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Abstract

Tissueengineeredskeletal mude can be designed angbtonized to serve :.a
platform fordisease modeling and drug testihgMtro modelssuchas thee carbeused
to explorebasic researcfuestionghat may be diftult to studyin vivo. To achievehis,
it is important trat the egineered skeletal mugcmimic its in vivo equivalentboth
phenotypically and functionally Our engineeredhuman skeletamuscle constructs
(myobundles) generate quantitative contractile forces in response to lectrical
stimuation. The 3D myobundlesrpvide a more realistiin vitro environment than that
experienced by cells cultured in 2D mdmgers

The overall goal of this work was to devel@p in vitro myobundle model of
rheumatoid arthritisRA), a chront inflammatorydisorer, to (1) characterizenuscle
function of RA paients (2) further our undestanding of the underlying disease
mechamsms, and(3) test potentihtherapeuticdhat can reduce muscle damage and loss
in RA. We first characterized myobundles made with céitsn the vastus laterab
muscle ofRA patientsand aged healthy donqgras well agrom the hamstring muscle of
young healthy donors as a benchmatkxt, we investigatedRA myobundlesensitivity
to pro-inflammatory cytokineexposure compared to aged &khy controls.Finally, we
evaluated the effedf pharmacologic agents danctioral recovery of RA myobundles.

Sumprisingly, in 3D culture,contractile force productioby RA myobundlesvas
greatercompared taged controlsin support of this findingassessment of RA myofilve

maturationshowed incgasedarea of sarcomerid-actinin expressiorovertime compare



to aged controls. Furthermore, dinear regression test indicatea positive correlation
bet ween s acticioprotemlevels abd tetans force productiorin RA and
controls Our findingssuggesthat medicions presdbed to RA patiats may mainaind
or even enhan@é muscle function, and this effect is retained and observed vitro
culture.

We demonstrate that RA myobundlesvere more sersitive to IFN-0 treatment
leading toredued contractile forceand reduced contractile proteievels compared to
aged healthy contral RNA sequencing (RNAseq)and gene seenrichmentanalysis
(GSEA) was performedo identify gene setsassociated with altered gene eagsion
Gene sets that were eiched in IFN-o-treated RA myobundle$ut not IFN-o-treated
controls involved genes upregulateth response to hypoxiand genesupregulated
during unfolded potein responseFrom the hypoxia gene sd®ml and MT-1 were
identified as potential thepeeutictargetsfor treating RA-asseiated musclalysfunction
Furthermore we showed that treatmentwith tofaciinib fully restorescontractile force
and contactile poteinlevelsin IFN-o-treatedRA mycdbundles

To ou knowledge, this represents ¢hfirst sudy to use tisse-engineered iman
muscle to taracterize muscleinction of RA patients Our in vitro RA myobundle model
enables us to model key varibles affecting the progression of RA asdrves as a
platform for pharmaceuticatesting allowing for ineffectivedrugs to be quickly

identified Sincee chronic inflammation and muscle loss play a role in adisases such



as osteoarthritis, sarcopenand cachexia in heart failure and canteis workserves as

a proofof-principle for modeling and treating inftanaion and fibrosis of muscle
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1. Introduction
Portions of thischapte were previouslypublished in the Journal ofissue

Engineering and Regenerative Medieiim 2021(Oliver et al, doi:10.1002/term.3266.

1.1 Background and Significance
1.1.2 Skeletal Muscle Structure and Function

Skeletal muscleomprisesapproximately 8% of total body wightand accounts
for 30-50% of whole-body protein turneer. In humans, skeletal muscie one @ the
most dynamic tissues of the hambodyand contibutes to naltiple bodly functions.
One of the primary functiors of skeledl musde is to cowert chemical energy into

mechaical enepgy to produceforce andmovement

1.1.2.1Skeletal M uscle Structur e

The archiectureof skdetal muscle is charaaized by a prticulararrangemenof
muscle fibers or myofibers, and associated connget tissue. Mwscle fibers are
multinucleated Satllite cells locatedbetween the saolemma andbasallamina,are the
adult stencells d skeletalmuscle Satellitecells contibute to muscle growthepair, and
regeneratior?.

An individual muscleis surrounded by layer of connectie tissuelayer caled
the epimysiurh Fibers wihin that muscleform bundles ad aresurrounded by layer of
connective #sue called the perimysiun?. A single fiber is surraunded by acell
membrane knowas the sarc@mma. Each fiber is estnated toconsst of thosands of

myofibrils and catan billions of myofilaments. When assemidd together



myofilamens form sarcomess, the basicontracile units of skeletal mude. The two
most abudant myofilamenproteinsare actin and myositMyosin is the maimmolecular
motor. The Z-disk of the sarcomereserves asan attachmentpoint for the actin

myofilamentandcortainsvariousproteirs including U-actinir?.

