, the trend towards increase in MGP in PsA after intra-articular
methylprednisolone injection may account for the lack of difference seen between PsA and
RA in post-treatment samples (Figure 62). Similarly, although BMPER was upregulated in
PsA compared to RA in pre-treatment lining fibroblasts, the reduction in BMPER in PsA
after treatment may account for the lack of inter-disease differences in post-treatment
samples (Figure 63). Over-representation analysis using g:Profiler showed upregulated
gene pathways in pre-treatment synovial tissue lining fibroblasts in PsA compared to RA

(Table 13).
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Figure 62 Comparison of lining fibroblast MGP gene expression across disease and

treatment status.

*#%% denotes adjusted P value < 0.0001 and ns denotes non-statistically significant by

Normalised counts

Normalised counts

MGP (post-treatment)

500 ns
400 .
ot £
2004 °*° ¢
w T
®
0 I T
RA PsA
MGP (PsA)
500
400 ns
1
300
200
100
0 | 1
NS
Q’b‘b o\\o
e

DESeq?2 analysis of pseudobulked data. P values were corrected for multiple testing using

the Benjamini and Hochberg method in DESeq?2 by default (270, 272).
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Figure 63 Comparison of lining fibroblast BMUPER gene expression across disease and

treatment status.

**E% denotes adjusted P value < 0.0001 and ns denotes non-statistically significant by

Normalised counts

Normalised counts

BMPER (post-treatment)

2500
2000
1500 -
1000
ns
500 -
[ ]
0L —emarea %
RA PsA
BMPER (PsA)
* % % X
2500 —
2000
1500
1000
500-
0 T&,
<
9@ o{\o*?
&

DESeq?2 analysis of pseudobulked data. P values were corrected for multiple testing using

the Benjamini and Hochberg method in DESeq?2 by default (270, 272).
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Table 13 Over-representation analysis of upregulated gene pathways in PsA vs RA (pre-

treatment synovial lining fibroblasts)

| id term_id - term_name p_value |
1 |GO:0048731 | system development 3.5e-06
2 |G0:0007275 | multicellular organism development 1.8e-04
3 |GO:0007409 | axonogenesis _3.29-04
4 |GO:0009653 | anatomical structure morphogenesis 4.8e-04
5 |G0O:0048870 | cell motility 6.4e-04
6 |GO:0061564 | axon development 1.0e-03
7 |GO:0007399 | nervous sysiem development 3.5e-03
8 |G0:0048667 | cell morphogenesis involved in neuron differentiation 5.9e-03
9 |G0:0048856 | anatomical structure development _7.29-03
10 |GO:0048513 | animal organ development 8.6e-03

g:Profiler (biit.cs.ut.ee/gprofiler)

4.3.10 Cell-cell communication in pre-treatment RA and PsA synovial tissues

CellChat is a computational tool to infer cell-cell communication from single cell
transcriptomics data (357). Skeletal myocytes were excluded from cell-cell communication
analysis as these originate from outside the joint capsule and their multinucleated nature is
unsuitable for analysis with CellChat. There were similarities and differences in cell-cell
communication patterns in pre-treatment RA and PsA synovial tissues (Figure 64, Figure
65, Supplementary Figure 9, Supplementary Figure 10, Supplementary Figure 11). For
example, lining fibroblasts had the highest outgoing interaction strength in both RA and
PsA (Figure 65). A striking difference was the greater signalling role of B cells and plasma
cells in RA compared to PsA (Figure 64, Figure 65). This is in keeping with RA being
distinguished for the role of adaptive immune system and seropositivity for RF and anti-
CCP Ab. Conversely, there were more, and stronger interactions sent by lymphatic

endothelial cells to other cell types in PsA compared to RA (Figure 64, Figure 65).
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Figure 64 Heatmap of differential number of interactions and differential interaction

strength in PsA vs RA synovial tissues (pre-treatment), with RA set as the reference
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Figure 65 Scatter plot of sending and receiving signal strengths in pre-treatment RA (left)

and PsA (right) synovial tissues
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4.4 Discussion

4.4.1 Synovial tissue snRNA-seq profiles

Bulk sequencing of tissues results in cell-averaged expression profiles which misses the
complexity of cell expression profile heterogeneity and changes in cell composition in
response to treatment (363). snRNA-seq allows examination of gene expression at a single
nucleus level to reveal states of heterogeneous cell populations. As expected, most cell
clusters identified resembled those from previous single cell studies. For example, synovial
fibroblasts subsets were easily distinguished by chloride intracellular channel protein 5
(CLICS) (lining fibroblasts) and Thy-1 cell surface antigen (7THY1) (sublining fibroblasts).
Similarly, tissue resident and tissue infiltrating synovial macrophages were easily

distinguished by the expression level of MER proto-oncogene tyrosine kinase (MERTK).

Some cell types such as adipocytes and myocytes are challenging to identify with sScRNA -
seq. Adipocytes as large buoyant cells are not easily identified with scRNA -seq. Skeletal
myocytes are multinucleated cells. Identifying the cell origin of a nucleus in snRNA-seq
studies is currently unfeasible and can result in biasing of sequencing data towards
multinucleated cells (364). The large size of myocytes presents a challenge in droplet
generation (364). The advantage of scCRNA-seq over scRNA-seq is that snRNA-seq does
not require preservation of cellular integrity during sample preparation such as dissociation
(365). snRNA-seq here readily identified adipocytes and skeletal myocytes that otherwise

would not be seen with scRNA-seq.

snRNA-seq analysis of synovial tissues from RA patients have previously been performed
(366). The absence of myocytes and adipocytes in the study by Gupta ef al. may be due to

tissue disaggregation or their synovial tissues arising from surgical specimens instead of
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ultrasound guided synovial tissue biopsies (366). My study was the first reported snRNA-
seq study of longitudinal analysis of ultrasound guided synovial tissue needle biopsy from
RA and PsA patients before and after intra-articular methylprednisolone injection.
Ultrasound guided synovial tissue needle biopsy in my study was performed without a
coaxial needle. In future, use of an outer coaxial needle may reduce trauma and accidental

collection of skeletal myocytes.

4.4.2 Intra-articular methylprednisolone injection effects on cellular proportion

of synovial tissues

After intra-articular methylprednisolone injection, the adipocyte cell proportion in synovial
tissues was reduced whereas there was an increase in NK/NKT cells and ribosomal RNA
high T cells (Figure 47). Although samples from patients with skeletal myocytes were
excluded from cell proportion analysis to reduce confounding by extra-articular cells, there
may nonetheless still be cells present from extra-articular tissues such as adipocytes from

extra-articular fat pad.

The reduction in synovial tissue adipocyte cell proportion with intra-articular
methylprednisolone injection is unsurprising given that decreased adipose tissue mass has
been linked to glucocorticoids and associated lipolysis (367). The reduction in synovial
tissue adipocytes may be a manifestation of the fat redistribution from the extremities to
the trunk and the neck seen in Cushing syndrome. Acute exposure to glucocorticoids
promotes lipolysis but chronic glucocorticoid exposure induces lipogenesis in adipocytes
(367-369). While acute activation of glucocorticoid receptors stimulates lipolysis in
adipose tissues, activation of mineralocorticoid receptors promotes adipogenesis, which

together account for divergent lipid responses to glucocorticoids in adipose tissues (367,

215



368). Activation of glucocorticoid receptor-a leads to its phosphorylation, dissociation
from HSP90, nuclear translocation, and binding to the GRE to upregulate transcription of
lipolysis genes including adipose triglyceride lipase (47GL) and ANGPTL4, and
downregulate lipogenic genes such as phosphodiesterase 3B (PDE3B) (367). These effects
increase cellular cyclic adenosine monophosphate and activate protein kinase A (PKA).
Activated protein kinase A in turn phosphorylates hormone-sensitive lipase (HSL) and
perilipins which result in lipid breakdown into glycerol and fatty acids (370, 371).
Conversely, lipogenesis is mediated by glucocorticoids through induction of
glucocorticoid resistance by the glucocorticoid receptor-f3 isoform and activation of the

mineralocorticoid receptor (367).

Given that samples containing extra-capsular tissues such as skeletal muscle were
excluded from this analysis, the reduction in synovial tissue adipocytes after intra-articular
methylprednisolone injection likely reflects the changes in synovial tissue composition, in
concordance with known glucocorticoid induced lipolysis effects. However, a limitation is
that the cellular and molecular changes in adipocytes may be an artefact of extra-articular
fat pad adipocytes being present in biopsy samples. The perturbation in cellular
proportions could have been confirmed histologically if there were sufficient biopsy
fragments remaining. However, the vast majority of the synovial tissue biopsy fragments
were used for snRNA-seq analysis rather than for histological analysis. In hindsight, this
turned out to be a fortunate decision as the droplet generation for snRNA-seq was affected
by clogging which reduced the number of nuclei available for sequencing (Figure 43). If
had reserved more tissue biopsy fragments for confirmatory histology, the snRNA-seq
analysis would have been compromised. As the snRNA-seq analysis was of greater

priority, it was appropriate to process most of the synovial tissue fragments for snRNA-seq
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rather than histology. As there were fewer than 4 fragments embedded in OCT from each
synovial tissue biopsy, there are insufficient tissue fragments to ensure representativity of
confirmatory histological analysis (372). A minimum of 6 fragments and the assessment an
area of tissue of at least 2.5 mm? are necessary for histological analysis to be
representative (373, 374). Therefore, the effects of intra-articular methylprednisolone
injection on synovial tissue cell proportions need to be validated in a larger independent
cohort using histological analysis, to confirm that synovial tissue adipocytes proportion is
reduced by glucocorticoid. The distance between the synovial tissue lining and extra-
articular fat pad may be a challenge to prove histologically that adipocytes are not intra-
articular in origin because the synovial tissue lining, joint capsule and extra-articular fat

pad would need to be visualised on the same slide.

Contrary to the reduction in synovial tissue adipocyte cell proportion, there was an
increase in proportion of NK/NKT cells and ribosomal RNA high T cells in synovial
tissues after intra-articular methylprednisolone injection (Figure 47). NK cells are
cytotoxic lymphocytes that play a critical role in the innate immune response (375).
Healthy joints contain few NK cells but abundant NK cells are found in inflamed joints in

patients with RA and in mice with collagen-induced arthritis (376, 377).

Although glucocorticoids are widely known to suppress NK cell proliferation and cytokine
production, they can also have a dichotomic effect on NK cells dependent on the local
cytokine milieu (378-380). Indeed, glucocorticoids have also been shown to enhance the
proliferation, survival and function of NK cells (379, 380). It is therefore intriguing to see
an increase in the proportion of NK/NKT cells in synovial tissues after intra-articular

methylprednisolone injection (Figure 47). Whilst previous reports of glucocorticoid
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enhancing NK cell proliferation and survival may be congruent with my finding of
increased proportion of synovial tissue NK/NKT cells, this finding needs to be confirmed
in a larger independent cohort to establish the effects on intra-articular methylprednisolone
injection on NK cells. If independent studies confirm an increase in synovial tissue
NK/NKT cells after intra-articular methylprednisolone injection, future mechanistic
studies would be helpful to investigate whether this increase is due to early effects of
methylprednisolone or late effects of rebound reaction from methylprednisolone

withdrawal.

Like NK/NKT cells, the proportion of ribosomal RNA high T cells in synovial tissues was
also increased after intra-articular methylprednisolone injection (Figure 47). A
concomitant trend towards increase in the proportion of ribosomal RNA low T cells
suggests that there is an expansion of T cell numbers, rather than upregulation of
ribosomal RNA transcription across T cells with reciprocal reduction in proportion of
transcriptionally inactive T cells. Glucocorticoids are widely known to suppress and
induce apoptosis in immune cells such as T cells (236, 381). However, glucocorticoids

have also been reported to increase T cell populations (382-384).

In patients with sudden hearing loss without underlying inflammatory disease, high-dose
intravenous prednisolone followed by oral prednisolone resulted in T cell lymphocytosis
(385). Moreover, systemic glucocorticoid treatment in patients with asthma or relapse of
multiple sclerosis increased the absolute number of Tregs in blood (384, 386). Both in
vitro and in vivo studies of glucocorticoids demonstrate that glucocorticoids may induce
expansion of T cell populations particularly in the context of inflammation (382-385, 387,

388).
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It is therefore plausible that intra-articular methylprednisolone injection increased the
proportion of transcriptionally active T cells in synovial tissues (Figure 47). The
phenotypes of the expanded T cell populations require further investigation using
techniques such as flow cytometry in a larger independent cohort to confirm and delineate
whether glucocorticoid related T cell expansion in synovial tissues may be due to steroid
withdrawal. Having evaluated the effects on cell proportion, I went on to investigate the

perturbation effects of intra-articular methylprednisolone injection on gene expression.

4.4.3 Differential gene expression in synovial tissue fibroblasts after intra-

articular methylprednisolone injection

NALFI

After intra-articular methylprednisolone injection, NALF'1 was downregulated in synovial
sublining fibroblasts when samples containing skeletal myocytes were excluded (Table 10,
Figure 48), and also in synovial lining fibroblasts when samples containing skeletal
myocytes were included (Table 11, Figure 52). NALFI encodes an auxiliary component of
the sodium leak channel non-selective (NALCN) sodium channel complex, a non-selective
cation channel that regulates the resting membrane potential and excitability of neurons
(389). NALFI has been shown to be a marker of activated sublining fibroblasts in RA
(390). The downregulation of NALF'I, a marker of activated sublining fibroblasts, is
therefore congruent with anti-inflammatory treatment in the form of intra-articular

methylprednisolone injection.

