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Abstract

Synovial hypoxia is a feature of inflammatory artligssuch as rheumatoid arthritis (RA)
and psoriatic arthritis (PsAWhether joint hypoxia is a consequence or a cause of
inflammatory arthritis is poorly understood. Targeting hypaxithe inflamed joint

directly would provide insight as to whether hypoigalriving synovial inflammation.

Lecithin encapsulated oxygen nanobubbles were purported to act as oxygen carriers that

mayrelieve peripheral tissugypoxia

These nanobubbles were assumed to carry oxgyenthat they downregulated hypoxia

inducible factofHIF) L U. | demonstrated that-lbdapobubbhe
expression and hypoxia response elenfidRE) transcriptionin vitro irrespective of gas
loading.Animal and humam vivo studiesby othersconfirmed that oxygen nanobubbles

did not increase tissue oxygation. Nanobubbles therefore would not be expected to

relieve joint hypoxiaand my proposed clinical study of nanobubbles was withdraw

Synovial hypoxia has been shown to be relieved in patients with inflammatory arthritis
who responded to antiflammatory biologic therapies. Int@ticular methylprednisolone
injection is a widely used aritnfflammatory treatment for inflammatory arthsitl found
that intraarticular methylprednisolone did not affect synovial fluid oxygen levels at 4
weeks followup, although interleuki¥6 (IL-6) and tumour necrosis factor (TNF)

cytokines were reduced at least in the PSA subgroup

Single nuclestranscriptomic analysis of synovial tissue biopsies at baseline and 4 weeks
after intraarticular methylprednisolone injection showaalchange in hypoxia related

genesThisin vivotherapeutic atlas found thaggue inhibitor of metalloproteinase 1



(TIMP1) was downregulateth lining fibroblastsand ipogenesisvasupregulated in
adipocytesaftermethylprednisoloné&reatmentconsistent with previous studies.
Exploratory analysisf lining fibroblasts showedpregulation of matrix Gla protein
(MGP) in RA and bone morphogenetic protdimding endothelial regulatoBMPER ) in
PsA, which may account for the preponderance of bony erosions in RA amdtbrtsous

vasculature in PsA.
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Introduction

The treatment of inflammatory arthritis has been revolutionised with advancesasel
modifying antirheumatic drugs (DMARDSs) such as TNF inhibi{d@Fi). However,

many patients still do not reach disease remisai@hthere 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 wellecognised 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 pajented b
Professor Stride v& 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 nanobmbbles
vitro andtest whether nanobubbles relieve joint hypariaivoin patients with

inflammatory arthritisTo contextualise these clinical findingswill also study the effects

of intra-articular methylprednisolone injection, a widely used treatmerst parallel

cohort of patients with inflammatory arthritiswill perform ultrasound guided synovial
tissue biopsy to explore the therapeutic effects of nanobubb:gtraarticular

methylprednisolone injection on synovial tissues in inflammatory arthritis.
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1. Chapter 1: Scopingreview 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 disabil{figsBoth are
characterised by painful joint swellings and are associated with-asticalar
manifestationg?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 adi@jsThe standard definition of RA is

by classification criteria which providdenchmarks for disease definitiorhe2010

American College of Rheumatology/European League Against Rheumatism criteria
(ACR/EULAR) classification criteria for RAs designed to classify patients for clinical
trials (4). The classification criteria for R&clude synovitisjoint involvementsymptom

duration, serological markers and elevated acute phase re@tant

PsA is a seronegative, chronic, inflammatory arthritis associated with psosiisia
prevalence of 0.25%®). PsA may be defined by¢ Classification Criteria for Psoriatic
Arthritis (CASPAR)whichis designed to categorise patients for clinical t({@)sThe
classification criteria include evidence of psoriatic skin or scalp disease, personal or family
history of psoriasis, psoriatic nail dystrophy, negative rheumatoid féRE)r dactylitis

and radiographic evidence of juxdaticular new bone formatio®kin psoriasigPsO)
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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 £9AThe

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) joir{®). These joints may also be involvedABsA,but PSA

may involve distal interphalange@IP) joints of hands and feet not affected in RA.

Unlike RA, PsA is a form of spondyloarthri{iSpA) that can affect the axial skeleton
including spine and sacroiliac joing®). Cervicalatlantoaxial subluxatiomay be present

in RA buttypically not PSA(2). In both RA and PsA, innate and adaptive immune
responses are involved in disease pathogenégisrél) (2, 7). The pathophysiology of

both diseases is complex without a single aetiological fadtbile there are similarities

between RA and PsA, there are key differences distinguishing @em
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Figure 1 Pathogenesis of RA and PsA.

Reprintedin accordance with the Creative Commons Attribution-CommerciaCC
BY-NC 4.0) license (https://creativecommons.org/licensesti#¥.0/)from Coates et al.

(7) and Merola et al(2)

It is known that there are genetic facttrat predispose to disease susceptibility in
inflammatory arthritisHuman leukocyte antigenBllLA) alleles are associated with RA

and PsAjmplicating the adaptive immune system in their pathogendtia:DRB1

alleles are associated with disease susceptibility and severity in seropositive RA patients
(2). In PsA,HLA-B27is associated with enthesitis and sacrolilitibereadHLA-B08is

associated with anfosis, sacroiliitis and dactyliti3).
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Differentimmune system components halistinctroles inthe pathogenesis &A and
PsA.For example, B cells and plasma cells produce RF andwaiic citrullinated
peptide (CCP) antibody which are features of @A In PsA,T helper (Th) 17 cells are

key in PsAas they produce psimflammatory IL-17A and IL-17Fcytokines(2, 7).

DMARDs such agNFi have revolutiorsed 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$sfcommended by

EULAR (Tablel) (2, 9, 10) The international experts convened by EULAR performed
systematic literature reviesof evidence relating to therapeutics including safety, efficacy
and costeffectiveness. 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 evide(@el0)
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Table1l 2022/2023EULAR recommended DMARDSs for treatment of RA and PsA

Adaptedn accordance with the Creative Commons Attribution-CommercialCC BY

NC 4.0) licensef(ttps://creativecommons.org/licensesfin/4.0) from Merola et al(2, 9,

10)
Indication
Class |Agent RA |PsA
Conventional synthetic DMARDs
Methotrexate + +
Leflunomide + +
Sulfasalazine + +
Hydroxychloroquing- -
Biological DMARDs
TNF inhibitors Adalimumab + +
Certolizumab pegat +
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 inhibitgAbatacept + +
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:1Z and [1-:12/23 play an important role in PSA whereas IL
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6 is a major contributor to disease in RA. It is therefore rational that HL7A inhibitors
(secukinumab, ixekizumab) and-12/23 inhibitor (ustekinumab) are efficacious for PSA

whereas IL6 receptor inhibitor (tocilizumab) is used for treating A

Although biologic DMARDSs such as TNFi have revolutionised the treatment of RA and
PsA, amly two-thirds of patients have a good to moderate responENME@ whereas one
third have no or insufficient respon€EL, 12) Furthermore, up to half of patients who
initially respond well to TNE subsequently lose their response within 12 months of
starting therapyDMARDSs also have potential side effects suclamamcreased rislof
serious infectiond~or example, treatment with TN&nd corticosteroid tripled the
infection risk compared to conventional DMARD alone in patients with RA and
spondyloarthropathyl3). Currently available treatments are edficaciousfor all patients
with inflammatory arthritisCurrent therapeutic strategy involves trial and error until a
treatment is found to be effectiy@, 10) There is an unmet need for precision medi¢tne

get the right medicine in the right patient at the right t{dv 15)

A greatemunderstanding of the pathophysiology underpinning RA and PsA would help
development omore effective and safétnreatments for patient¥$he Advances in Targeted
Therapiegyroupidentified unmet neexin rheumatology based on expert conser{$ds
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 pathogeragigctivity, pre and early

RA strategies, pain profilingnd precision medicine strategies. For PsA, the unmet needs
were markers that predict development of PsA, and evaluation of combination therapies

for difficult-to-treat PSAAs synovial hypoxia has been implicdt 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 hydakiereforefocussed on studying

joint hypoxia.

1.1.2Synovial hypoxia in inflammatory arthritis

Synovial joint typoxia is a recognised feature of inflammatory arth(it). Hypoxia is a
state in which oxygen is not available in sufficient amounts at the tissue level to meet
demandJoint hypoxia may be due to increased synovial tissue metabolic demand and
diminished oxygen suppl{d7). HIFs are transcription factors that respond to hypoxia and

orchestrate cellular responsesttapt tchypoxia.

Since the 1970s, joint hypoxia has long been recognised as a feature of inflammatory
arthritis including RA and PsgfL6). The seminal studyrohypoxia in inflammatory

arthritis was performed by Lur@lesenret al (16). They demonstrated synovial fluid

oxygen levels were lower in RA (26.53 mmHg) than OA (42.92 mmHg) or haemarthrosis
(63 mmHQ)(16). This study was important because it was the first to suggest that joint
oxygen level was lower in inflamed joints compargth non-inflamed joints in RA,

although no clinical difference was found betweensiggroups with high versus low

joint oxygen levelg16). 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 PsSA. The mechhagism
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 diseasdhe synovial tissue response to hypoxia is orchestrated by
HIFsS.HIF1 U is upregul at(dyCDBT c&ll&LI)fandQD68k | a st s
synovial macrophagg20). RA synovial macrophages haaksobeen shown to express
hypoxia related genes including stromal @rived factorl (SDF1), IL-8, VEGF, IL-1 b

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 subunitddHIF a n-d HI F

1 [22, 23) The HIF pathway has been extensively reviewed previously so it is described

briefly here. HIFL U i s r e g utdareslatiendl mbdjficapionsshiat are sensitive to

oxygen levels. Under normoxic conditions, HIFU i s hydr ox4 1| ated by p
hydroxyls € domai n pr ot ei n-hydrBxiM&s¢suchaddacters par agyl b
InhibitngHIFFA U ( FI H) , foll owed by ulbndagprotdini nat i on
(pVHL) and proteasomal degradati(#4). Although three isoforms of PHD have been

identified, PHD1, PHD2, and PHD3, the most prominent hydroxylase regulating HIF

levels is PHDB2 (17, 2426). In hypoxia,PHD and FIH are inactivated $tF-1 U i s

stabilised and translocat® the nucleus where itdimees withHIF1 b . Thi s

heterodimeic transcription factobinds to hypoxia response element (HRE) enabling the

transcription of HIF dependent genes sucNB&F (27).

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

is regulated at the protein level through protein degradation, so HIF gpression is a
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poor reflection of HIF function. HIL Uevelswerecharacterised in synovial tissues from
ten patients with RA, ten patients with OA, and six healthy cong@s HIF-1 U wa s
found in higher levels in RA synovial tissues compared to OA and healthy controls. HIF

1U was also reported to be present at highe

another study28).

HIF-1 (Bas been shown to lievolved in the pathogenesis of inflammatory arthi#8).
Crameret al used th&k/BxN serum transfer model of inflammatory arthritis to study the
effects of HIF1 Uk n KOk (29,130) This model involves injecting healthy mice
twice with serum from K/BXNTCR transgenic mice which resultsinflammatory
arthritisdevelopmenover weekg31). Crameret al used conditional gene targeting to
deleteHifla gene target in mice expressing cre recombinase in myeloid2@)ldJsing

the K/BxN serum transfer model, loss of HIF th myeloid cellsreduced ankle joint
synovitis and cartilage destruction compared to sylge micedemonstrating the

importance of HIFLU i n i nf{29).ammat i on

HIFF1IU is not the only HIF to MHE-2iUnplsi matce o sie
related isoformtoHIA U as blodt a nHIUH & €t | -depandent HeRe&E
expression.BothHIE U an2UHW&r e shown to be upregul at
synovial tissues compared to Rarthritic synovial tissues from patients ungieing hip

joint replacement following fractur@2). However, HIFL U an-2UHh &v e non
redundant roles dusepecifidcfhedebheeporaltpsas
with distinct transcriptional targe(83). For example, HIL U coor di nates t he
pathway whereas HIE Uoeshot appear to do §83). Inone study, HIR U was r epor t

as the predominant isoform in RA synovium whereasHIB e xpr essi on was f i
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sparse in the RA synoviu@@4). HIF2 U has been shown to be expr
synovial and tenosynovial tissues in patients with RA, kocalisation with VEGF in

synovial lining and areas of inflammatory cell aggregé®&3 HIF-1 U an-82 UHi&y

have distinct roles and act via different mechanisms in pathogenesis of inflammatory
arthritis(34).HIF-2 U regul ates recept earB alcitgiavnadt o(rR AONK Li
IL-6 production, and Th17 cell differentiati¢®4). Indeed Ryu et al showed thaHIF-2 U

deficiency inhibited the development of experimental (RA).

In the study byRyu et al, collagerinduced arthritis (CIAin mice was used as an
experimental model of inflammatory arthritis caused byatoimmunaesponse against
cartilage type Il collage(R9, 34, 36)As homozygous deletion &paslgene (which
encodes HIR U) i Ryuletat usea heterozygouEpast’- mice to study the effects
of systemicHIF-2 U d e f @% 34€37, 88)In contrast to wildtype mice Epas1’-
mice showed significantly reduced incider{88.4%z 7.1% versus 33.2% 6.5%,p =
0.0004)and severity(2.85%z= 0.26% versus 1.10%0.10%,p = 0.004)of CIA on day 60
after the first injection of type Il collagg@9, 34) Ryu et al further validated the role of
HIF2U0 i n CI A by Epasilio jaiht tispuesdusirg etrarticulgr injection of
Ad-Cre (1 x 10° plaqueforming unit9 in mice (34). Local deletion oEpaslin joint
tissues significantly inhibited synovitis, pannus formation, angiogenesis and cartilage

destruction in CIA mouse modg[34).

Furthermore, overexpressionof HFU i n j oint tissues was suff
experimental arthriti;n vivo (34). Intra-articular injection of AdEpasladenovirusn knee
joint of mice upregulated H2 U i n the synovium, cartil age a

synovitis, angiogenesis and cartilage destrudisa)). Together, these findings suggest that
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HIF2U0 plays a role in the pda¥hoogerasesi s of i n
overexpression of HE U i n | owisrinsuffitiéntstoscausesinflammatory arthritis
in vivo highlighting the distinctrolesof HHE U an-d@UHi ® t he pathogenes

inflammatory arthritig34).

1.1.3Role of hypoxia and HIFs in inflammatory arthritis

Synovial hypoxia and associated HIFU acti vate transcription fa
synovitis, angiogenesis, cartilage destruction and bone erdsguré?2) (24, 3941).

Indeed, conditional knockut ofH | F ih Bhimal models of RA demonstrated significant

reduction in synovial inflammation, pannus formation and cartilage destr28o4 1)

Similarly, endothelial PAS domain protein ERAS) overexpression (which encodes

HIF-2 U) ¢ a u slikecphenotypeRiAdHIZ U def i ci ency bl unted tF

experimental RA34).
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Many downstream effectsof HEU ar e medi at ed biherag@adich upr eg
of VEGFbyHIF1 U t hrough its HRE h@9sPrdmetemof wel | ¢ ha
angiogenesis is an important role of HIFs in the pathogenesis G4&RAn synovial

tissues from patients with RA, the numberof HIFJ expressing cells cor
magnitude of the angiogenic respoi®8). HIFs induce preangiogenic factors including

vascular endothelial growth factor (VEGF), VEGF receptoilFTie-2, Tie-2 receptor

Flk-1, angiopoietins, It8, CCL20 and CXCL1218, 28, 42, 4447). 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, angiogenessswidely implicated in the
pathogenesis of inflammatory arthri(#8-50). Blood vessel growth promotes recruitment
of inflammatory cells to inflamed synoviu(8). 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 artii@s50)

Upregulation of VEGF promotes cartilage destruction and bone erosions through post
translational activation of MM (51-53). Responses to hypoxia may therefore be a

doubleedged 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

40


https://creativecommons.org/licenses/by-nc/4.0/

(24, 54, 55) The expression of CXCL12 is hypoxia dependent via-Hlfand HIF2U(18,

56). The CXCL12 receptor, CXCR4, isalsoHIFU r e g u | aintegth,subang i s b
CD18, which is known to recruit myeloid cellsitdlamed tissue$57, 58) Conversely,

passively induced arthritis mouse models withdIE) def i ci ent macrophag
reduced disease development, reduced paw swelling and decreased myeloid cell

infiltration to the joint(29). These findings substantiate the role of AIKN i n i nf | amma

arthritis.

In addition to recruiting inflammatory cells to synovial tissues, HIFs may promote arthritis
by inducing cartilage damadé?2). For example, hypoxia via HIE promotes pannus
invasion, cartilage destruction and bone erosion throught &8). Hypoxia induces Et&
expression which ctocaliseswithHIFL U i n t he i n (4,39m68)thtusny no v i un
transcription factor Et4 induces matrix metalloproteinases (MMPS) leading to
extracellular matrix remodelling and cartilage degradatt®) 61) Increased activity of
MMPs is associated with articular cartilage destruction in(BH. MMPs are regulated by
tissue inhibitors of MMPs (TIMP). Hypoxia induces increased levels of MMd

MMP-3, and decreased levels of TIMPpotentially contributing to cartilage degradation
(24, 28, 62) Bone damage is also promoted by the hypoxic pathR@yexampleHIF-1 U
induces overexpression of angiopoietke (ANGPTL) 4 in RA osteoclasts which drives

bone resorptiorf24, 63)

Epidemiology studies into genetic polymorphisms may provide further insight as to
whether certain genes contribute to pathogenesis of dis€édBa#\ polymorphisms may
be associated with RE£7). In a casecontrol study oHIF1A gene polymorphisms in

patients with RA, the polymorphidIF1A rs12434439 G@enotype may protect from
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development of RA. Although the functional role oistpolymorphism is unknown, RA
patients withHIF1A rs12434439 G@enotype 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 othadlF1A gene polymorphisms have been reported to be
associated with RAhe contributions oHIF1A gene polymorphisms to the pathogenesis

of RA may be limited

The heritability of RA is approximately 65% andre than 100 genetic loci have been
associated with susceptibility to RA4). Genetic variants encoding the HLA molecules
account for most of the known genetic heritability of B4). Genomewide association
studies (GWAS) identify gnes in RArisk locithatmay encode proteins that are involved
in pathogenesis of RAHowever GWAS studiehave not founén association between

HIF1A rs1243443%ene polymorphisms with RA.

In 2010 a GWAS metanalysis of 5,539 autoantibogbpsitive individuals with RA and
20,169 controls of European descent, HIF alleles incluHiltg.A rs1243443%ene
polymorphisms were not associated with %). 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 includinglF1A rs1243443%ene polymorphisms
were not associated with RA6). In 2020, the largest ever traancestral inverse
varianceweighted fixedeffects metaanalysis consisting of 311,292 individuals of
Korean, Japanese and European populations identified RA susceptibility loci but no
associations between HIF alleles and R&evfound67). 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 buHIF1A rs1243443%ene polymorphisms were not associated

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

1.14RoleofNFe B i n hypoxi a

Nuclearfactorkappalight-chain-enhancer ofctivated Bcells (NF-a B mediates crosstalk

between hypoxic and inflammatory pathw#24, 6971). NFe B i s a master reg
innate immunity, inflammation and apoptofly, 24) TheNFe B f ami |l y i s comp.
five related proteins p65 (RelA, N6 B3 ) , 3BA ) (( N B2 )RelNif RelB

(70). Activation of toltike receptors (TLRs) and cytokine receptors lead teaNB

phosphorylation and activation through canonical andceronical pathway& 0). The
canonical pat hway involves the heterotri mer
| KKU, | KK&B aengds eNrFt i al modul ator ( NEMO), whi
targeting it for ubiquitylatiordependent degradati@i0). Translocaton of N B di mer s

to the nucleus due to | aBU degradabBon resu
signalling.By contrast,hienonc anoni cal pathway is m@&2a.i at ed
Activation of |l ymphotoxin b recepto-R) (LTbR)
or receptor activator of nuclearfacterB ( RANK) ioBd Reé 8: NB62 di mer

nucleug(72).

Hypoxia can also activate N&B f ami | y me m-dependent hydraxylasesyrg e n

HIF-1 U i nt eFigare3)(24068,J0)KIF-1 U synergises with TLR
NFFeB to upregul ate i rR6fIL-& TiNRaNMMPs and YEGELD, ki nes (|
73)NFeB i s overexpressed in RA synovial tisst
inflammation, angiogenesis and tissue destrudi@dn 74, 75) Low synovial pQ levelsin

vivowere associated witincreasedNF-e B act i vity i n (RFRA76)synovi al
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Synergistic interactions between FB  an-d UHmMBRi nt ain the inflamm

(24, 77)
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Figure 3 Hypoxia and signalling mediators.

Reprintedin accordance with the Creative Commons Attributdon-CommercialCC

BY-NC 4.0) licenseH(ttps://creativecommons.org/licensesfin/4.0) from Quinonez

Flores et al.(24)
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NFFeB in turn affects the hypoxidandNe-sBonse t |
overexpression increases HIFU pr ot €0,78)lhdeed KK def i ci ent mic
have reducetiIF-1 WRNA expressionHIF-1 U p rlevdlsand HIFdependent gene
expressior(70, 71) Targetingthe N B pat hway may therefore intl
through hypoxia related pathways. Higtobility group box 1 (HMGB1) protein is an

endogenous TLR ligand present in RA synovial fibroblég®. NFe B i nhi bi ti on i
CIA model inhibitedHigh-Mobility Group Box 1(HMGB1) proteindependent

upregulatonof HIFL U, angi ogenesi s a@d79ynovi al i nfl a

1.1.5Hypoxia in innate and adaptive immunity

The innate immune system respondsto hyp&. HIFF1 U i s essenti-al for
mediated inflammatiof29). Myeloid cells such as macrophages and neutrophils produce
adenosine triphosphat&TP) via glycolysis which is regulated by HE {29).

Furthermore, HIL U r egul ates myeloid cell aggregatic
bacterial killing(29). Crosstalk between innate and adaptive immune systems is mediated

by antigen presenting cell8PC) such as dendritic cells. Hypoxic exposure decreases

dendritic cell presentation of extimulatory signals to T cells and induces cell death in

immature dendritic cell€80-82).

The adaptive immune system is composed of lymphocytes including T cells and B cells.
Hypoxiaand HIFL U pl ay a role in T c(@3).Forekanfpleer ent i a
HIFF1U enhanced Th17 development thi7Tough tran
promoter and increas eld(7@ 84)HypogidandHiFLOf hhFRo a
pleiotropic functions in Treg differentiatidi70). Treg cell development is inhibited by

HIFF1 U which binds Foxp3 and t @4).¢emevei t for pr
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FOXP3expression and Treg differentiation are promoted by hypoxia. The role of hypoxia
andHIF1IU in Treg cell di fferentiation and fun:
signalling in the microenvironmegt0). Similarly for Bcells, HIFL U i s essenti al
cell development and functiqi@0, 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.