1.1.22 Contractile Force Production

Excitationcontraction (EC) coupling is ¢hcoordinaton of two processs
requiredfor force generation: thé&ransmission of the nerve stimulus to thetubule
followed by calcium releadeom the sarcdpsmic retculum and the interactiobetween
actin and myosirthat forms cros#ridgeg. First, the actio potential that arrives to the
muscle fiber membrane is conductedhe muscle cell interior via €T tubule sytem.
The nervousmpulsesignals to avoltagesersor subunit of thedihydropyidine receptos
on the Ttubuleto openallowing an influx of calcium?. This calcum current triggershe
opening of the ryanodineeceptors of the sarcoplasmic reticuluend large amounts of
calcium ae released into thearcoplasm The calciumreleased then bisdto the
regulatoryprotein trgoonin C on the actin thin myitament. A sequencef molecular
events aranitiated that displacethe tropomyom, thus exposing the active site of the
actin filament. The head of the mysin molecule is thenfree to bind with acti. ATP and
ATPas facilitate the detachment of myosin froactin and théormationof a nev cross
bridge. The final result of thisseriesof everts is the sliding of the actin and myosin
filamentgyeneratingorce.

In skdetal muscle, asingle action poénia produces asingle contraction, or

twitch force. Repeatedaction potentialsthat grow temporally closer together casise
2



muscle to engage in sustath contraction, gemating a ¢tanus forceSkeletalmusde
also demostrates a lengtkension curve in which force increasesas the muscle is
stretched untimyosin andacin fibers reach optimal overlapt this point, tle muscle is
producing its peak forceStretching the muscle beyrthis pointleads toa decline in

force as the overlap of ntractilefibers is no longr optimaF.

1.1.3 Rheumatoid Arthritis

Rheumatoid arthritis (RA) ia chronic inflammatory diseaghat primarily targets
the jointd. Autoreative immune cells affdcarticula joints and tisses, including
skeletal muscle, and inflammatiaf the synovial membrane damages theilege®.
Patents with RA experience dinished physical function, limited mobility, chronic pain,
and incrasedmortality®. These issues are highlighted by the profound disglrates
among RA patients 40% at 510 years postliagnosié. Loss of muscle mass agll as
fat accunulation within muscletissue ocar at increased ates in RA; and, both are
associated with reduced hgal function and increased diglity, especially in womeh
10 Muscle weakness contritagt todisability in RA patientd®!4, yet the melsanismsby
whichthis ocurs are nbwell understood

Prior to clinicd symptoms of RA, environmeait and genetic factors facilitate
repeated activation of the innate immeuystem, leadig to inflammation in te synovia
tissue involvingmonocytes cytokines, and other immune cétlsin RA, CD14'CD16
monocytes are elevated in synovial fluid and their lleae associateavith decreasd
respomsiveness @ therapies®. Chronic activabn of macrophages and-cells resits in

the accumulation ofnimune complexes and matrix metalloproteinases, generated by

3



immune cellsand synovial fitroblasts, that damagde cartilage, tendon, and dne,
producing clinical symptom& TNF-U a n deukins,it-¢ b  a r6dare [kdy drivers
of disease pathogene¥js and are aided by #13, IL-15, IL-17, IL-18, TGFb ,
granulocyte macrophage colostimulaing factor (GM-CSF), and IFNo'>!8 The
elevatedpro-inflammatorycytokine leveld§oundin RA paientspromde oxidative $ress

and infammationandareassociated with increaseiseaseseverity®.

1.13.1Muscle Loss and Dysfunction

While RA originates inte joint synoviumthe systemic inflammatory respse
affects skelwal muscle the largest tissue in the badyoss of muscle mass and strength
paralleledby increased fat mass known as lheumabid cachexia Rheumatoid cachexia
may affect up tdwo-thirds of allRA patient$®. The avergeloss of faifree massamory
patientswith RA is 1315% and is associatedwith greaterdisability in RAC. The
pathogenesis of rheumatoid cacheki@olves a nmber of factorsincluding protein
metabolism physical activity levelsand pro-inflammatory cyokines (e.g, TNF-U, IL-
1 PIL-6, IFN-2)?°, and is driverprimarily by cataboic processes. Compared tchealthy
subjects RA patients have increased rates of wHmbely protein breakdowrwhich is
directly assaiated with TNF-Uproductionby peripteral bloodmononuclear celfg.

Pro-inflammaory cytdkines result in reducg myocyte protein synthesis and
increasegrotein degradatigrandin addition to physicahacivity, may promote musle
loss and disability ipatientswith RA%3, Huffman et al. has repded that patients with
RA have 75% greater muscle concentrations of6llprotein compared tchealthy

control$3. Additionally, in patients with RAmuscle concentrations of inflammatory
4



markers were positively associateith disease activity (11 b , -8),Idikability (IL.-1 b ,
IL-6), pain (I-1 b, -0, Mrie physical inactivity (IL1 b , -6)?f. Gene setvolvedin
skeletal muscle repair processes were promiaembing thosdhat wee differentially

expresseth RA muscle compared to cwals?.

1.13.2 Therapeutic Strategies

A wide variety of pharmacologic agents are available treat RA, but
management is often complicated by insufficiesprnses and drugsicity. Currently,
medicdions used to treaRA are glucocorticoidsnonsteroidal aniinflammatory drugs
(NSAIDs), diseasemodifying antirheumatic drugs (DMARDS), and lmglcal therapies.
Glucocorticoids and NSAIDs are pl@minantly usd to control pain ad inflammation
andto alleviatestiffness due to RADMARDSs, primaily methotrexateare admirstered
as firstline medication foipatients newly diagnosed withAR other DMARDSs include
hydroxycHoroquine, leflunomideand sulfasalazie?®. Leflunomide maybe used as an
alternative to methotrexate however gastrointestinal effsciare more comman
Conbination therapy with mitiple DMARDSs is more effective than monotheragput
adverseeffects may be greatérIf RA is notwell controlled by DMARD treatment, then
biological therapyis initiated.Biological therapies are used to target amabit specific
moleculesof the immune and inflammatory responS§aich therapies include TNF
inhibitors €.g, etanercept, infliximab,and adalimumal, recanbinantIL-1 inhibitors
(e.g., anakinrg, antiIL -6 receptorinhibitors (e.g, tocilizumab), and JAK inhibitorse(g,

tofacitinib)?®. If TNF inhibitors arenot effective, additionabiological therapies are



consdered However simultaneousise of more than oniologic is not recommended

due toa high rée o adverse effects.