Furthermore, downregulation of NALFI may have important implications for the analgesic

effects of intra-articular methylprednisolone injections. NALF1 is a pore-forming
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subcomplex that regulate the gating of NALCN (391). In turn, the NALCN has been
shown to contribute to neuronal sensitisation in neuropathic pain (392-394). This study
therefore provides important novel insights into NALF'I as a biomarker of treatment.
Moreover, it generates the hypothesis as to whether NALF'1 expressing fibroblasts may be
targeted therapeutically to treat pain and inflammation in inflammatory arthritis. A larger
independent cohort is required to delineate whether intra-articular methylprednisolone
downregulates NALF'I in synovial lining and sublining fibroblasts, as downregulation was
not consistent in analysis with and without samples from patients containing skeletal
myocytes which may be due to the very small sample size (Supplementary Figure 6,

Supplementary Figure 8).

ITGBS

As well as NALF1, the expression of /7TGBS was also downregulated in sublining
fibroblasts after intra-articular methylprednisolone injection when samples from patients
containing skeletal myocytes were excluded (Table 10, Figure 48). ITGBS encodes a
single-pass type [ membrane protein with a von Willebrand factor type A domain and four
cysteine-rich repeats (395). ITGB8 protein noncovalently binds to an alpha subunit to form
integrin alpha-V:beta-8 (ITGAV:ITGBS), a receptor for fibronectin (396). The role of
ITGBS in extracellular matrix protein binding has been shown to be relevant in many
functions including cell adhesion, cell invasion, angiogenesis and chondrogenesis (397-
399). Although the analysis including samples from patients containing skeletal myocytes
did not find a statistically significant difference in /TGBS§ expression after intra-articular
methylprednisolone injection, this may be due to confounding by the presence of extra-
articular fibroblasts (Supplementary Figure 7). The exploratory finding of /TGBS

downregulation in sublining fibroblasts by intra-articular methylprednisolone is supported
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by in vitro evidence of ITGBS8 downregulation in mesenchymal derived cells by
methylprednisolone (300). The therapeutic perturbation of /7GBS in sublining fibroblasts
highlights an unmet need for research into the role of /7GBS in the underlying

pathogenesis of inflammatory arthritis and its potential as a therapeutic target.

TIMPI

Analysis of snRNA-seq data from 8 participants demonstrated that 7/MP]1 transcription
was persistently suppressed at four weeks in inflammatory arthritis synovial lining
fibroblasts after intra-articular methylprednisolone injection (Figure 53). As the lining
fibroblasts are most likely to be from the synovial tissue lining, even the inclusion of
samples containing skeletal myocytes would not confound the differential gene expression
analysis in lining fibroblasts. Previous studies showed that 7IMP RNA and TIMP-1
protein levels were reduced in RA synovium up to two weeks after glucocorticoid
treatment (329, 334). The downregulation of TIMP-1 by glucocorticoid may be specific to
inflammatory arthritis as no difference in TIMP-1 immunostaining was observed for OA
synovium after intra-articular methylprednisolone injection (328). The consistent finding
of TIMP1 downregulation in this snRNA-seq study with ground truth in previous studies
reinforce the findings in this study (329, 334). Curiously, previous in vitro study showed
TIMPI transcription in fibroblasts was not affected by methylprednisolone (300). The
discrepancy between these in vitro and in vivo findings may be related to the follow-up
timepoints (6 h vs 4 weeks) as well as the experimental context (in vitro cell culture of
single cell type versus in vivo human arthritic joint). This demonstrated the limitations of

in vitro experiments and the value of this in vivo therapeutic atlas.
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Although TIMP-1 is known for its eponymous function to inhibit metalloproteinases
which are widely understood to mediate joint tissue destruction, TIMP-1 also exhibits
cytokine functions via interaction with cell surface receptors linked to inflammation (400).
TIMP-1 has a metalloproteinase-inhibitor motif within the N-terminal domain, a CD63-
binding C-terminal domain, which interacts with CD74 via its N-terminal domain (400).
Diverse inflammatory cytokines including IL-1, IL-6, TNF upregulate 7/MP1 expression
via transcription factors such as STAT-3, NF-kB and AP-1 (400). In my study,
downregulation of 7IMPI expression in synovial lining fibroblasts after intra-articular
methylprednisolone may be due to its anti-inflammatory effects as evidenced by reduced

IL-6 and TNF protein levels in PsA synovial fluid (Figure 35, Figure 37).

Elevated TIMP-1 levels are associated with worse prognosis in inflammatory diseases
including cancer and infections (400). High circulating levels of TIMP-1 was associated
with COVID-19 severity in patients (401). TIMP-1 activated neutrophils to release
neutrophil extracellular traps (NETs) which was associated with COVID-19 progression
(402, 403). It is therefore intriguing that perhaps 7IMPI downregulation is one of the

mechanisms by which glucocorticoid improves COVID-19 outcomes (404).

TIMP-1 has been shown to regulate diverse immune cell functions including T cells (anti-
cytotoxic, anti-apoptotic), B cells (anti-apoptotic, pro-proliferative), neutrophils (anti-
apoptotic, granulopoiesis, NET formation), macrophages (anti-angiogenic), dendritic cells
(pro-migratory) and NK cells (anti-angiogenic) (400). Although the molecular mechanisms
by which TIMP-1 mediates its effects on inflammation are poorly understood, TIMP-1 has
been shown to interact with CD63, CD44 and CD74 to activate PI3K/AKT, ERK, HIF,

p38 and ZAP70 signalling pathways (400).
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In addition to immune functions, TIMP-1 also has a role in neuronal differentiation and
plasticity (405). Neurons internalised TIMP-1 through low-density lipoprotein-related
protein 1 (LRP-1) binding (406). This in turn inhibited neurite outgrowth and increased
growth cone volume (406). This leads to speculation as to whether intra-articular
methylprednisolone may relieve pain through TIMP-1 downregulation leading to neurite
outgrowth inhibition. As the nuclei of neurons in synovial tissues lie in the dorsal root
ganglion, even snRNA-seq is not able to capture information relating to neurons in
synovial tissue biopsies. However, a recent study predicted cross-talk between synovial
tissue lining fibroblasts with dorsal root ganglion neurons (407). This may account for the
therapeutic effects of intra-articular methylprednisolone injection in both non-inflamed
joints such as OA, as well as inflammatory arthritis. More investigations are needed to

understand the role of TIMP-1 in pain modulation in setting of arthritis.

TIMP-1 binds to receptors CD63, CD74, CD82, LRP-1 and CD44 (408). CD63 is
expressed ubiquitously whereas CD74 is restricted to lymphoid tissues and antigen
presenting cells, indicating cell-type specific roles of TIMP-1 (400). Given that TIMP-1
may mediate pleiotropic effects including inhibition of metalloproteinases which may be
protective in arthritis and pro-inflammatory effects through its cytokine role, targeting
TIMP-1 receptors instead of TIMP-1 ligand directly may be a useful therapeutic strategy.
Indeed, TIMP-1 receptor CD74 has been implicated in the pathogenesis of RA (409).
Moreover, synovial tissue CD74 levels are higher in RA than OA (409). The p41 isoform

of CD74 was also upregulated in affected paws of collagen-induced arthritis mice (409).
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Given the roles of TIMP-1 in diseases, it is not surprising that its receptors have been
targeted therapeutically. For example, milatuzumab is a monoclonal anti-CD74 antibody
under investigation for treatment of B cell neoplasms (410). Since my study and others
showed that glucocorticoids downregulate 7/MP1 in inflamed synovial tissues, it would be
intriguing to see if targeting the TIMP-1 pathway with receptor antagonists such as
milatuzumab, or antibodies against the C-terminal CD63-interacting domain of TIMP-1,
may be efficacious in inflammatory arthritis without glucocorticoid associated adverse
effects (411). A Phase 1b study of milatuzumab in systemic lupus erythematosus (SLE)
showed some promise but the double-blind, placebo-controlled expansion phase to test
efficacy was terminated early due to poor enrolment (412). CD74 has not been specifically
targeted yet in inflammatory arthritis so the TIMP-1 pathway remains a potential

therapeutic target of interest.

Although previous studies have shown that synovial tissue TIMP-1 was downregulated by
glucocorticoid, the effects of TIMP-1 downregulation in synovial tissues were unknown.
The power of single cell transcriptomic analysis is that it allows modelling of cell-cell
communication. Using nichenet, I demonstrated that 7/M P/ downregulation in lining
fibroblasts was predicted to target diverse range of genes including DUSPI, H2AC6,
JUND, MMP3, NCOA3, TNFAIP3, KLF6, RUNXI, SPPI1, IL2RA, LMNA, AHNAK and
ZFP36L2 (Figure 54). My dataset did not show significant changes in these TIMP-1
predicted target genes with treatment which may be due to other effects of intra-articular
methylprednisolone injection and late follow-up timepoint. Future studies of TIMP-1
specific perturbation, such as TIMP-1 receptor monoclonal antibody inhibitor, would help

delineate the role of TIMP-1 in the inflammatory arthritis synovial microenvironment.
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4.4.4 Intra-articular methylprednisolone injection upregulated lipogenesis in

adipocytes

The most striking effects of intra-articular methylprednisolone injection were reduction in
adipocyte cell proportion and upregulation in lipogenesis by adipocytes (Figure 47, Table
11, Figure 49, Figure 51, Table 12). Lipogenesis is the conversion of acetyl-CoA into
lipids, which occurs mainly in adipose and liver tissues. Initial analysis excluding samples
from 3 participants containing skeletal myocytes showed no differential gene expression in
adipocytes (Table 10), but exploratory analysis including all samples showed lipogenesis
upregulation in adipocytes (Table 11, Figure 49, Table 12, Figure 51). The role of
glucocorticoids in regulation of lipid metabolism has been reviewed previously (367, 413,

414).

Synovial tissues are known to contain adipocytes which store energy and have endocrine
functions that regulate tissue metabolism (315). Recently, the Brenner group demonstrated
that adipocytes regulate fibroblast function through cortisol signalling, and loss of
adipocytes contributes to fibroblast dysfunction in inflammatory arthritis (415). I speculate
that the reduction in synovial tissue adipocyte proportion with intra-articular
methylprednisolone injection may contribute to the reactive flare that may begin 12 h after
injection and resolve spontaneously after 3 days (416). A follow-up study with post-
injection synovial tissue biopsy at an earlier timepoint such as 24 h would allow

investigation of the mechanisms that cause glucocorticoid post-injection flare (417, 418).

Synovial metabolic perturbation by intra-articular methylprednisolone injection may affect
the HIF pathway. For example, HIF1-a is stabilised by the accumulation of succinate, a

key metabolite involved in many metabolic pathways (173). Succinate is abundant in
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synovial fluids from patients with inflammatory arthritis, and these fluids elicit IL-1(
release from macrophages which is dependent on succinate receptor 1 (SUCNR1), a sensor
for extracellular succinate (150). Glucocorticoids have been shown to repress glycolysis in
inflammatory myeloid cells and promote TCA cycle flux, promoting succinate metabolism
and preventing intracellular accumulation of succinate (151, 419). Therefore, it is plausible
that intra-articular methylprednisolone injection may impact the hypoxic pathway
mediated by HIF-1a through succinate metabolism. Future studies of synovial tissues
incorporating snRNA-seq with single cell metabolomics would provide insight into the

role of metabolites as drivers and targets in inflammatory arthritis (173).

Lipid metabolism is regulated by pathways involving peroxisome proliferator-activated
receptors (PPAR), liver X receptors (LXR) and SREBPs (173). SREBPs are encoded by
SREBF and SREBF?2, and are master regulators of lipid biogenesis that are known to be
upregulated by glucocorticoids (420). The trends toward increase in SREBF1 and SREBF2
expression in adipocytes after intra-articular methylprednisolone injection were not
statistically significant (Figure 50). Not all synovial tissue biopsies captured adipocytes
and the missing data that arose from this may have caused statistical analysis to be
underpowered to look for a perturbation in SREBFI and SREBF2. Moreover, any
differential expression in SREBF'I and SREBF?2 genes in synovial adipocytes may have
resolved at 4 weeks after intra-articular methylprednisolone injection, whereas an earlier
follow-up may show statistically significant differential expression of SREBFI and
SREBF?2 genes. SREBPs regulate triglyceride synthesis and cholesterol biogenesis. The
upregulation of lipogenesis genes downstream of SREBPs implicate SREBPs in the

adipocyte response to intra-articular methylprednisolone injection.
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Lipids have structural and functional roles in maintaining cellular homeostasis (341). Both

pro- and anti-inflammatory lipids are involved in the pathogenesis of arthritis (314). The

lipidome profile in RA joint fluid is severely perturbed and this correlates with the extent

of inflammation and severity of synovitis on ultrasound (421). Arthritis treatments such as

hydroxychloroquine, methotrexate and biological therapies have beneficial effects on lipid

metabolism, and it has been suggested that lipids are involved with pathogenesis of

arthritis (422). Indeed, lipid metabolites have been shown to have functional relevance in

RA and PsA (Figure 66) (173).