1.1.6Joint 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. Jeoet al studied the reciprocal relationship between joint hypoxia and
inflammation in collagen induced arthritis mice where synovial hypoxia was detected
before the onset of arthrit{87). Hypoxic change as measured by the hydroxyptbbtin

was identified in synovium within one week after the collagen injection, prior to clinically
evident arthritig87). Moreover, markers of inflammation and hypoxialcocalised in the
synovium and there was a positive correlation between the severity of hypoxia and the
degree of synoviti§87). However, no difference in intrarticular oxygen tension was

noted between naive and gaghritic mice(88). This discrepancy may be due to the
hydroxyprobel stain which may be more sensitive to subtle hypoxic ch&igesrhe
hydroxyprobe system uses pimonidazole hydrochloride as its hypoxia marker, which forms
protein adducts in hypoxic celis vivo, and may measure hypoxic changes not detectable
with microelectrod€89, 90) Hypoxic changes preceding arthritis suggest that hypoxia

may be involved in pathogenesis of inflammatory arth(itiz).
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1.1.7Adaptive 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 HIRU , -e BF T NF17annd | L
synovial tissue§91). Conversely, HILU has been s h3wndudianby egul a
synovial fibroblasts, which in turn induced HIFU e x pressi on, -1tUhu s f orr
33 regulatory circuit that perpetuates inflammatory arth(®#. Given that hypoxia and

its downstream signalling are implicated in inflammatory arthritis, inhibiting the hypoxic

pathway may be an effective airtflammatory strategy. However, HIF hydroxylase

inhibitors which activate the HIF pathway were found to relantiinflammatory effects

in animal models of inflammatiofy0). Relieving joint hypoxia therefor@sohas the

potentialto exacerbatinflammatory arthritis.

In addition to hypobaric hypoxia, environmental factors sudtigesettesmoking caralso
lead to tissue hypoxia and activate HIR(93, 94) Indeed, soking is a risk factor for
arthritis such as RA95-100). Cohort studies have shown that people who smoke for more
than 20 years have a twofold increased risk of developing seropositiy@A This
association between smokiagd RA may be due to multifactorial effects of smoking
including hypoxiaChronic cigarette smoking can result in chronic obstructive pulmonary
disease (COPD)hich 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 arthritisin 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 caralageell as
development of aMCCP antibodie$102). To investigate whether cigarette smoke causes
inflammatory arthritis through hypoxia in synovial tissuesg,ire studies thanonitor
synovial tissue p@with oxygen probes in mice exposed to cigarette smoke would clarify
this relationshipln addition to inducing tissue hypoxia, cigarette smoking may activate
hypoxic pathways independent of tissue;pedr example, cigarette smoke extract has

been shown to activate HIF (h vitro andin vivoin norrhypoxic conditiong94).

Smoking may also contribute to the development of arthritis througghanisms
unrelated to hypoxiaCigarette smoke contains thousands of toxic chemicals with
cytotoxic, mutagenic and immunomodulatory propertie30). 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,

autoantibodygeneratiorand increasing inflammatory cytokin€0).

1.1.8Tissue hypoxia as a therapeutic target

Targeting gripheral tissue hypoxia has long bedmterestin wide ranging fields
including cance(103), aerospacenedicing(104), sportg(105-108), and warfarg109). 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 metabo(i$@8). Different strategies to intervene in

hypoxia are available.
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AOxygen is one of the most (1tOpAdmoisteting highs e d
flow oxygenis widely used taelieve hypoxiain 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 ope(atidns
However, breathing high partial pressure of oxygelminates in harmful effects in a
condition callecbxygen toxicity(110). Consequences of oxygen toxicity include
neurological effects such as convulsi@amsl retinopathy of prematuritgs well as

pulmonary toxicity such as inflammation and fibrosis of lung tisgli2$).

The mechanisms underlying oxygen toxicity have previously been revesvekdre

briefly described hergl10, 112) Hyperoxia leads to generation of reactive oxygen species
(ROS)which produce oxidative streasd damage proteins, enzymes, membrane lipids

and nucleic acid&l10). Products of oxidative stress such as the hydroxyl radical initiate
lipid peroxidation in unsaturated lipids within cell membra(le). Hyperoxia also

elevate levels of free radicals including nitric oxide, peroxynitrite and trioxi¢iel2).
Inadequate detoxification of free radicals by antioxidants such as glutathione underlie cell

damage in oxygen toxicit{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 vesselsiatpre
babies treated with supplemental oxy@&h3). Normally, blood vessels grow towards
hypoxic areas of the retina. However, treatment with supplemental oxydgces
hyperoxiaand VEGF suppressidhatleads to cessation bfood vessefirowth in the

retina(114) Removalof supplemental oxygen then resultdhypoxia in the avascular

49

t

h



reting increases VEGF expressi@ndrapid abnormaheovascularisatiothat extend into

the vitreous humour from the retihl3, 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 pupillatation (115).

Peripheral retinal ablation is the main treatment for retinopathy of premgtLi#y Since
VEGF has been implicated in the pathogenesis of retinopathy of premanirayjtreal
injection ofant-VEGF drugshas also been reported as an adjunct treatment for
retinopathy of prematurit{116). A Cochrane review found thabmbination treatment of
retinopathy of prematurity with laser retinal ablation and intravitreal pegap@aMBEGF
antagonistreduced risk of retinal detachment compared to laser or cryotherapy alone (152
eyes; risk ratio 0.26, 95% CI 0.12 to 0.55; risk differestc29, 95% C}0.42 t0-0.16;
low-quality evidencej116). 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
proposedo increase oxygen delivery in blood by acting as oxygen carriers much like how
perfluorocarbon nanodroplets function as blood substi{ites119). Indeed, oxygen
nanobubble drinks demonstrated significant and meaningful performance improvements in
elite cyclists(118). Moreover, orally administered oxygen nanobubbles hesentlybeen
shown to relieve peripheral tissue hyporiarkersn an animal cancer modgl20).

Measuring hypoxia in the arthritic joint however is poorly understdbérefore a
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scoping literature review is warrantedpmvide insight into what is known about synovial
oxygen measurements in humans, clinical benchmarks for hypoxia, how to measure pO

human joints and entheses.

Systematic reviews and scoping reviews are types of litereguiews,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 rsvieprovide an overview

(121). If the results of the literature review will be used to answer a clinically meaningful
guestion 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 studfesthe 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 conductedpoovide an overview odvidence from clinical studies
relating to hypoxiand oxygen measurements in human joamtd entheseal tissues
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 Repamsfpr
Systematic Reviews and Mefmalyses extension for scoping reviews was used

conduct the revieWl22). This study was not registered because PROSPERO does not

accept scoping reviews. Evidence was sourced from EmBASE and PuBNMeahad
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search strategy was applied to avoid missing relevant literdtheeelectronic 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 EmMBASE and PubMed id=mhtiélevant studies for

inclusion.

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

described in sectiohl. AppendixA: Scoping literature review data processing

1.3 Results

816 referencewereimported from Pubmed on 17/03/21. 2047 referenemgimported

from Embase on 17/03/21. References from Pubmed and Embase were pooled for total of
2863 references. 589 duplicates were automatically remélie@maining references
weremanuallyreviewed for clinical relevanc@0 clinical studies weréound to relate to
hypoxiaand oxygen measuremeimshuman jointgTable2). 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 tise studie
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 topig121). This scoping review surveyed the literature to determine how data
pertinent to the measurement ofza@synovial tissue and fluid were reported in studies,
and whether the methods were similar enough to allow for comparison across 4idies.
studies measured synovial tisqu@;, 7 studies measured synovial flyxD,, and one

study did not specify whether tip®©, measured was from synovial fluid or tisUable

2). There were variations in the methods used to meagyra the joint, if the method

was reported at alGenerally pO, was measureih synovial fluid using gas analyseasid

in synovial tissue using a Licox prokE24). There was disparity in the reporting of joint

pO.. All except 3 studies reported at least either the range, mean or median pint pO

(Table2).

One study measured matchiad/ivo synovialand tenosynovial tissygO, intra-

operatively in patientaith RA having elective hand surgeayd in patients without RA
having elective hand surgery for indications other than inflammatory arthritis as controls
(35). Median tenosynovial tissue p@as found to be 26 mmHg in invasive tenosynovium
in patients with RA (interquartile range -B8 mmHg) compared with 74 mmHg in

patients without RA (interquartile range-89 mmHg, P < 0.001(85). Invasive
tenosynovium was significantly more hypoxic compared with both joint synovium and

noninvasivetenosynoviumin the same patien{85).
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Table2 Summary of clinical studies of synovial hypoxia in arthritis

Aut hor 3yeaDi sease Sample |[Synovp®range Meanz2 pO Medi a2an pMet hodz of
sampl measur emen
Lunrdd e8|l 971RA, oste@29 RA, Fluid2&1l mmHg in26.53 mmHgUnspeci fCl ark type
al(16) traumati (osteoar osteoar t8iwr od42. 92 mmHg mi croel ect
Reiter'sftraumat mmHg i n trajosteoarthr monitor
exudat e exudat es mmHg in tr
Reiter’ exudates
syndrom
Fal cehtu il 9 7RA, PsA, 22 RA, [Fl uid953 mmHg UnspecifieuUnspeci fBl ood gas
(125) meni sci , [OA, 2t
Reiter' s meni sci
ochrono
Reiter'
syndrom
Treuehtafl97dJuvenilel|dd Fl ui d878 mmHg UnspecifieuUnspeci flClark el ec
(126) arthritig
granul omg
col iti s,
der angemg
RA, Rei t ¢
Ps A, unki
trauma,
gonococcC i
gout, vag
SLE
Goeetz.l d97Juvenile26 JuvelFluidJuvenile rh21 mmiHgvienUnspeci flSeal ed hep
(127) arthritiggheumat arthritis-49r heumatoi d synovi al f
arthrit mmHg. Adul timmHgndua t measur ed f
adult R frof69mmHg
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Aut hor 3yeaDi sease Sampl e |[Synovjp®range Meanz2 pO Medi a2an pMet hodz of
sampl measur emen
Ri ¢ henta.nl 9 80OA, hypei2?2 Fl ui di0-78 mmHg Unspecifiegunspeci fBl ood gas
(128) OA, CPPD,
syndr ome,
Geboeatekl 9 8RA, PsA, 9 RA, 2FluidUnspecifiedUnspecifieUnspeci fBl ood gas
(129) arthri-BRjreactiv
associat¢ HBR7
arthropatassoci a
uncl assifarthrop
arthritiguncl ass
chronic
Leet.(dli200RA, OA 30 RA, [FluidUnspecifiedOA with syUnspeci fBl ood gas
proliferat
(meanNSD,
79.2 N 14
without sy
proliferat
( meanNSD
80. 2 mMimH®).
RA with sy
proliferat
(meanNSD
51. 0 mMmimH®E).
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Aut hor 3yeaDi sease Sampl e |[Synovjp®range Meanz2 pO Medi a2an pMet hodz of
sampl measur emen
Si vakeutr20gPatients 21 RA pTissul85 mmHg inUnspecified6 mmHg Microel ect
al( 35) el ectivellO pati encapsul ati synovi un
surgery 1iwithout t enosynaelvi2u mmHg i n
i ndicat. mmHg i n ten encapsul
than inf| i ndividual s tenosyno
synovi ti g mmHg i n
tenosyno
Boseto. a20(0Heal t hy UnspecilUnspe|lPhysiold ogiclUnspecifieUnspeci flUnspeci fie
(130) concentrat.
j oints rang
10 %. Rheuma
ranges b-étow
Binietc.201l nfl ammatlé RA, |[Ti ssulUnspeci fiedUnspeci fiel9. 35 mn
(131) arthriti g (25%) Li 0 X prob
Nget.(dl3201Unspeci fiUnspeciTi ssul3i24.1 mmHg22.5 mmHg [Unspeci fUnspecifie
Bi nietc.k20 1RA, PsA |14 RBRsA|Ti ssulUnspecifiedUnspeci fig23.5 mmHLi OX prob
(133) RA and 1
mmHg for
Kennety2 0 1RA, PsA (20 Ti ssulUnspecifiedUnspecifie22. 78 mnLi OX prob
(134)
Bal egh 20 1IRA, PsA 30 RA, [TissulUnspecified25.9 mmHg Unspeci flLi OX prob
(135)
Binietc.h201l nfl ammat4 8 Ti ssu3.-623 mmHg Unspecifi€e26.3 mmHUnspecifie
(136) arthriti:
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Aut hor 3yeaDi sease Sampl e |[Synovjp®range Meanz2 pO Medi a2an pMet hodz of
sampl measur emen

Haretty a2 0 1RA, PsA |9 RA, 1TissulUnspecifiedUnspecifieUnspeciflUnspecifie

(137)

Bal egh 20 1IRA, PsA |18 RA, Ti sulUnspecified25.94 mmHgUnspeci flLicox prob

(138)

Haraty. a2 01RA Unspeci|Ti ssulUnspecifiedUnspecifieUnspeci fAn oxygen/

(139) probe

Fi séte.ra2 0 1RA 23 RA Ti ssuUnspecifiedUnspecifie3l.1 mmHMi croel ect

(140)

Bi nietc.i201RA Unspeci(Ti su|3.-623 mmHg Unspecifie25.4 mmHUnspecifie

(141)
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1.4 Discussion

1.4.1 Quality of evidence

As demonstrated in the clinical evidence maplle?2), thesestudies were heterogeneous
in disease populations of interest and sample size. The nsetised to measure joint
oxygenwerehighly variable. Some measured synovial fluid oxygen using gas analysers
whereas others measured synovial tissue oxygen using oxygen preiasNone of the
studies outlined in the evidence map measured both joint fluid and tissue oxygen to
validate their joint oxygen measurements. Goality of evidence available wémited in
terms of small sample size ajoiht pO, measurement®r the purpose of this scoping
review. Finally, there were marked evidence gaps irgdato the effects of therapeutios

joint hypoxiaother than TNF, as well as hypoxia in enthesitis

1.4.2Clinical evidence for joint hypoxia in RA and PsA

It is important to note that penchmarks for synovial fluid and tissues in normoxia and
hypoxiaareunknown. Thescopingliterature review showed no consensus on the reference
range for synovial tissue or fluid pQrable2). The scoping review therefore provided
insight into the evidence vacuum by which hypoxia is defined in the literature. Without
widely acceptegO, benchmarks for normoxia and hypoxmesynovial fluid and tissues

there is inconsistency by which researchers report hypoxia in inflammatory arBogso

et al presented a poster which referred to physiologicddcentrations in healthy joints

as between-10% butprovided no data or citations to substantiate (b39). Future

studies on normal synovial tissue or fluid 4@ healthy individuals would define such

reference range but such studies may be limited by ethical conitemosid 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 produitigivo were shown

to be higher in patients with RA than patients with degenerative joint di€b&2g These
measurements were based on the rate of fall efgn@ the rate of rise in lactate
concentration in an intrarticular saline pool after an interruption of the circulation to the
joint with an arterial tourniqudtL42). 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 tiss({£43-145). 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 irdricular pressure, may result ipnevial
hypoxia. Joint movement and synovial fluid effusion within the rigid joint capsule may
lead to increased intrarticular pressurand tamponade effecghich collapse the

capillary network and redus@erfusion to synovial tissu¢$46). During exercise of the

knee for example, the int@ticular pressure rises above the synovial capillary perfusion
pressure, causing intaticular hypoxia which resolves with cessation of exerlidé).
Furthermore, ynovial fluid p& was shown to be inversely correlated with synovial fluid
volume (r =-0.54,P < 0.01)(128). These studiesuggest that the synovial effusion volume
and intraarticular pressurenay 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 hypoXiais topic has been
extensively reviewed previously so it is descrilbe@fly here(17). Hypoxia in the
inflamed joint drives glycolysis and generation of metabolic intermediates including
lactate, succinate and itaconél@). The increased levels of glycolytic metabolites
confirm hypoxia in the inflamed joint. These in turn can activate synovial cells further
perpetuating diseagé&7). Lactic acid increases the production ofqprlammatory
cytokines I-23 and IL-6 from monocytes, 117 by T cells, and promotes Rbroblast
like synoviocytesKLS) invasivenes$l7, 147149) Succinate enhances macrophage
production of 11 b v i-1a15D| 151) Succinate also interacts with Ndikle receptor
family pyrin domain containing 3 (NLRP3) inflammasome to activate RA FLS in a HIF
10U depend¢52) Moneavarpseccinate induces synovial angiogenesis in RA
through metabolic remodelling and HIFU / V E G EL53) lxaconsate is one of the most
highly induced metabolites in macrophages sralbiomarker of inflammatory arthritis in
an animal modeg154). Itaconate exerts antiflammatory effects by regulating succinate

levels and macrophage secretion of inflammatory cytokih@s155)

Thereisno consensus as to whether joint hypoxia should be measured according to the
pO:z in the synovial fluid or synovial tissupO; in synovial tissu&an bemeasured using a
Licox probe which requires an arthroscopic port placement with associated risks of
infection and bleedin¢l24) The technology for measuring tissueji®©based on the

Clark polarographic electrode, first described in the 1950s, which is the basis for
measurement of p{by blood gas analyse($24). The Clark electrode measures the

electrical current generated when a cathode and anode immersed in an electrolyte solution
come into contact with oxyggri24) 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 tiSBue measured

current is correlated withO,, but this relationship varies with temperature. The Licox

probe has a tendency to underestimate oxygen tension (mean3f8ar3.5%) between

3371 39°C (124) The Licox probe also has a tendency to underestimate temperature when
compared with a resistance thermometer (mean e@ @7 = 0.22°C) (124). There is

therefore variability in the calibration @, and temperature readingg the Licox probe

Thesynovialtissue pQreading wouldalso behighly 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 pghovial fluid is

more straightforward with use afblood gas analyser which is widely availabled

without the need for arthroscopic accdaghis case, the objective was to look for a

change in joint p@with treatment rather than an absolute value. As the synovial fluid pO

is representative of joint [ppxia and capable of demonstrating differences, then synovial
fluid pO2 was a reasonable choice to measure joint hypoxiae absence of clear benefit

of measuring synovial tissue p(Bome studies investigated the correlation of joint

hypoxia with clinical and tissue biomarkers.

Joint hypoxia is correlated with inflammatory arthritidg et al. showed thasynovial
tissuepO, correlatel inversely with the severity of synovial tissue macroscopic synqvitis
=-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). Thisfinding strengtherdthe association between joint
inflammatory disease with joint hypoxia in RA, but unfortunatblyse crossectional
observationslid not answer whether hypoxia is primary or secondary to inflammaftmn.

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 pO,, with its associated risks, in otherwise healthy individuals and then follow them

upto 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 ameliorafgdinterventionproposed to target
peripheral tissue hypoxia specificaiynerged recently (to be discussed below) but has not
yet been investigated in inflammatory arthritis. However, previous stotilesw joint

hypoxia responeldto anttinflammatory treatmentsuch asINFi, provided insight into the

biological relevance of joint hypoxia in inflammatory arthritis.

RA and PsA patients who had clinical improvements with iTiFatment had statistically
significant increase in synovial tissp&, (134). Kennedyet al showed that successful
biologic therapy improveth vivo synovial hypoxia which was associated with significant
reduction in DAS28, macroscopic synovitis and macroscopic vasculadsy). The

synovial tissue p@medianvalueof approximately 18 mmHgt baseline increased
approximately\39 mmHgafter treatmen{134). Similarly in another study, a trend towards
an increase in synovial tissue p@as noted in patients with RA who responded well to
TNFi although this was not statistically significd@d0)Whether this constituted restoring
synovial tissue p&to normal was unknown as the reference range for physiological
synovial tissue p&is unknown. Converselyio changen synovial tissue p@was seen in
nonrespondergl34) Thereforeyesolution of inflammation itnflamed jointsmay

involve reversing the hypoxic state in synovium. This suglitte notion that joint

hypoxia exacerbatgoint inflammation budid not provide insight as to whether joint
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hypoxiawas pr i mary or secondary to joint infl
inflammation is reducedn vivo synovial tissue oxygen levels are increased and thus the

ti ssue becomé3d4) Howevear,t rhay Ipedhajdint Rypoxiawasrelieved

through other means such as vascular remodediimong the 3 montffiollow-up period

leading to increaskoxygen delivery.

1.43In vivo targeting of joint hypoxia

Crosssectional associations of biomarkers relating to hypoxia and inflammation provide
circumstantial evidence linking these processesirbwut/o perturbation of hypoxiavould
provide more direct evidence of its role in inflammatory arthritis. The effects of intra
articular oxygenotherapy on joint hypoxia have been studied in animalsahtitralar

oxygen infusion into rabbit knee joints reduced tissue lactic acid and irthgiiteolysis,
compared to control rabbits that were not infused with oxytirenmethod of oxygen
infusion was not describe56). Unfortunately, the effects of int@rticular
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 thypoxic 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, ggien therapy such as hyperbaric oxygen therapy is limited by
practical concerns such essource availability anddverse 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. antigen and collagen induced inflammatory arthritis
mouse models, hyperbaric oxygen therapy reduced paw swelling, clinical arthritis scores,
reduced HIFL U and Th17 | eiLe&keseptoraubuhitbetacr eased
(IL2RB) expressiorby regulatoy T (Treg) cels (158, 159) This demonstrated prooff-

concept that synovial tissue HFU can be altered through incr

Hyperbaric oxygen therapy has also been used toitié@hmatory disorders such as
systemic inflammatory response syndrome (SI@8D, 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 SIR&62). SIRS may be due to infectious causes such as
sepsis and neimfectious 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 SiR$dasing
endbthelial nitric oxide synthase (which regulat@soconstriction and vasodilation in

setting of SIR$ promoting neovascularisation and pesthaemia tissue oxygenation

(160, 161, 163)Hyperbaric oxygen therapy has been shown to be safe and tolerable in
dogs with SIRS160). 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 reportpatients with SIRS due to ischaerneperfusion injury improved with
hyperbaric oxygen therafft61). Two patients with avulsions of the hand severed by
machetes at the wrist joint and forearm underwent hand replantatiorsUurgisial
recovery was complicated by ischaemegerfusion injury related SIRS. The patients
received 90 minutes sessions of hygeibtherapy on 3 consecutive dalysthesetwo
patients with poshand replantation SIRS, hyperbaric oxygen therapy resulted in
favourable hand function and improvements in laboratory markers such as leukocyte

count, renal and liver profilgd61).