1.1.33 Animal M odels

Several animal models of RAave beerdeveloped In such modelsindudion
occurs via mechanisms different from those occurring in hurf@iis Each model
features a different mechamisdriving the dseaseexpressionThe most commoim vivo
models used for the study of RA include those related gathetic, immunological,
hormonal,andenvironmentalnteractionsTheideal afmmal model for RA should closely
resemble the complex pathogenesis and symptoms underlyindistba&se including
chronic inflammatory infiltrates, destructivarthro@thy, bone erosion, and articular
cartilage degradatiéh

Of the variaus animal mode]scollagerinduced arthritiCIA) is considered the
gold standardn vivo modd, as it is the most similar to RA in terms mdthogenesis and
clinical characteristicsCIA is inducedusing type Il collagen and adjuvantand
theragutic canpounds can be assesseloth intra-articularly and systemicaHy.
Compared to healthy control§IA mice hae showndecrease endurance exercise
performance total time, grip strength, free locomotion, and tibialis anterior gjaestnaus
muscle weighf. Sarcoplasmic ratios and myofiber diameter were also reduced in CIA,
confirming the atrophy of skeletal muscle mass and presence of clinical symptoms of
rheumatoid cachexia in CIA comparedth@ corrol group®. Oyenihi et al. investigated
muscle structure and redox indicators across various muscles using the CIA model with

female Spragu®awley ratd’. The gastrocnemiusextensor digitorum longu$EDL),
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soleus vastus lgeralis muscles al showel deterioration indicative ofrheumatoid
cachexid’.

The CIA model however, doegome with limitations For examplealthough
patients with RA may respond well tdSAIDs or methotrexateCIA is only weakly
responsiveo these gatment€. Furthermae, & with nost models of disease tlds a
need for unifomity in which disease severity is assesaad presentetb provide cleayr
reproducible and directly comparable resultg’. Variable incidence severity and
intergroup inconsistency howeve, are generally recognized as featudsthe CIA
modef’. These limitations can be attributed to the modefs high sersitivity to

environmentmaintenanceonditions and stress in the anats’.

1.1.4 Inflammation in Skeletal Muscle

Skeletal muscle stem g, or stellite cells,become activatedh response to
injury and proiferate and differetiate into myotube¥. These cells arlocalizedbeneath
the basal lamina im quiesence state and express PaWhen they ag activated and
differentiated into myoblasttheyexpress MyoD and myogan{MyoG).

After muscle injury, the acute inflammatory response begins with infiltration of
neutrophils This is followed by an infiration of M1 macophageswhich producepro-
inflammatay cytokines includingTNF-U IL-1b, and IFN9°%%2 The presence of the
cytokines inprimary myoblastultureincreasesell proliferatiort®. Furthernore, skeleal
muscleproduceshe pleotropic myokineIL-6, regulating the function ammune cells
after tissue injury?. This initial inflammatory process followed by theexpansion of M2

macrophaggswhich participate in tissue repair and satellite déflerentiatiort’. The
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antrinflammatay cytokines produed by M2 macrophagesuch aslL-4 and IL-10,
improve myoblat differentation in vitro and increaseMyoG expressionwhich is

necessary for satellite caifferentiatiors®.

1.1.4.1Chronic Infl ammation

While the acute inflammatory sponse aids in poper skeletal muscle
regereration unregulated or chronic inflammatiprobserved inskeletal muscle of
idiopathic inflammatory myopathies dystrophies aging andobesity,is associated with
impaired function of satellite cells, fibrosis accumulation, and poor sketetesiclerepair
and functio™,

In conditions vhere chraic inflammation is observed in musgcléhe balace
between MIpro-inflammatoryand M2ani-inflammatory macrophagehenotypes is lost
In vitro studies show thaincreaed levels of pranflammatory cytokinege.g., TNF-U
IL-1b, and IFN0) due to ML macrophag@veracivation mitigates orpreventsmyoblast
proliferatior’’. Moreove; a chronic increase in IFN and class Il major
histocompatibilitycomplextransctivator levelsrepress gene expression related to late
stages of satellite cell differentiatidn The heightenedlevels of M2 macrophages
account forextracellular matrixaccumulationand fibrosis in the skeletal muscilghich

impairs satellite cell funcor®’. Together, the increase M1 and M2 macrophages

compromise skeletal muscleegeneration

1.1.42 Contractile Dysfunction
Skeletal muscle proteinshdergoa constant yet balancemocess ofsynthesisand

degradationin a dronic inflammatory statehis balancen proteinturnoveris disrupted
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and the rate of proteimlegradationexceedsthat of synthesis resulting in muscle
atrophy**. In many muscle wasting diseaséncluding sarcopeniand cancer achexia
atrophy is diven byanincreasedate of proteirdegradatiorvia the ubiquitinproteasome
and autophagy®’.