Normal Role/Function

Nuclear receptor

PPARY

Molecular sensor of FAs and FA
derivatives

PPARY agonist

Receptor
LXR Regulate intracellular cholesterol
and lipid homeostasis

Cholesterol metabolite

Works with LXR to regulate
intracellular cholesterol and lipid
homeostasis

Transcription Factor in FA
metabolism

Activation assists fulfilling
increased lipid requirements of T
cells during blastogenesis

Polyunsaturated fatty acids and
their derived oxylipin
metabolites

Phospholipid

Rhuematoid Arthritis (RA) Psoriatic Arthritis (PsA)

Activation showed amelioration in
clinical disease

L Expression in synovial tissue

Activation => modest decrease
in disease

i Disease activity 4 Disease activity

T Expression in RA SF macrophages
1 regulates MERTK in macrophages,
promoting phagocytosis

1 Expression of IL-1B, IL-6, CXCL10,
and MMP-3 in RAFLS

Enriched in RA SF

Potentiate DAMP induced IL-6,
TNFa, and IL-1B

T Inflammation activation in
macrophages

1 Concentrations of eicosanoids in RA
synovial fluid

4 Percentages of eicosapentaenoic,
linoleic, and a-linolenic acid

1 Expression of choline kinase in RA Choline metabolite (TMAO) is
synovial tissue. associated with measures of
1 Upregulated choline kinase in RA FLS  joint and skin inflammation
in response to TNFa

1 Fatigue

Figure 66 Lipid metabolites and their functions in health, RA and PsA.
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(173)

The presence of lipids such as cholesterol in inflammatory arthritis synovial fluid has long
been recognised (423). For example, Ananth ef al. showed that apolipoprotein A-I,
apolipoprotein B and cholesterol levels were higher in synovial fluids from patients with
RA than patients with degenerative joint disease (423). In a study of serial synovial fluid
samples from two patients with RA, synovial fluid triglycerides and glycoproteins were
found to correlate with disease activity (424). Cross-sectional analysis of synovial fluids
from patients with RA using liquid chromatography-tandem mass spectrometry (LC-
MS/MS) previously showed almost 70 different lipid components from distinct lipid
classes including lysophosphatidylcholine and phosphatidycholine species (425). Key anti-
inflammatory and pro-resolving lipid mediators including maresin 1, lipoxin A4 and
resolving D5 were found in these synovial fluids (425). The synovial fluid lipid profiles in
my cohorts may be characterised to assess whether they correlate with changes in synovial

fluid cytokines and synovial tissue snRNA-seq profiles.

Adipocytes are involved in regulation of adaptive immunity (342). Adipocytes exhibit
properties of APCs such as expression of CD1d, MHC class I and II molecules. For
example, lipid antigen presentation by adipocytes to NKT cells through CD1d modulates
tissue inflammation (426). Moreover, adipokines produced by adipocytes regulate the
survival, activation and differentiation of immune cells (342, 427). High fat diet fed mice
have increased expression of MHC II molecules in adipocytes (428). This illustrates how

lipid metabolism may influence cell-cell communication between adipocytes and CD4 T
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cells and Tregs (428). Knockout of HIF-1a protected mice from high fat diet induced
upregulation of MHC II genes in adipocytes and tissue inflammation (429). This suggests

that hypoxia is involved in the crosstalk between lipid metabolism and immune pathways.

The interconnection between lipid metabolism and inflammation suggests that lipid
metabolism may be targeted for anti-inflammatory effects. For example, PPARy
expression was decreased in RA synovial tissues compared to OA and normal synovium
(430). PPARY along with PPARa and PPARGS are subtypes of PPARs which regulate fatty
acid metabolism (431). PPARy agonist pioglitazone has been tested as a treatment for RA
and PsA (432, 433). Pioglitazone treatment resulted in a modest reduction in DAS28-CRP
in patients with RA (432). Pioglitazone also reduced tender and swollen joint counts in
patients with PsA (433). However, both studies reported side effects including lower-
extremity oedema which is known to occur with pioglitazone. Other strategies to target
synovial tissue lipid metabolism need to be considered. The role of lipid metabolism in
synovial tissues may depend on the microenvironment and the cell subsets involved (173).
An understanding of the spatial distribution of lipid profiles in synovial tissues is therefore

needed.

Spatial characterisation of synovial tissue lipid profiles in RA and PsA is emerging.
Matrix-Assisted Laser Desorption Ionization Mass Spectrometry Imaging (MALDI-MSI)
and matrix-enhanced secondary ion mass spectrometry (ME-SIMS) are established
techniques to determine the relative abundance and the spatial distribution of proteins,
lipids, metabolites or other organic compounds by their molecular masses (434, 435).
Rocha ef al. presented abstracts of their MALDI-MSI analysis which showed distinct

synovial tissue lipid profiles in RA and PsA (436, 437). Lipid species including
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sphingomyelins, phosphatidylcholines (PCs) and phosphatidylethanolamines (PEs) had the
greatest separation power to classify RA and PsA tissue samples (436). Most significantly
different lipid species were increased in RA and PsA compared to controls (436). Spatial
distribution of PE was associated with increased vascularity and inflammatory cell
infiltrates in the synovial sublining (436, 437). Proteomic analysis also found lipid
metabolism related proteins in synovial tissues that distinguish between RA and PsA

(436).

Although these cross-sectional studies provide useful insights as to how lipid profiles may
differ in synovial tissues in different diseases, there is a knowledge gap relating to how the
spatial distribution of lipids in synovial tissues change over time. My study demonstrated
there were fewer synovial tissue adipocytes, and that lipogenesis genes in adipocytes were
upregulated, after intra-articular methylprednisolone injection. MALDI-MSI/ME-SIMS
analysis of synovial tissues before and after intra-articular methylprednisolone injection
would characterise perturbation of lipid profiles spatially. Further studies in longitudinal
samples are needed to address whether lipid metabolism may be therapeutically targeted in
inflammatory arthritis by dissecting the immune and metabolic effects of lipid species on

stromal and immune cells in synovial tissues.

Synovial tissue biopsy is limited in that only a small sample of the joint is available for
analysis. Characterisation at the level of the anatomical joint, not just at the tissue lining, is
needed to understand the pathological processes underlying inflammatory arthritis. Non-
invasive in vivo evaluation of the immune-metabolic changes with detailed anatomical
delineation using functional and molecular-based imaging (such as positron emission

tomography, fluorescence optical imaging, optoacoustic imaging, contrast-enhanced
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ultrasonography) would add to our understanding of immunometabolism in inflammatory

arthritis (274).

4.4.5 Differential gene expression in B cells after intra-articular

methylprednisolone injection

When samples containing skeletal myocytes were excluded from analysis, there were no
differential gene expression in cell types such as B cells and macrophages (Table 10). This
may be due to reduced sample size for analysis which may limit statistical power.
Exploratory analysis including samples containing skeletal myocytes showed
downregulation of versican (VCAN) and IL2RA gene expression in B cells, and
downregulation of formyl peptide receptor 3 (FPR3) gene expression in MERTK low
macrophages (Table 11). Interpretation of these exploratory analyses need to be treated

with caution as analysis may be confounded by cells from outside the joint capsule.

The downregulation of VCAN by glucocorticoid has been shown previously (438, 439).
VCAN encodes a large extracellular matrix proteoglycan called versican which is a
member of the lectican protein family which includes aggrecan found in cartilage (440).
Versican binds to leukocyte adhesion molecules L-selectin, P-selectin and CD44 (441).
The effects of glucocorticoids on versican have been studied in the context of foetal lung
maturation (438, 439). Glucocorticoid signalling represses VCAN gene expression and
glucocorticoid administration reduces versican levels in vivo (438, 439). There is therefore
precedent for glucocorticoid mediated downregulation of VCAN expression. However, B
cells are not known to express VCAN. Fibroblasts are the predominant cells that express
VCAN (442). Methylprednisolone has previously been shown to induce no differential

gene expression of VCAN in B cells in vitro (300). Therefore, the downregulation of VCAN
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in B cells in this study needs to be interpreted with scepticism and confirmed in a larger

independent cohort using alternative assays such as flow cytometry.

Exploratory analysis including samples containing skeletal myocytes also showed
downregulation of /L2RA gene expression in B cells (Table 11). IL2RA and IL2RB bind
with the IL-2 receptor common gamma subunit (IL2RG) to form the IL-2 receptor (IL2R)
(443). IL2R is involved in regulating immune tolerance by controlling Tregs which
suppress the activation and expansion of autoreactive T cells. Due to its role in the
development and function of Tregs, IL2RA is recognised as a general susceptibility gene
for autoimmune diseases including RA, juvenile idiopathic arthritis (JIA), multiple
sclerosis and type 1 diabetes mellitus (444). For example, the IL2ZRA-rs2104286 minor

allele is associated with joint destruction and persistence of RA (445).

Glucocorticoids have been shown to downregulate /L2RA (446). In T cells, dexamethasone
decreased /L2RA mRNA levels, reduced IL2RA protein expression, and inhibited IL-2
induced T cell proliferation (446). Although IL2RA is expressed by B cells, /L2RA has not
been shown to be perturbed by glucocorticoids in B cells before (300, 447). Given the
exploratory nature of this analysis and possible confounding by inclusion of samples
containing extra-capsular tissues, this finding therefore needs to be corroborated in a

hypothesis driven approach using flow cytometry in an independent cohort.

4.4.6 Differential gene expression in macrophages after intra-articular

methylprednisolone injection

In the exploratory analysing including samples containing skeletal myocytes, FPR3 was

downregulated in MERTK low macrophages after intra-articular methylprednisolone
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injection (Table 11). The formyl peptide receptor family (FPRI, FPR2 and FPR3) encodes
G-protein-coupled receptors that are expressed mainly by phagocytic leukocytes such as
macrophages and are involved in antibacterial host defence and inflammation (448).
Unlike FPR1 and FPR2 which are expressed on the cell surface, FPR3 is located in
intracellular vesicles (449). FPR3 is known to be upregulated in the lympho-myeloid
pathotype of synovial tissue biopsies of patients with RA (448). Although FPR3 has
previously been shown to be downregulated in monocytes in vitro by methylprednisolone,
the effects of intra-articular methylprednisolone on FPR3 expression in synovial tissue
requires confirmation in an independent cohort to ensure this is not a spurious finding due

to confounding by extra-capsular monocytes (300).

4.4.7 Intra-articular methylprednisolone effects on differential gene expression

in RA and PsA subgroups

The difference in synovial fluid IL-6 and TNF responses to intra-articular
methylprednisolone injection in RA and PsA subgroups suggested that there may be
subgroup differences in synovial tissue response to treatment (Figure 35, Figure 37). There
were scant differentially expressed genes in RA and PsA subgroups in cell types other than
lining fibroblasts (Supplementary Table 2). In synovial lining fibroblasts, intra-articular
methylprednisolone injection induced no differentially expressed genes in RA, whereas a
perturbation response was noted in PsA (Figure 56, Figure 57). Genes related to
inflammatory arthritis such as TNFAIP6 and JAK2 were downregulated in PsA lining

fibroblasts after treatment with intra-articular methylprednisolone injection (Figure 57).
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TNFAIP6 encodes a secretory protein containing a hyaluronan-binding domain which
mediate extracellular matrix stability and cell migration. Pro-inflammatory cytokines such
as TNF and IL-1 induce TNFAIP6 transcription. The TNFAIP6 protein enhances the serine
protease inhibitory activity of I alpha I, which is important in the protease network
associated with inflammation. TNFAIP6 also enables binding of hyaluronan on the surface
of macrophages to LYVEI on lymphatic endothelium and facilitates macrophage
extravasation (450). The downregulation of TNFAIP6 in PsA synovial lining fibroblast
was consistent with the downregulation of TNF protein in synovial fluid of the patients

with PsA after intra-articular methylprednisolone injection (Figure 37, Figure 57).

Conversely, methylprednisolone upregulates J4K2 transcription in vitro at 6 h whereas my
study showed downregulation of JAK2 in PsA lining fibroblasts four weeks after intra-
articular methylprednisolone injection (Figure 57). This discrepancy was likely due to
different acute and chronic effects of glucocorticoid, as well as the different context
between an in vitro experiment and an in vivo setting. JAK2 encodes a non-receptor
tyrosine kinase with a central role in cytokine and growth factor signalling. Cytokine
binding induces autophosphorylation and kinase activation, which then phosphorylates
STAT proteins. JAK?2 is associated with myeloproliferative diseases including
polycythaemia vera and thrombocythemia. JAK inhibitors are widely used to treat
inflammatory arthritis include tofacitinib (inhibits JAK1/2/3), baricitinib (inhibits

JAK1/2), upadacitinib (inhibits JAK1) and filgotinib (inhibits JAK1) (2).

In addition to downregulating conventional markers of inflammation in PsA synovial
lining fibroblasts, intra-articular methylprednisolone injection also downregulated neuron

related genes such as cholinergic receptor muscarinic 3 (CHRM3) (451), semaphorin 3D
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(SEMA3D) (452), tumour protein p63 (7P63) (453), neuroligin 4 X-linked (NLGN4X)
(454), TNF receptor associated factor 2 and NCK interacting kinase (7NIK) (455), Solute
Carrier Family 24 Member 3 (SLC24A3) (456), basonuclin zinc finger protein 2 (BNC?2)
(457), mannosidase alpha class 2A member 1 (MAN2A1) (458), six-transmembrane
epithelial antigen of prostate 4 (STEAP4) (459), and ABI family member 3 binding protein
(ABI3BP) (Figure 57) (460). The role of the nervous system in mechanisms underlying
peripheral pain and inflammation in inflammatory arthritis was reviewed recently and is

described briefly here (461, 462).

Pain perception in the brain is relayed by activation of peripheral neurons and sensory
circuits within the spinal cord and brain (463). These neurons extend axons to innervate
peripheral tissues including synovium. The relevance of the nervous system as a
therapeutic target in arthritis was exemplified by tanezumab, a monoclonal antibody
against nerve growth factor (NGF), which was efficacious in reducing OA pain but had the

adverse effect of rapidly progressive joint degeneration (464, 465).

As ion channels are emerging as important in the pathogenesis of arthritis and as
therapeutic targets, it was particularly notable that SLC2443 was downregulated in PsA
lining fibroblast after intra-articular methylprednisolone injection along with other
inflammatory markers (Figure 57) (466). Ion channels are pore-forming proteins on cell
membranes that regulate ion flux, membrane potential, osmoregulation and metabolism
(467). The role of ion channels in arthritis and their potential as therapeutic targets were
recently reviewed and are briefly described here (466, 468). Some ion channels typically
associated with neurons are also expressed by immune cells and musculoskeletal cells of

the joint (466). These ion channels have key functions that contribute to pathogenesis of
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arthritis including synovial proliferation, cartilage destruction, inflammation and pain
(466). However, the electrophysiological properties of ion channels in synovial tissues
remain poorly understood and the factors underlying the contribution of ion channels to

pathogenesis of arthritis are not fully elucidated (466).