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 astHotg 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 join{d 65). However, it is unknown as to whether erythropoietin

improved arthritis through increased oxygen delivétgreover, erythropoietin induced
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cell growth, invasion and angiogenesis risk exacerbating inflammgi&g) Other

strategies to target joint hypoxia therapeutically need to be considered.

1.44 Joint hypoxia as a clinical therapeutic target

Current therapeutic strategies for inflammatory arthritis involveiafiimmatory agents

but there are no approved treatments that directly target the hypoxic pathway to treat RA
and PsAThe 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 revigded?2) The

strategies reviewed included HIF inhibitors and targeting HIF downstream pathways.

Although HIF inhibitors show promise in preclinical studigsg complexity of the HIF
pathway pose a challenge for HIF inhibitors in clinical trialsiidiammatory arthritis

(4. HIF2U0 inhibitor Belzutifan was appr-oved
Lindau disease associated tumours but no HIF inhibitors are currently approved for
treatment of inflammatory arthrit{d67). This may be becausgstemic inhibition of HIF

1 @anharm physiologically hypoxic tissues such as cartilgde 42) Moreover,
pharmacokinetic issues such as premature systemic degraaetyonake it challenging

for HIF inhibitors to reach multiplints. 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 arthritisinhibition of VEGF ameliorated arthriti&t1, 168, 169)The

timing of VEGF inhibition may be important in its efficacy. eual reported that anti

VEGF Ab administration prior to onset of experimental arthritis ameliorated arthritis in the
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CIA model, but administration pesinset of disease was ineffecti{@69) This suggesd

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 an€CP Ab seropositive individuals without arthritis

(170). In humans, ati-VEGF therapies are approved for cancer agérelatedmacular
degenerationfl71, 172)Clinical trials are needed to test whether AEGF 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. Recéhtiyessor Stride has
developed novel oxygen sparged nanobubbles that deliver oxygen to tissues with low
oxygen tensiorf117, 118) Oxygen nanobubbles given orally in mouse xenograft tumour
models significantly reduced hypoxia markers in peripheral tumours, whereas oxygen
saturated water and argon nanobubbles didxf}) Specifically, oral oxygen

nanobubbles reduced tumour tissueHIE) pr ot ei n (12@). Vteslpmvidedy 2 5 %
proof-of-concept that oral oxygen nanobubbles can relieve peripheral tissue hypoxia.
These surfactargtabilised nanobubbles are so small that they are thought to be absorbed
into the bloodstream when administered as a di2k). However, the assumption that
Ananobubbles pass into the blood intacto re
constituents may be absorbed leading to physiological effec{d 200 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) vitro characterisationf thephysiological effect®f 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, | undertook a scoping review of the p@asurements in joints and

discussed joint hypoxia as a potential therapeutic target in inflammatory arthritis. Professor
Stride has developed orally delivered surfacttabilised oxygen nanobubbles to treat
hypoxia. The aim of Chapter 2 is to charaisiethe physiological effects okygen
nanobubble vitro using cell culturendin vivoin a clinical studyA doubleblinded

placebo controlled clinical study of orally delivered nanobubbles was set up, as well as a
parallel study of intrarticular 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 othe clinical study of whether orally delivered nanobubbles can relieve

joint hypoxia.

Thereforethedirection of theDPhil pivotedto the investigation of intrarticular
methylprednisolone injection effects in the jainf 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 hypoxig relieved byother antiinflammatory agents such as
intra-articular methylprednisolone injection is not well undessitdn a single arm study of
intra-articular methylprednisolone injection in patients with RA and P$8und no

changes in synovial fluid p3! weeks afteintra-articular methylprednisoloniejection.
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Next, | went onto explore the effects of intagicular methylprednisolone injection on
synovial tissuesingle nucleusRNA sequencingsnRNA-seq profilesin inflammatory

arthritis in Chapter 4. Single cell transcriptomic analysis has advanced our understanding
of the cells and molecules underpinning health and disease. The effects-aftictrar
methylprednisolone injection on inflammatory arthritimgyial tissues at single cell level

is poorly understood. This chapter provides a single cell thetapslas of intraarticular
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 afteraarticular methylprednisolone

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

2.1 Introduction

2.1.1 Oxygen nanobubbles

Al ncreased metabolic demand of activated i m
compartment | eads to a Hiyd mpdtentswithi nt mi cr oe
inflammatory arthritis, synovial tissue pQorrelated inversely with macroscopic synovitis

and increased in those who responded to biologic theréi8@s 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 sudbreathing high partial pressure of

oxygen increases oxygenation but risks oxygen tox{dity) 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 ttirectly target hypoxiavould 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 developedPlyfessor Stridevho developed novel
orally delivered surfactardtabilised oxygen nanobubblefich improved cyclist
performance in a placebmntrolled study118, 120) Bubbles are defined as gasin a
medium enclosed by an interface as defined by the International Organization for
Standardization (ISQ)L77) Bubbles may be categorised into bubbles, microbubbles or
ultrafine bubblesr{anobubblesdepending on their sizZ&77-179) Ordinary bubbles float

in water and burst at treer-water interfac€180). Microbubbles are spherical bubbles with

70



a di amet e (178). Micrabubbl€s h&enow rising velocity in water, and
gradually decrease in size and collapse due to dissolution of interior gases into the
surrounding watef178, 179) Nanobubbles are bubbles with a diameter of less than 1000

nmthat can remain stable for montfig8, 179, 181)
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Figure4 Expressionof HIFL U at (a) a transcriptional I
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, * denoteB < 0.05, ** denoted? < 0.01, *** denotesP < 0.001, NS =

not significant. Reprinteth accordance with the Creative Commons Attributiom
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CommercialCC B¥NC 4.0) licenseH(ttps://creativecommons.org/licensesiing/4.0)

from Owen et al(120)

By encapsulating oxygeninsubi cr ometre sized nanobubbl es,
showed that oxygen nanobubbles have beneficial effects in animal and human studies
(Figure4) (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 watét20). This mixture was then heated, mechanically agitated
and loaded with oxygen to generate oxygen nanobulpb®§). Oral administration of

these oxygen nanobubbles suspensions in mouse xenograft tamowrmodels

significantly reduced hypoxic markers in peripheral tumokigyre4), although there

was no statistically significant difference in tumour tissue @Qup to 30 min followup

(120). A follow-up experiment by the same group using an implanted oxygen probe with a
longer followup of 60 min again found no statistically significant difference in tissue pO

following administration of either oxygen nanobubbles or air sparged nanobiibbfgs

The authors pointed out that orally administered oxygen nanobubbles downregulated
HIFLA mRNA in excised tumour tissue, but argon nanobubbles dicha@vidence of a

gas mediated effe¢Figure4) (120). Howeverdirect pQ measurements in tumour tissues
showed no statistically significant difference with oxygen nanobul{bh3). Moreover,
hypoxia regulates HFE U t h r otragslatiomalcisahges as discussed in the previous
chapter. The absence of transcriptional chang#iiiiA mRNA in the argon nanobubble
group may be due to opposing effects of downregulation by the biochemical constituents
of nanobubbles and upregulation by argalthough noble gases such as argon and xenon

are generallghought to be inert, they have been showimtoeaseHIF1A expressiorand
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induce angiogenes{482, 183) Indeed, argon and xenon were added to the World Anti
Doping Code International Standard prohibited list in 2014 as erythropoiBtiesefore,
nitrogen nanobubbles would be preferred argonnanobubbles as contrdisr

comparison with oxygen nanobubbld£0).

Further questions regarding the gas related effects oxygen nanobubbles were raised when
HIF-1 U pr ot wdrenasskssad thé nsouse xenograft tumour mod@fgure4)

(120)HIF-1U protein levels were reduced by nanol
sparged with oxygen or argoRigure4) (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 warranteitro investigations t@scertain

whether the oxygen nanobubbles mediate effects through oxygen gaseous mechanism or

gas independent biochemical effects.

Although the authors assumed the reduced hypoxia markers in t@smigdence for
increased oxygen delivery by nanobubl{leégure4), the existence of nanobubbles and
their effects are controversi@84). Thenanobubblenomenclature varies in the literature
In this thesisthe term nanobubble is used to describeftjasl spherical bubbles that have

a diameter of less than 1000 ix81). Nanobubbles are thermodynamically never stable

due to the effects of Laplace press(ir&l) The Laplace pressure,
object of radius r is given by P = 22/ r wh
interface and @P describes the increase in

immediate surroundingd.81). Thereforethe 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 inte(l8. fA The st abi |l i
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nanobubbles remains unexplained and reports of nanobubbles are generally treated with
scept (181)GBinmobcumst antial evidence was publ i sh

demonstrating that theseanobubbles conta@igas(117, 120)

Owenet al. measured single particle optical sizing (SPOS) and dynamic light scattering
(DLS) of these lecithin surfactastabilised nanobubbleEigure5, Table3) (120) The
nanobubble suspensions had greater amounts of nanoscopic particles than oxygenated
water Figure5, Table3). Although the transmission electron micrographs showed
spherical particles, thdid not prove that they were hollow and contained §agpufe5C

and D).

(a) 10000 = Oxygen nanobubbles
~f' 4 Argon nanobubbles
W v Oxygenated water
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Diameter (um)

= Oxygen nanobubbles
/58 nm 4 Argon nanobubbles
v Oxygenated water

955 nm

i
°: ?i | \ﬂﬂmﬁﬁ
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10 100 1000 10000
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Frequency

Figure 5 Mean particle size distributions measured for oxygen nanobubbles, argon
nanobubbles and oxygenated water by (a) SPOS and (b)H2i®ls (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). Repinnted
accordance with the Creative Commons Attribufidon-CommercialCC B¥NC 4.0)

license (https://creativecommons.org/licensesibi.0/)from Owen et al(120)

Table3 Population statistics for oxygen nanobubbles, argon nanobubbles and oxygenated

water as measured by SPOS.

Reprintedin accordance with the Creative Commons Attributimn-CommercialCC

BY-NC 4.0) licenselttps://creativecommons.org/licensesifin/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,
Owenet al. went on to demonstrate their oxygen carrying prope(ii&g, 120) The

oxygen nanobubble suspension had sustained elevationpefhEdeas oxygesparged

water demonstrated elevated p&hich gradually declinedrigure6, Figure7) (117, 120)
Although trese findingshowed 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 leciti{iil 7, 185189).
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Figure 6 pO; in water following introduction of oxygen nanobubbles (circles), argon

nanobubbles (triangles) and oxygenated water (squares).

Initial readings represented asaturated water. Reprintdd accordance with the
Creative Commons Attributiodon-CommercialCC B¥NC 4.0) license

(https://creativecommons.org/licenses#is/4.0) from Owen et al(120)
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Figure 7 Measurements of oxygen concentration after addition of 1 mL of oxygenated
sample (nanobubble solution or Mil) water) to 10 mL of deoxygenated (nitrogen
saturated) water under constant mixing of solution and nitrogen flow in vial headspace (n

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

Reprintedin accordance with the Creative Commons Attributdon-CommercialCC

BY-NC 4.0) licenselttps://creativecommons.org/licensesifiny/4.0) from Owen et al.

(117)

Evidence to show that nanobubbles are indeediligd 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 withtrageair

interface, and imaging using cryogenic teifues(181). Biophysical validation of
nanobubbles was beyond the scope of this DPhil and instead | sought to characterise the
physiological effects of nanobubbldsveloped by Professor Strilel8, 120, 19Q)

Clinical investigation of nanobubbles would investigate whether nanobubbles relieve joint

77


https://creativecommons.org/licenses/by-nc/4.0/

hypoxia andn vitro investigations of nanobubblesuld provideinsight intowhether

their effects were mediated by gas or biochemical mediated mechanisms af action

2.1.2In vitro investigations of oxygen nanobubbles

All novel therapeutics requitia vitro toxicity testingfor preliminarysafetyassessment
The physiological effects of nanobubbles on nelinberand metabolism were
investigated using crystal violet and alamarBlue respecti@ystal violet is a dye that
binds toproteins andNA (191). Crystal violet is used to stain adherent ¢ellfowing
cytotoxicity and cell viabilityto be determineL91). 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 measubgdabsorbance. 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 vialdiiB). Resazurin, the
active ingredient in alamarBlue, is a ntmxic, cellpermeable compound that is blue and
nonfluorescent. Upon entering cells, resazurin is reduced to resorufin which is red and
fluorescent. The oxidised alamarBlue is reduced in the cybyswoiitochondrial 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 weremeasuredn musculoskeletal relevant cell typas cell migration is key to
the pathogenesis of inflammatory arthr{l®3). 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 migratidrhe IncuCytescratchassay is established for
measuring cell migratiomto a wound regioii194). It facilitates reproducible and
guantitativeanalysis of migration of adherent cell lineshe presence of experimental
agentsThe spatial cell density in the wound area relative to the spatial cell density outside
of the wounds 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 (whichamnprise 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, | also characterised the

nanobubbleffects at molecular levels.

At a molecular level, theHHEE U proteins were measured using
impacts of nanobubbles on downstream pathways of hypoxia. A4 Bifffoteindegrades

rapidly, the transcriptioal activity of HRE may be a more sensitive marker of hypoxia
changes by nanobubbles. Therefore, transcriptiaativity of HRE was also measured.

Genetic reporter systems are widely used to study gene expression. Dual reporters improve
experimental accuracy by allowing simultaneous measureofénd individual reporter
enzymes within a single system. One reporter is correlated with the effect of specific
experimental condition, while the activity of the-tansfected control reporter allows
normalisation to control for differences in cell viatyilor transfection efficiencylhe
DualLuciferase Reporter Assay System provides an efficient means of perfaimahg

reporter assayd 95) Using this systemhte activities of firefly Photinus pyrali¥ and

Renilla(Renilla reniformisor sea pansy) luciferases are measured sequentially from a
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single sampleln addition to investigatinghe transcriptional response to hypgxialso

evaluated translational response to hypaxieitro.

Hypoxia upregulates VEG&ndtransforming growth factdd TGFU expression in a
physiological response to induce angiogenesis and reverse hypaxi06, 197)TGFU

is a member of the epidermal growth factor family of cytokines that are synthesised as
transmembrane precursors with soluble forms released by proteolytic cleavags. TGFs
relevant to inflammatory arthritis as it induces fibroblast proliferatiahargiogenesis

(197-199) | applied enzymdinked immunosorbent assays to cell culture supernatants to
investigate whether hypoxiaduced VEGFand TGEl pr ot ei n ereaffgctece s si on

by nanobubbleslhe resolution of hypoxialso has important physiologicadnsequences

Hypoxia followed by normoxia causes ischaemgperfusion injury through generation of
free radicalsindeed, oxidative damage by free radicals in synovial tissue has been shown
to be associated with the vivo hypoxic status in the arthritic joig131) Therefore,
therapeutics that abrogate the damage mediated by ischespridusion injury may be
beneficial in inflammatory arthritis. Thenpactof nanobubbles oROSproduction vas
measuredising CMH>DCFDA (200, 201) This chloromethy! derivative of iDCFDA is
widely used as an indicator for ROS in cells. €®l¥DCFDA passively diffuses into cells
where its acetate groups are cleaved by intracellular esterases and-rsabinie
chloromethyl group reacts with intracellular glutathione and other thiols. Subsequent
oxidation yields a fluorescent adduct thatr&pped inside the cell, allowing GM

H.DCFDA to act as a fluorescent dpased sensor of free radicals.
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To perform thesé vitro experiments,mmortal human M@&3 osteosarcoma cells and
primary human umbilical vein endothelial ce(lBUVECs)were selected for thegase for
cell culture investigationdMG-63 is an osteoblast cell line originating from the bone of a
14-yearold male Caucasian osteosarcoma pati2d2) The immortal MG63 cellline has
the advantage of being easy to cultanel transfect, as well &sving fibroblast properties
relevant to studying musculoskeletal tiss(232, 203) Another advantage of M@3 cell
line is its amenability for transfection hence they are extensively used in transfection
studies to investigate gene expression and function. Howevei 3/l linemay not
recapitulate synovial tissue cetlse to their osteoblasike features and as a cancer cell

line may not represent normal cell physiology.

| also used HUVEE€as a norcancerousn vitro modelto study oxygen nanobubbles.
HUVECsare isolated fronthe vein of normalmbilical cordsand exhibit characteristics
of endothelial cell§204). HUVECs areawidely used sourcef primary endothelial cells
for studying angiogenesis apdovide a convenieni vitro model for endothelium in
synovial tissuesAlthough HUVECSs are the most well characterised type of endothelial
cells for researctHUVECsalso may not reflect true endothelial statethim synovium

due to their origin from umbilical cord veinBhe umbilical vein carries blood rich in
oxygen (pQranging from 22 to 53 mmHg) from the placenta to the foetusontrast to

the pQ in joints which may be as low as 0 mm®8, 205)

To induce hypoxia in these cell cultures, 0.1%n@s used to induce maximal hypoxic
states. Although this extreme setting musyiallybe 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, | would have
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repeated the experiments at differents@ttings to see whether such findings were

reproducible at more physiological levels of hypoxia.

2.13 Clinical study of nanobubbles effects on joint hypoxia

We had set up a doublgind, singlecentre, randomised, controlled study to investigate
the physiological effects of nanobubbles in RA and PsA patients

(https://www.hra.nhs.uk/plannirandimproving-research/application

summaries/researedummaries/damanobubblesmprovejoint-hypoxia) (Figure8).

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 webased commercially available registration system

(Sealed Envelope).

This was an exploratory hypothesis generating study of the biological effects of
nanobubble¢12. AppendixB: Clinical studyto investigate whether nanobubbles improve
joint hypoxig. 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 pg) 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 amderstanding of the biological effects of orally deted

nanobubbles versus Dioralyte.
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Figure 8 Schematic outline of nanobubble clinical study

2.2 Materials and methods

2.2.1Cell culture

The human M&3 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 {glutamine, 50 IU/mL penicillin and 50 pg/mL streptomycin
sulphate. M®3 cell cultures were tested for mycoplasma infection using MycdAlpser

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

Pooled human umbilical vein endothelial cells (HUVECSs) were obtained from Invitrogen
(Cat. No. G015-5C). 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 penicillistreptomycin per manufacturer instructions.
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2.2.2Hypoxic exposure

Hypoxic exposuref 0.1% Q was conducted with 5% CGObalance Nin a MiniGalaxy

incubator (RS Biotech).

2.2.3Nanobubble production

300 mg lecithifThermoFisher, catalogue number J61675.80D mg citric acidSigma

Aldrich, catalogue number 25127%0 mg glycyrrhizin(SigmaAldrich, catalogue

number 50531)1.25 mL glycerol (1.26 g/cth(SigmaAldrich, catalogue number G2025)

were mixed in 100 mL purified water (milliQ) at 4G 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 bottor{Figure9), 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’l0(120). The oxygen

content of nanobubbles and the concentrations of nanobubbles were not measured directly

in this study as these were previously characte(i&2d).
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Figure 9 Photo of gas sparging through nanobubbles
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2.2.4Cell metabolism andviability

Cell metabolismand viabilityweredetermined by using alamarBlue (Invitrogen).

AlamarBlue in an amount equal to 10% of the culture volume was addeddleunltures

were returned to incubator for 3 h. Fluorescence was measured with excitation wavelength
at 530560 nm and emission wavelength at 590 nm using FLUOstar Omegaiabdity
wasalsoassessed by crystal violet (Sigma). Cells were washedovitbphatebuffered

saline (PBS) and fixed with 4% formalin for 10 min at room temperature. Then cells were
incubated wh 1% crystal violet for 60 min at 3C. 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.

2.2.5Cell migration assay

IncuCyte (S3 LiveCell Analysis System) ZOOM® 98Vell Scratch Wound Cell

Migration Assay was performed using WoundMakeper manufacturer instructions

(Essen BioScience). The WoundMakeris a 96pin mechanical device designed to create
homogeneous, 70800em wide wounds in cell monolayers on-@&ll ImageLoclE
microplates. Scratch wounds were made at TOh when cell monolayers were at 100%
confluence. Cells were incubated in either normoxia or 0.2%nOuCyte was used to

take images of cells at TOh and Tgbst 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 tdhe density of the cell region, i.e. rapid increase in relative wound

86



density demonstrates rapid closure of the wound due to rapid cell migration into the

wound.

2.2.6Western 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
molecuar weight marker (BieRad). Primary antibodies were mouse monoclonaltdifi

10U 1 gG1l (BD Bi osci en c-btsbulin lg8ilo(SiggneAldrich) rabloitl o n a |
polyclonal antiGlucose Transporter GLUT1 IgG (Abcam), rabbit monoclonal anti
Glyceraldelyde-3-Phosphate Dehydrogeng$2APDH) IgG (Epitomics). Densitometric
quantification of Western blots was performed in ImageJ, normalizing experimental bands

to the corubdiscgodrol.di ng D

2.2.7Reactive oxygen species assay

The protocol was optimised by determining the concentration©f Hquired to induce
ROS production. 9&vell plates were seeded with HUVECs in 100 pL medium in each
well 24 h prior to TOh for target confluence-80% at TOh. Cells were cultured in
normoxia. ROS were detected using a fluorescentdged free radical seor CM
H2DCFDA (Invitrogen Cat No. C6827) per manufacturer protocol. Cells were washed
with PBS and incubated with GIMM2DCFDA in the dark for 45 min. Washed cells were
then incubated wit200 pMH20. and intervention at 37C for 1 h.200 uM was selected
as the concentration fét.0> as this dose has been shown previously to reliably induce

ROS production in MG63 cell06). 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.

2.2.8Luciferase assay

Phosphoglycerate kinase is a transcriptional targetoflHF, i nduced by bi ndi
transcription factor to its HRE. As ameasure of HIE) t r anscr i pt i-88n al act
cells were transfected with PGK HREefly luciferase plasnds (gifted by Professor AL

Harris, University of Oxford, UK) and pHRGK Renillaluciferase control reporter vector
(Promega) using Lipofectamine® 2000 reagent (Invitrogen). Luminescence was assayed

after 4 and 24 h using the Ddaliciferase® Reporter Assay System (Promega), with

firefly luciferase normalized to thieenillatransfection control.

2.2.9ELISA

VEGFand TGRU ELI SA were performed using DuoSet
(catalog number DY293B and DY239). The capture antibody was diluted to the working
concentration in PBS without carrier protein. A@86ll 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 filimg00i pL

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 wabated 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 pL of detection antibody, diluted in reagent diluent,
was added to each well. The plate was covered with a new adhesive sinpubated for

two h at room temperature. The plate was washed as previously described. 100 pL of
working dilution of StreptavidirtHRP was added to each well. The plate was covered and
incubated for 20 min at room temperature away from direct light. The pks washed as
previously described. 100 pL of substrate solution was added to each well and incubated
for 20 mn 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 tofoorrect

optical imperfections in the plate.