Chronic elevation of NF-U associated with muscle wasting and loss ofateus
functior’®3®, TNF-U is remarlably elevated in RA serurfil7.9 pg/mL) compared to
healthy controlg5.5 pg/mL)*. TNF-U e n h a n o easabolisrfiodeceeases muscle
contractile force, and leads to increased production of mdseieed oxidant®*3 TNF
U suppresses MyoD gene and protein expression in mydBi&sthereby inhibiting
musclecell fusion anddifferentiation into mature fibers. TNB may decrkcease t
of matue fibers by altering Ga release fom the sarcoplasmic reticuldfn Although
predomnantly generated by immune cells in response to antigenic challengesncer,
TNFFU is produced by maeetalmusi®.l types, includ

Furthermore, TNFJ  a n d9, WhEnNgiven togther, reduce expressin of
myosin heavy chain in C2C12 mouderived myoblastssia NFa B ndaJAK/STAT
signaling pathways and activate Atroginl and MuR®&®b ubiquitin ligases and atrophy
related gernginvolved in ubiquitination and proteolysis of musgi®teirs®®. In C2C12
myocytes, TNFUinduced activation of Nfe Binhibited differentiation by suppressing
MyoD mRNA®. In differentiated myotubes, TNB p | us d iFdNn anedessayy wa s
for NF-kBi dependent downegulation of MyoD andskdetd myofiber dysfunctiort®.
MyoD mRNA was also dwnregulated by TNE) ane leFxNor essi osole i n mo

in viva®.



IL-6 has been associated with poor muscle strength iroem olesity*.
Elevated levels of 16 are often associated witha atabolic sate in skeletalmuscle
generallyin the presnce of complex conditions su@s sarcopenia or cacheXi&’
However,in hedthy rats IL-6 candirectly induce skeletalmuscle atophy charaterized

by a loss of myobrillar proteirr°.

1.1.5 Microphysiological Systems

The drig dscovery and development pip®di is a costly andhefficient praces
involving bast research, preclinicaand clnicd trials with humans, and regulaty
approval by te FDA. The aerage costto bring a ew drugto market isestimded to be
approximately $1.8 billion, ovea 10to 15year periog andis quickly rising®®% A drug
in phase 1clinical trials has nly a10.4% chancef reaching FDAapprovat andin phase
3 clinicd trials, only 50% of dugs are ulmately approved®. Becauseof its canplexity,
drug discovenand development iwidely recogiized as onef the most financially risky
endeaves in sciencenda maor challenge fothe biomedtal industry?. If the high rate
of latestage attrition cold be reduced bywsing improed preclinicalmethods, the
average cost per nedrug could bedramaically reduced, sstaining connhued drug
innovation.

Human organoidsand human micropysiological systems (MPS) or organs
ona-chipd arethreedimensional ssueengineered anstructsdesgned to replkate key
functional aspects of orga and serve @anin vitro platformfor testing dug safety and
efficacy®>*® The purposef these sytens is to provide bettein vitro models by more

closely resmbling thein vivo physiolodcal environment, asompared tostandad in
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vitro cell cukures grown irtwo-dimensiaal cultures thus improving the quality ofpre-

clinical datd’. Whereastwo-dimensionalcell cultures generally feaire a singt cel

type cultured m monolayer ona polystyrene surfacethreedimensonal MPS offe

organlike strucures withcell-cell and @l-ECM interactions andften, morethan one
cell typeis incorporatedOrgans curretty being moetled for drug tsting usimg three

dimensional MPSfunctional wits include skeletal musle’®®® vasulature®, livert?,

kidney??, and braif®. MPS offer tissuelevel functional mesures whid can indicate
tisste health.Moreove, MPS provide amore complex system, compared t@wo-

dimensionain vitro culture systems, texaminedrug effects while maintaing atightly

regulate system.

Additionally, MPS developd usinghuman cells ffer sevedal advantageoverin
vivo pre-clinical animal modelsRodents and other species da poovide an entely
accuratemodel of huma physology and functionWhile scding relationshps between
species mvides usefulinformation b predict safty and eficacy in lumans, tk levels
of expression and actity of vital liver enzymes and reh&ransporters iffer between
humans and roents$°. For examplemice exhibit different transcriptioal responseto
inflammatory diseases compad © human®, and immunologial sgnaling pathvay
discre@ncies are msent®™. Functonal differences between species can lead to
unexpectd dug sice effecs during clini@l trials.

MPS are also udal for diseae modelirg in spedfic organs,and due taheir
functional capcity, offer many advantages oveatisease modelgin two-dimensimal

culture. MPS are particularly useful fomoceling rae diseses inwhich the patiert
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populationis limited andthus, the ptential for clinical trials islow. Diseases, including
Hutchinsm-Gilford Progeria Syndronieé and Pompe disea8¢ have beenmodded
using MPSmack from patent-derivedcels. Diseasenodels can alste deeloped by
inducing a disasestate in healthy engineeredsue Models seh as this are usefibr
studying disease progression.

Skeleal musde comprise approxmately 40% ofthe o d y étad mas and is
responsibldor movemet ard force generatin inthe human bod?. As aresult d its
derse vascular etwork, skeletal muscle is als@xposeal to drugs in the bloodstam®®.
Skeletal muscle is key organ to model using MPS in which imgantaspects oin vivo

muscle functn arerecapiulatedin vitro.