Lipid metabolites including derivatives of phosphatidylcholine, a key component of
nanobubbles invented by Professor Stride, may mediate effects through ion channels
potentially leading to pain exacerbation. For example, lysophosphatidylcholine is released
after hydrolysis of membrane phospholipid phosphatidylcholine by phospholipase A2
(469). Lysophosphatidylcholine, along with other endogenous lipid species, in turn can
activate and potentiate acid-sensing ion channel (ASIC) 3 (470, 471). ASIC3 activation by
lysophosphatidylcholine has been shown to contribute to chronic pain in musculoskeletal
disorders (466, 470, 472). Inhibitors of ASIC3 were reported to reduce inflammatory pain,
cartilage damage and mechanical hypersensitivity in animal models, highlighting the

potential of ion channels as therapeutic targets (466).

It was therefore exciting that SLC24A43 was revealed as a putative biomarker of disease in
PsA lining fibroblast that was downregulated after intra-articular methylprednisolone
injection (Figure 57). SLC24A3, otherwise known as sodium/potassium/calcium exchanger
3 (NCKX3), encodes a potassium-dependent sodium-calcium exchanger that transports one
Ca?" and one K" in exchange for four Na* (473). The role of solute carrier transporter
family in metabolism and inflammation by RA fibroblasts has been previously reviewed

extensively but SLC24A3 was not widely known to be relevant to arthritis (474).
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SLC24A3 was previously shown to be unperturbed by glucocorticoid in vitro (300). My
study showed lining fibroblast expression of SLC24A43 was also unaffected by intra-
articular methylprednisolone injection in the RA subgroup (Figure 56). The
downregulation of SLC24A43 was therefore associated with the resolution of inflammation
in the synovium of patients with PsA, rather than with the administration of intra-articular

methylprednisolone injection per se (Figure 57).

Whether SLC2443 downregulation contributed to the resolution of inflammation, or was a
consequence of resolution of inflammation, requires investigation to distinguish SLC2443
as a biomarker of disease or a potential therapeutic target. Using dextran sodium sulphate
induced experimental colitis mouse models with SLC24A3 KO mice, Tran et al.
demonstrated that loss of SLC24A3 prevented resolution of inflammation (475).
Furthermore, they demonstrated that loss of SLC24A3 exacerbated colitis through p53/NF-
kB activation through calcium homeostasis. This supports SLC24A3 as more than a mere

marker of inflammation, and instead actively mediates resolution of inflammation.

In addition to animal models of colitis, metal ion channels have also been described as
relevant in human inflammatory arthritis synovium. In the aforementioned work by the
Brenner group, metal ion homeostasis genes were found to be differentially expressed by
synovial tissue fibroblasts from patients with inflammatory arthritis compared to
fibroblasts from “healthy human synovial tissue” dissected at autopsy from subjects
without history of arthritis, autoimmune disease or recorded traumatic injury (415). These

findings implicate metal ion channels in synovial tissue inflammation.
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SLC24A3 also regulates mast cell activation by controlling the sustained phase of Ca?*
gradient (476). Indeed, SL24A43 was expressed by synovial tissue mast cells in my dataset
(Supplementary Figure 12). Mast cells are known to have pleiotropic roles in synovial
tissue inflammation, and may act as immunomodulatory cells (477). Mast cell expression
of SLC24A3 may offer additional targets for modulation as mast cell ion channels have
been viewed as potential therapeutic targets in immune mediated diseases (478). SLC24A43
was shown to be upregulated in other settings including inflamed brain glial cells (479),
and associated with the immune response and tumour immune microenvironment in
cervical cancer (480, 481). Therefore, SLC24A3 modulators may have potential

therapeutic value across different diseases.

Ion channel modulators have been tested in animal models of arthritis and in patients with
arthritis, heralding their development as novel treatment strategies for arthritis. Clinical
trials are already underway for ion channel modulators in OA (466, 468). Animal models
of inflammatory arthritis may be used to investigate whether targeting SLC24A3 would be
an effective treatment for treatment of inflammatory arthritis. A caveat is that there was no
significant differential expression of SLC24A43 in synovial tissues after treatment with
either tocilizumab or rituximab in RA patients enrolled in the R4RA trial (Supplementary
Figure 13) (336). The R4RA was a synovial biopsy-based biomarker analysis of rituximab
versus tocilizumab in patients with RA (336). It may be that SLC24A43 was not
significantly differentially expressed in the R4RA dataset because SLC24A43 was only
expressed in select cell subtypes such as lining fibroblasts but not sublining fibroblasts
(Supplementary Figure 12). The other challenge that SLC24 A3 poses as a therapeutic

target is that it is also expressed in the brain, aorta, uterus, intestine, smooth muscles, and
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kidney tubules so intra-articular administration may be preferred to limit systemic

exposure to a SLC24A3 modulator (408, 475, 482, 483).

Some neuron related genes were upregulated in PsA synovial lining fibroblasts with intra-
articular methylprednisolone injection, such as heparin binding epidermal growth factor
like growth factor (HBEGF) (484), SH3 and multiple ankyrin repeat domains 2 (SHANK?)
(485), collagen type XXII alpha 1 chain (COL22A1) (486), and chemerin chemokine-like
receptor 2 (CMKLR?2) (487). While these genes have a myriad of functions beyond those
related to neurons, it is intriguing that these genes have in common functions related to the
nervous system. The previously reported association between rapidly progressive OA
(RPOA) with tanezumab provides proof-of-concept that inhibition of neuronal pathways
may exacerbate joint destruction, even if the mechanisms remain unexplained (464, 465).
This association, along with my finding that some neuron related genes were upregulated
in PsA lining fibroblasts in association with resolution of inflammation after intra-articular
methylprednisolone injection, lead to the generation of the hypothesis as to whether

specific neuron related molecules may in fact be beneficial in reducing joint destruction.

This study added novel insights into how intra-articular methylprednisolone affects neuron
related gene expression in synovial lining fibroblasts. These findings may be confirmed by
accessing other single cell therapeutic atlases of synovial tissues such as the R4RA dataset
which compared rituximab with tocilizumab in the treatment of RA (336). Further
investigation is needed to understand the significance of this therapeutic response. These
may act as biomarkers of inflammation, or even therapeutic targets for pain modulation in

arthritis. In animal models of perinatal stroke, methylprednisolone restored microglial,
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astroglial and oligodendrocyte populations (241). There is therefore a precedent to support

methylprednisolone effects on neuron related fibroblasts in hypoxic inflamed tissues.

The differential expression of neuron-related genes induced by methylprednisolone in PsA
lining fibroblasts may provide mechanistic insights into how methylprednisolone affects
the nervous system during hypoxia. Hypoxia was known to induce excitability loss in
spinal cord axons (488, 489). Sasaki et al. showed that methylprednisolone protected
spinal cord axons against hypoxia-induced excitability loss (488). One may speculate that
the differentially expressed neuron related genes in fibroblasts induced by
methylprednisolone in my study may account for the protective effects of
methylprednisolone against hypoxia-induced excitability loss. Histological analysis of
synovial tissues is needed to understand how intra-articular methylprednisolone injection
affects neurons in synovial tissues. This could be further explored by using deep imaging
techniques such as multiphoton microscopy to investigate whether the spatial distribution
and density of synovial tissue lining innervation is perturbed with intra-articular
methylprednisolone injection. Such experiments would clarify if the perturbed neuronal
genes in PsA synovial lining fibroblasts with treatment has physiological effects on the

synovial tissue nervous system.

4.4.8 Synovial tissue snRNA-seq therapeutic atlas of intra-articular

methylprednisolone injection

This study was the first reported snRNA-seq therapeutic atlas in inflammatory arthritis
characterising synovium before and after treatment, with intra-articular
methylprednisolone injection as the model therapy. Cells respond to drugs differently in

vitro compared to in vivo. The microenvironment niche, extracellular matrix and

240



adipocytes in the in vivo setting is missing from the in vitro experimental setup. The fact
that in vitro cultures do not recapitulate the in vivo setting highlights why novel therapies
may show promise in preclinical stages but fail to show clinical efficacy. Conversely,
efficacious therapies in development may be erroneously abandoned due to poor
preclinical testing. This in vivo therapeutic atlas of intra-articular methylprednisolone
injection serves as a foundation for the investigation of other existing and emerging

therapeutic agents for arthritis using synovial tissue snRNA-seq profiling.

One of the strengths of using snRNA-seq for evaluating longitudinal changes in synovium
is its unbiased approach to genome-scale assessments of cellular identities and states. Most
studies into synovial tissue sequencing at single cell level are sScCRNA-seq analyses.
However, scRNA-seq requires tissue disaggregation by thermal and enzymatic means
which may significantly bias gene expression and alter the observed cell types. The
advantage of using snRNA-seq is that cells do not undergo thermal and enzymatic
disaggregation, resulting in a more accurate picture of cell gene expression and cellular
composition. For example, adipocyte data are frequently absent from scRNA -seq due to
technical challenges relating to adipocytes as large buoyant cells (365, 490). The snRNA-
seq therapeutic atlas described herein can not only characterise the adipocytes found in
synovium but is also sufficiently sensitive enough to describe the therapeutic effects on

cell abundance and differential gene expression in adipocytes longitudinally.

This therapeutic atlas provided important insights into the in vivo mechanisms of action in
patients with inflammatory arthritis. Previous studies showed glucocorticoids mediate
different anti-inflammatory effects via distinct cell types in different mouse models of

arthritis (230). In the antigen-induced arthritis (AIA) model, deletion of the glucocorticoid
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receptor abrogated the therapeutic effects of glucocorticoids, but deletion of the
glucocorticoid in stromal cells did not (491). In the serum transfer-induced arthritis mouse
model however, the anti-inflammatory effects of dexamethasone were found to be
mediated by glucocorticoid receptors expressed by the stromal cell compartment rather
than T cells or other haematopoietic cells (492). Given that intra-articular
methylprednisolone injection was found to have profound different gene expression
changes in PsA lining fibroblasts, my data therefore suggests that the serum transfer-
induced arthritis mouse model may be more reflective than the AIA model of

glucocorticoid effects in patients with PsA.

4.4.9 Molecular endotyping of synovial tissues between RA and PsA

Understanding the differences in the pathogenesis of RA and PsA may identify potential
novel biomarkers and therapeutic targets. Differences between RA and PsA have
previously been characterised at synovial tissue single cell transcriptomic level (346). I
undertook an exploratory analysis to see if there was a difference between PsA and RA
synovial tissues at single nucleus level, which has not been done before. The exploratory
analysis between RA and PsA was hypothesis generating, especially since there may be
confounders such as differences in age, gender, comorbidities, medications, disease stage,
etc. Any findings would require validation using independent assays in independent

cohorts.

In pre-treatment synovial tissues, there were greater proportions of adipocytes, ribsomal
RNA high T cells, NK/NKT cells, B cells and mural cells in RA, and greater proportions
of lymphatic endothelial cells and plasmacytoid dendritic cells in PsA (Figure 58).
Synovial tissue B cells are known to have a pathogenic role in RA and their significance is
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confirmed by the therapeutic efficacy of B cell depletion using rituximab to target CD20
(493). In this study, the greater proportion of synovial tissue B cells found in pre-treatment
synovial tissues in RA compared to PsA was consistent with known preponderance of

synovial tissue B cells in the pathophysiology of RA (494-496).

Synovial tissue single cell transcriptomic profiles have previously been characterised in
RA and PsA but adipocytes are missing in their dataset (346). In pre-treatment synovial
tissues, my dataset showed greater proportion of adipocytes in RA compared to PsA
(Figure 58). This difference may reflect greater inflammation in the pre-treatment synovial
tissues in PsA compared to RA, as suggested by the synovial fluid IL-6 reduction in
response to intra-articular methylprednisolone injection in the PsA group but not the RA
group (Figure 35). The presence of adipocytes in synovial tissues is known to be decreased
with progression of arthritis (497). In my dataset, the difference in synovial tissue
adipocyte composition in RA and PsA may be confounded by factors such as disease stage
and severity. Future studies should compare synovial tissue biopsies from RA and PsA
patients with similar characteristics, such as disease stage and severity, to delineate the

molecular and cellular differences underlying their pathophysiology.

Curiously, lymphatic endothelial cells were noted to be greater in proportion in PsA
synovial tissue compared to RA, in both pre- and post-treatment (Figure 58, Figure 59).
The lymphatic system is important in maintaining interstitial fluid balance and immune
cell transport (498). Antigen presenting cells such as dendritic cells travel from peripheral
sites through the afferent lymphatics to lymph nodes where B and T cells are activated by
foreign antigens, which then migrate via efferent lymphatics to mount an immune response

(499). Moreover, the egress of T cells from inflamed tissues via lymphatics is important
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for resolution of inflammation (500). Indeed, lymphatic drainage is known to be essential
in regulating humoral immunity and peripheral tolerance (501, 502). In addition to
facilitating transport of immune cells, lymphatic endothelial cells also secrete
immunomodulatory signals including TGF- to suppress dendritic cell maturation, IL-7 to
increase IL-2-sensitivity in regulatory T cells, and macrophage-colony stimulating factor

(M-CSF) to modulate macrophage differentiation (499, 503-505).