2.2.10 Statistical analysis

Experimentsvere performed with triplicatesf complete experimental repeatsless

otherwise specified. Datsere presented as mean + standard error of mean (8BESs

otherwise specifiedData were analysed using Prism (Graphpad Softwgoe)analysis of

crystal violet, alamarBlue and HIF U  a s tatiatigas analysis comprisegtouped

analysis with ordinary twavay ANOVA andcorrected for multiple comparisons using
Dunnettdéds multiple comparisons test, with i
comparison For other experiments including relative wound den8IfE luciferase,

VEGF and ROS assayanalyses involvedneway ANOVA corrected for multiple
comparisonsusinpunnett 6s mul ti pl-hectesoRagtaweres on as a

considered significant at P < 0.05.
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2.3 Results

2.3.1 Nanobubble effects on celliability by crystal violet

Oxygen sparged, nitrogen sparged and unsparged nanobubbles at doses legglthan 50

had no significant effects on MG63 cell viability in normoxia or 0.1%h¢poxia at T24
72h.MG63 cell number was significantly reduced at 72 h after incubation wittL.50

oxygen sparged, nitrogen sparged or unsparged nanobubbles in 9dr%ddmoxia

(Figure10) (N = 3, P < 0.05 in normoxia, P < 0D 0.1% Q). Subsequent experiments
therefore used 2L nanobubbles as the maximumvitro dose. Oxygen sparged,

nitrogen sparged and unsparged nanobubbles were found to have pH of 3 which may relate

to theireffects 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 = SEKrouped analysis with ordinary tsway ANOVA and
Dunnettdéds multiple comparisons test, with

comparisonshowed no significant differencbstween oxygen sparged nanobubbles,
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nitrogen sparged nanobubbles wnsparged nanobubbl€B > 0.05) Using zero dose as
control for comparisonabsorbance of crystal violet was significantly reduced at the
highest dose of 50 pL at T72h timepoint across all treatment gr@ugesnotes < 0.05,

*** denotes P< 0.00L).

2.3.2 Nanobubble effects on cell metabolisand viability by alamarBlue

MG63 cell metabolism in either normoxic or 0.1%@poxic 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 MGER after incubation in either normoxia

or 0.1% Q for 72 h with either oxygen sparged, nitrogen sparged, or unsparged

nanobubbles but this did not reach statistical significaRigrife11) (N = 3, P> 0.05).

Grouped analysis with ordinarytaway A NOVA and Dunnettdés mul t
test, with individual variances computed for each comparison, using zero dose as control

for comparison, showed no significant differences (P05).
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Figure 11 MG63 cell metabolism and viability in either normoxic or 0.1%hgpoxic
incubator at T24h, T48h and T72h was assessed by fluorescence of alamarBlue, after
treatment at TOh with up to 20 puL of either oxygen sparged, nitrogen sparged or

unsparged nanobubbles (N = 3).

Data plotted as mean = SEM. Grouped analysis with ordinaryviap ANOVA and
Dunnettdés multiple comparisons test, with
comparison, using zero dose as control for comparison, showed no significant differences

across treatment groups and doses at all timepdfts 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 nanobulbibtpe€12).
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Figure 12 Relative wound density of MG63 celld @fter incubation in 0.1% ©with

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

Ordinary oneway ANOVA wittD u n n enultiplé somparison testisingPBS treatment
group ascontrol for comparisopnshowed no difference in relative wound density with

nanobubblesN = 3, not statistically significant

2.34 Nanobubble effects on HIFIU p r oHRE itranscription and VEGF

protein levels

Western blots were performed to assess expression of hypaiad proteins with-
tubulin as a loading control. HHEJproteinlevelsincreasd after 2 h of incubation in

0.1% O (N = 1) (Figure13). No difference ilGADPH 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
75

50 e — — " —
B-tubulin 50 kDa

Figure 13 Western blot analysis of HIE U  a-tulalilin Bhousekeeper) expression in

MG63 human osteosarcoma cells after incubation in hypoxia 0.1f6r@p to 24 h

HIF-10andb-tubulin expression in MG63 cells were analysed using Western blot analysis

after incubation in hypoxia 0.1%,®@or up to 24 hFigure14A). Cells were treated at TO

with 250 pL of PBS, oxygen sparged nanobubbles, nitrogen sparged nanobabbles,

unsparged nanobubbles (N = 3). Using quantitative analysis on Western blots with

densitometry, grouped analysis with ordinarytw@ay A NOVA and Dunnett 6s
comparisons test, with individual variances computed for each comparison, using

unspargedPBS group as control for compariseanobubbles reducediF-1Uto b-tubulin

ratioat 24 h only(Figure14A) (P < 0.05).
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Figure 14 (a) Western blot analysis of HIE U  a-tulilin in MG63 cellsncubated in

0.1% QG andtreated with either unsparged PBS, oxygen sparged nanobubbles, nitrogen

sparged nanobubbles or unsparged nanobubl@3esuped analysis with ordinary tweway

ANOVA and Dunnettds multiple comparisons te
each comparison, using zero dose as control for comparsmwwed significanthcrease

in HIF-1 tb-tubulin ratio in unsparged PBS group compared to either oxygen sparged
nanobubblesnitrogen sparged nanobubbles or unsparged nanobubbles at T24h timepoint

(P < 0.05) (b) HREIuciferase activity normalized to Renilla luciferase gene for MG63
cellsincubated in either normoxia or 0.1% @nd treated with either PBS, oxygen

sparged nanobubbles, nitrogen sparged nanobubbles or unsparged nanobOblelesy

ANOVA wusing Dunnet tdshovedincreasad piRibEciferase acgvayrini S 0 n
0.1% Q treated with PBS, compared to in 21%t@ated with PBS, or in 0.1%0

treated witheitheroxygen sparged, nitrogen sparged, or unsparged nanobuf®les

0.01). (c) VEGF levels in culture medium of MG63 cells, after incubatiamirmoxia or

0.1% Q for 24 hand treated with either PBS, oxygen sparged nanobubbles, nitrogen

sparged nanobubbles or unsparged nanocbubl@degway ANOVA using Dunne
multiple comparisorshowed increased VEGF levels 0.1%tf@ated with PBS, compared

to in 21% Q treated with PBSK < 0.05. No difference in VEGF was seen with treatment

with either oxygen sparged, nitrogen sparged, or unsparged nanobubbles in 8 (&0

0.05).

ns denotes not statistically significahlenotes P < 0.05, ** denotes P < .0

HRE-luciferase activity normalized t&enillaluciferase gene was measured for MG63
cells in normoxic or 0.1% ghypoxic 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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of 70-90% at TOh. 24 h prior to TOh, each well was transfected with HRE luciferase
plasmid andRenillaluciferase control reporter vector using Lipofectamine 2000 reagent.

At TOh, each well was treated with either 50 pL PBS, or either 20 pL oxygen sparged,
nitrogen sparged or unsparged nanobubbles, made up to 50 pL with PBS. Nanobubbles
significantly redued HRE transcription in MG63 human osteosarcoma cells after

incubation in 0.1% ©for 24 h Figurel14B, 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-#ilF p r ot BIREdransceptiosh, |

expected nanobubbles to inhibit HIEE me di at ed responsesUincl udi
(207). VEGF levels were measured in culture medium of MG63 cells after incubation in

normoxia or 0.1% ©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 unspesjegl.

ELISA, | found that 0.1% @increased VEGF protein levels in culture medium of MG63

cells but that treatment of cells with nanobubbles had no significant effects, irrespective of

gas spargingHigure14C, data plotted as mean + SEM. Ordinary one way ANOVA with

multiple comparison test comparing means with mean of 0.1%FBS as control. *

denotes P < 0.05. ns denotes not statistically significa®~U was undetectabl e

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

In my in vitro experiments,ite physiological effects of nanobubbigsre umelated to gas
sparging Instead, the biochemical constituents of nanobubbles may be mediating its
effects.The next logical questiowas which componentwere responsibléor the effects

of nanobubbles on hypoxia related signalling? Throsygiematicelimination of
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individual ingredients from nanobubbles, | demonstrated that leeitisra necessary
ingredient in nanobubbles for suppressiot&E transcriptionin hypoxia(N =3, P <

0.05) Figurelb).

jﬂqqq

057 Bm Unsparged PBS
0.4 Hl Oxygen sparged citric acid, glycyrrhizin, glycerol
% 0.3 Bl Oxygen sparged lecithin, glycyrrhizin, glycerol
g Bl Oxygen sparged lecithin, citric acid, glycerol
Ir'JI:J 0.2 Oxygen sparged lecithin, citric acid, glycyrrhizin, glycerol
L 0.1 - El 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 T24treated with either unsparged PBS as control or

oxygen nanobubbles without individual ingrediefiNs= 3).

Data plotted as mean = SEM. Ordinary eway ANOVA witlD u n n entltipleé s
comparison test comparing means with mean of unsparged PBS as control. * denotes P <

0.05, ** denotes P < 0.005.

A downward trend irHRE transcription was seen with lecithin alone and unsparged
nanobubbles although this was not statistically significaigiufe16) (N = 8). Although
lecithinwas necessary, lecithin alone may not be sufficient for suppresstéRBf

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 T24treated with either unsparged PBS as control or

individual ingredientghat comprise nanobubblé€kl = 8).

At TOh, each well was treated with either 50 pL unsparged PBS, or 20 pL of either
unsparged nanobubbles, lecithin, citric acid, glycyrrhizin, or glycerol, made up to 50 pL
with PBS. Data normalized with PBS group as 1. Data plotted as mean = SEM. Ordinary
oneway ANOVA wittD u n n entultiplé somparison 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, HUVECSs being

primary cellsproved challengingp transfect due to toxicity despite trying different
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transfection times, different lipith DNA ratios, culturing in normoxia, or replacement of
culture medium after transfection (data not shownmnsfection involves insertion of

foreign nucleic acids into eukaryotic cel&imary 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 reé2@dn

contrast, immortalised cell lines such as MG63 can easily be transfected as they are rapidly
dividing and resistant to cytotoxicitfransfection efficiency below 40% has been

reported for primary cells including HUVECSs regardless of the transfection reagents used,
confirming primary cells aveingdifficult to transfec(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 transductionsks immunogenic reactions aneuld require
stringent laboratory safety measures for use of viral vectors due to infectio(2088s
Physical methods of transduction include electropordiitrsuch methods may damage

cells, and usually require cell suspensiongitro as well as specialised equipméa10).

2.35 Nanobubble effects on hydrogen peroxide induced ROS production

Free radicals such &0Smay exacerbate inflammation in the arthritic joint and are
known to elevate HIF leveld 7). Reduction of ROS levels by antioxidant may be
beneficial for inflammatory arthritis. Hydrogen peroxide@) is a widely used inducer
of ROS,but it can be toxic at high doses. In a pilot experiment of HUVeGptimise
ROS detection assa¥0* M H»0O, wasfound to beoptimal to produce a ROS signal that
was at leastouble the background reading, and ROS signal dropped:@y above 16
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M likely due to cytotoxicity Figurel7, Figurel8) (N = 1). Thiswas consistent with the
literature which showed that the optimal®4 concentration for ROS induction is

approximately 40QuM for HUVECs and 208400 uM for MG63(206, 211)

A: Negative
control (PBS)

B: 10 M H202 C: 10°M H202

D;104MH202  <RE:10°M H202

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

G) Hx02 at 10° M, 10° M, 104 M, 103 M, 102M, or 101 M (N=1).
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Figure 18 ROSas measured by fluorescence after HUVECs cells (P5) were treated in

normoxia for 1 h with (A) PBS as negative controtGBH,O, at 10° M, 10°M, 10* M,

103 M, 102M, or 101 M (N = 1)

Nanobubbles reducdd>O. inducedROSproduction Figure19) (N = 3, P<0.0005). This

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

oxygen or nitrogen.
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Figure 19 H>Oz 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 ordinagneway ANOVAcorrected for multiple comparisons
using Dunnett 6s ,wthuPBS$as qohtrel foccompariaon,istsowenl
significant downregulation in D, induced ROS production with nanobubblisH( 3, **

denotes K 0.009.

| then tested whether individual ingredients of nanobubbles affectegihtiuced ROS
production(Figure20). In the negative control, absence of green signal represents absence
of ROS(Figure20a). Using HO- as the positive control, there was marked green
fluorescence consistent withh® induced ROS productioffigure20b). H-O induced

ROS production was abrogated by either unsparged nanobubbles or citric acid alone
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(Figure20c, Figure20d). H.O- induced ROS production was unaffected by either glycerol,

glycyrrhizin, or lecithin Figure20e, Figure20f, Figure20g).

Figure 20 ROS production in normoxic MG63 after incubation with either a) negative
control (PBS only), b) positive control {8 only), ¢) HO- + unsparged nanobubbles, d)
H.O + citric acid, e) HO + glycerol, f) O + glycyrrhizin, or g) HO- + lecithin (10x

objective).

Green signal represents fluorescence related to ROS presence.

105



Citric acid alone reduced thex®, induced ROS production to a similar degree as
unsparged nanobubbl@d = 3, P< 0.00005) Figure21). Therefore, the antioxidant effect
of nanobubblesnay primarilybe accounted for by citric acid algmwehich is known to
scavenge RO®12, 213)A limitation is that the strong ROS signal induced bDkHmay
haveexceeded the detection limihich may limit the detection @&n effect by weaker
antioxidants. For example, glycyrrhizin is a known antioxidartonly demonstrated a
statistically norsignificant downward trend in ROS signal in both MG63 and HUVEC

cells(214).
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- 0.0 mm H»,0, + lecithin

Figure 21 H>Oz induced ROS production ) HUVECand b) MG63 cellgultured in
normoxia after incubation with either PBS, unsparged nanobubbles, citric acid, glycerol,

glycyrrhizin, or lecithin.
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Grouped analysis with ordinary ongay ANOVAwascorrected for multiple comparisons
using Dunnett 0s,witlhuHQ: positiveecontral gnqu@asrcongod far

comparisonN = 3. ns denotes not statistically significant, **** denotes P < 0.000

2.4 Discussion

2.4.11n vitro properties of oxygen nanobubbles

Owenet al demonstrated that oxygen nanobubbles administered orally ekhigpexic
markersin peripheral tissueis vivo (120). However, there were outstanding questions as

to their mechanisms of action, specifically whether nanobubble effects were mediated by
gaseous properties of oxygearried by nanobubbles or biochemical effects of nanobubble
constituent$184). | therefore undertook an vitro investigationusingnanobubble$o

treat cells

| found that the nanobubbles were not cytotoxic over most of the range of dosestested
vitro (Figure 10, Figure11). 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 negaseous properties such as their pH of 3. My findretging to

high dose nanobubble related cytotoxicitgre consistentith published findings by my
supervisorsvho also found nanobubbles had dose related cytotoxicity in bone relevant

cellsin vitro (190).

HIF-1Uprotein levels were reduced by nanobubliegitro whichwas consistent with the
in vivostudy of nanobubble@igure14A) (120). Furthermore, HIRLUprotein reduction

by nanobubbles vitro was shown to be independent of oxyggarging This finding
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was also consistent with thi vivo study of oxygen nanobubbles which showed tissue
HIF-1Uprotein reduction without changes in tissugf®0). AsHIFF1 U i s wdli-e mo st
knownHIF, | focusedon HIFL U i n t h eexperineehtsamdil woald have sought

to confirm nanobubble effects on other HIFBIIF-1 U r educti on was oxyge

Having demonstrated that nanobubbles rediti®-1 U pr ot ein | evel s i nde
oxygen sparging, | then investigated whether nanobubbles had gas dependent effects on
HIFF1U downstream signal |l i HB-10t harcau gvhi t WR R st rmeers
HRE-luciferase was also reduced by nanobubNeseover,HRE-Iuciferase reduction by
nanobubbles vitro was also independent of oxygérrhis result was consistent with the

findings that nanobubbles reduced HIFU pr ot ei ns i ndepemgident!| y o

vitro (Figure14A) andin vivo (120).

After demonstrang that nanobubbles redutellF-1 U expr essi on at trans
translational levels, independently of oxygen sparging, | went on to investigate whether
nanobubbles affected VEGF expressibrough gas related mechanismf®und

nanobubbles had no effects on VEGF protein levels after 24 h incubation in hypoxia
(Figure14C). Although | could have investigated this further using different nanobubble

doses, cell lines, hypoxic levels, or folleyp timepoints, | opted not to pursue this further.

This was because there was sufficient evidence to show that nanobubbles did not mediate
effects through gas related mechanismsgitro, which was consistent with previous

animalin vivo experimentg120).

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

0.1% Q is more hypoxic than would be expected in an arthritic joint whereasz1% O
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would more accurately reflect the physiology in an arthritic joint. As the body of evidence
thus far from then vitro experiments described in this thesis, as weihastro andin 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 differentQevels(117, 120, 190)

In hindsight, the lack of change in peripheral oxygen lemedsiimalin vivo experiments

was further supported by a doutliknd, randomised, placebmntrolled pilot studyvhich
examined oxygen nanobubble beverage in elite cy¢lidt8, 184) The manufacturer
Avrox commi ssioned and fundeanobhulsblseé uldgv evih
improved exercise physiology and performance in cy¢l®isthis study wasiot without
controversy(118, 184) Some of the strengths of this study were that it was dehilvided

and placebeaontrolled.Compared to placebo drinks, oxygen nanobubble drinks did not
increase capillary blood p@r SpQ by pulse oximetry, which would be expected to
support the hypothesis that oxygen nanobubbles increase oxygen déliueay.be that

no difference was seen in capillary blood-mDe to its insensitivity and poor association
with arterial pQ (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 capadiys).

Moreover, there weralsono differences between oxygen nanobubble drinks and placebo
drinks in blood lactate levels, pH, p@®CGs, and total CQ(118). King et al pointed

out that measurements of skeletal muscle oxygenation usingnfiesaed spectroscopy
would have helped clarify whether oxygen nanobubbles increased oxygen delivery to

peripheral tissue@l18). Their study design woultiavebeenmore 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 AADE). In my opinion, the study

would have been more rigorous if the research team had randomised the bottles from
Avrox into oxygennanobubble beverage and placebo beverage, rather than using the
manuf act ur e r(bl8) Indeed thegstudyalesignswas criticised and its findings

were attributed to placebo effects by Tiliral (184).

The surprising improvement in exercise physiology and performance in cyclists by

oxygenated nanobubbles provoked controverlg study by Kinget al contradicted

previous studies which found no effects of oxygemiched beverages on exercise

performance or exerciseOptake(118, 184, 218217) Tiller et al commented that the
Afoxygenated beverages allegedly improve per
physi ol ogi c a(184yTo whith theauthorstoflthe original study conceded,

Aithe surprising nature of the results repor
being fAof a(llB)dkedisputd related gorthe amount of oxygen purported to

be delivered by nanobubbl€kl8, 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 0.04B75

calories (304315 joules), which the authors recognised were unlikely to account for the
increase in exercise performand48, 184) It was speculated that recirculation of

nanobubbles could potentially deliver more oxygen to peripheral tissues than initially
encapsulated in the consumed d@sk7, 118) However, there is no evidence to support

the speculation that these nanobubbles act

oxygen during their passage through the lung capillary bed and subsequently release it in
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ar eas o f(11h ynphe abseace of evidence showing that nanobubbles mediate
effects through gas mediated mechanisms, the evidence thus far point to their effects as
mediated by established biochemical medfsin vitro investigations suggesd that
nanobubbles may mediate effects through its biochemical constitveghtsr than gaseous
mechanisms, providingnaalternativerationale for findings reported in previous studies of

these nanobubblg€417, 118, 120, 184)

Receniin vitro characterisation of oxygen nanobubbles on bone relatedogaths
supervisorslsodid not show definitivegas dependent effects of nanobubbles onHIB

(190). Knowleset 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 nanobulit®®3 However, without an

oxygen sparged nanobubitee control for comparison,\tas not clear whether these
gasdependent effects are due to dissolved oxygen in liquid or gaseous oxygen
encapsulated in nanobubbl&®sr example, by omitting lecithin from the mixture, oxygen
sparged mixture of glycyrrhizin, citric acid and glycerol could have been used as a

comparator groupvithout the lecithin surfactargtabilised nanobubbles.

2.4.2Potential mechanisms of action of oxygen nanobubbles

IfHIF-10 pr ot ei nweaereducea bytnanebiuliblgs independently of oxygen, then
could the biochemical properties of nanobubbledidgng this reductionAfter all,

Knowleset al also showed that individual biochemical constituent in nanobubbles may be
the predominant driver of nanobubble effgd80). In my in vitro characterisation,

individual ingredients wergystematicallyeliminated from the nanobubbles to see whether
any single ingredienwas responsible. Lecithin turned out to be necessary but insufficient
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for the reduction oHIF-1U a ¢ {Figwé1%, Figure16). 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 sunfloweis widely used in industry for emulsifying food

mixtures.Lecithin comprise of glycerophospholipids including phosphatidylcholine,
phosphatidylethanolamine, phosphatidylinositol, phosphatidylserine and phosphatidic acid.

To be consistent with the method by which P
nanobubbles, | usatie samdecithinthat their group used with a molecular formula of
C42H80ONOS8P (ThermoScientific, catalogue number J616739/3@ueous solutions, the
phospholipids in lecithin formanoscopidiposomes and micellespherical structures

which resemble the shape ainmobubble$218).

In fact, the biochemical composition of lecithin may account for the nanobubble effects on
hypoxic markers, even if not hypoxia itselfpid metabolism is well known to affect the
hypoxic pathway219-221). For example, Shaet al demonstrated that decreasing
extracellular lipid supply inhibited HIF prolyl hydroxylation, which was suppressed by
addition of fatty acid$219). In the absence of lipoproteins, depletion of fatty acid oleate

led to the generation of mitochondrial ROS that intediPHD enzymes resulting in HIF
stabilisation(219). Their model by which lipid metabolism modulates the hypoxic

pathway offes a useful insight into the potential mechanisms by which nanobubtags

affect the hypoxic pathway without affecting hypofd.9). As ROS may mediate

between the lipid metabolism pathway and hypoxic pathway, | 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 ischaemejgerfusion 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 fremefit

having antioxidant properties to prevent free radical induced danmagg.in vitro
experimentsnanobubbles inhibite#l,O, inducedROS(Figure20). This antioxidant

effect was unrelated to gas sparging ara/ have beeaccounted for by citric acid alone
which is a known antioxidant. Knowles al also showed that citric acwlas the primary
mechanism mediating the nanobubble effects on cytotoxicity and osteoclastogE@@sis
The antioxidant effects of citric acid in nanobubbles may therefore account for the
reduction in HIF1Uin vitro andin vivo (Figure14, Figure20) (120). As the model by

Shaoet al suggests, lipoproteins in nanobubbles and antioxidant effect of citric acid may

reduce ROS leading to activated PHD and-#lIEl d e g r(2d®9.at i on
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Figure 22 Graphical abstract of ptential 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 resultingin HE U degr adation. ii) Oxygen
broken down into its constituents in the gastrointestinal tracts. Lecithin may be
metabolisednto cholesterol and fatty acids. Absorption of cholesterol, fatty acids and

citric acid may inhibit mitochondrial ROS production, leading to PHD inactivation and

HIF-1 U d e @m. Addpged in accordance with the Creative Commons AttribuNiomn

CommercialCC B¥NC 4.0) licenseltttps://creativecommons.org/licensesfiy/4.0)

from Servier Medical Art.