1.15.1 Tissue-Engineered Skel etal M uscle

Tissueengineeredskeletal muscle can be designed and optimized to seree a
platform fordisease modieg and drug testingn \itro modelssuchas hese carbeused
to explorebasic resaah questionghat may be diftult to studyin vivo. To achievehis,
it is important that the engineered skeletal muscle mimgin vivo equivalentboth
phenotypicdly and functionally

Our engineered human skelet muscle constructs(myobundles) geneate
quantitative contractile forces in response to lectrical stimiation®®’™® The 3D
myobundlesoffer several advantages ovemimal models We can monitorchanges in
key functions oer time, including contractile force production and oxygen consumption,
and media sampgecan be used to identify biamkers.The simplefabrication method of

myobundles allow for easy reproducility in other scientific labor@ries and tte small
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scale of this system enables higher throughput at a lower cost compared to animal
models. The D myobundles pvide a more realistiin vitro environment than that
experienced by cll cultured in 2D morlayers on a polystyrene surfadeelative b 2D
culture, themyobundles better replicate physiological muscle tissue structure providing
importantfactors fordifferentiation, such as increasedlaensity>’2 uniaxial tension
for cell alignmet’, and tissue stiffness

Other celltypes andcomponents of thenmune responséncluding macrophages
and cytokines, can be ioaporated inour in vitro system This createsa morecomplex
system with greater applicatiors, allowing for in-degh investgation into disease
pathology and drug responsehile maintaininga tightly regulatedsystem Disease
affected by chronic inflammation and muscle losacluding rheumatoid arthritis,
ogeoarthritis, sarcop@a, and cachexi@ould benefit from @& in vitro human tissue

model®.

1.1.5.11 Primary Cells

Various sourcesof myogenic cel ae used tofabricae ergineered skeletal
muscle including rodent cell lines rodent primary cells, human primary cells, and
induced plugpotent stem cells (iPSCS) To mostaccuratelyrecagtulate thefunction of
native humanskeletl muscletissue andhe diseasephenotypeof rheumatoidarthritis,
humanprimary cellswere selected as tlell saurcein this work

Primary cells arebtainedirom explantedskeldal muscle tissue of the dondie
myogenic progenitor cellsor satellie cells, are isolagéd by freeing themfrom the

surrounding extrecellular matrix and mude fibers via medanical and enzymatic
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disruptiorl’. Alternaively, the muscle tissa canbe diss&ted plated and cultured until
myogenic cells begin tgroliferae’®. Using eitter of these methodsfibroblasts, red
blood cells,adipocytes and debris willlikely be preserif. A pre-plate method can be
used toenrich isolationdor satellite cellsFor the preplate method the cell suspetisn
or explantedissue isplatedfor a short periogllowing morequickly-adrering cell types
such as fibroblasts to adherethe suface before removing the cell suspension amé-
platng on the intended diure substraté. Alternatively, cel sorting via flow cytometry
can be used tmentify and retain cellsvith specific combinations of cell mark&$§* or
with satellite cellike morphologie®83

The isolated cells can be cultdrand expandedn in vitro culture satellite cells
do not remain quiescent, but rather entdhe cell cycle as pliferative muscle
precursor¥’. As the cel$ approachtheir limit in popuhtion doublings, they become
senescenmandtheir capacityto differentiateis eventuallylost. Expansionof primary cells
is limited; however compared to genetaly alteredimmortalized cellines, primary lls
better retai a physblogical phenotypeproviding a more accuratemodel of in vivo
function.

As mentionedin addtion to primary myogenic cellgheisolatel cell population
containsfibroblasts The fraction of fibroblaste€an bereducedusinga preplate process
Howe\er, a cell populatiorcomprisedof myogenic cells with some fibblasts isideal
when forming engineered dkéal muscle Fibroblastsdeposit type IV collagerand
laminin, two maincomporentsof thebasallaminastructure and areessentiafor forming
a continuousbasal lamina structure surrounding differentiating filpe<®. The basal
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lamina contibutes to muscle structureand strength in vivo and is important for
myogenesis andell signalind®. In fibrin-basedengneeredskdetal muscle,a fibroblast
dense exterioforms thatis similar to the connective tissue layiiat surroundsative
muscle tissu¥. Additionally, fibroblasts are iwolved in fibrin degradan and gel
compadin overtime and contributdo the passive forces within the engineenedscle

structuré®

1.1.51.2 Extracellular M atrix

The formation of engineerezkeld¢al musclemost conmonly involves a scaffold
such asa hydrogel structure A scaffold provides mechantal supportenhancing the
structural integrity of the engeerel tissue.A scafold also provides a 3[@nvironment
for cell differentiation tooccur Furthermore,a scaffoldoffers a tunable engineered
muscle systemas itallowscontrol over thematrix dimensions and physicpfoperties

Fibrin, cdlagen, and Matrigel are purifiedatural biopolymers derived &m
tissuesand used tdabricate hydrogebasedengineeredmusclé®® The components
provide cells with a matrix composition th@senbles that ohative ECM andpromotes
cellular growth.