Rheumatoid lymphadenopathy was first described in 1896 and lymphatic involvement in
RA has since been generally accepted (506). Lymphatic disorders such as lymphoedema
have been described in RA, and there are case reports of lymphoedema in PsA too (507-
509). The pathophysiology of RA is associated with dysregulated synovial lymphatic

vasculature, including an expansion and collapsed phase (499).

Interestingly, lymphatic vessel length has previously been shown to be reduced in the
hands of patients with active RA compared to healthy controls (510). Their clinical finding
corroborated with my snRNA-seq finding that there were few lymphatic endothelial cells
in synovium of patients with RA (Figure 58, Figure 59). My finding suggested that
reduced proportion of lymphatic endothelial cells may be specific to RA and not PsA,
highlighting potential discrepancy in the role of lymphatic endothelial cells in pathogenesis
of RA and PsA. In animal models of inflammatory arthritis, inhibition of
lymphangiogenesis and lymphatic drainage exacerbated inflammation and restoration of
synovial tissue lymphatic system attenuated joint damage (511, 512). RA treatments alter
the lymphatic vessels and nodes so the lymphatic system may represent a potential
biomarker of disease and a therapeutic target for RA (513). In vitro organoid and in vivo

animal studies are therefore warranted to investigate the role of synovial tissue lymphatics
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in pathogenesis of inflammatory arthritis, and their potential as therapeutic targets

especially for RA (499).

Having explored the differences in synovial tissue cellular composition, I then explored
differentially expressed genes between synovial cell types in RA and PsA. Differential
gene expression analysis showed only the pre-treatment lining fibroblasts were
demonstrably different between RA and PsA (Figure 60). The post-treatment samples
showed essentially no differences between diseases (Figure 61). This finding is consistent
with the cellular composition being more similar after treatment (Figure 58, Figure 59). As
this analysis is exploratory, confirmation of findings will be necessary to rule out

confounders.

Differential gene expression analysis in pre-treatment synovial lining fibroblasts showed
marked upregulation of MGP in RA compared to PsA. The MGP gene encodes a member
of the osteocalcin/matrix Gla family of proteins which is activated by vitamin K dependent
carboxylation (514). MGP has a pleiotropic role in bone metabolism as it promotes bone
formation by upregulating Wnt/B-catenin signalling and exerts an inhibitor effect on bone

mineralisation (514-517).

Previously, immunohistochemistry of synovial tissues showed that MGP was increased in
RA compared to OA (518). My study results suggest that MGP upregulation in lining
fibroblasts is specific to RA and not PsA (Figure 60). This is interesting because some
studies suggested that bone erosions occur less frequently in PsA than RA (519, 520),
although other studies found no difference (2, 521-523). This exploratory analysis

generated the hypothesis as to whether lining fibroblast expression of MGP may explain
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bony erosion as being more predominant in RA compared to PsA, by inhibiting

calcification.

The role of MGP in osteoporosis is well known and polymorphism of the MGP locus is
associated with bone mineral density in elderly women (514, 524). The use of an
osteoporosis treatment denosumab (an anti-RANKL Ab) for treating RA provides proof-
of-concept that treatments targeting bone mineralisation may be effective at treating RA
(514, 525). Further studies are required to understand why MGP is upregulated in RA

lining fibroblasts, and its potential as a therapeutic target.

On the other end of the spectrum, BMPER expression was markedly upregulated in pre-
treatment synovial lining fibroblasts in PsA compared to RA (Figure 60) (526). Given that
synovial tissue vasculature is known to be tortuous and bushy in PsA, it was interesting to
note that BMPER may be involved in the pathogenesis of this pathological feature in PsA
(344). Fromm et al. showed that conditioned media from fibroblasts from PsA synovial
tissues enhanced endothelial tube formation and endothelial cell migration in vitro
compared to fibroblasts from RA synovial tissues (527). The pro-angiogenic phenotype in
PsA was attributed to increased secretion of VEGF and thymic stromal lymphopoietin
(TSLP) by PsA synovial fibroblasts but there may be other secreted factors involved that

were unaccounted for such as BMPER.

BMPER, also known as Crossveinless-2 (CV2), was first identified in Drosophila to be
required for the formation of wing crossveins (528, 529). This gene encodes a secreted
protein that contains five cysteine-rich domains followed by a von Willebrand D domain

and a trypsin-inhibitor domain (530). BMPER has been shown to have a conserved
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function across species for pattern guidance of interconnecting blood vessels. In
Drosophila, deficiency in BMPER resulted in a phenotype lacking crossveins which are
interconnecting veins between the longitudinal veins of the wing (529). Moreover in
zebrafish, BMPER knockdown compromised the caudal vein development and the pattern
guiding of intersomitic vessels, demonstrating that BMPER is required in vascular pattern
formation (531). BMPER has also been implicated in retinal angiogenesis in oxygen

induced retinopathy, and cardiovascular development (532, 533).

BMPER interacts with and modulate bone morphogenetic proteins (BMP), including
BMP2, BMP4 and BMP6, which are important in blood vessel formation and vascular
disease (530, 534, 535). As well as extracellular modulation of BMP, BMPER may also
impact endothelial cells through LRP-1 signalling, similarly to TIMP-1 (406, 536). The
functions of BMPER include both pro- and anti-BMP signalling effects in different
experimental settings (532). In particular, the concentration of BMPER relative to BMP
may be important in determining its effects (537). At low concentrations, BMPER
enhances sprouting and vasculature formation whereas high concentrations of BMPER

inhibit these processes (532).

The role of BMPER expression by synovial tissue lining fibroblasts in the pathogenesis of
PsA is likely to be multifaceted. In gain-of-function assays, BMPER antagonises BMP but
in loss-of-function models, BMPER has pro-BMP functions (526). BMPER has also been
reported to inhibit angiogenesis and inflammation which in turn have therapeutic
implications. For examples, BMPER inhibits endothelial inflammation by inhibiting TNF-
induced endothelial inflammation (526, 538). An anti-inflammatory role for BMPER was

confirmed when small interfering RNA (siRNA) knockdown of BMPER in HUVECs
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increased inflammatory markers intracellular adhesion molecule 1 (ICAM-1) and vascular

cell adhesion molecule 1 (VCAM-1) expression (526, 539).

Although lining fibroblast expression of MGP and BMPER may be novel endotypes of RA
and PsA, respectively, MGP and BMPER are also inextricably linked through shared
molecular mechanisms. In Apoe” mouse models of atherosclerosis, overexpression of
MGP downregulated BMPER and loss of MGP strongly upregulated BMPER (540). This
reciprocal relationship between MGP and BMPER likely reflect their shared and opposing
roles in BMP signalling. Excessive MGP expression has been shown to inhibit pulmonary
vascular development through interference with BMP-4 signalling (541). Specifically,
overexpression of Mgp transgene in mouse models inhibited side branching of the vascular
endothelium (541). This appears to be analogous to the straight, linear blood vessels seen
in RA synovial tissues, and may also be driven by overexpression of MGP by synovial
tissue lining fibroblasts. Increased MGP expression suppresses VEGF expression, whereas
VEGEF expression is increased in the absence of MGP (540). Therefore, the disparate
appearance of linear blood vessels in RA joints and tortuous bushy vasculature in PSA
joints may be driven by opposing effects of MGP and BMPER, not only on each other, but

also on VEGF and BMP signalling (Figure 67) (540).
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Figure 67 Proposed mechanistic model by which the negative reciprocal relationship
between MGP and BMPER drives divergent synovial tissue vasculature morphology in RA
and PsA through BMP and VEGF signalling. Red arrow denotes negative effects. Blue

arrow denotes positive effects.

Photomicrographs of distinct vascular patterns in the synovium of patients with PsA as
compared to patients with RA reprinted in accordance with the Creative Commons
Attribution Non-Commercial (CC BY-NC 4.0) license

(https://creativecommons.org/licenses/by-nc/4.0/) from Fromm et al. (527)
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ELISA of BMPER in synovial fluids from my study to determine whether BMPER is
higher in synovial fluids from patients with PsA than patients with RA, would provide
protein confirmation of the transcriptomic difference seen. The dataset shared by Floudas
et al. may be interrogated to see whether lining fibroblast expression of BMPER was

indeed higher in patients with PsA compared to RA in an independent cohort (346).

As well as using differential gene expression to explore molecular endotypes of lining
fibroblasts in RA and PsA, I also examined differences in gene pathways between these
diseases. Exploratory gene set enrichment analysis comparison of pre-treatment synovial
lining fibroblasts showed upregulation of neuron differentiation pathways in PsA
compared to RA (Table 13). Recently, the association between synovial fibroblast
expression with sensory nerve growth and pain has been characterised (407). Synovial
lining fibroblasts were predicted to express genes associated with pain that enhance the
growth of dorsal root ganglion nociceptive neurons into synovial hypertrophy regions in
RA (407). The differences seen in my dataset between RA and PsA may be confounded by
factors such as disease stage and severity. Further studies are required to understand how

synovial lining fibroblasts contribute to pain in RA and PsA.

4.4.10 Cell-cell communication in RA and PsA synovial tissues

Previously, single cell transcriptomic studies that characterised differences in cell-cell
communication networks in RA and PsA patients have been limited (346). Floudas et al.
was the first study to characterise single cell transcriptomic profiling of synovial tissues
from RA and PsA inflamed joints without prior sorting of immune and stromal cells (346).
My study found similarities and differences in cell-cell communication in pre-treatment
synovial tissues from patients with RA and PsA (Figure 64, Figure 65, Supplementary

250



Figure 9, Supplementary Figure 10, Supplementary Figure 11). For example, lining
fibroblasts had the highest outgoing interaction strength in both RA and PsA (Figure 65).
Stronger and greater number of interactions mediated by B cells and plasma cells, and
weaker interactions mediated by lymphatic endothelial cells, in RA compared to PsA may
define the distinct synovial tissue immune-stromal cell crosstalk. Understanding the
distinct pathogenesis allows targeted therapies for treating inflammatory arthritis, such as

the use of rituximab for B cell depletion in the treatment of RA but not PsA.

Further work is required to elucidate the role of synovial tissue immune-stromal cell
crosstalk in the pathogenesis and resolution of inflammatory arthritis. sScRNA-seq and
snRNA-seq provide deep, high-resolution understanding of cell populations and states but
lack the spatial context which would otherwise inform analyses of cell identity and
function. Spatial multi-omics approaches (e.g. transcriptomic, metabolomic and
proteomic) would provide geographic colocalization information relating to interactions in
cellular niches (364). Integration of spatial multi-omics approaches to dissect the
spatiotemporal dynamics of cellular microenvironments would identify extracellular and
intercellular signalling networks and decipher how these determine resolution of

inflammation.

4.4.11 Limitations

The small sample size in this study may be insufficiently powered to detect subtle
differences. The sample size could have been increased if all the synovial tissue samples
were analysed with snRNA-seq. However, snRNA-seq analysis is expensive and financial
restraints limited the number of synovial tissue biopsy samples that could be analysed to 8
pairs. To maximise statistical power for subgroup analysis of RA versus PsA, paired pre-
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and post-treatment samples from 4 patients with RA and 4 patients with PsA were
analysed. As not all the paired samples from patients with PsA were analysed, 4 patients

with PsA were randomly chosen for snRNA-seq analysis to prevent skewing of data.

Glucocorticoids are known to have short- and long-term effects. Follow-up at a single
timepoint allows only a snapshot of the glucocorticoid effects. The short-term effects of
intra-articular methylprednisolone injection would be expected to have resolved at 4-week
follow-up. Future studies with multiple follow-up timepoints would allow dynamic

characterisation of therapeutic effects.

Compared with scRNA-seq, a potential disadvantage with snRNA-seq is that it only
captures approximately 10% of the transcriptome as snRNA-seq sequences only the RNA
in the nucleus and not the cytoplasm (363). Previous studies of snRNA-seq in other tissue
types demonstrated that snRNA-seq may struggle to detect cellular state compared to
scRNA-seq. For example, compared to scRNA-seq, snRNA-seq was found to have low
sensitivity and be unsuitable for detecting cellular activation in microglia (542). The
snRNA-seq therapeutic atlas described herein showed that snRNA-seq was sensitive
enough to detect changes in many glucocorticoid related genes in different synovial cell
types. Nonetheless, there may be differentially expressed genes that snRNA -seq was

insufficiently sensitive to detect.

A study limitation is that not all cell types from the synovium are represented in the
snRNA-seq analysis of frozen synovial tissue biopsy samples. For example, neutrophils
are notoriously challenging to be analysed using snRNA-seq or scRNA-seq from frozen

tissue samples. Neutrophils are highly sensitive to degradation after collection and with
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freezing. Moreover, neutrophils have relatively low RNA content and high levels of
RNases. Therefore, this snRNA-seq therapeutic atlas maps out the therapeutic response of
most but not all cell types in synovial tissues. SCRNA-seq or flow cytometry analysis of
fresh synovial tissue biopsy samples would provide a more accurate representation of cell

types including neutrophils but may be confounded by batch effects.

Sample clogging in GEM preparation led to fewer recovered cells which may have
impacted downstream analysis. Sample clogs may have been due to suboptimal sample
preparations, non-sterile work environments, clumping of gel beads, or slow chip loading.
Strategies to minimize sample clogging include cell debris removal using cell strainers,
visually inspecting single cell suspension before loading onto the chip and avoid
overloading chip with excess cells. Grounding frozen synovial tissues into powder quickly

in mortar may also yield higher nuclei recovery with less clogging (543).