In summary, g experimental work provides insight into the mechanisms by which
oxygen nanobubbles may affect HIFUFig(re22). It was previously thought thakggen
nanobubblesreduce HHFEU t hr ough oxygen ¢ kigure2?.di at ed

115

n e

me


https://creativecommons.org/licenses/by-nc/4.0/

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 néhesub

can replenish its oxygen content when passing through the respiratory system, and whether
oxygen nanobubbles can increase peripheral tissuéRigure22i) (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 exampl@wenet al demonstrated the nanoscopic size and shape of
nanobubbles vitro using techniques such as single particle optical sizing system,
dynamic light scattering and electron microsc¢pg0). However, the cells angesiclesn
blood would confound these techniqumecause they resemble nanobubbles in size and
shape. For example, chylomicrons are approxim&@®i 600 nmin diameter and

exosomes are approximately 8@50 nm in diametef222, 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 pharmacodstuties.

However, gven thatin vitro andin vivo studies of oxygen nanobubbles suggest

nanobubbles affect HIE U t hr ough non oxyge mwithguaalterngedi at e

pO,, the chemical constituents of nanobubbles mayihaly responsibldor the effectsof
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oxygen nanobubblegigurel14, Figurelhs, Figurel9, Figure20, Figure21, Figure22ii)

(117, 118, 120, 184, 190)

My findings demonstratethat nanobubbles may alter hypoxic pathways through non
gaseous mechanisn@n the basis that myn vitro findings suggested that nanobubbles
may mediate effects through biochemical effects rather than oxygen gas delivery, the
clinical study ofwhether joint hypoxia may be alleviated by nanobubhblas abandoned
On a related note, rmegativeclinical study of oxygen nanobubbles by my supervisors in

patients with pulmonary fibrosisasrecentlyreported(224).

Hypoxia may contribute to decreased exercise performance and shortness of breath in
patients with pulmonary fibrositn the abstract by She#t al, anin vivo, randomised,
crossover, doubleblind, placebecontrolled 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 (6MW2R4). Each participant
performed two 6MWTs, each 6MWT was 10 minutes after drinking oxygen nanobubbles
or placebo, with a-hour washout period between the 6MWZ3g.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{Q18.8 m; p < 0.05) less in garpants
drinking oxygen nanobubbles compared to drinking pla¢2Bd) 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 nanobubldes formulated

whether the nanobubble gas levels were measured directly, how the dose of nanobubbles
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was standardisednd 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 modulétdi®, 120, 19Q)The combination of

lipids, lecithin, antioxidants, pH regulatavas also used to generatanoscopidiposomes

for targeted drug delivery and HIF modulatig@25). For example, lipid liposomesere
investigated in a mouse model of liver cancer where HIF e x p waskhiawi i he
increased in liver cancer tissués turn, HIF1 U  wigealy linked to the resistance of
10-hydroxycamptothecin, a treatment for liver can@25). Berberine chloridevas

known to reduce HIL U | @25kQi et al found thaintravenous administration of

lipid lipospheres loaded witberberine chloridand10-hydroxycamptothecineduced
tissueHIFLU concentration and inhibited tumour ¢
(225). Thesdiposomes sharstrikingly similar biochemical composition, size and effects
onHIF1 U as Pr of eygenoanobibledintbreudasely, they did not have a
comparator group to show whether administration of lipid microsphere without drug

loading affected tissue HHE U | @35 | s

Althoughoxygennanobubbleareunlikely to impactperipheratissueoxygen levelsjoint
hypoxia remais a potential therapeutic target as discussed in Chap&udtocorticoids
have been shown to have protective effects in hypoxic settings such asthigle
mountain sickness and perinatal hypaf@da6). A clinical study of how current therags
such as intrarticular glucocorticoid injection affettypoxia anchypoxic pathwaysn

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

effects onjoint hypoxiain 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 TNFi
(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 oirtlvitro data, the clinical

study of nanobubbles was no longer justified.

It is unknown as to how other therapies affect hypaxidhypoxic pathway in arthritic

joints. Glucocorticoids have been widely used to treat inflammatory agthnitce the

Nobel Prize was awarded for the discoverglifcocorticoid effects in patients with RA in
1950(228). The direction of the DPhil pivoted to investigate how an established treatment
in the form of intraarticular methylprednisolone injection joint hypoxia in patients with

inflammatory arthritis.

Glucocorticoids are important in regulating homeostasis, metabolism, inflammation, and
mediating response to strg229) Theyare endogenously produced in the adrenal cortex.
Stress induces corticotropmeleasing hormone (CRH) release from the hypothalamus.

CRH in turn stimulatethe 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. Cor-ti sol i s
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hydrosteroid dehyHED2) expressed ip tisgugspueh a3 kidndyd, b

which i s r ehvwedrrsoesdt ebryo i 1d1 bd e h yHEDI) expressedin t ype 1
tissues such as adipose tissiNesgative feedback mediated byrtisol 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
diverseadverseeffects such as hypertension, obesity, diabetes mellitus, infection,

osteoporos s and Cushi28Qgd88 syndr ome

Intra-articular glucocorticoid injection is a commonly used therapy for the treatment of
inflammatory arthritig231, 232) Intra-articular glucocorticoidnjection into the affected
joint has the advantage of treating inflammatory arthritis whiéing adverseeffects of
systemic glucocorticoid theragf233). Depot glucocorticoids formulated for joint
injections release glucocorticoid at a much slower rate for sustained ¢#80)sintra-
articularglucocorticoids such asgamcinolone acetonide and methylprednisolone acetate
have similar efficacy in treating inflammatory arthrig34, 235) To avoid confounding

in the choice of glucocorticoid injected, this studyestigated the effects of intexticular
methylprednisolone acetalthough there are other methylprednisolone esters such as
methylprednisolone aceponate and methylprednisolone succiretteylprednisolone

acetate is hereafter referred to simply as methylprednisolone.

Much is known about theffectsof glucocorticoids but the exact molecular mechanisfns
actionunderlying their effects remain incompletely underst(#D). More precise
targeting of antinflammatory pathways mediated by glucocorticoids would deliver the
beneficial effects of glucocorticoids without associated adverse effdwtinding of

glucocorticoid such as methylprednisolone with intracellular glucocorticoid receptors
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induces a conformational change and ligaeckptor dimegation whichmediate many

physiologicaleffects(Figure23) (236).

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

Figure 23 Genomic, norgenomic, and mitochondrial glucocorticoid signalling pathways

Reprintedin accordance with the Creative Commons Attributimn-CommercialCC
BY-NC 4.0) license (https://creativecommons.org/licensesds¥.0/)from Meduri et al.

(237)

In the cytoplasm, glucocorticoid receptors are bound tohaperoes such as heathock
proteins (HSP) and immunophilins FK506 binding proté#&7). Binding of
glucocorticoid to glucocorticoideceptors displaces the chaperone thedactivated

receptor translocates into the nucleus where it interacts with glucocorticoid response
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element{GRE)leading to transactivation. Activated glucocorticoid receptors also interact
with transcription factors suchasNFB and acti val)@37). protein 1 (
Transrepression diF-a B a nHdsigaling are important mechanisms of the-anti
inflammatory effects of glucocorticoid$ranslocation of activated glucocorticoid

receptors into the mitochondr@soresults in interaction with mitochondrial DNA
glucocorticoid responsive elemert&37) These gnomic signalling pathways mediated by
glucocorticoids have slow onset and slow dissipaf#88). Conversely, nolgenomic

signalling pathways mediated by glucocorticoids have a fast (238} For example,

activated ducocorticoid receptors activate mitogantivate protein kinase (MAPK) and
phosphoinositide -Kinases PI3Ks) (Figure23) (237). Non-genomic effects on

metabolism such as increased itaconate levels are important mediators of glucocorticoids
effects on resolution of inflammatiq@39). Activated glucocorticoid receptors interact

with the pyruvate dehydrogenase complex to potentiate tricarboxylic acid {GyZAe

dependent production of aatiflammatory metabolite itacona(239).

3.1.2 Glucocorticoids in hypoxic settings

Previous studies suggest glucocorticoids such as methylprednisolone may protect from
hypoxia induced damag@26, 240) Inflammation is a metabolically active procélat
consumes oxygen through aerobic respirafidre antiinflammatory effects of
glucocorticoids may redueexygen 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 n{226). For nonacclimatised individuals, rapid higddtitude 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 pimflammatory cytokine$226). In the setting of high

altitude related hypoxiarpphylactic treatment with glucocorticoids such as
dexamethasone and prednisolone reduced symptoms of acute mountain sickness,
suppressed inflammatory pathwagesuced vascular permeability and vasoconstriction,

and improved arterial oxygenatig226).

Glucocorticoids have also been shown to be beneficial in the setting of neonatal hypoxia.
For example, poxic-ischaemic damage in the brain has been shown to be improved with
glucocorticoid9240, 241)Indeed, ducocorticoid administration reduced cerebral

infarction in neonatal rat model of hypoxgchaemt induced brain damag@40-242).

The protective effect was thought to be mediated by glucocorticoid receggapposed

to mineralocorticoid receptorsince this effect was inhibited by glucocorticoid receptor
antagonisn{240, 243) Although joint hypoxia was associated with inflammatory arthritis,
whether hypoxic pathway in arthritic joints may be targeted with glucocortisaidclear

(16). Given that successful TNFi treatment has been shown to relieve joint hypoxia, |
sought to understanshetheranother common treatmeintira-articular glucocorticoid
injection, relieves hypoxiaand hypoxic pathwayis arthritic joints in patients with RA and

PsA

3.1.3 Prospective Longitudinal Effects of Intra-articular Methylprednisolone

Injection on Synovial Fluid Oxygen

| undertook a prospective clinical study to investigate the effects ofanticalar

methylprednisolone injection on synovial fluid oxygé&e.avoid confounding by other
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medications such as DMARDSs, the dose of DMARD regimen must be stable for at least 4
weeks prior to baseline visit. Other than the w&racular methylprednisolone injection,
none of the participants had changes in their medicasiocls adDMARDs during the

study.

To measure therapeutic effect onp@the arthritic joint, the options includeneasuring
pO: in the synovial fluid or synovial tissue as discussed in Chaptdeasuring synovial
tissue pQwould be substantially more complex as it would require insertion of a port to
allow a rigid oxygen probe to reach the synovial tissuisethe synovial fluid pQwould be
expected to reflect th&y/novial tissue p@as it is a closed syste@nd measuring synovial
fluid pO2 was substantially more convenient with leis& to the patient, synovial fluid

pO. was the assagf choicefor measuring joint hypoxid.also undertook ultrasound

guided synovial tissue biopsies to interrogate biomarkers of hypoxianflammation

To determine whether biomarkers were associated with clinical disease activity, composite
disease activity scosaverecollected. 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, respectivéB44, 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 beindp li¥g5.1), moderate (3:5.1), low (2.6-

3.2) and in (E4eENThesDAS28 scor¢ aDbageliné dlong with the change in
DAS28 at followup can be used to define response to treat(@ddt, 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 j®#dA). For patients with

PsA, the DAPSA is a disease specific tool validated for assessing disease activity states

and treatment responé45). The DAPSA integrates five key components: swollen joint
counts, tender joint counts, patientds asse
rheumatic disease activity, and CRP levels. It is endorsed by the EULAR

recommendations on tretad-targetmanagement of Psf247). These composite disease

activity scores provide clinical context for the evaluation of therapeutic effects on joint

hypoxia.

There wascantdataavailableto guide as to the optimal follewp timepoint for
assessmeiih my study Binieckaet al showed that successful TNifeatment increased
synovial tissue p&levels at 3 monthgl49). However, TNFtreatment is administered by
the patient repeatediyith peak effects expected at 3 mont@enverselyan intra

articular methylprednisolone is injected once into the patiedtits effects may have
waned after 3 monthi248). Indeed, EULARstates a general accepted rule in clinical
practice is to waiat least 3 months before repeating an wairtécular glucocorticoid
injection, although this wanot evidence basg@31). A follow-up timepointearlier than 3
months would therefore be needed to study the effects ofarticalar

methylprednisolone injection.

The concentration of methylprednisolone in synovial fluid following an {atteular
injection was previously studied in thoroughbred racehorses, which provided insight when
determining the followup timepoint in this clinical stud249, 250) After an intra

articular methylprednisolone acetate injectiomorsesthe halflife of

125



methylprednisoloné synovial fluidwas approximately days(249, 250)
Methylprednisolone was detected in synovial fluid in the majority of horses up to 42 days

after an intraarticular injection(249).

Although these repeated arthrocentesis in animal studies were helpful in demonstrating
pharmacokinetics of methylprednisolone in synovial flugturrent joint aspirations

would have to be more limited lumanclinical studies to ensure acceptability to patients
and with ethical concerns oépeated procedural risk&s the early effects of intra

articular methylprednisolone within 2 weeks of injection have been studied previously, |
opted to study the effects at follewp timepoint of 4 weeks where tregé effects are less

well known and yet there is evidence for methylprednisolone to still be present in synovial
fluid (249). | characterised the change in synovial fluid cytokine profiles as biomarkers for

the therapeutic effects of inteaticular methylprednisolone injectiqiable4).
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Table4 Summary of cytokines testedsynovial fluid

ILCs, B cells, mast
cells, macrophages
basophils,
eosinophils

Switching immunoglobulin class g
IgE and 1gG4. Stimulate B cells

proliferation. Activates eosinophilg
basophils, mast cells, endothelial
cells. Promotes A2 differentiation.

metalloproteinases. Role in
allergic inflammation and
parasite infection.

Cytokine | Source Targets Role Therapeutic implication References
IFN-2 CD4+ T helper 1 | Activates Janus kinase /signal Innate and adaptive immunity| IFN-o0 | ev el s i |(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 theraj
CD8+ cytotoxic T | signalling pathway. Activates differentiation. evaluation. Glucocorticoids
cells, innate macrophages. Induces CD8+ downregulate IFMb
lymphoid cells cytotoxic T cell differentiation and expression.
(ILC), dendritic activation. Induces IgG isotype
cells, macrophageg switching in B cells.
B cells
IL-1 b Monocytes, Activates osteoclasts. Drives Th1] Contribute to joint IL-1RA (anakinra), artiL- | (255-257)
macrophages, differentiation. Promotes inflammation. 1b (canakinu
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 an¢ a treatment for
cells, dendritic cells to maintain immune toleranc| maintaining immune tolerance inflammatory arthritis
cells Activates T cells and NK cells.
IL-4 Th2 cells, NK Activates STATG6 signalling. Induc| Suppresses production of pro| Subcutaneous (260, 261)
cells, Thl cells, macrophage polarisation into the | inflammatory cytokines (It1 b| administration of 14
CD8+ T cells, antrinflammatory M2 phenotype. | IL-6, IL-8, TNF), VEGF and | reduced inflammatory

cytokines in patients with
skin psoriasis.

Induction of I1L.-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), antlL-6
synovial fibroblasts Induced osteoclast differentiation.| metabolism, and anaemia. (sirukumab)
Induce Th17 differentiation and
proliferation. Induce B cell surviva
and antibody production. Induce
hepatocyte production of acute
phase reactants.
IL-8 Macrophages, Promotes chemotaxis of neutroph Drives leukocyte chemotaxis.| Synovial tissue L8 (264)
endothelial cells, | and leukocytes. Activates Activate immune and stromal| expression in higher in
osteoclasts osteoclasts. cells to promote inflammation| involved joints compared tc
uninvolved joints in patients
with RA. However, an arnti
IL-8/CXCL8 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 IE10 failed to| (265-268)
cells, mast cells, | downregulates antigepresenting | immunoregulation and improve disease in RA, ski
Tregs cell function, inhibits NFe B inflammation psoriasis or
activity, suppresses T cells and
macrophages.
IL-12p70| Macrophages, Induce Thl and Th17 cell Promotes Thl and Th17 Anti-p40 (common subunit

dendritic cells

differentiation. Stimulates Th1l cel
to produce-ASF N>
(granulocytemacrophage 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 tf Suppresses production of pro| Induction of I1L.-4/IL-13 (260)
cells, Thl cells, IL-4R chain and IE13RA1 chain. | inflammatory cytokines (IL1 b| signalling pathway may be
CD8+ T cells, Activates STATG6 signalling. Induc| 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 antrinflammatory M2 phenotype. | allergic inflammation and
basophils, Switching immunoglobulin class g parasite infection.
eosinophils IgE and 1gG4. Stimulate B cells
proliferation. Activates eosinophilg
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), arfTNFR
(etanercept)
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3.2 Materials and methods

3.21 Clinical study design

This was a prospective, longitudinaingle armpilot study to investigate the
physiological effects of intrarticular corticosteroid injection on markers of joint hypoxia
and inflammationn patients withRA andPsAwho were due to receive inteaticular
corticosteroid injection as part of their routine cangas the Chief Investigator and
Principal Investigator. | 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 studyf his study was registered on clinicaltrials.gov

(https://clinicaltrials.gov/ct2/show/NCT0480444FThe main research question was to

investigate the effects of int@ticular methylprednisolone injection on joint oxygen
tension in patients with RA and PsA. The primary outcome measure was change in
synovial fluid pQ at Day 28 (study end) compared to Day 1 (baselifi@.other aim of
the study was to understand the biological effects of-etiaular methylprednisolone

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

The study aimed to recruit 10 patients to study complefarticipants 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 investigize biological effects of

intra-articular corticosteroid injectiofFigure24). 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 COVID19 at the time of the visit.

Rheumatoid & psoriatic arthritis

Population patients
Collect blood, synovial fluid/tissues,
Baseline (Day 1) intra-articular corticosteroid
injection
Study End (Day 28) Collect blood, synovial fluid/tissues

Figure 24 Clinical studyflow chart

3.22 Patient recruitment

Adult patientswith RA or PsAwho require intraarticular corticosteroid injection at
Nuffield Orthopaedic Centre were invited fo
eligibility by review of their medical notes. Potentially eligible subjects were provided

with an invitation léter and Participant Information Shextor to attending clinic. The

inclusion and exclusion criteria are shownlableb.
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Table5 Eligibility criteria for intra-articular corticosteroid injection study

|l nclusion criteria

Participant is willing and able to give informed consent for participation in the stud
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 irdréicular corticosteroid injection as part of their
routine clinical care.

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

Exclusion criteria

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

Intramuscular, intravenous or inteaticular 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 nonsteroidal antinflammatory drugs (including aspirin > 75 mg/ day and
selectivecyclooxygenase inhibitors) dose not stable for at least 4 weeks prior to be
Visit.

Disease modifying antheumatic drugs (DMARDSs) dose not stable for at least 4 we
prior to baseline visit.

History of septic arthritis.

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

History of haemophilia.

3.23 Informed consent

The patrticipant 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 detailirggno le

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.

132



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 Congasit

obtained by means of participasidted signature and dated signature of the person who

presented and obtained the Informed Consent.

3.24 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. Fsereening was permitted.

3.25 Study procedures

Participants received int@rticular 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 outcomegPROSs).
All PROswere collected before any laboratory assessments and other procedures or
consultations to avoid influencing the part

following PROs were completed:
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Patient 6s

pain over the past week, using a 100 urgtal analogue scale (VAS) wi t h

(no pain) and fA1000
Patientds Gl obal

di sease activity usi
(very well) to 1000

Joint Assessment

( most

ng the

(very

sever e

patient

poor) .

A s s e s s mBantitipamts assésset the sewveritysof theia arthritis

anchor s

pain).

A Bastieipargsnocempleteda fglobAl agsdssmeerit of s

gl obal

An evaluation of all 68 joints for tenderness and 66 joints for swelling was performed

(Figure25). Joint swelling and joint tendernesgmgclassified as either present or absent.

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

evaluations.

Swollen joints

Tender joints

Swollen joints  Tender joints

Temp dibular joint (0-2) (0-2)

Sternoclavicular joints {0-2) (0-2)

lar joints (©-2) 0-2)

Glenchumaral(s) (0-2) (0-2)

Elbow(s) (0-2) (0-2)

Wrist(s) (0-2) (0-2)

I phal 1 joints (0-10)

Finger Proximal

interphalangeal joints E— S ]

Finger Distal
interphalangeal joints (2-6) (0-6)

Hip(s) NA (0-2)

Knee(s) (0-2) _(0-2)

Ankle{s) (0-2) (0-2)

{0-2) 10-2)

Tarsus/Midfootifeat)

Metatarsal phalangeal joints (0-10)

{0-10)

Toe PIP(s)

Total joint counts (0-86)

(0-10}

(0-10)

(0-10)
{0-10)

(0-58)

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 Greactive protein (CRP)

Patient6s Gl obal 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

Patientds Assessment of Arthritis Pain

Patientdéds Gl obal Assessment of arthritis

Musculoskeletal Ultrasound

Musculoskeletal ultrasound was necessary to assess whethew#isesefficient synovial
fluid andtissue forsampling 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 synovialtissue needlebiopsy:

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

biopsies at Oxford University Hospitals NHS Foundation Trstexample of an

ultrasound guided knee synovial tissweedlebiopsy | performed is shown Figure26.

Skin

Muscle

Joint capsule
Effusion

Synovial tissue

Biopsy needle

Extended side notch

Figure 26 Ultrasound image of knee synovial tissweedlebiopsy in suprapatellar

transverse view
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Synovial fluid and20 small synovial tissue samples were colleaiederultrasound
guidance to investigate biological effects of the study interven{sAppendixC:
Ultrasound guided synovial tissneedlebiopsy). This procedure was conducted under

local anaesthesia. Each biopsy procedure took approxiniakety complete.