Matrigel is made upof structural proteins producedby mouse sarcoma lte
Matrigel contains cell adhesion ligands to whitlyoblasts can attachllowing the cells
to differeniate within the matrix®3, However, Matrigel compositionis not clearly
described causinguncertaintyas to how different Matrigel lots mayaffect engineered
muscle functionMoreover Matrigel cannot le usedin humars as i contains xenogenic

componergthatupon implantatiorwould elicit an unwanted ifmune response
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As anin vitro hydroge scaffold, Matrigel is often combined with collagen or
fibrin. Engineered muscl&abricatedusing collagenMatrigel, however,can orly sustain
low numbers of cedl as theytend to compact quickland ruptur®’. On the contrary
engineered skeletal musateade usindibrin-based gelbas a widerangeof capabilities.
Fibrin-based gels are fmed when thrombin cleaes fibrinoga resulting in highly
bioactivepolymeric fibrin networksSuchnetworks contia the cell adhesion motif BD
which promotes cell sachment Within the fibrinbasel matrix, cells are able to
proliferate selforganize and produe their own ECM. Furthernore, te cleavage
products produced when fibrinogéransitiors to fibrin serveas mitogens, regulating
proliferaion of surrounding celf¥.

As the myodfibers mature, theyemodel the fibrin matrix,gradually degrading
much of theoriginal matrix andreplaéng it with their own ECM?®. Unlike myobundles
preparel using collageMatrigel, myobundles made using fibrimased gels are able to
last up to Sweeksin culture witoutdeterioraing or ruptuing®. This effectmay bedue
to the inceased ECM produced in fibrimased gels resulting in improved mechanical
strengh; or, fibrin may be more compéint than collagenenabling the matrix tdetter

withstandforces generated bgpontaneous myfiber contractios®,

1.1.51.3 Force Productio n

For both regenerative and drug screening purgosentractile force production is
a key functional baracteistic of in vivo skeletalmuscle tissue thahust berecapitulated
in vitro. Engineered muscle is capable of replicating the #angth curveand pralucing

twitch andtetanusforces; however the twitch to tetanus ratipcontractilekinetics and
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specific force genation aremorealignedwith embryonic and neonatal muscle vas”’.
To date, he highest specific force reported fohuman agineered muscles 19.3
mN/mm?, which is significantly lower tharthoseof native human sketal muscle(150-
250 mN/mm?)%. To overcomelimitations of in vitro culture, brmulation and culture
condifons d the engineered musclean be altered and optired to further increase
muscle hygrtrophy and comactile function For example, igen thelack of a vascular
system o provide oxygen anchutrients directly to the cellslynamic culture conditions
can be used tenhance diffusionandtransport to thenuscleinterior. Dynamic culture
conditions in whichmyobundles are rocked dag culturepreventsthe development o
necrdic core within the muscleby improving masstransport of oxygen andutriens
within the muscle environmetit Myofibers in dynamicallyculturedengineerednuscle
incresedin diameterand the myobundles themsek produced -G fold higher forces
compared tothose cultued in stait conditions®. To generate more developmentally
mature,higher functioning egineeredmuscle additional alterationsmay involve the use
of electical and mechanical stimulation, functional innervation, smallemdes, and

biochemicalsignaling’”.

1.1.514 Future Developments

For tissueergineered skeletal muscle to become moreelyidised there are
several factorghat must beconsidered Currently, batckho-batch variabity in serum,
fibrinogen, and Matrigel causdunctional differences within the engineered muscle
complicding reprodeibility. A shift tovards serumfree culture conditionsising the

serumfree  supplement N2 in our differentiation media helped increase
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reprodwibility 1°°1%1  Furthemore, advanes in basal mediaformula ae needed o
provide more physiologically relevant ldsef saccharidesnetabolites, and hormortés
The use of synthetic or@combinant extracellular matricés also essentialto improve
reproducibility and toxcity studies andto enable clinical translation of cell and
engineered tissue therapt’.

Moreovwer, ergineged muscle iscommonly generatefrom cultures containing
musck and some fraain offibroblasts. However, native muscle is composechaitiple
cell typesnecessary for complete muscle development and funclions, generating
more biomimetic engineeredmuscle requires incorporating motorneurons sensory
neuron vascular, immune, and othempporting celtypes”’.

For drug screening pugses, therés a need for thelevelopmenif more high
throughput systems with better culture conditions to improve tisstigration and more
accuratyy assay rntochondria toxicityd the most common factor of drug taoity in
musclé€’. Furthernore, theability to generat and couple togaer multiple tissue organs
will allow for the studyof organorgan crosstalk in aghtly regulatedenvironmentSuch
multi-organ or humaton-a-chip s/stems will provide m physiobgically relevant

drugs screensgpable of identifyng drug toxicity acros multiple tissue orgafs
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1.2 Specific Aims and Hypotheses

The overall goal of this work was to devel@n in vitro myobundle model of
rheumatoid arthritis RA) to characterize muscle function of Rpatients further our
understandirg of the underlying disease mechiams, andtest potentl therapeuticghat
can reduce muscle damage and loss in Rfis work was divided into threepgcfic
aims. The threespecificaimsandtheir associatd hypothegsare outlinedbelow.

Speific aim 1: Characterize myobundles madewith cells from RA patients,
aged healthy donors, and young healthy donors as a benchmark We hypothesize
that myobundles derived from RA patiemt®uld exhibit differences m structural and
functional hallmarks bnative skeletaimuscle, including percentage of striated myofibers
and contractile force production, compared to myobundles derived from healthy control
donors.