Myocytes expressing striated muscle genes were also found in greater numbers in my
study than expected compared to previous scRNA-seq studies of synovial tissue biopsies
(336, 355). This may have been due to poor biopsy technique resulting in collection of
extra-articular muscle tissues. However, perhaps it should not be too surprising for
myocytes to be found given that the biopsy needle passes through muscle tissues. Since
skeletal myocytes are multinucleated, the inclusion of skeletal muscle fibres may give
disproportionately large number of skeletal myocyte nuclei. Myocytes may be
underestimated in scCRNA-seq studies as they are multinucleated cells that may be too large
to be captured in microfluidic droplets for scRNA-seq analysis. Although exploratory
analysis without samples from participants containing skeletal myocytes was performed to

limit confounding by extra-articular cells, this nonetheless does not exclude the possibility
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of extra-articular cells being present in biopsy samples such as adipocytes from extra-

articular fat pads.

Cell-free RNA molecules in the cell suspension (ambient RNA) may lead to inflated UMI
counts. Ambient RNA sources include ruptured, dead or dying cells, or other exogenous
contamination sources. If not accounted for, background UMI counts may lead to
systematic biases or batch effects in downstream analyses. Increased background RNA led
to the barcode rank plot not having a steep cliff, which is not unusual with snRNA -seq
datasets (Supplementary Figure 14). DecontX and automated SoupX methods were used to
remove ambient RNA but manual soupX settings or CellBender may be more effective at
removing background noise (349, 544). I attempted to apply SoupX using manual settings
to estimate the cell contamination fraction. Although this manual strategy improved
background removal such as haemoglobin genes, it distorted the fine structure of the
dataset making the automated method preferable (data not shown) (544). Further
finetuning of manual soupX settings may allow more effective ambient removal without
erroneous data distortion. CellBender is an alternative automated method but it has the

disadvantage of heavy computational cost.

Read counts were normalised in the pre-processing pipeline using log normalisation to
ensure that measurements are comparable across cells of different library sizes (363).
However, other normalisation methods exist and may be preferable. SCTransform has
been shown to improve performance of single cell pathway scoring tools (545).
SCTransform normalises counts based on one group of genes at a time, with each group
selected so that all the genes have similar abundances. This approach allows variation in

total library size rather than enforcing it as a constant metric. Re-analysis using
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SCTransform would assess whether the normalisation method affects analysis results.
Paired differential gene expression here was performed using DESeq2 but other methods
are available. Further work involves analysing differential expression using other single
cell RNA sequencing differential analysis methods such as MAST to confirm findings

(546).

Despite these limitations, snRNA-seq analysis was able to demonstrate the effects of intra-
articular methylprednisolone on synovial tissues at single nucleus level. The
downregulation of TIMP] expression in synovial tissue lining fibroblast after intra-
articular methylprednisolone injection is consistent with other studies. This therapeutic
atlas of intra-articular methylprednisolone injection effects also identified potential novel
therapeutic targets in inflammatory arthritis. snRNA-seq analysis of synovial tissue biopsy

before and after treatment may be a useful tool in the future to study novel therapeutics.
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5. Conclusion and future work

Hypoxia in the joint is a feature of inflammatory arthritis and may contribute to the
pathogenesis of inflammation. This DPhil initially had set out to investigate whether
oxygen nanobubbles could relieve joint hypoxia in patients with inflammatory arthritis as a
therapeutic intervention. Upon further in vitro investigation, I found that the oxygen
nanobubbles may mediate effects through its chemical components independently of
gaseous effects. Due to the uncertainty underlying the nature of oxygen nanobubbles and
their mechanisms of action, the clinical study of oxygen nanobubbles in patients with
inflammatory arthritis was cancelled. Instead, I proceeded with the parallel perturbation
study of intra-articular methylprednisolone injection that was originally planned to provide
context for the nanobubble study. This study of intra-articular methylprednisolone
injection provides a platform to advance understanding of the mechanism of action of this

widely used but incompletely understood treatment.

Intra-articular methylprednisolone injection is a widely used therapy for treating
inflammatory arthritis, especially when a single joint is involved. Inflammatory arthritis
patients who responded to TNFi were found to have higher synovial tissue oxygen with
treatment. My study found no change in synovial fluid oxygen with intra-articular
methylprednisolone injection. This discrepancy may be due to numerous factors such as
the measurement of oxygen levels in the synovial fluid instead of the synovial tissue and
not having a sample size large enough to have sufficient treatment responders for subgroup
analysis. Single nucleus transcriptomic analysis of the synovial tissues also found no

changes in hypoxia markers with intra-articular methylprednisolone injection.
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Our understanding of inflammatory arthritis has been greatly advanced by single cell
transcriptomic analysis. Synovial tissue adipocytes were not sequenced in previous single
cell transcriptomic studies due to their buoyancy and so would be lost during the tissue
disaggregation process. Single nucleus transcriptomic analysis has the advantage of not
needing tissue disaggregation for nuclei extraction. My study provided unique insights into
longitudinal effects of intra-articular methylprednisolone injection on single nucleus
transcriptomic profiles of inflammatory arthritis synovial tissues. Known
methylprednisolone effects such as 7IMPI downregulation were demonstrated in my
study, providing biological correlation between this exploratory study with known ground
truths. In particular, I discovered neuron-related genes expressed by lining fibroblasts that

may be novel therapeutic targets in patients with PsA.

For instance, I found downregulation of TNFAIP6 and JAK?2 in synovial tissue lining
fibroblasts of patients with PsA after intra-articular methylprednisolone injection. The
importance of TNF and JAK pathways in PsA is exemplified by the widespread use of
inhibitors that target TNF and JAK in the treatment of PsA. This provides evidence that
the perturbed gene expression by intra-articular methylprednisolone injection may identify
established as well as novel therapeutic targets. For example, it is intriguing that SLC24A43
was also downregulated after intra-articular methylprednisolone injection in synovial
tissue lining fibroblasts of patients with PsA. The sodium/potassium/calcium exchanger
encoded by SLC24A43 has previously been implicated in inflammatory bowel disease,
suggesting SLC24A43 may play a shared mechanistic role in inflammation across tissues

involving synovium as well as the gastrointestinal tract.
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Whether SLC24A43 in synovial tissue lining fibroblasts is also perturbed by TNFi treatment
may be explored by interrogating the dataset provided by Thomas et al. (547). Publicly
available GWAS datasets may also be leveraged to investigate whether SLC24A43 alleles
are associated with immune mediated inflammatory diseases. Although my work has
demonstrated downregulation of SLC24A43 expression in lining fibroblasts of 4 patients
with PsA after intra-articular methylprednisolone injection, this synovial tissue finding
needs to be confirmed in a larger independent study with multiple follow up timepoints at
protein level. Spatial proteomic analysis of synovial tissues would confirm SLC24A3 as a
disease biomarker and facilitate understanding of its role in cellular interactions within
tissue microenvironments. Further mechanistic studies are needed understand the cellular
and molecular role of SLC24A3 in the pathogenesis and resolution of inflammatory
disease. Slc24a3 KO mice have already demonstrated that SLC24A3 plays a critical role in
the immune response through regulation of p53 and NF-«B signalling (475). Inflammatory
arthritis models in S/c24a3 KO mice would delineate the role of SLC24A3 in
inflammatory arthritis. SLC24 A3 in the mouse joint may also be directly targeted using

agonists and antagonists to understand its role in health and disease.

The importance of synovial tissue adipocytes in the pathogenesis and resolution of
inflammatory arthritis is demonstrated by their response to treatment. I showed that intra-
articular methylprednisolone injection reduced the proportion of adipocytes in the synovial
tissue composition, and upregulated lipogenesis genes and gene set pathways. Intra-
articular methylprednisolone injections may not be repeated within three months due to
their long-lasting effects. Most previous perturbation studies of glucocorticoid effects on
synovial tissues have follow-up of less than two weeks. The longer follow-up of four

weeks in my study allows study of the prolonged effects of intra-articular
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methylprednisolone injection. The perturbation effects on adipocyte composition and gene
expression suggest that synovial tissue adipocytes may be important drivers underlying the

long-term effects of intra-articular methylprednisolone injection.

This study provided unique insights into adipocytes in cell-cell communication in
inflammatory arthritis synovial tissues. I found that adipocytes are major signalling players
that send diverse signalling pathways to diverse stromal and immune cell types in
inflammatory arthritis synovial tissues. This provided unique insights into the role of
adipocytes in inflammatory arthritis synovial tissues. Spatial analysis would confirm these

adipocyte findings.

Exploratory comparison of pre-treatment synovial tissue identified MGP and BMPER as
molecular endotypes for lining fibroblasts in RA and PsA, respectively. Given that the
MGP pathway may inhibit bone mineralisation, and that lining fibroblasts have been
implicated in tissue damage in RA, together these results suggest that the MGP pathway
may be a novel therapeutic target for preventing bony erosions in RA but not PsA.
Conversely, the upregulation of BMPER in PsA lining fibroblasts may account for the
bushy tortuous vasculature and bony proliferation characteristics of PsA. Use of animal
models would delineate the roles of MGP and BMPER in the pathogenesis of

inflammatory arthritis and their potential as therapeutic targets.

Overexpression of MGP transgene in mouse models inhibited side branching of the
vascular endothelium (541). This appears to be analogous to the straight, linear blood
vessels seen in RA synovial tissues, and may also be driven by overexpression of MGP by

synovial tissue lining fibroblasts. MGP loss-of-function or gain-of-function experiments
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using Mgp”- KO mice and MGP¢"" transgenic mice would enhance understanding of how
MGP affects synovial tissue vasculature morphology and bony erosions in RA (540, 541,

548).

Synovial tissue angiogenesis is characteristic of both RA and PsA, but PsA synovial blood
vessels have a tortuous, elongated and dilated morphology like that observed in tumour
vasculature (527). PsA synovial fibroblasts have been shown to promote angiogenesis
through regulation of endothelial cells (527). My study revealed BMPER as a potentially

novel transcriptional biomarker of PSA synovial tissue lining fibroblasts.

Publicly available single cell atlas of synovial tissues, such as the dataset provided by
Floudas et al., may provide insight as to whether BMPER is upregulated in synovial tissue
lining fibroblasts from patients with PSA compared to RA (346). Animal models of
inflammatory arthritis are needed to investigate the mechanistic role of BMPER in PsA
and its potential as a therapeutic target. Mice missing one allele of Bmper (Bmper*” mice)
have demonstrated the pivotal role of BMPER in an animal model of pulmonary
inflammatory response (536). Bmper”- mice die at birth so Bmper*” mice are used instead
to study the role of Bmper (537). BMPER has been shown to regulate inflammatory
responses in endothelial cells in a lipopolysaccharide (LPS) challenge, suggesting BMPER
may be a therapeutic target in setting of inflammation. Bmper*~ mice should be used to
investigate the role of BMPER in not only CIA but especially Saccharomyces cerevisiae
mannan-induced psoriatic arthritis (MIP) (549). Inducing MIP in wildtype and Bmper™-
mice would reveal if Bmper haploinsufficiency would affect development of experimental

PsA.
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The mechanistic role of BMPER in angiogenesis has been studied previously (535).
BMPER promotes endothelial cell sprouting and migration in vitro and in vivo. Using the
chick chorioallantois membrane assay, Heinke et al. demonstrated that application of
BMPER protein resulted in a denser capillary network with greater capillary diameters,
similar to the addition of VEGF (535). This may be analogous to the bushy tortuous
vasculature seen in PsA so it would be interesting to see whether intra-articular
administration of BMPER protein in mouse joints would be sufficient to recapitulate the

vasculature phenotype seen in PsA.

In conclusion, this thesis explored therapeutic effects on hypoxic pathways in
inflammatory arthritis. Although a clinical study of oxygen nanobubbles effects on joint
hypoxia was planned, this did not come to fruition as in vitro experiments showed the
nanobubbles mediate effects through biochemical rather than gaseous means. The parallel
study of intra-articular methylprednisolone injection showed no effects on hypoxic
pathways in inflammatory arthritis. Exploratory analysis of synovial tissue using single
nucleus transcriptomics provided known and novel insights into the therapeutic effects of

intra-articular methylprednisolone injection.
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9. Supplementary Tables

Supplementary Table 1 Cell cluster annotation markers

Positive cell cluster annotation markers

Negative cell cluster annotation markers

Adipocytes

Perilipin 1 (PLIN1 ), lipoprotein lipase (LPL)

Bcells

B lymphocyte kinase proto-oncogene, Src family
tyrosine kinase (BLK), B cell scaffold protein with
ankyrin repeats 1 (BANK1 ), paired box 5 (PAX5)

Dendritic cells

Celladhesion molecule 1 (CADM1 ), Fms related
receptor tyrosine kinase 3 (FLT3), WDFY family
member 4 (WDFY4 ), interferon regulatory factor
8 (IRF8)

Fast twitch skeletal myocytes

Myosin heavy chain 1 (MYH1 ), nebulin (NEB)

TroponinT1, slow skeletaltype (TNNT1 ),
troponin I1, slow skeletal type (TNNI1)

Granulocytes

KIT proto-oncogene, receptor tyrosine kinase
(KIT), interleukin 18 receptor 1 (IL18R1)

Lining fibroblasts

Fibroblast activation protein alpha (FAP),
chloride intracellular channel 5 (CLIC5),
proteoglycan 4 (PRG4 )

Decorin (DCN ), Thy-1 cell surface
antigen (THY1 ), fibrillin 1 (FBN1)

Lymphatic endothelial cells

Prospero Homeobox 1 (PROX1 ), C-C motif
chemokine ligand 21 (CCL21 ), lymphatic vessel
endothelial hyaluronan receptor 1 (LYVEL)

MERTKhi macrophages

CD163, MER proto-oncogene, tyrosine kinase
(MERTK)

Lysozyme (LYZ), cathepsin S (CTSS),
ficolin 1 (FCN1)

MERTKlo macrophages Lysozyme (LYZ), cathepsin S (CTSS), ficolin 1 CD163, MER proto-oncogene, tyrosine
(FCN1) kinase (MERTK )
Mural cells Notchreceptor 3 (NOTCH3), platelet derived

growth factor receptor beta (PDGFRB ), myosin IB
(MYO1B)

NK cells/NKT cells

Granulysin (GNLY'), CD247 , killer cell lectin like
receptor D1 (KLRD1)

Plasma cells

Interferon regulatory factor 4 (IRF4),
immunoglobulin lambda constant 2 (IGLC2),
immunoglobulin heavy constant gamma 1
(IGHG1)

Plasmacytoid dendritic cells

Placenta associated 8 (PLAC8 ), interferon
regulatory factor 8 (/RF8)

Proliferating cells

Centromere protein F (CENPF ), DNA polymerase
theta (POLQ)

Ribosomal RNA hi T cells

Interleukin 7 receptor (IL7R), lymphoid enhancer
binding factor 1 (LEF1 ), ribosomal protein S27
(RPS27), ribosomal protein L10 (RPL10)

RibosomalRNA lo T cells

Interleukin 7 receptor (/L7R ), lymphoid enhancer
binding factor 1 (LEF1)

Ribosomal protein S27 (RPS27 ),
ribosomal protein L10 (RPL10)

Slow twitch skeletal myocytes

Nebulin (NEB), troponin T1 slow skeletal type
(TNNT1 ), troponin I1, slow skeletal type (TNNI1)

Myosin heavy chain 1 (MYH1)

Sublining fibroblasts

Fibroblast activation protein alpha (FAP ), decorin
(DCN), Thy-1 cell surface antigen (THY1 ), fibrillin
1(FBN1)

Chloride intracellular channel 5 (CLIC5),
proteoglycan 4 (PRG4)

Vascular endothelial cells

Protein tyrosine phosphatase receptor type B
(PTPRB), Von Willebrand Factor (VWF)
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Supplementary Table 2 Number of differentially expressed genes with intra-articular methylprednisolone injection by disease subgroups (NA

denotes analysis was not possible as there were not at least 10 cells of that cell type from at least 3 participants)

P values were corrected for multiple testing using the Benjamini and Hochberg method in DESeq?2 by default (270, 272).