3.26 Sample size determination

This was a hypothesis driven study of the physiological effects ofanticular
methylprednisolonéjection. The primary outcome of the effects on synovial fluid
oxygen level determined the sample size neetled primary outcome was reported at
both time points and analysed using pairéest 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 20mmHgbased ora study which showed that successful THeatment increased
synovial pQ levels from 11 mmHg at baseline to 31 mmHg at 3 mo¢ith9). The follow

up timepoint in my study is 28 days but it is unknown what is the effect ofanticular
methylprednisolone injection on synovial fluid oxygen tension at 28 days so | postulated

this to be 20 based on the study by Binieekal (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 patigitksRA (Lund-Olesenet al. 1970).

Using sample size calculatottp://www.biomath.info/power/prt.htpfor a paired-test

with alpha value (probability of type | error) of 0.05, power valib(l wher e b i s t
of a type Il errorpf 0.8, mean difference of 20, standard deviation of the mean difference
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as 19.29, the number of subjects needed wasHdse were replaced if participants were

lost to follow up.

3.27 Safety reporting

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

consent until the participant completed the study.

A serious adverse evef8AE) is any untoward medical occurrence that:
1 Results in death
1 s life-threatening
1 Requires inpatient hospitalisation or prolongation of existing hospitalisation
1 Results in persistent or significant disability/incapacity

1 Consists of a congenital anomaly or birth defect.

Ot her 6éi mportant medical eventsd may also b
based upon appropriate medical judgement, the event may jeopardise the participant and

may require medical or surgical intervention to prevent one of the outcomeslisted.

A SAE occurring to a participant would be reported to the REC that gave a favourable
opinion of the study where in the opinion o
(resulted from administration of d&dnynof the
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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3.28 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 withdrewdhseent,

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:
1 Pregnancy
1 Ineligibility (either arising during the study or retrospectively having been
overlooked at screening)
1 Significant protocol deviation
1 Significant noacompliance with treatment regimen or study requirements

9 Clinical 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.

3.29 Data management

Data Storage and Confidentiality
Source documents were where data were first

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 CREntries inCRF were considered as source data. On all study
specific documentand databas®ther than the signed consent, the participaete

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

The study complied with the General Data Protection RegulatidrData Protection Act
2018, which require data to be-dkentified as soon as it is practical to do so. All
documents were storesgcurelyin a locked cabinet andlstudy data were entered in

study database stored on passwim@lvall protected servers maintained by the University
of Oxford.Only the study staff and authorised personnel could access study documents

and database.

3.210Risk assessment

A risk assessment and mitigation strategy for the research pretaswoi place (not

shown)

3.2.11 Ethical and regulatory considerations

As the Principal Investigator and Chief Investigatamphductedhis study in accordance

with the principles of the Declaration of HelsirdaidGood Clinical Practice.

Approvals
As the Principal Investigator and Chief Investigator, | obtained written approvals from the
Sponsor (IRAS project ID 28876 orth of ScotlandResearch Ethics Committee (REC

reference 21/NS/0002), HRA, and the host institu@isH.
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3.2.12 Sample processing

Blood:

Blood RNA processing tubes were stored3ft°C. Blood in EDTA tubes were spun at
room temperature at a speed of 1,530r 10 min in centrifuge. The upper supernasant
were removed with a sterile pipette and then centrifuged at 2,680L5 min at £C to
remove all remaining cells. The plasma supernatants were aliquoted in 1.5 mL cryovials

and stored ai80°C.

Synovial fluid:

The volume of synovial fluid aspirated was recordethL of synovial fluid was tested

using aiSTAT CG4+ cartridge (Abbott, code 03R8%) at bedside immediately after
arthrocentesisThe +STAT system measures p@mperometrically. The oxygen sensor
was like a conventional Clark electrode. The hub of the syringe was directed into the
sample well of the-BETAT CG4 cartridge to slowly dispense synovial fluid into the sample
well until it reached the fill mark indicad on the cartridge. The snap closuré¢hef

cartridge was folded over the sample well. The cartridge was processed usiBgAinli

analyser (Abbott,code 04PT63) per manufacturerds instruct

Remaining gnovial fluid wascooled in ice, spun at% at a speed of 2,0@0for 10 min
in centrifuge. Synovial fluidupernatantaerealiquoted (20QuL) in 1.5 mL cryovials and

stored at80°C.

Synovial tissue:
Synovial tissues were snapfrozen in cryovaislembedded i©CT compoundoy snap

freezing.
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3.2.13 Meso Scale Discovery (MSDanalysisof proteins in synovial fluid

The MSD methodologyses a sandwich ELISA methoddoantify 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 Wanch. Synovial fluids were

tested using the MSD4BLEX Biomarker Group 1 (Human) multiplex assay (Lot#

Z00UO202) per manufacturerdés instructions.

In brief for PLEX assays, LPLEX linkers are joined to biotinylated capture reagents
and allowed to bind to spots on theRULEX plate. Synovial fluid is incubated in the plate
so synovial fluid proteins are bound to the capture reagents and detected usin
electrochemiluminescent labelled antibodies (MSD GOLD SWHIA®). 200 L of each
biotinylated antibody was added to 300 puL of the unique assigned Linker. EREEX
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 pL of ea¢h.BX Linkercoupled
antibody solution was combined into a single tube and mixed by vortexing to make the
multiplex coating solution. The YLEX 96-well plate was coated with 50 pL of the
multiplex coating solution. The plate was sealed with an adhesive plate seal and shaken for
1 h at room temperature. TheRLEX 96-well plate was washed three times with at least

150puL/well of 1x wash buffer.

25 pL of assay diluent was added to each well along with 25 uL 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 \eiisai 50
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uL/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 pL/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 I mager S

instructions.

3.2.14 Blood bulk RNA sequencing

RNA was extracted from blood samples using Ter&piBood RNA Tube and Tempés

Spin RNA Isolation Kit (ThermoFisher Scientific: catalogue number 4342792 and
4380204) following the manufactureros instr
using a NanoDrop spectrophotometer and RNA quality assessed using High Sensitivity

RNA Screen@pes (Agilent, Santa Clara, CA, United States) on an Agilent 4200

TapeStation. Libraries were created using a NEBNext Ultra Il Directional RNA Library

Prep Kit for lllumina (New Bgland Biolabs, Ipswich, MA, USAdnda NextSeq High

Output Kit (Ilumina, San Diego, CA, USAspet he manuf acturersdé i ns:
Libraries were quantified for RNA content with High Sensitivity DNA ScreenTapes

(Agilent). Libraries with unique identifiers were pooled and run on an lllumina NextSeq

500 using the 75 cycles NextSeq High Output kit (Illna)i

Raw FASTQ files containing reads were generated by the Illumina software CASAVA
v1.8. The raw FASTQ files welandly processedy Alina Kurjanusing CGAFflow

readqc and mapping workflowst{ps://github.com/cgadevelopers/cgafiow) (269). The

quality of the reads wddndly processedby Alina Kurjanusing FASTQC. Raw reads
werekindly alignedby Alina Kurjanto the GRCh38 reference genome using HiSat2
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version 2.0.5All downstream analyses and figures were generated by me unless otherwise
specified. Downstream analyses were performed using R versibfh (R Foundation,

Vienna, Austria) andRStudio (Boston, MA, United States). Differential expression

analysis was performealith the DESeq2 packad270). The design was set as the

treatment status of the participant, poe posttreatment with intraarticular

methylprednisolone injection, tneasure the effect of treatment on blood bulk RNA
sequencingTheapeglm method to apply the shrinkage of logarithmic fold ch§2ge).

The adjustedP value (padj) and significance of changes in gene expression were
determinedusing DESeqdy applying the BnjaminiHochberg correction of 5% false
discovery rat¢dFDR) (270, 272) PCA plots were generateding the package ggplot2,
heatmaps were generated using the package pheatmap, and EnhancedVolcanotewas used

create volcano plots.

3.2.15 Statistical analysis

Statistical analysis for bulk RN:&eq were performelly meusing R andRStudio. All
other statistical analyses were perfornbgdneusing GraphPad Prismersion10.2.3 for
Windows,GraphPad Softwar&oston MassachusetidJSA, www.graphpad.conP
values were not corrected for multiple comparisons unless otherwise spettfigstical
analysis with DESeq®ascorrected for multiple testing using the Benjamini and

Hochberg method by defay®270, 272)
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3.3 Results

3.3.1 Clinical study details

The clinical study started on 01/10/2021 a&tasedon 24/02/2023. Study sap and

patient recruitment were profoundly delayed du€@VID-19. 17 patients were screened
for study eligibility Figure27). 3 participants were lost to study follow up so these were
replaced so thdt0 participantcompleted the study. Out of tiparticipantsvho

completed followup, 4 hae RA and 6 hae PsA The clinical characteristics of the

patients who completed the study were reporfable6).

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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Table6 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 8.7+5.6

Treatment history 1 participant not |2 participants on
on DMARD, 2 csDMARDs and

participants on

csDMARDs and
bDMARD naive, 1
participant on

bDMARD naive, 4
participants on
TNFi

TNFi
CRP (meath SD) Baseline |5.15 + 5.39 8.6 +£8.40
Follow up2.6 £ 1.83 543+ 4,57
SJC66 (mean + SD) Baseline |1.25 + 1.26 2+1.10
Follow up0.75 + 1.5 1.67 +0.82
TJC68 (mean = SD) Baseline |1.5 £ 0.58 2.33+2.07
Follow up2.25 + 3.86 1.83+1.60
Composite disease activity scores (mean +|Baseline |3.16 + 0.48 16.81 +4.80
Follow up2.53 + 1.14 11.33+4.79

DAS28 and DAPSA disease activity scores were measured for patienRAvdahdPsA

respectively at baseline and follewp (Figure28). After intra-articular

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

0.05 mean of difference$.48, 95% C}10.15 to-0.82), but DAS28 was unchanged in

patients with RA (P > 0.Q9meanof differences-0.63, 95% CF2.77 to 1.52
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Figure 28 Disease activity of patients wilRA (DAS28) andPsA(DAPSA) at baseline and

follow-up after intra-articular glucocorticoid injection.

Baseline and follovup values were compared using paired parametric t tesstlenotes 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 differedc@8, 95% C}

25.58 to 15.63) or the PsA group (P > 0.05, mean of differei2de87, 95%CI -78.87 to
23.53)(Figure29). A limitation of this study is the small sample size which may have led

to underpowering to detect a difference in synovial fluid volume aspifsbnts with

the synovial effusion greater than 50 mL at baseline were patients witH-RgAg29).
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Figure 29 Synovial fluid volume aspirated in patients with RA and PsA at baseline and

follow-up after intraarticular glucocorticoid injection

Baseline and follovwup 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 forp@Dd lactataising a blood gas analyser.
There was no difference in synovial flyxD; after intra-articular methylprednisolone
injection in participants with RA and PsA (P > 0.05, mean of differences 0.33, 95% ClI
2.50 to 3.15) Figure30). Subgroup analysis showed difference in synovial fluid p©O
before and 4 weeks after intaaticular glucocorticoid injectiom either the RAsubgroup
(P > 0.05 mean of differences 0.10, 95% @143 to 4.63pr PsA subgrougP > 0.05

mean of differences 0.46, 95% .84 to 5.7% (Figure31).
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Figure 30 Synovial fluid p@in patients with RA and PsA at baseline and follgwafter

intra-articular methylprednisolonajection

Baseline and follovup values were compared using paired parametric t tesstlenotes P

> 0.05.
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Figure 31. Subgroup analysis of/sovial fluid pQ in RAsubgroupand PsAsubgroupat

baseline and follovup after intraarticular methylprednisolon&jection

Baseline and follovwup values were compared using paired parametric t tsstlenotes P

> 0.05.

There waslsono difference in synovial fluid lactate before and 4 weeks afterintra
articular glucocorticoid injectiom patients with RA and Psf° > 0.05 mean of
differences0.07, 95% CF0.69 to 0.5% (Figure32). Subgroup analysis showed
difference in synovial fluid lactate before and 4 weeks after-enttiaular glucocorticoid
injectionin either the RAP > 0.05 mean of difference€.56, 95% C}2.19 to 1.0y or

PsA subgroupgP > 0.05 mean of differences 0.22, 95% ©163 to 1.07 (Figure33).
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Figure 32 Synovial fluid lactate in patients with RA and PsA at baseline and faifpw

after intra-articular glucocorticoid injection.

Baseline and follovup values were compared using paired parametric t tsstlenotes P

> 0.05.
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Figure 33 Subgroup analysis of/aovial fluid lactate in RAubgroupand PsAsubgroupat
baseline and follovup after intraarticular glucocorticoid injection
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Baseline and follovup values were compared using paired parametric t tesstlenotes P

> 0.05.

3.3.3 Effects of intra-articular methylprednisolone injection on cytokines in

synovial fluid

After intra-articular methylprednisolone injection, synovial fluidéLlevels were
significantly reduced in patients with inflammatory arthritis (P < Qr&an of differences

-2277, 95% C}4369 to-185.6 (Figure34).
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Figure 34 Paired pre and positreatment synovial fluid H6 levels

Baseline and follovup values were compared using paired parametric t test. * deotes

< 0.05.

In subgroup analysisysovial fluid IL-6 levelsweresignificantly reduced after intra

articularmethylprednisolonénjection inthe PsAsubgroup(P < 0.05 mean of differences
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-2142, 95% C14184 t0-100.6 but not inthe RA subgroup(P > 0.05 mean of differences

-2502, 95% CF12555 to 755} (Figure35).
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Figure 35 Subgroup analysis ofgired pre and posttreatment synovial fluid H6 levels

Baseline and follovup values were compared using paired parametric t tesstlenotes P

> 0.05, * denote® < 0.05.

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

significantly reduced in patients with inflammatory arthritis (P <LlQr@ean of differences

-0.49, 95% CF0.82 t0-0.16) (Figure36).
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Figure 36 Paired pre and posttreatment synovial fluid TNF levels

Baseline and follovup values were compared using paired parametric t t¢sdienotesP

< 0.01.

Subgroup analysis showeftex intra-articular methylprednisolone injection, synovial fluid
TNF levelsweresignificantly reduced ithe PsAsubgroup(P < 0.05 mean of differences
-0.58, 95% CF1.06 to-0.11) but notthe RA subgroup(P > 0.05 mean of differences

0.33, 95% CF1.39 to 0.73 (Figure37).

154



RA synovial fluid TNF PsA synovial fluid TNF

2.5+ 2.5-
ns

2.0 2.0- *

0 -

E 154 E 1.5

D (=)

= k-

w 1.0 w 1.0+

Z Z

[= [=
0.5 0.5-
o.o——é— 00ol—r—F—

Figure 37 Subgroup analysis ofgired pre and positreatment synovial fluid TNF levels

Baseline and follovup values were compared using paired parametric t tesstlenotes P

> 0.05, * denote® < 0.05.

There vereno differencsin synovial fluid levels of IE12p70(P > 0.05, mean of
differences0.50, 95% CF1.11 to 0.11)IL-1 P > 0.05, mean of differenced.57, 95%
Cl-1.54 t0 0.40)IL-10 (P > 0.05, mean of differencek.71, 95% C}4.20 to 0.79)IL-8
(P > 0.05, mean of difference36.06, 95% C}144.5 to 72.44)or IFN-2 (P > 0.05, mean
of differences77.19, 95% C}170.6 to 16.18vith intra-articular methylprednisolone
injection inpatients with inflammatory arthritis (P > 0.0&)igure38). Subgroup analysis
of the RA groupshowed lherewereno differencsin synovial fluid levels of IE12p70(P
> 0.05, mean of difference8.52, 95% C}2.40 to 1.35)IL-1 P > 0.05, mean of
differences0.57, 95% CF1.54 to 0.40)IL-10 (P > 0.05, mean of difference3.00, 95%
Cl-15.56 to 9.56)IL-8 (P > 0.05, mean of differencet10.1, 95% C}538.0 to 317.8)
IFN-2 (P > 0.05, mean of difference®3.25, 95% Ct455.9 to 269.4yvith intra-articular
methylprednisolone injectiorF{gure39). Subgroup analysis of the PsA group showed
therewereno differencein synovial fluid levels of IE12p70(P > 0.05, mean of

differences0.49, 95% CF1.50 to 0.52)IL-1 HP > 0.05, mean of difference.24, 95%
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CI-0.79 to 0.31)IL-10(P > 0.05, mean of difference®.93 95% CI-2.04 to 0.1, IL-8
(P > 0.05, mean of differences 8.36, 95% 113.1 to 119.8)IFN-2 (P > 0.05, mean of
differences67.55, 95% C1196.9 to 61.85)vith intra-articular methylprednisolone
injection Figure39). IL-2, IL-4,andIL-13 wereundetectable in most synovial fluid

samples (data not shown).
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Figure 38 Paired pre and posttreatment synovial fluid a) H12p70, b) Ik1 b, -10)d) | L

IL-8,ande)IFNo | ev el s

Baseline and follovwup values were compared using paired parametric t tsstlenotes P

>0.05
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Figure 39 Subgroup analysis ofgired pre and posttreatment synovial fluid) IL-12p70,

b)IL-1 b, -10)d)IL8,.ande)lFNo | ev el s

Baseline and follovup values were compared using paired parametric t tesstlenotes P

>0.05

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

sequencing

Where available,lbod from each visit was analysed for bulk RNA sequendihgod
samples were categorised as eithertpratment or postreatment with intraarticular
methylprednisolone injectiod.o undertake principal component analysis, the objest
transformed using rlog functicend the plotPCA function was applied with the default
setting of using the top 500 most variable genes for angR8@. Principal component
analysisshowed no overall effects intra-articular methylprednisolone injection diood

bulk RNA sequencingt 4 weeks follow ugFigure40).
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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 chnticalar
methylprednisolone injection on blood bulk RNA sequencing, with thérpegment
sample as the control and the adjusted p value cutoff set toTh@3%og fold change was
shrunk using the apeglm meth{¥'1) There werdwo differentially expressed genes in
the blood by bulk transcriptomic analysis4 weeksfter intraarticular
methylprednisolone injectioflog2foldchange > 1, adjustétivalue < 0.05)Figure41l).
Selfligand receptor of the signalling lymphocytic activation molecule fam{I$l6AMF6)
was upregulated arsblute carrier family 35 member ESLC35B3 was downregulated
in bulk transcriptomic analysis of blood after intaeticular methylprednisolone injection

(log2foldchange > ladjustedP value < 0.05)Figure4l).
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Figure 41 Volcano plot of differential gene expression ladal 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? values were corrected for multiple testing using the

Benjamini and Hochberg method in DESeq2 by defauld, 272)

3.4 Discussion

3.4.1 Intra-articular methylprednisolone injection effects on disease activity

scores

After intra-articular methylprednisolone injectioDAPSA was statistically significantly
reduced in patients with PsA hbilie DAS28 reductiom patients with RAwas not

statistically significan{Table6, Figure28). Given that intraarticular 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 PsAln particular, Salenet al. showed that intrarticular methylprednisolone

injections have been shown to reduce DAS28 at 4 weeks follow up in patients with RA (n

= 25)(273). This surprising discrepandetween the efficacy of intrarticular
methylprednisolone in previous studies compared to this $argyatients with RAmay

be due to the limitation cfmall sample sizef the RA grougn this study RA: n = 4).

However, this study was not designed to assess efficacy ofariicalar

methylprednisolone injection. Instead, this study was designed to assess effects on

synovial fluid oxygen.

3.42 Intra -articular methylprednisolone injection did not change synovial fluid

oxygen

Binieckaet al showed that successful TNIFeatment increased synovial tissuexp&yels
(149). By contrast, | observed remnsistentifference in synovial fluid oxygen
concentratiot weeksafterintra-articularmethylprednisolon@jection. This negative

finding may be due to my study being underpowerdsk sample size calculation in my
study was based on the change in synovial tissyeMit® successful TNFi treatment
whereas the intervention used in my study was an-artreular methylprednisolone
injection. Given that there was no change in disease activity with treatment in the RA
group of my study, the sample size calculation basethe study by Binieckat 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 (I29).
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The discrepancy between my results and that of Binietkh may alsde because of
differences in oxygen measurement methdd®). Binieckaet al. measured synovial
tissue pQby inserting an oxygen prole vivowheread measured the pf synovial
fluid ex viva Synovial tissue p@may vary widely with synovial fluid p@depending on
the position of the oxygen probe, such as its proximity to vasculature. Ofhmpte,
synovial fluid pQ readings were at similar levels to that seen with their synovial tissue

pO,, albeit without change before and after treatment.

The lack ofconsistenthange in synovial fluid p©with intra-articular methylprednisolone
injection in my studyconflictedwith a previous study which showettrease in synovial
fluid pOz levels albeiunchanged synovial oxygen uptakevivo after intraarticular
corticosteroid injectiorf142). In vivooxygen consumption and lactate production were
based on the rate of fall of synovial fluid pénd 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,f@ patients who underwent inteaticular
corticosteroid injectionvith follow-up at 710 daysthere wasncreased synovial fluid
pO,, decreased lactate productji@ndreduced circulatory flow as assessedi}e
washout rate but no differencesginovialoxygen uptakél142). The difference in the
change in synovial fluid pgafter intraarticular glucocorticoid injection between these
studies may be due to the follewp of 7~10 days in the study by Goetdl al and follow
up of 4 weeks in my studiL42). Due to the short halffe of methylprednisolone in
synovial fluid of approximately 4 days, the pharmacodynamic effect ofantieular
methylprednisolone on synovial fluid p@t 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 pOOptoacoustic imaging, also known as photoacoustic
imaging, utilises the optoacoustic effect phenomenon to allowima@sive evaluation of
tissue moleculem vivo (274). Ultrashort light pulses are absorbed by tissue molecules
resulting in transient rise in local temperature. The pladsgorbing 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 wavelengthsatify
chromophores such as deoxyhaemoglobin, oxyhaemoglobin, lipids and collagen. MSOT
has demonstrated impaired oxygen saturatianflamed synovial structures in PsA,
compared with healthy individuals, by demonstrating higher signal intensities of
oxyhaemoglobin and deoxyhaemoglof275). 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 orygguration and collagen cont¢R276).
Future clinical studies of synovial tissue hypoxia using MSOT may allow more accurate
characterisation of response to therapies such asarttcallar methylprednisolone

injection or orally administered oxygen nanobubbles.

Another imaging modality that may be useful to characterise microcirculatory changes is
fluorescence optical imagin@74). This technique uses neiafrared 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 limited to microcirculation imaging in the joints of hands

and wrists, and therefore unsuitable for studying knee synovitis as in this(2it)y

163



Doppler ultrasound can visualise blood flow but imaging of blood flow in small vessels is
limited due to low resolution and movement artefact. Contrrbinced ultrasonography
involves intravenous administration of microbubble contrast agents, lipic sitletl with

inert gas agent®78) This technique successfully enhanced vascularisation signal of
synovitis in RA(279). Future studies using contrasthanced ultrasonography may

provide insight into whethentra-articular methylprednisolonejectionsaffect blood flow

and hypoxia in inflammatory arthritis.