Specific aim 2: RA myobundle response to prenflammatory cytokines We
hypothesizel thatcompared to agednatchedhealthy controlsRA myoburdleswould be
more senitive O treatment with preinflammdory cytokines leading to redued
contractile force, reduced contractile proteitevels, and errichment of gene sts
associaté withimmune reponseandinflammation.

Specific aim 3: Evaluate the effect of pharmacologc agerts on functional
recovery of RA myobundles We hypothesized thaRA myobundles with cytokine
induced contractile dysfunctiomould respond to treatment withhprmacologic agents
and show restored comactile force restored contractile protein levels and

downreguation of preinflammatory markers associated with RA pathology.
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2. Characterize Myobundles Made with Cells from RA
Patients, Aged Healthy Donors, and Young Healthy
Donors as a Benchmark

2.1 Introduction

Rheumatad arthritis (RA) is a chronic inflammataoy diseasein which
autoreactiveimmunecells affed articular jonts ard tissue$ and inflammatn of the
synovial membrane damageshe cartilageand bowm®. Patients with RA experience
diminished physidafunction, limited mability, chronic pain, and inease mortaiity®.
Furthermoe, nuscle weakness ctibutes to disabity in RA patient$™#, Loss of
musclemassand fat accumulatio within muscle tissu@caur at ncreasedratesin RA;
and both ae assodted with redued physcal function and increased disaliy,
especially in wanen°. A wide variety of pharmacolgic agents arevailable totreat
RA, but manageméris often comgicated by insifficient response ard drug toxicit/*%2
These issuesa highlighted bythe profound disability rees among RAvatient® 40% at
5-10 yearspostdiagnosi® despite arly ard active therapy withdisease matying
antirheumatic drug(DMARDSs) and othepharmacologic ages’.

Prior to clinical symptoms ofRA, envirmmental and genetifactors &cilitate
repeated astation of the innate immue system, leding to inflammation in thesynovial
tissue involing circulaing autoantibodiesnfiltration of monocytes macrophges,and
otherimmune cells,andincreased concgratiors andtypes of inflammatory cytokines?®.
In RA, CD14'CD16" monocyes are eleated in synovial flud and their levels are
assoated wth decresed resmnsiveness to thapies®. Chronic actvation of

macrophages andi-cells resuls in the acumulation of inmure complexes and mak
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metallgoroteinases, generatéy immune cells and synovidibroblasts, tlat danagethe
cartilage tendon, and bne, producing dtiical sympoms'®,

Reduced muscléunction contributesd RA disablity ®'*'4 but due to a &ck of
accuratein vitro RA models, undrlying mechaniss are not el understoodWe have
enghneered electrically responsive, cdractilie human skéetal nmuscle @nstructs
(myobundles§® that we use to examinethe impact of RA on msde function. In this
study, we inestigaéd he stucture and functin of myobundis fabricated wh primary
skeletal muscle cells deged from young and agd healthy donorand RA paents.We
hypothesze hat myobundds derivedrom RA patients exlit differences n structura
and funcional hallmarks of native skeletalmuscle, inclding percentageof striated
myofibers and contradé force production, ompared to myobunes derivedfrom
healtty control donors.To ou knowledg, this represents ehfirst study to use tissue

engineered aiman mcleto characterize musclieinction of RA patients

2.2 Materials and Methods
2.2.1 Selection of RA Donors and Agedvatched Controls

This gudy complied wih the Helsinki Declaration and was approved by th&k®u
University Institutional Review Boardndividuals wih RA andagematded controls,
ages 585, wee selected within Durham, N@Che RAgroy met the folbwing criteria:
(1) RA diagnosis meeting Anrean College of Rheumatology 2010 critefi3 (2)
seropositive (posive rheumatoid fetor or anticitrullinated potein antibody) or erosions
typical of RA on radiograpls; (3) prednisone use of less thanequalto 5 mg per day;

and (4) nopharmacologic therapy Wi corticosteroids within the three weeks prior to
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study erollment. Diseaseactivity, asgessed by the dease activity score in 28 joints
(DAS28), was deterrmed using a patientompleted visual analogcale (VAS),
physiciandetermined numbers of tendeand swollen joints, and erythrocyte
sedimentation rate (ESR. Healthy participants, without aiagnosis of RA, wre
matched to invidual partigpants with RAby gender and age within 3 yeaExclusions
included the following: (1) current use of ticlopide, dopidogrel, dipyridamole,
warfarin, heparin, goxaparin and other blood thinners; (2) current use of biolagents
exceptthose targetig TNF-U (3) other inflammatory arthropathy or myopatRaget's
diseae, pigmented villonodular synovitis, jbirinfection, ochronosis, neuropathic
arthropathy, steochondromatosis, acromegaly, hemochromatosis, Wilson'sasi#is
ostenecross, or knee refacement within the last three montlt§d) diagnosis of active
malignancy, congestive heart failure, diabetesliites or chronic obstructive pulmonary
diseaseard (5) coronary stents @any other medical condition for wticspirincannot
be temporarily withheld For additional comparison,ksletal muscle biopsies were

obtainedfrom young healthy donors, all le#san18 years of age.