RA

PsA

Log2FoldChange < -1 and
adjusted p value <0.05
(Downregulated in RA)

Log2FoldChange > 1 and
adjusted pvalue <0.05
(Upregulated in RA)

Log2FoldChange < -1 and
adjusted pvalue <0.05
(Downregulated in PsA)

Log2FoldChange > 1 and
adjusted p value <0.05
(Upregulated in PsA)

Adipocytes 0 0 0 2
B cells 0 0 0 0
Dendritic cells 0 0 0 0
Fast twitch skeletal myocytes 0 0 Not applicable Not applicable
Granulocytes 0 0 0 0
Lining fibroblasts 0 0 14 4
Lymphatic endothelial cells Not applicable Not applicable 0 0
MERTKhi macrophages 0 0 0 0
MERTKlo macrophages 0 0 0 0
Mural cells 0 0 0 0
NK cells/NKT cells 0 0 0 0
Plasma cells 0 0 0 1
Plasmacytoid dendritic cells Not applicable Not applicable 0 0
Proliferating cells 0 0 0 0
RibosomalRNA hi T cells 0 0 0 0
RibosomalRNA lo T cells 1 0 0 0
Slow twitch skeletal myocytes Not applicable Not applicable Not applicable Not applicable
Sublining fibroblasts 1 0 0 0
Vascular endothelial cells 0 0 0 1
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Supplementary Table 3 Differentially expressed genes in PsA compared to RA in pre- and post-treatment synovium (NA denotes analysis was not

possible as there were not at least 10 cells of that cell type from at least 3 participants )

P values were corrected for multiple testing using the Benjamini and Hochberg method in DESeq?2 by default (270, 272).

PsAvs RA (pre-treatment) PsAvs RA (post-treatment)

Log2FoldChange < -1 and |Log2FoldChange > 1 and |Log2FoldChange < -1and |Log2FoldChange > 1 and

adjusted pvalue <0.05 |adjusted pvalue <0.05 |adjustedpvalue <0.05 |adjusted pvalue <0.05

(Upregulated in RA) (Upregulated in PsA) (Upregulated in RA) (Upregulated in PsA)
Adipocytes 0 0 0 0
B cells 0 0 0 0
Dendritic cells 0 0 0 0
Fast twitch skeletal myocytes 0 0 NA NA
Granulocytes 0 0 0 0
Lining fibroblasts 26 55 0 1
Lymphatic endothelial cells NA NA NA NA
MERTKhi macrophages 0 1 1 0
MERTKlo macrophages 0 0 0 0
Mural cells 0 0 0 0
NK cells/NKT cells 0 0 0 0
Plasma cells 0 0 NA NA
Plasmacytoid dendritic cells 0 0 NA NA
Proliferating cells 0 0 0 0
Ribosomal RNA hi T cells 0 0 0 0
RibosomalRNA lo T cells 0 0 0 2
Slow twitch skeletal myocytes NA NA NA NA
Sublining fibroblasts 0 0 0 1
Vascular endothelial cells 0 0 0 0
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10. Supplementary Figures
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Supplementary Figure 1 Violin plot of library size, number of features and percentage of

mitochondrial reads of each sample after filtering out droplets 3 median absolute

deviations from the median, droplets with fewer than 300 unique genes expressed, fewer

than 500 UMIs, where more than 5% of reads are mitochondrial genes
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Supplementary Figure 2 Integration of merged object with Harmony (reduction.use =
pca_name, group.by.vars = “orig.ident”, dims.use = 1:40, kmeans_init nstart = 20,

kmeans_init_inter_max = 100)
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Supplementary Figure 4 SLAMF6 expression in B cells, MERTK high macrophages,

NK/NKT cells, plasma cells, ribosomal RNA high T cells and ribosomal RNA low T cells at

baseline and follow-up after intra-articular methylprednisolone injection, excluding

samples from patients containing skeletal myocytes (N = 5; 2 RA and 3 PsA). Analysis of

SLAMF6 expression in other cell types was not possible as there were not at least 10 cells

of that cell type from at least 3 participants.

ns denotes padj > 0.05 by DESeq?2 analysis of pseudobulked data. P values were corrected

for multiple testing using the Benjamini and Hochberg method in DESeq?2 by default (270,

272)
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Supplementary Figure 5 SLC35B3 expression in adipocytes, B cells, lining fibroblasts,
MERTK high macrophages, MERTK low macrophages, plasma cells, ribosomal RNA low
T cells, sublining fibroblasts and vascular endothelial cells at baseline and follow-up after
intra-articular methylprednisolone injection, excluding samples from patients containing
skeletal myocytes (N = 5; 2 RA and 3 PsA). Analysis of SLC35B3 expression in other cell
types was not possible as there were not at least 10 cells of that cell type from at least 3

participants.

ns denotes padj > 0.05 by DESeq?2 analysis of pseudobulked data. P values were corrected
for multiple testing using the Benjamini and Hochberg method in DESeq?2 by default (270,

272)
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Supplementary Figure 6 NALFI expression in sublining fibroblasts at baseline and follow-
up after intra-articular methylprednisolone injection when (left) excluding samples from
patients containing skeletal myocytes (n = 5; 2 RA and 3 PsA), and (vight) including

samples from patients containing skeletal myocytes (n = 8; 4 RA and 4 PsA)

**% denotes padj < 0.001 and ns denotes padj > 0.05 by DESeq?2 analysis of pseudobulked
data. P values were corrected for multiple testing using the Benjamini and Hochberg

method in DESeq?2 by default (270, 272)
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Supplementary Figure 7 ITGBS expression in sublining fibroblasts at baseline and follow-
up after intra-articular methylprednisolone injection when (left) excluding samples from
patients containing skeletal myocytes (n =5, 2 RA and 3 PsA), and (right) including

samples from patients containing skeletal myocytes (n = 8, 4 RA and 4 PsA)

* denotes padj < 0.05 and ns denotes padj > 0.05 by DESeq?2 analysis of pseudobulked
data. P values were corrected for multiple testing using the Benjamini and Hochberg

method in DESeq?2 by default (270, 272)
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Supplementary Figure 8 NALFI expression in lining fibroblasts at baseline and follow-up
after intra-articular methylprednisolone injection when (left) excluding samples from
patients containing skeletal myocytes (n = 5; 2 RA and 3 PsA), and (right) including

samples from patients containing skeletal myocytes (n = 8, 4 RA and 4 PsA)

* denotes padj < 0.05 and ns denotes padj > 0.05 by DESeq?2 analysis of pseudobulked
data. P values were corrected for multiple testing using the Benjamini and Hochberg

method in DESeq?2 by default (270, 272)
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Supplementary Figure 9 Circle plots of interaction numbers in pre-treatment samples in

RA and PsA

weight. max <- getMaxWeight(object.list, attribute = c("idents","count"))

par(mfrow = ¢(1,2), xpd=TRUE)

for (iin 1:length(object.list)) {netVisual circle(object.list[[i]]@net$Scount, weight.scale =
T, label.edge= F, edge.weight. max = weight.max[2], edge. width.max = 12, title. name =

pasteQ("Number of interactions - ", names(object.list)[i]))
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Outgoing signaling patterns - PsAPre

Outgoing signaling patterns - RAPre
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Supplementary Figure 10 Heatmap showing the outgoing signalling patterns in each cell

cluster split by disease (pre-treatment)
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Incoming signaling patterns - PsAPre

Incoming signaling patterns - RAPre

—

o

ybuais aane|ey

[
I...Il..... T

|._...m. ..
Eh | _..._.. .

TTrTTrT 1
[2elde s dallen]

-_--l L

.
-

™
"

VCAM Il

OE
ANNEXIN -

ADIPONECTIN
VISFATIN

0e
ol

[ | s|[20onupuagplolAoeLuse|d
slleorelsyiopugoneydwi
sllaponupuag

s|l@oeInpy
N [ ] salA00|NuUELD)
s|leobunelsyljoid
s|lepewse|d
[ ] 1 s|[e0lellsylopuienosep
slleoLIyyNYlewosogiy
slleog

SII2OLMNSIIBIMN
- [ | salfoodipy
|

B sisejqoiqijbuluang
S|189 1 0lYNYIewosogiy
sabeydoioepo1IHIN

sobeydosoNIYM LHIN
s1se|qoiqi4buIul

sll@0lelayopuzoneydwAT
s|le0onupusQg
[ | s|enenjy
salA00|NuUELD)
sllepbuneisyijold
s|lenewse|d
s|[e0lellsylopugienosep
S|[eoLIyyYNHewosoqlyd
s|leog
SI[BILMNSIIBINN
sajfoodipy
sise|qoiqijbululans
S|[22L0]YNH[ewosoqly
sabeydoioepoy 1 HIAW
sebeydoloe Iy LHIN
sise|qoiqi46uiury

0
S
IIIIIIIIIIIIIIIIIIIIIIIIIIII ‘m=m00=:U:mDU_Q>omEmm_&

PERIOSTIN
COMPLEMENT

Supplementary Figure 11 Heatmap showing the incoming signalling patterns in each cell

cluster split by disease (pre-treatment)
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Supplementary Figure 12 UMAP of SLC24A3 expression (top) and cell cluster annotations

(bottom) of synovial tissue snRNA-seq
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Supplementary Figure 13 Differential gene expression of SLC24A3 in synovial tissues

from patients with RA after treatment with response.

Reproduced in accordance with the Creative Commons Attribution Non-Commercial (CC

BY-NC 4.0) license (https://creativecommons.org/licenses/by-nc/4.0/) from Rivallese et al.
(336)
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Barcode rank plots
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Supplementary Figure 14 Barcode rank plots of synovial tissues snRNA-seq
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11. Appendix A: Scoping literature review data processing

Using Endnote 20, a new output style was created. Under bibliography, a new template
was created with reference type “Journal Article”. Insert fields Author, Year, Journal Title,
Journal, with tab inserted after each field. Author name is shown as full name with order

Last Name, First Name. This was saved as Excel output style.

The selected references above were copied to a new library in order to remove carriage
returns. Find and Replace function was used to find carriage returns in any fields and
replaced with semicolon and space. Selected references were then exported in Excel export
style as a text file. Then this text file was opened with Excel with Text Import Wizard.
Delimited was selected as File Type, Tab as Delimiter, and General as Column Data
Format. All citations were manually reviewed for relevance to hypoxia and oxygen
measurements in human joints and entheses. Relevant citations were then reviewed to
provide an overview of the patient population studied, sample size, method of pO»

measurement, and the pO> finding in studies.
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12. Appendix B: Clinical study to investigate whether nanobubbles

improve joint hypoxia

Study design

This was a randomised, double-blind, single-centre, controlled pilot study to investigate
the biological effects of nanobubbles on joint hypoxia versus control in 20 patients with
RA and PsA. 10 participants would be randomised to study control and 10 participants
would be randomised to study intervention (nanobubbles). Participants would be expected
to attend at Day 1 (baseline) and at Day 28 (study end). Clinical parameters such as disease
activity and biological samples including blood, synovial fluid and synovial tissues were
planned to be collected at Day 1 and at Day 28. Further details of the study are described
in 12. Appendix B: Clinical study to investigate whether nanobubbles improve joint
hypoxia. The standard operating procedure for synovial fluid and tissue collection is

described in 13. Appendix C: Ultrasound guided synovial tissue needle biopsy.

This study was registered on clinicaltrials.gov

(https://clinicaltrials.gov/study/NCT04844008). University of Oxford acted as the sponsor

for this clinical study. This study was generously funded by the Climax Donation at
University of Oxford. Professor Duncan Richards and Professor Laura Coates were the
Chief Investigator and Principal Investigator, respectively. I was the sub-investigator who
wrote the study design in collaboration with the Chief Investigator, Principal Investigator,
as well as co-investigators Professor Eleanor Stride, Professor Philippa Hulley and Dr

Helen Knowles. As the sub-investigator, I submitted the

327


https://clinicaltrials.gov/study/NCT04844008

Integrated Research Application System (IRAS) for sponsor, REC and HRA approval. The
London Riverside REC approved this clinical study of nanobubbles (REC reference:

21/L0/0030). This study was approved by the HRA and OUH.