Many factors can affect the synovial fluid p@adingdeading to discrepancy with

synovial tissue p@ The iSTAT1 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
pO. when values are below 150 mmHg (approximate @i@oom air). However, the
exposure of synovial fluid to air was minimised by measuring the synovial fluid pO
immediately after aspiratiohis was facilitated by having theSITAT1 system at hiside

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 sapies.
results may be falsely elevated in cold samplathe synovial fluid samples were not
chilled before testing. pQesults may be falsely decreased if thetidgewas coldbut

the cartridgewereat room temperature when usédthough | foundthat intraarticular
methylprednisolone injection had no impact on synovial fluid, @pharmacodynamic

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

of IL-6 and TNF

Although my findings demonstrated no effects of irdricular methylprednisolone

injection on synovial fluid p@at 4 weeks follow upthere may nonetheless be therapeutic
effects on downstream hypoxic pathwallgpoxia related mitochondrial dysfunction is
known to be a feature of inflammatory arthraisdmethylprednisolone has been shown to
affect hypoxia induced mitochondrial dysfunctidl). For example, in isolated perfused
rat livers, methylprednisolone protected against mitochondrial membrane depolarisation
under hypoxic condition@80). However, here is a knowledge gap relating to the impact
of methylprednisolone on downstream hypoxic pathwayynovial tissueBefore

studying the synovial tissues, | investigated the synovial fluid cytokine profiles to confirm

that the intraarticular methylprednisolone injection effects persist at four weeks faljpw

TheU-PLEX proinflammatory panel kit from MSD offers convenient analysis of
biomarkers associated with inflammatory response and immune system regtllagon.
and TNF levels are known to be elevated in synovial fluids from patients with
inflammatory arthritig281-290). Compared to OAsynovial fluid IL-6 and TNF levels
wereincreasedn RA and PsA(281, 288291). The expression levels of TNF and-@Lin
synovial tissues were as high in PsA as in([®82). Moreover, synovial fluid IE6 and
TNF levels have been shown to correlate with disease activity in patients with RA and PsA
(286, 293295). My findings showed synovial fluid H6 and TNF levels were significantly
reduced with intraarticular methylprednisolone injectig¢Rigure34, Figure36). These
findings are consistent with previous studies where-atti@ular glucocorticoid injections
reduced synovial protein expression of TNF as well as serum levelsGoahid TNH296,

297) In a study of 31 patients treated with ingidicular glucocorticoid, af Klingt al
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found reduced synovial protein expression of TNF1Ilb, VEGF -4@36) | CAM
Further sibgroup analysis showed that@Land TNF levels were reduceadthe PsA
subgroupout not the RAsubgroup(Figure35, Figure37). This may reflecthe limitation

of the very small sample size, as welldiféerences in joint inflammatiom participantsat

baseline between the two disease groups.

IL-12 is a heterodimeric cytokine encodedganedL12A (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 L] IL
levels, whereas others did (@98, 299) The effects of intrarticular glucocorticoid
injection on synovial fluid IE12p70 levels have not been assessed previduglyesults
showed no statistically significant difference in synovial fluieli2p70 with intraarticular
methylprednisolone injection in patients with RA and PE&(re38, Figure39). A
limitation is that the small sample size may not be sufficiently powered to detect
perturbation in synovial fluid 112p70 levelsPerhaps this finding was not too surprising
aslL12AandIL12B genes were previously shownGCgxto be unaffected by
methylprednisoloné vitro (300). GCgx is a tool shared by the National Institute of
Arthritis and Musculoskeletal and Skin Diseasdsch allows easy review of how

methylprednisolonaffects gene expression in different cell typasvitro (300).

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

had detectable levels of 48 (302). My findings showed no statistically significant change
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in synovial fluid IL-8 with intraarticular methylprednisolone injection in patients with RA
or PsA Figure38, Figure39). CXCL8which encodes 8 was known to be
downregulated in responserteethylprednisolon€300). It may be that no difference in
synovial fluid IL-8 levels was seen due to the late foHoprtimepoint4 weeks)n the
clinical study, whereas the vitro study looked at early glucocorticoid effects within 6 h
(300). The disparity may also be due to differences in glucocorticoid effects-8ratL
protein and RNA levels. In a rabbit model of ptstumatic osteoarthritis, intrarticular
glucocorticoid injection reduced synovial tissue8ImMRNA expression but not 18

protein level4303). The small sample size in my study also limits evaluation of

therapeutic effects on synovial fluid-&.

My study showedL -4 and IL-13 levelswere mostly undetectabie synovial fluidswhich
contradicedwith some previous studies showing elevation in patients with RA and PsA.
Synovial fluid IL-4 levelswerepreviously foundo be elevated in patients with RA and
seronegative spondyloarthropathy compared to(804). IL-13 was alsdoundto be

present in synovial fluid from patients with RA and R885-307). For example,

Isoméakiet al reported synovial fluid from patients with RA were found to havé IL

levels of 240 £+ 98 pg/mL (mean £ SEM) and1B levels of 1,081 + 257 pg/mL (mean £
SEM) (305). These levels far exceed the lower limit of detection in FRLEX 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 byisomakiet al, IL-4 was also undetectable in 10/28 (36%) of synovial fluids

from patients with RA305).

On the other hand)/oodset al showed Il-13was undetectable in synovial fluids from

69% ofpatients with RAand82% of patients with OA308). Moreover, Wood®t al
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found that 1-13 protein waslsoundetectable by immunohistochemistry within joints

from patients with RA, OA and normal joing808). The discrepancy in the synovial fluid
findings between my study and some previous studies may be due to underlying duration
of diseaselndeed Razaet al found that synovial fluid cytokine levels including-8, IL-

4,IL-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 grbaipl€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.

3.44 Intra-articular methylprednisolone injection had no effects on hypoxia

related genes irblood bulk RNA sequencing

Examination of blood bulk RNA transcriptomics showedy SLC35B3andSLAMF6
weredifferentially expressed genes at 4 weeks after4atti@ular methylprednisolone
injection, neitherof whichare known to beelatal to hypoxia(Figure41). This finding
was to be expected given that the systemic effects ofamticular glucocorticoid
injection on bloodulk RNA profileswould likely have resolved after four weeksdter
all, methylprednisolone was undetectable in the blood one week afteaititialar
methylprednisolone injectio(249) The only genes that were significantly different by
blood bulk transcriptomic analysis were upregulatioBliAMF6and downregulation in

SLC35B3four weeks after an intrarticular glucocorticoid injectiogFigure4l).

SLAMF6encodes a protein belonging to the CD2 subfamily of the immunoglobulin

superfamily. This protein is expressed on NK, T and B c8BIl&AMF6 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 cells andB cells (309, 310) SLAMF6is known to be
glucocorticoid responsive. For example, Gda@l showed thaBLAMF6was upregulated

in CD4+ T cells and downregulated in B cells by methylprednisalonéro (300) A
limitation of bulk transcriptomic analysis is that it is not known whether the upregulation
seen iINSLAMF6was due to increased transcriptionrSdfAMF6in cells or differences in

cell composition, i.e. more cells that expresSe€AMF6 This finding could have been
confirmed at protein level using flow cytometryldbod Alternatively, singlenucleus
transcriptomic analysis of synovial tissyé&s be discussed latemould provide insight as

to whethelSLAMF6transcription in individual cell population was affected by intra

articular methylprednisolone injection.

The other gene that was significantly affecééd weeks followup by intra-articular
methylprednisolone injection by bulk blood transcriptomic analysissSt&335B3Figure
41). This gene is a member of the solute carrier family and en@pexein involved in

t he t r anphgsghoatienasibe -@Basphosulfate (PAPS) from the nucleus or the
cytosol to the Golgi lume(B11). PAPS is a cofactor for sulfation reactiq342).
SLC35B3was not known to be glucocorticoid respons{@80). Single nucles
transcriptomic analysis of synovial tissues wodddineataf SLC35B3vasperturbedoy

glucocorticoidin individual cell types

In this chapter, | demonstrated that irtrdicular methylprednisolone injection
downregulated synovial fluid levels of4& and TNF but had no effects on synovial fluid

pO; at 4 weeks follow up. Nonetheless, investigation of the synovial tissue biopsies from
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this cohort may reveal hypoxia related and-anftammatory effects of glucocorticoids.
Systemic and intrarticular glucocorticoids are widely used for treatment of inflammatory
arthritis but their effects on synovial tissue using modern deep phenotyping methods are
incompletely describedn the next chapter, | will investigate hamtra-articular
glucocorticoid injectioraffectssynovial tissuegdrom the same cohomising ShRNAseq

to characterise perturbation in cellular proportion of tissues afetelitial gene

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

synovial tissue snRNAseq expression in inflammatory arthritis

4.1 Introduction

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

inflammatory arthritis

Inflammatory arthritis such as RA and PsA have articular and-exticular

manifestations. Blood is commonly analysed in the investigation of inflammattmtis,

but blood may not presean accuratgicture of disease mechanispredominantn

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 biopgres:i8l tissues

may be sampled through arthroscopic or ultrasound guided synovial bi(gikgs

Synovium lines diarthrodial joints and is comprised of lining and sublining 84844).
Healthy synovial lining consists of macrophages and fibroblasts while the sublining
includes blood vessels, lymphatic vessatiipocyteslymphocytes and macrophag@44,
315). The microscopic anatomy of normal synovial tissue may be classified based on the
structure and content of the subintimal layer: fibrous, areolar and aqgidseAdipose
synovium is found mainly in fat pads but is also seen within(3l5). The lining may lie
directly on adipocytes but is often separated by a band of collagesubstratum, while

the deeper tissue is f@15). 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 di$84a8¢
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4.1.2Glucocorticoid effects on inflammatory arthritis synovium

Glucocorticoids are widely used for the treatment of arthritis. Jatti@ular glucocorticoid
injectionshelp with local joint inflammation, swelling and pain, whereas systemic

glucocorticoics areused for polyarticular flare of inflammatory arthriti3espite

widespread use for many decades, the therapeutic mechanisms of glucocorticoids in

rheumatic diseases remain poorly undersi@3®). Thenuclearreceptorsubfamily 3,

group C,member I(NR3CJ gene encodes two main transcriptional variants of the
glucocorticoid r&Re&pcont aGRY ahnd GRE. domai n
glucocorticoid receptor signalling and is thought to mediate most of the classical effects of
glucocorticoidg230). GRb c anGRMmrhme tGRUo d-GRBr somo dGReB T s

that may mediate glucocorticoid(@6esi stance

Additional diversity in glucocorticoid receptors arises from variation in isoforms such as

splice variants and isoforms with different translational start €t€8). Translational
variants from the GRU transcript include GR
and GRD3318). GRA is the classical glucocorticoid receptor isoform that has been

extensively characterised argdnost weltknown 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 levell undertook a systematic literature review on the glucocorticoid
effects on synovial tissuednlike the previouscopingliterature review (able2), 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 definitsveea relating to
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glucocorticoid effects on synovial tissu@21). Using Web of Science, | 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 treatmenfl@ble?7) (296, 319334).

The studies were highly variable as to the glucocorticoid drug used, route of
administration, disease of interest, follmp timeline, joint biopsied, and sample size
(Table7). The physiological effects of glucocorticoid on synovium as classified by follow
up timepoints and assay usedre summarised iffable8. Most studies looked at early
glucocorticoid effects with littlelescribedbeyond 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-artraular glucocorticoid in

synovial tissue$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 BRNA (334)and protein level(329)after glucocorticoid treatment

in some studies, but not oth€B28). Such discrepancies may be due to differences in the
study design including patient populations, glucocorticoid choice, route of glucocorticoid

administration, followup timepoint, and TIMP assay readouts.
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Table7 Systematic literature review of glucocorticoid effects on synovial tissues

Authors Year | Observational/Intervention Sample size Disease Joint Follow-up
biopsied
Makrygiannakiset | 2012 | Intra-articular 40 mg triamcinolone 15 RA Unspecified| 2 weeks
al. (319) hexacetonide injection
van der Goestal | 2012 | Intra-articular glucocorticoid injection 14 Persistent Knee 12 weeks
(320) knee arthritis
Gheorgheet al 2009 | Intra-articular 40 mg triamcinolone 11 RA Knee 10 days
(321) hexacetonide injection
Makrygiannakiset | 2008 | Intra-articular triamcinolone injection 12 RA Knee 11 days
al. (322)
Vandooreret al 2008 | Oral prednisolone 60 mg/day the first we| 10 SpA Knee 12 weeks
(323) and 40 mg/day the second week
Makrygiannakiset | 2006 | Intra-articular triamcinolone hexacetonidg 13 Inflammatory| Knee 2 weels
al. (324) injection arthritis
af Klint et al (296) | 2005 | Intra-articular triamcinolone hexacetonide 31 Chronic Knee 9-15 days
injection arthritides
Korotkovaet al 2005 | TNFi or intraarticular glucocorticoid 18 TNH, 16 intra | RA Unspecified| 10 weeks after
(325) injection articular TNF inhibitor. 9
glucocorticoid 12 days after intra
injection articular injection
Gerlaget al (326) | 2004 | Oral prednisolone or placebo Oral prednisolone | RA Knee, 14 days
(n=10) or placebo ankle, wrist
(n=11)
Wonget al (327) | 2001 | Intravenous pulse methylprednisolone |7 RA Unspecified| 24 h
Younget al (328) | 2001 | Intra-articular 120 mg methylprednisolon¢ Methylprednisolong OA Knee 1 month
acetate or placebo (n=21). Placebo
(20).
Wonget al (329) | 2000 | Intravenous pulse methylprednisolone | 11 RA Knee 24 h
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Youssefet al 1997 | Intravenous pulse methylprednisolone | 10 RA Knee 24h

(330)

Youssefet al 1996 | Intravenous pulse methylprednisolone | 10 RA Knee 24 h

(331)

Deboiset 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 combin¢ 11 RA Unspecified| 2 and 12 weeks
with 120 mg intramuscular
methylprednisolone acetate

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

(334)
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Table8 Summary of physiological effects of glucocorticoid on synovial tissues

Follow-up | Assay Synovialtissueglucocorticoid effects
(days) Cell Cytokine Other
1 Immunohistochemistry ZMCP1,|ZMMR,
Z MI-1® ZT | @29)
(327). Z 1-8, | Z Eselectin,
Z T N(B30) | Z| C ALKB31)
7-14 Immunohistochemisty ZMacr ogZTNF,- [ZCi tr ul
infiltration 1b (323). proteins and
(326) ZVEGF | peptidylarginine
(296) deiminases
(319).
Zcadher
(323)
ZHMGB
Z1 CALM
(296).
Z mP G-E,S
Z C O-X(325)
Immunofluorescence | Z T ¢c(@R)I|ZRANKL|Z -5
(324) lipoxygenase
(321)
in situ hybridization Zcoll ag
ZT1l MP, -
DR,
Zcompl e
(334)
28 Immunohistochemistry ZMa c r o p
infiltration
(328)
84 Immunohistochemistry Z St er g
hormone
receptor
positive cells
(320)

Ultrasound guided synovial tissue biopsy has been applied to investigate the effects of
therapeutics such as biologics, but not glucocortgad synovial tissueat single cell

transcriptomic leve(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 profileally, all synovial tissue
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biopsy samplefrom the POLO cohonvould be taken forward for snRN#$eq analysis

but due to financial limitations, only 8 pairsmfe- and postreatmensynovial 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 snRNAseq. As only 4 pairs of RA synovial tissue biopsy samples were avaddible,

of these were analysed. As there were 6 pairs of PSA synovial tissue biopsy samples were
available, 4 pairs weremdomly selected for analysis to avoid selection biag patient
demographics and clinical data for the snRbiY study is therefore slightly different

from those presented in the previous chapter as 2 patients with PSA were orhiteslas

the firstreportedongitudinal snRNAseq of inflammatory arthritis synovium to provide
insight into mechanisms of action iotra-articular methylprednisoloniejectionat single

cell transcriptomic level. This study alestablished thapproactby which novel

thergeutics may be studied usisgnovial tissusnRNA-seq in future.

4.1.3Inflammatory arthritis s ynovial tissue adipocytes transcriptomic analysis

at single cell level

Adipocytes are absent frommgvious single cell atlases because mature adipocytes are
buoyant and therefore lost in thesue disaggregation process in traditional single cell
approache$339) There is therefore a knowledge gap about synovial tissue adipocytes at
single celltranscriptomidevel in inflammatory arthritisThe advantage of using single
nuclaustranscriptomisin this study is that single nuecissequencing can capture and
describe adipocytg839, 340) Single nuclas transcriptomiatlas of adipocytes from
subcutaneous adipose tissues, visceral adipose tissues and infrapatellar fat pad have
previously been described, but not in inflammatory arthritis synovial tig838s 340)

Single nuclastranscriptomic analysis of adipocytes in inflammatory arthritis synovial
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tissuescould 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
processe§340) There is emerging evidence of roles of synovial tissue adipocytes in

inflammation and signalling beyond energy storé®yl, 342)

4.1.4Comparison of RA and PsA synovial tissue

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. Radtalbg bone
erosions without new bone growth are characteristic o{&8A43) On the other hand,
juxta-articular bony proliferations, ankylosis, penricitcup deformities and arthritis
mutilans are characteristic of P$243). In arthroscopic views dfnee synovitis, straight
branching vessels are observed in RA, whereas tortuous bushy vessels are observed in PsA
(2, 344) The aetiology of tortuous vesseaissynovial tissuethat distinguish PsA from

RA has long eluded rheumatologi§®l5). This physiological difference was previously
thought to be due to differences in interleukins, but remains poorly unde(&jood
Understanding the molecular endotypes underpinning the differences in synovial tissue

vasculature in RA and PsA may identify novel therapeutic targets.

Characterisation ofysovial tissues from patients with RA and PsA at single cell
transcriptomic levehas so far been limite@46). Exploratory cellcell communication
analysis of RA and PsA synovial tissues may provide insight into the role of synovial
tissueimmunestromal cell crosstalka inflammatory arthritis. Préreatment samples were
prioritised for this exploratory analysis of iHdisease 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 maytieerconfounders such as differences in

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

4.2 Materials and methods

4.2.1Patient cohort and ethics

8 paired synovial tissue biopsies before dngdleeksafter80 mgintra-articular
methylprednisolone injection from patients with RA= 4)and PsA(n = 4)from the
POLO observational study (REC 21/NS/0002) were used for sagdAFigure42). No

statistical method was used to predetermine sample size.

a) Patients with RA or PsA Day 0: Knee intra-articular Day O & 28: Paired Nuclei extraction from Single nucleus RNA sequencing
methylprednisolone synovial biopsies (n = 8; snapfrozen synovium
injection 4 RA and 4 PsA)

i
@ Chrorium Next GEM Chip G
A —
GoMs

Filtering (Mean
absolute Add clinical Ambient RNA
FASTQ files deviation; metadata to removal (soupX,

Alignment manual filter object decontX)
thresholds of

Data
normalisation
(LogNormalise} FindClusters
ScaleData Pseudobulk

S . FindAllMarkers
Dimensionality DESeq2

reduction Manual cluster
{runPCA) annotation

Integration

(Harmony)

scProportionTest

Count matrices nCounts, Convert Single Doublets
(kallisto outputs) nFeatures and % Cell Experiment remqva\
into Seurat (scDblFinder)

Gene set

mitochondrial pathway analysis

reads)

Figure 42 Overview of (a) synovial tissisngle nucle@stranscriptomic sequencing

pipeline and (b) computational analysis strategy
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4.2.2Sample preparation

All synovial tissue samples wecellectedinto cold DMEM-F12 media supplemented

with 10%FBSand 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 simgdteustranscriptomicanalys$s

were gently washed with 1x PBS, snapfrozen in 1.5 mL cryogenic vials using liquid

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

4.2.3Nuclei isolation

Nuclei were isolated based on previously published protocol involving musculoskeletal
tissueq347). Briefly, forceps, scalpels and petri dishes werequeled on dry ice.

Ultrasound guided synovial tissue biopsiere minced using scalpels to ensure fragments
were < 1 mm in diameter. Tissue fragments were stored ineomled 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 NaQris-HCL pH 7.5, CaGl, 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%, the tisse/buffer mixture was poured through a 40 pm
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 P®&&h 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 tguspended 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).

4.2.4Library preparation and sequencing

Nuclei suspensions were diluted (PBS with 1% BSA) to-2000 nuclei/uL and loaded

on the Chromium Next Gel bead-emulsion (GEM) Chip G (10x Genomics) with a

targeted nuclei recovery of 5,004,000 nuclei per sample. Samples were then loaded to

the Chranium Controller (10x Genomics) and libraries were prepared using the Chromium
Next GEM Single Cell 306 Reagent Kits v3.1 (
instructions and indexed with the singtelex 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 (lllumina) by Genewiz at a minimum depth of ~20,000 read pairs per
expectechuclei.Sequencing by Genewiz was performed at their headquarter in Leipzig,

Germany.

4.2.5snRNA-seq quality control

Raw Fastq files were mappég kind courtesy oDr Carla Coheno the human genome
hg38 using kallisto bustools kb count (release 99) with kmer size = 31

(https://www.kallistobus.tools/kb usage/kb colr$pliced and unspliced matrices were

mergedby Dr Carla Cohero create the count matrix for downstream analysis.
downstream analgs were performed by me unless otherwise specifiedlysis training
and pipelines werprovided 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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Dropletsmore than 3 median absolute deviatifnasn the median were discardexl
removeoutliers Nuclei with greater than 300 unique genes expressed, greater than 500
UMIs, of which less than 5% are mitochondrial genes, were taken forward for ssBINA

analysiswhich was performedsing R v3.6.1 and Seurat v4318).

Ambient RNA removal was performeudth soupX using automated method to determine
cell specific contamination fractiai349) All Seurat objects were mergetimbient RNA
above decontX threshold 0.2 was remo{@s0). Doublets were removagsing

scDblFinder(351).

4.2.6Normalisation, dimensionality reduction, clustering and annotation

Log normalisation (NormalizeData), selections@00variable genes
(FindVariableFeatures), scaling (ScaleData), dimensionality reduction (RunPCA),
clustering (FindNeighboraith 40 dimensiongand FindClustersith 0.3 resolutiol, and
RunUMAP were performed on the merged ohj@tte merged object was integrated with
Harmony v12.1 (reduction.use = pca_name, group.by.vafse r i ¢ .dimslusex 1:40,
kmeans_init_nstart = 20, kmeans_init_inter_max =)1@0ninimise technical variation
from batch effectd. manuallyannotatectell clusterdoy identifying genes that are
differentially expressed between clusters and by comparing them with liteetseel

marker geneg352-355).

182



4.2.7 Compositional analysis, differential gene expressiomand gene set

enrichment analysis

The difference between the proportion of cells in clusters was analgseyl

scPropationTest( per mut ati on_test(prop_test, cluster
APreo, sample_2 = APost o, s@58pbeetheiFdRent i ty =
threshold at 5% using scProportionTest to correct for multiple te@b®). Pseudobulked

profiles were generateat the compartment level t@count folpseudoreplication for

differential expression analysiSounts were aggregated with AggregateExpression
(group.by = c(igl astsarysi &0 ,0 SosupKHrComurdas)t s 6, sl
less than 10 were discard@&ifferential gene expression requiredll typesto contain at

least 10cells from at least 3 participants for analysis.

Using an interaction term consisting of treatment status and adjusting for gaeies,

analysis of differential gene expression was perforosdg DESeqZ270). | shrunk the
Log2FoldChange values using the apelgm metoddcilitate visualisatiori270).

Statistical analysis with DESeg@ascorrected for multiple testing using the Benjamini

and Hochberg method by defa(270, 272) Absolute Log2FoldChange greater than 1 and
adjusted p value of less than 0.05 were considered statistically signifsamg. set

enrichment analysis was performedh g:GOStlorgeni sm = Ahsapienso, or
FALSE, multi_query = FALSE, significant = TRUE, exclude_iea = FALSE,
measure_underrepresentation = FALSE, evcodes = FALSE, user_threshold = 0.05,
correction_method = fManiBCtSadt edl® mad mstsecm pleg =
numer i c_ns = A pand fgsedpathways= hallmavkUlist] stats = ranks,

nperm= 10000,maxSize = 500
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4.2 8 Exploratory subgroup analysis ofRA and PsA synovial tissue snRNAseq

profiles

Exploratory analysis comparing RA and PsA was perfororeithe sSnRNA-seq dataset.
usedscProportionTest to compare synovial tissue cell proportions between RA and PsA.
DESeq2 was performezh pseudobulked data for differential gene expression analysis
between RA and PsA. Gene set enrichment analysis comparing RA and PsA was
performed CellChat was useid compare celtell communication in RA and PsA

synovial tissuebefore treatmennfergeCellChat(object.list, add.names = NULL,

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

To facilitate the interpretation of the complex intercellular communication networks, |
applied CellChat to quantitatively measure networks through methods abstracted from
graph theory, pattern recognition and manifold learn@gjlChat readily identifies

dominant senders, receivers, mediators and influencers in the intercellular communication

network by computing several network centrality measures for each cell @®up

4.3 Results

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

methylprednisolone in RA and PsA

8 paired synovial tissue biopsiesfgdtients withRA and 4patients withPsA) before and 4
weeks after treatment with inteticular methylprednisolone were processed for single
nuclausRNA sequencing. The clinical data for these 8 patiargslescribedn Table9.

The gender of the participants is not shown to avoid inadvertent identification due ton <5

(Table9). There was a trend towards reduced composite disease activity sdotEsat
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up, but this was not statistically significant for either the BA= 0.42 or PsSA subgroups

(P=0.11).

Table9 Clinical data of the snRNAeq study

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 8.7+6.5

Treatment history 1 participant not |2 participants on
on DMARD, 2 csDMARDs and

participants on

csDMARDs and
bDMARD naive, 1
participant on TNF

bDMARD naive, 2
participants on
TNFi

CRP (meat SD) Baseline |5.15 + 5.39 5.08 + 3.64
Follow upg2.6 + 1.83 5.13+3.72
SJC66 (mean £ SD) Baseline [1.25+ 1.26 2.25+1.26
Follow upg0.75 + 1.5 1.75+0.96
TJC68 (mean + SD) Baseline [1.5 + 0.58 3+2.16
Follow upg2.25 + 3.86 1.75+2.06
Composite disease activity scores (mean +|Baseline |3.16 + 0.48 16.48 +6.13
DAS28 for RA and DAPSA for PsA) Follow upg2.53 + 1.14 13.54 £ 4.21

4.3.2Library preparation

Sample clogs impacted several samples as evidenced by reduced GEM recovery

particularly in the prdreatment sample of participant 12 (labelled1)2nd post

treatment sample of participant 14 (labelled2)4Figure43). The posttreatment sample

of participant 8 was also affected by clogging although this was not photograpgecs

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 (samplesBand 82 not shown)

4.3.3Quality control

For quality controlcommonly usediltering thresholds of nFeatures > 300, nCounts >
500, mitochondrial RNA $%, decontX score 8.2 and doublet removal using
scDblFinder default settings were applied to all samipjeisie A total of 26453 nuclei
passed quality control with mean @6%3 nuclei per samplé&igure44, Supplementary
Figurel). The clogged samples had lower nuclei recgyvery. the clogged posteatment

sample of participant 14 had the lowest nuclei count of BEiju(e44).
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Figure 44 Clinical data and final nuclei count in shRNs&(q study

Sample identifiiPatient identifielDiseasgSeX Age (yeargYreatment statusCRHSJC66TJC68Composite disease activity scqiduclei

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 4.12 247
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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4.3.4Integration, clustering and annotation

The merged object was integratedh Harmony Supplementary Figurg, Supplementary
Figure3). | applied FindClusters to identify clusters of cells using a shared nearest
neighbour modularity optimisation based clustering algori¢858). Differentially
expressed cluster markers were useaniootateclusters asibroblasts, 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 c@figiure45, Figure46).

There was agreement in broad dgfpe composition between this study and previously
published scRNAseq and snRNAeq studies of synovium and musculoskeletal tissues
(354, 359) The presence of skeletal myocytes Vikealy due to accidentalptakeof
adjacent tissues outside of the joint capsBleletal myocytes were present in synovial
tissue biopsy samples from 2 participants with RA and 1 participant withA°Biitation
in the analysis ofamples containing skeletal myocytes is that the other cell iyples®
biopsies may also arise from exadicular tissues, such as adipocytes from fat tisages
well asvascular endothelial cellsnd immune cell§rom blood vesselsutside the joint
capsule. Initial analyes therefore excludeall samples from these 3 participantgitoit
confounding by extrarticular cells However, exclusion of these patients may constrain
the statistical power so exploratory anaysf samples from all 8 participants was also

performed.
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Figure 46 UMAP of integrated cell cluster annotations

LiningFibroblasts
MERTKhiMacrophages
MERTKIoMacrophages
RibosomalRNAloTcells
SubliningFibroblasts
Adipocytes

NKcellsNKTcells

Bceells
FastTwitchSkeletalMyocytes
RibosomalRNAhiTcells
VascularEndothelialCells
SlowTwitchSkeletalMyocytes
PlasmaCells
ProliferatingCells
Granulocytes

MuralCells

DendriticCells
LymphaticEndothelialCells
PlasmacytoidDendriticCells

4.35 Effects of intra-articular methylprednisolone injection on synovial tissue

cellular composition

Cellular composition analysis excluded samples fpatients containing skeletal

myocytes to ensure analysis is gonfoundedy extraarticular cellsThere were fewer

adipocytesandmore NK/NKT cells and ribosomal RNA high T cellssynovialtissues

after intraarticular methylprednisolone injectioRigure47). Having evaluated the effects

of intra-articular methylprednisolone on synovial tissue cellular composition, | then

evaluated its effects on differential gene expression.
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LiningFibroblasts A
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Figure 47 Paired dfferential cellular proportionsbefore and after intraarticular

methylprednisolone injectiofm = 5; 2 RA and 3 PsA

FDR was set at < 0.05 to account for multiple tes{i2g2)

4.36 Effects of intra-articular methylprednisolone injection on differential gene
expression across cell typegxcluding samples from patients containing skeletal

myocytes

Initial analysis of intraarticular methylprednisolone effects on differential gene expression
excluded samples from patients containing skeletal myocytgid misinterpretation

due to the presence extraarticular cellsUsing an interaction term consisting of

treatment status and adjusting for patient, | examined gene expression éhaegdscell
clusterfollowing intra-articular methylprednisolone injectionhe only differentially
expressed genes weredgum leak channel (neselective) channel auxiliary factor 1

(NALFY) andintegrin subunit beta @TGB8) which were downregulated in sublining
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fibroblasts after intrarticular methylprednisolone injectipneitherof whichare currently
known to bedirectly related to hypoxiélrable10, Figure48). Unlike the blood bulk RNA
sequencing, there was no differential gene expressi®&iAMF6or SLC35B3n synovial
tissue cell types with intrarticular methylprednisolone injectigrigure41, Table10,

Supplementary Figuré, Supplementary Figurg).

Table10 Differentially expressed genes (Log2FoldChangd ©r >1 and adjusted
value < 0.05) in synovial tissuegth intra-articular methylprednisolone injection
excluding samples from patients containing skeletal myo¢yte$; 2 RA and 3 PsA
denotes ndalifferentially expressed gendédot applicabledenotesanalysis was not

possible as thereerenot 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

DESeq2 by defau(®270, 272)

Downregulated genes post-treatm{Upregulated genes post-treatm
Adipocytes - -
B cells - -
Dendritic cells - -
Granulocytes - -
Lining fibroblasts - -
Lymphatic endothelial cellsNot applicable Not applicable
MERTKhi macrophages
MERTKIo macrophages |- -
Mural cells 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, ITGBS8 -
Vascular endothelial cells
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Figure48a) NALF1 and b) ITGB&xpression irsuldining fibroblast at baseline and
follow-up after intraarticular methylprednisolone injectigexcluding samples from

patients containing skeletal myocy{®s=5; 2 RA and 3 PsA)

* denotes padj < 0.05 and *** denotes padj < 0.00yt DESeq2 analysis of pseudobulked
data P values were corrected for multiple testing using the Benjamini and Hochberg

method in DESeq2 by defa(®70, 272)

4.3.7 Exploratory analysis of intra-articular methylprednisolone effects on
differential gene expressionincluding 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-axticular tissues.
However, the reduction in sample size limits the statistical power for diffatgetne

expression. | proceeded to undertake exploratory analysis utilising samples from all 8
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participantdo increase statistical power to detect treatment effectis the caveat that

some samplesayincludecells from extraarticular tissueg¢n = 8; 4 RA and 4 PsA)

(Tablell).

Tablell Differentially expressed genélsog2FoldChange <1 or >1 and adjusted

value < 0.05) in synovial tissuegth intra-articular methylprednisolone injection in

patients with RA and PsMncluding samples from patients containing skeletal myoggites

= 8; 4 RA and 4 PsA denotes no differentially expressed gemast. applicabledenotes

analysis was not possible as theverenot 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

DESeq2 by defau{70, 272)

Downregulated genes post-treatme

sdpregulated genes post-treatme

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

B cells ENSG00000286221, VCAN, IL2RA|-

Dendritic cells

Fast twitch skeletal myocyte

bS

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 myocyts

H¥ot applicable

Not applicable

Sublining fibroblasts

ENSG00000254303

Vascular endothelial cells
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Adipocytes

Adipocytes were found to have the most differentially expressed genes aftariitinéar
methylprednisolone injectigralthough this result may be confounded by eattacular
adipocyteghat may have been includé€Biable11). In adipocytes following treatment with
intra-articular methylprednisolonéhere was significant upgelation inmarkers of steroid
metabolism and lipid metabolissuch astearoyiCoA desaturaseSCD), glycerot3-
phosphate acyltransferase, mitochondi@PAM), fatty acid desaturase EADS2),
aceayl-CoA carboxylase alphaACACA, ATP citrate lyaseACLY), patatin like domair3,
1-acylglycerot3-phosphate @cyltransferaseRNPLA3J, malic enzyme 1NIE1), insulin

induced gene 1INSIG]) (Figure49).

Post (right) vs Pre (left): Adipocytes

4- i i
PENK-AS i |
34 I 1
o : o | GP
= | ;qCACﬁM'ACLY
g 21 ENSG00000287720 SCD |NSIG1
7 SEAMI51B.DT o (e?
" |ENSG00000254868 BRUEAGT - %;—E’NE A3%ADS2 -
| e
0 L L] L] j: T i T T
-4 -2 0 2 4

Log, fold change

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

total = 14897 variables

Figure 49 Volcano plot oflifferentially expressed gesén adipocytes preand post
intra-articular methylprednisolone injectioimmcluding samples from patients containing

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

DESeq2 by defau(®270, 272)

Glucocorticoids are metabolised into sterols which are known to regulate sterol regulatory
elementbinding transcription factors (SREBFs), such as SREBF1 and SREB#&2re

master regulators of lipid homeosta@60). Since lipogenesis was upregulated in
adipocytes, | analysed the effects of irirdicular methylprednisolone injection on

SREB-1 andSREBF2xpression in adipocytés see whether these mediated
methylprednisolone induced lipogenedikere was a trend towards increasSREBF1

andSREBF2Zexpression in adipocytdnit these were not statistically significakiqure

50).
SREBF1 SREBF2
20— ns 20— ns
£ £
5 154 S 154
o o
Q Q
ks 2
@ 10— @ 10
© ©
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< <
& Q\oQ ( éoQ
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Figure 50 SREBF1 and SREBF2 expression in adipocytes at baseline and-tgllafter
intra-articular methylprednisolone injectigimcluding samples from patients containing

skeletal myocyte@ = 8; 4 RA and 4 PsA)
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ns denotes nongtatistically significant by DESeq2 analysis of pseudddnidlata. P values
were corrected for multiple testing using the Benjamini and Hochberg method in DESeq?2

by default(270, 272)

Overrepresentation analysis of gene pathwalyswed intraarticular methylprednisolone
upregulated metabolic and biosynthetic processes in adipod@bke(2). Gene set
enrichment analysis of Hallmark pathways in adipocytes showed statistically significant

upregulation of cholesterol homeostasis pathvwagure51).

Table12 Overrepresentation analysis of gene pathways affected by-artreular

methylprednisolone in adipocytescluding samples from patients containing skeletal

myocytes
id . term_id . term_name . p_value
1 -GO:ODEETE? monocarboxylic acid metabolic process 2.0e-07 .
2 -GO:0019?52 carboxylic acid metabolic process _2.0e-0~$
3 .GD:GDOEEE‘I fatty acid metabolic process _2.59—06
4 'GO:DU-'-ISABS oxoacid metabolic process '_E.Qe-ﬂﬁ
5 |GO:0006082 |organic acid metabolic process ' |3.40-06
6 lGO:DUOSﬁID lipid biosynthetic process N 1.3e-04
7 ‘GO:OUM281 small molecule metabolic process _2.4e—04
8 .GD:OUDBGES fatty acid biosynthetic process 2.9e-04
9 -GD:DD?EBBD monocarboxylic acid biosynthetic process _?.29—04
10 -GD:0044255 cellular lipid metabolic process 1.0e-03
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Figure 51 Gene set enrichment analysis of Hallmark pathwayslipocytesincluding

Tissue inhibitor of metalloproteinasegMP1), NALF1andneuroligin 4 XLinked

(NLGN4X were significantly downregulated in lining fibroblasBgqure52, Figure53).
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Post (right) vs Pre (left): Lining fibroblasts
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Figure 52 Volcano plot oflifferentially expressed gesn lining fibroblasts preand
post intra-articular methylprednisolone injectiomcluding samples from patients

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

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

DESeq2 by defau{70, 272)
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Figure 53 NALF1, NLGN4X andIMP1 geneexpression in lining fibroblastat baseline
and followup after intraarticular methylprednisolone injectigincluding samples from

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

* denotes padj < 0.0by DESeq2 analysis of pseudobulked dBtaalues were corrected
for multiple testing using the Benjamini and Hochberg method in DESeq2 by d2#ylt

272)
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Figure 54 Plot of ligand activities, expression, differential expression and predicted target genes of ligands in lining fibrobiastsriost

analysis
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| applied nichenet to model how cekll communication in synovial tissues is perturbed
by intraarticular methylprednisolone injectig@62). This analysis included samples from
patientscontaining skeletal myocytes becausedtiferential gene expressiomas
supported by ground truth, i.e. independent studies also found downregulaTidARif
with intra-articular methylprednisolone injectiqB29, 334) Although there were diverse
cell-cell commurication changes predictdxy nichenetonly thepredictedTIMP1
perturbationn lining fibroblasts was supported taistically significant differential gene
expression (padj < 0.08psolute log fold change 3 (Figure52, Figure53, Figure54).
This perturbationn TIMP1 expression synovial lining fibroblastgas predicted to target
genes including Dual Specificity Phosphatas®WU$P1), H2A Clustered Histone 6
(H2AC6H), JunD proteoncogeneJUND), matrix metalloproteinase BAMP3), Nuclear
receptor Coactivator NCOA3J, TNF induced protein SINFAIPJ, Krueppellike factor

6 (KLF6), Runtrelated transcription factor RUNXJ), secreted phosphoprotein3RPJ,
IL-2 receptor subunit alph#.2RA), lamin A/C LMNA), neuroblast differentiatien
associated proteilAHNAK) and zinc finger protein 36 C3H1 Tyhéke 2 ZFP36L2
(Figure54). These predicted target genes of THURvere found to be expressed in

synovial tissues, except f@FP36L2(Figure55).
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Figure 55 Dotplot of expression afIMP-1 predicted target genes

Sublining fibroblasts

In the analysis including samples containing skeletal myocttess was a trend towards
reduction in sublining fibroblasts expressiormNALF1andITGB8after intraarticular
methylprednisolon@éjectionbut this was not statistically significam contrast to the
analysis excluding samples containing skeletal myodgapplementary Figure,

Supplementary Figureé).

4.38 Intra -articular methylprednisolone injection effects in RA and PsA

subgroups

Having reviewed the perturbation effects across both disease groups, | went on to analyse
perturbation effects imdividual disease subgroupas biopsysamples fronmtwo of the
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participants with R contained skeletal myocytesxclusion of samples from participants
with skeletal myocytes would medmerewould notbe samples from at least 3 participants
with RA for subgroup analysig his exploratory analysis of intrarticular
methylprednisolone injection effects in RA and PsA subgroups therefore included all
samples from participants including those that contained skeletal myotyes were
scant differentially expressed genes in RA and PsA subgroups in cell types other than
lining fibroblasts Supplementary Tab®). Subgroup analysis of RA group showed no
differentially expressed geaén lining fibroblasts with treatmenfigure 56), but there
weredifferentially expressed geaén PsA lining fibroblastsvith intra-articular

methylprednisolone injectioffFigure 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 intrarticular methylprednisolone injectiofm = 4)

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

DESeq2 by defau{270, 272)
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Post (right) vs Pre (left): Lining fibroblasts
PsA
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Figure 57 Volcano plot of differentially expressed genePaf\patients in lining

fibroblasts after vs before intrarticular methylprednisolone injectiofm = 4)

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

DESeq2 by defau{70, 272)

4.39 Exploratory subgroup comparisonof RA and PsA synovial tissue snRNA

seq profiles

Exploratory subgroupomparison of RA versus Ps#as performed with the caveat that
results may be confounded by other factors such as disease type, disease stage, age,
gender, comorbidities and medicatioBgnovial tissue biopsyasnples including those
containing skeletal myocytes were included in the analysis, but skeletal myocytes were
excludedbecause theoriginate from outside the joint capsule and their multinucteate
nature is unsuitable for analysis with scProportionTiaghe pretreatment 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 cell${gure58). The increased abundance of lymphatic

endothelial cells in PSA synovium persisted even in the-ipgsttion analysisKigure59).

Adipocytes
RibosomalRNAhiTcells o
NKcellsNKTcells A

Beells 4

MuralGCells 4
VascularEndothelialCells o
PlasmaCells 4
SubliningFibroblasts 4
MERTKIoMacrophages A
RibosomalRNAloTcells 4

clusters

LiningFibroblasts 4
DendriticCells -
ProliferatingCells
MERTKhiMacrophages A
Granulocytes 1

LymphaticEndothelialCells A

PlasmacytoidDendriticCells <

-2.5

0.0

obs_log2FD

2.5

5.0

significance

FDR < 0.05 & abs(Log2FD) > 1

n.s.

Figure 58 Differential cellular proportions in préreatment RAleft) and PsA(right)

synovial tissues
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Figure 59 Differential cellular proportions in posireatment RAleft) and PsA(right)

synovial tissues

Differential gene expression analysis showesstdifferentially expressed geadetween
PsA and RA synovial tissue were in greatment lining fibroblast§Supplementary Table
3, Figure60), but these were not present after glucocorticoid treatrkéguire61). In pre-
treatment lining fibroblasts, 27 genes were upregulated in RA and 56 genes were
upregulated in Psfpadj < 0.05, log2FoldChange > Bigure60). Strikingly in pre
treatment lining fibroblastsnatrix Gla protein MGP) was upregulated in RA and bone
morphogenetic protethinding endothelial cell precursaerived regulatorBMPER was

upregulated in PsAvith the lowest padj valuggigure60).
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PsA (right) vs RA (left): Lining fibroblasts
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Figure 60 Differential gene expression pre-treatmentining fibroblastsin RA and PsA

(RA:n =4; PsA: n =4)
P values were corrected for multiple testing using the Benjamini and Hochberg method in
DESeq2 by defau(®270, 272)

PsA (right) vs RA (left): Lining fibroblasts
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Figure 61 Differential gene expression posttreatmentining fibroblastsin 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

DESeq2 by defau(®270, 272)

AlthoughMGP was upregulated in RA compared to PsA in-peatmentining

fibroblasts the trend towards increaseMGP in PsSA after intraarticular

methylprednisolone injection may account for the lack of difference seen between PsA and
RA in posttreatment sample&igure62). Similarly, althouglBMPERwas upregulated in

PsA compared to RA in pieeatmentining fibroblasts the reduction iBMPERIn PsA

after treatment may account for the lack of irdesease differences in petseatment
samplesKigure63). Overrepresentation analysising g:Profiler showed upregulated

gene pathways in prieeatment synovial tissue lining fibroblasts in PSA compared to RA

(Table13).
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Figure 62 Comparison of lining fibroblast MGBeneexpression across disease and

treatment status

**** denotes adjusted P value < 0.00(&nd ns denotes nestatistically significant by
DESeq2 analysis of pseudobulked d&aalues were corrected for multiple testing using

the Benjamini and Hochberg method in DESeq?2 by defaul, 272)
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Figure 63 Comparison of lining fibroblast BMPEgeneexpression across disease and

treatment status

**** denotes adjusted P value < 0.00&nd ns denotes nestatistically significant by
DESeg?2 analysis of pseudobulkedad®& values were corrected for multiple testing using

the Benjamini and Hochberg method in DESeq2 by defaut, 272)
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