Eligibility criteria

RA and PsA are common forms of inflammatory arthritis with similar, albeit not identical,
disease processes (2). The ACR/EULAR 2010 classification criteria for RA and CASPAR
2006 classification criteria for PsA were selected as inclusion criteria to ensure that only

patients with definite RA or PsA were included in the study (Table 14).

The exclusion criteria were designed to avoid confounders that may affect analysis of the
effects of nanobubbles, and to limit risk from synovial tissue biopsy (Table 14). Patients
on oxygen therapy were excluded from the study as their oxygen therapy may directly
impact assessments of nanobubble effects on joint hypoxia. Similarly, patients with
unstable treatment regimens such as corticosteroid, NSAIDs, and DMARDs were excluded
from the study to avoid confounding effects on analysis of nanobubbles. Ultrasound
guided synovial tissue biopsy was planned to study perturbation effects of orally delivered
nanobubbles on synovial tissues. Due to the risks of synovial tissue biopsy, patients with
history of septic arthritis or haemophilia, or on anticoagulation treatment were excluded

from the study (Table 14).
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Table 14 Eligibility criteria for nanobubble study

Inclusion criteria

e Participant is willing and able to give informed consent for participation in the

study.

e Male or Female, aged 18 years or above.

¢ Fulfil American College of Rheumatology/European League Against Rheumatism
criteria (ACR/EULAR) 2010 Rheumatoid Arthritis Classification Criteria or fulfil

Classification Criteria for Psoriatic Arthritis 2006 (CASPAR).

e Selected joint for biopsy must be minimum Grade 2 synovial thickening for large
joint (knee) and medium joint (wrist), or minimum Grade 3 synovial thickening

for small joint (metacarpophalangeal).

e Women of child bearing potential who are willing to use effective contraception
(i.e. barrier, oral contraceptive pill, implanted contraception, or previous

hysterectomy, bilateral oophorectomy) for the duration of the study.

Exclusion criteria

e Currently on oxygen therapy.

e Current enrolment in any other clinical study involving an investigational study

treatment.

e Pregnant or lactating, or women planning to become pregnant or initiating

breastfeeding.

e Intramuscular, intravenous or intra-articular administration of corticosteroid

within 4 weeks prior to baseline visit.

e Oral corticosteroid > 10 mg/day prednisolone or equivalent within 4 weeks prior

to baseline visit.
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Oral corticosteroid dose not stable for at least 4 weeks prior to baseline visit.

Oral non-steroidal anti-inflammatory drugs (including aspirin > 75 mg/ day and
selective-cyclooxygenase inhibitors) dose not stable for at least 4 weeks prior to

baseline visit.

Disease modifying anti-rheumatic drugs (DMARDs) dose not stable for at least 4

weeks prior to baseline visit.

History of septic arthritis.

Participants on warfarin, heparin, low molecular weight heparin, direct oral

anticoagulants. Oral anti-platelet agents are permitted.

History of haemophilia.

Known hypersensitivity to any of the ingredients of the study treatments.

Interventions

To investigate whether orally delivered nanobubbles relieve joint hypoxia, the clinical

study was designed to be a double-blinded single-centre controlled study with participants

randomised to drink either Avrox nanobubble drinks or Dioralyte solutions (Table 15,

Table 16). Avrox Technologies Ltd. has licensed the patent on nanobubbles to provide

commercially available sachets to make up drinks using this patented oxygen delivery

system (https://avrox.co.uk/) (Table 15). This beverage is classified as a foodstuff and

therefore does not fall into the category of Clinical Trial of an Investigational Medicinal

Product as classified by the Medicines and Healthcare products Regulatory Agency. The

comparator arm was assigned to drink Dioralyte, a citrus flavoured drink used as an

electrolyte replacement solution, which would not be expected to affect joint hypoxia.
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Table 15 Composition of 200 mL of Avrox nanobubble drink

Ingredient Quantity
Purified water Unspecified
Glycerol 0.0125 mL/mL
Citric acid 5 mg/mL
Lecithin 3 mg/mL
Sweetener (Stevia) Unspecified
Ferrous sulphate 0.014 mg/mL
Vitamin B12 0.003 ug/mL
Potassium sorbate Unspecified
Glycyrrhizin 0.2 mg/mL

Table 16 Composition of 200 mL of prepared Dioralyte solution

Composition of 200 mL of prepared Dioralyte solution
Sodium 12 mmol
Potassium 4 mmol
Glucose 18 mmol
Citrate 2 mmol
Chloride 12 mmol
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The study was designed for participants to drink 200 mL of the intervention (nanobubble
drinks or Dioralyte) twice daily for 28 days. Participants would be instructed to consume
study drinks morning and evening at approximately the same time daily and taken without

food.

Participants would be provided with drink powder sachets, a drinks bottle with a lid, and
an instruction sheet on how to make up study drinks at home. The instructions involve
tearing the top of the sachet and pouring contents into the provided drinks bottle
containing 200 mL of water. Regardless of whether they would be drinking nanobubbles
or citrus flavoured Dioralyte, all participants would be instructed to replace the bottle cap
and shake vigorously for 30 seconds (to load nanobubbles with oxygen per manufacturer’s

instructions) and drink bottle contents immediately.

Outcome measures

The main research question is whether orally delivered nanobubbles altered oxygen
tension in arthritic joints of patients with RA and PsA, compared to control (citrus
flavoured Dioralyte). The primary outcome therefore was change in synovial fluid pO, at
baseline and 28 days after consuming study drinks twice daily. The secondary outcome
measure was the change in HIF-1a protein levels in synovial tissues at baseline and after
28 days, as this was the main evidence for oral nanobubble effects on tissue hypoxia in the

animal study (120).

Recruitment
Recruitment was planned to take place at Nuffield Orthopaedic Centre, OUH. Potentially

eligible participants would be provided with an invitation letter and participant information
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sheet prior to attending rheumatology clinics. The participant must sign and date the latest
approved version of the informed consent form before any study procedures are
performed. Written and verbal versions of the participant information sheet and informed
consent form would be presented to the participants detailing no less than: the exact nature
of the study; the implications and constraints of the protocol; the known side effects and

any risks involved in taking part.

Screening and eligibility assessment

After informed consent is given, all screening assessments must be completed within 42
days prior to randomisation. Each participant must satisfy all the approved inclusion and

exclusion criteria of the protocol. Re-screening would be permitted.

Randomisation

The randomised study would seek to balance interventional arms diagnosis (RA or PsA)
by stratification using a web-based commercially available registration system (Sealed
Envelope). Randomisation would be performed at the baseline visit. Allocation code
would be held by an unblinded study administrator who will also be notified of new

randomisation.

Blinding and code-breaking

This randomised interventional study would be double-blinded, i.e. the participant and the
clinical research team would be blinded. Members of the research team who are not patient
facing would conceal the interventional allocation from the blinded parties by masking the
sachet packaging with concealing sticker. If the clinical condition of a participant

necessitates breaking the allocation code, the un-blinded central research team would un-
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blind participant allocation. Individual envelopes per participant per period will be
supplied so that the allocation code may be broken for a single participant without un-

blinding the whole study.

Laboratory manual

Blood:

3 mL of blood in lithium heparin tube would be sent to NHS lab for biochemistry and CRP
tests. 4 mL of blood in EDTA tube would be sent to NHS lab for haematology and ESR
tests. 10 mL of blood would be drawn into EDTA tubes and 3 mL of blood would be
drawn into Blood RNA processing tubes. Sample tubes would be labelled with date and

subject code. Samples would be kept in ice and transported to Botnar Research Centre.

Blood RNA processing tubes would be stored at -80°C for analysis using quantitative RT-
PCR. Blood in EDTA tubes would be spun at room temperature at a speed of 1,500 x g for
10 minutes in centrifuge. The upper supernatant would be removed with a sterile pipette
and then centrifuged at 2,000 x g for 15 minutes at 4°C to remove all remaining cells.
Aliquot the plasma supernatant (200 uL) in 1.5 mL cryovials and store at -80°C. To isolate
peripheral blood mononuclear cells, the removed plasma would be replaced with an equal
amount of Dulbecco’s Phosphate Buffered Saline with 2% Fetal Bovine Serum (PBS + 2%
FBS). The blood would then be diluted with an equal amount of PBS + 2% FBS. Blood
would be layered on top of Lymphoprep™, being careful to minimize mixing of blood
with Lymphoprep™. Centrifuge at 800 x g for 20 minutes at room temperature with brake
off. Remove and discard upper layer without disturbing the plasma:Lymphoprep™
interface. Remove and retain the mononuclear cell layer at the plasma:Lymphoprep™

interface without disturbing the erythrocyte/granulocyte pellet. Wash mononuclear cells
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once with medium. Peripheral blood mononuclear cells would be stored for potential flow
cytometry experiments to identify biomarkers of the effects of oxygen nanobubbles if

primary and secondary outcomes demonstrate positive signals.

Synovial fluid:

1 mL of synovial fluid in blood gas syringe at room temperature would be tested for pO»
using blood gas analyser. Remaining synovial fluid would be cooled in ice, spun at 4°C at
a speed of 2,000 x g for 10 minutes in centrifuge. Synovial fluid would be aliquoted (200
pL) in 1.5 mL cryovials and stored at -80°C. mRNA and protein would be measured using
quantitative RT-PCR, Western blotting and immunoassays. Cells from synovial fluid
would be stored for potential flow cytometry experiments to identify biomarkers of the
effects of oxygen nanobubbles if primary and secondary outcomes demonstrate positive

signals.

Synovial tissue:
Synovial tissue would be snapfrozen in optimal cutting temperature (OCT) compound for
immunohistochemistry to examine HIF-1a expression before and after drinking either

oxygen nanobubbles or citrus flavoured Dioralyte.

Early Discontinuation/Withdrawal of Participants

During the course of the study, a participant may choose to withdraw early from the study
at any time. Data and samples obtained up until the point of withdrawal would be retained
for use in the study analysis. No further data or samples would be collected after
withdrawal. In addition, the investigator may discontinue a participant from the study at

any time if the investigator considers it necessary for any reason. Withdrawn participants
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would be replaced. Participants that have withdrawn from the study would be seen by the
clinical rheumatology care team without further research follow up. If the participant is
withdrawn due to an adverse event, the investigator would arrange for follow up until the

adverse event has resolved or stabilised.

Statistical Analysis Plan

This is an exploratory hypothesis generating study of the biological effects of nanobubbles.
Descriptive outcomes will be reported using 95% confidence intervals to look for intra-
arm (Day 28 versus baseline) and inter-arm (nanobubble drinks versus citrus flavoured
Dioralyte drinks) effects. A sample size of 20 (10 in each arm) was selected pragmatically

for this pilot study based on clinical prevalence.

All eligible participants (per protocol analysis) would be included in the analyses. Data

would be included from participants who have been un-blinded. There would be no interim

analysis.
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13. Appendix C: Ultrasound guided synovial tissue needle biopsy

Equipment
e Quick-Core biopsy needles (16G)
e 21G/19G needles
e Sterile drapes
e Sterile Ultrasound sheath
e Sterile gown and gloves
e Procedure pack
e Face mask / hair cover
e Sterile swabs
e Chlorhexidine skin prep applicator
e 10mls/20mls syringes
e 1| % Lidocaine (max 4.5mg/kg)
e Sterile Dressing

e Sample container for processing

Patient Orientation

The patient was recumbent at 45 degrees with the knee slightly flexed (25-30 degrees) to

improve imaging of the supra-patella pouch.

Preparation

e With the patient suitably placed on the bed, suitable absorbent pads were placed

under the knee. The skin was prepped with appropriate sterilization. A wide field
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was sterilized in excess of the immediate area of interest, approximately mid-thigh
to mid-calf both anteriorly and posteriorly.

Sterile drapes were positioned above, below, medial and lateral to the knee leaving
sufficient space for access to the supra-patella pouch and placement of the
ultrasound probe for the purposes of imaging.

The ultrasound probe was placed within the sterile sheath. Ultrasound gel was
placed first upon the probes foot-print and slowly lowered into the sheath. The
upper end of the sheath was secured with an elastic band provided with the sheath.
Ultrasound examination of the lateral aspect of the knee was performed to indicate
a suitable area for needle insertion distal to the vastus lateralis muscle insertion into

the patella.

Biopsy Procedure

5-10mls of 1% lidocaine was injected into the subcutaneous and deep tissue at the
predetermined point of insertion as identified by the initial ultrasound scan.

Using a 19G needle and under ultrasound guidance, synovial fluid was aspirated
from the suprapatellar pouch. The syringe was disconnected leaving the needle in
situ. 20 ml mix of normal saline and lidocaine (10 ml of normal saline and 10 ml of
1% lidocaine) were injected into the suprapatellar pouch to enable a better image to
be acquired during the procedure and facilitate clear identification of synovial
tissue.

The quick core biopsy needle was primed before its introduction to the synovial
space.

The biopsy needle was introduced into the suprapatellar pouch under ultrasound

guidance.
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e The needle was extended and the throw identified on the ultrasound images. The
throw of the needle was placed against the surface of the synovium to maximize
the opportunity for capturing the lining layer. Gentle pressure was placed on the
needle to oppose the throw and synovium. Triggering of the needle mechanism was
performed with a small forward movement of the whole needle.

e After synovial tissue biopsy, any remaining fluid suprapatellar pouch was aspirated

and a small dressing applied to cover the wound.
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