2.2.2 Human Myoblast Culture

Human skeletal muscle cells were isolassreviously desdbed®’© Myoblasts
were cultured in humargrowth media (hGM) containing log | uc os e (LG,;
glucose) DMEM (Gibco) supplemented with 8% fetal bovine serum (Hyclone), 0.4
pg/mL Dexamethasone (Sigma), 10 ng/mL EGF (VWR), 50 ug/mL Fetuin (Sighidh
Gentamycin (1x) (Gibco),0.1% Amphotericin B 1x) (Gibco). After the myoblasts

reached approximatelB80% confluence, the cells were enzymatically removed from the
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flask using 0.025% trypsiBDTA and either reolated in 24well plateswith hGM for 2D

studies or used togenerat threedimensional myobuodles.

2.2.3 Cell Senescence

Cells were plated at9,000 cells/well in 24vell platesand cultured in hGM
Cells were then fixed -2 days posplating upon reaching 66% confluency.The
senescenc®-Galactosidase Staining Kit (Cell Signaling Technologies, Danvers, MA)
was used according to the manufaceir 6 s pr ot oc ol t o The stan n
was imaged on a Nikon Eclipse TE2000microscope at 10x magnification using the
NIS Elementsoftware and analyzed using ImagEde percentage of senescent cells was
calculated as the total numbef cells that contained the bluUggalactosidase stain

divided by the total number of cells in the field of view.

2.2.4 Myoblast Purity

Cells were phted at 19,000 cells/well in 24ell platesand cultured in hGM
Upon reaching ~80% confluencthe cells were fixedn 4% paraformaldehyde for
2 0 utesand then washed three times with DPE=®Ils were blocked in 10% goat
serum with 3% BSA and 0.2%iion-X in DPBS for one hour at 37°@Cells were then
incubated with primary antibodies, desmin (Abcaai15200,1:250) and vimentin
(Abcam,ab8978,1:250), in blocking solution overnight at 4°Cells were then washed
with DPBS three times and incubatedh corresponding fluorescently labeled secondary
antibodies Ipivitrogen A11010, A1102971:200) and Hoedd 33342 (InvitrogenH3570,
1:1000) at room temperature for 1 hour protected from Igamples were washed three

times with DPBS and imaged on Mikon Eclipse TE2008U microscope at 10x
23
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magnification using the NIS Elements software and analyzed using Infageéach
image myoblast purity was calculated as the total numberimintin+ cells subtracted

from thetotal number otellsdivided by tle totalnumber ofcells.

2.2.5 Population Doubling Time

Cells were plated at 19,000 cells/well in-&&ll plates andcultured in hGM.
Cells were imaged at 4, 24, 48, 72, and 96 hours on a Nikon Eclipse TER0OOO
microscope at 10x magnification using thé&SNElemems software and analyzed using
ImageJ.The log of percent growth over time was plotted and using the slope of the line
of best fit, population doubling timéts) was calculated by the following formult: =

In(2)/(slope*2.303).

2.2.6 Human TissueZngineered Skeletal Muscle Bundle (Myobundle)
Culture

The myobundle assembly procedure was used as previously de¥ciibed
Briefly, myoblasts encapsulated in a fibrin/Matrigel matrix were seeded oyloa
(Cerex Advanced Fabricglame. The matrix was fabricated by mixing a cell solution
(per bundtel | §.Bnl Ai02 el onfe d5 iINOAMMBSAt hr o mk
in PBS) adl anicecol d gel |l i ng saqllult icoLn , afdltQr iedLe | onfe d i
20 mg/ mL f i br i n ongpgpetting tme mDtht& ik a custamiade Eflon
mold placed between the beamsad@erexframe The myobundlesvere polymerizedin
t he mold and t o utdesdnd then werercalturédarr hGId Gontamihdp
mg/mL 6-aminocaproic acid (ACA) on @rc k er ( 0. 3 n thy 4, tharmedi8 7 AC .

was switched to differentiation media (hDM) consisting of ABBIEM supplemented
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with 2% adult horse serum (Hyclone), 0.1% gentamycin (1x), 0.1% amphotericin B (1x),
10 nM insulin (Si gmyobundes were2iffenegtiatedlfor upfto A CA.

10 daysMedia was changed every other day.

2.2.7 Contractile Function and Kinetics Measurements

Myobundles were stretched to 115% of normal length prior to electrical
stimulation.Engineered muscle ag stimulatedat 1 Hertz for 2 seondsto obtaintwitch
force (single pulse)at 20 Hertz for 2 £condgo obtain tetanus force, arad 20 Hertz br
30 seconds to obtain fatigue forasing a custormade force measurement setup as
previously describefl. Peak twitch and tetanus force, petciatigue and twitch kinetics
(time to peak twitch and haftlaxation time) were calculated using a Matlab script.
Twitch and tednusforces were calculated as the difference between the highest measured
force after stimulation and the baseline passoreef prior to stimulationFatigue was
calculated as the difference between the peak force and force after 30 secondseof fatigu
divided by the difference between the peak force and the baseline Tariteh time to
max was determined as the érbetween onset of elecai stimulation and peak force.
Twitch halfrelaxation time was calculated as the time between peak forcestamdto

onehalf of the difference between the peak force and the baseline force.

2.2.8 Immunofluorescence Staining of Myobundles

Samples wre prepared and immunostaining performed as previously destdibed
Briefly, myobundles were fixed using 2% PFA overnight at 4°C and tirsedthree
times with DPBScontainingcalcium and magnesiunMyobundles were embedded in

OCT compound, flash feenin liquid nitrogen, and sectioned on a cryotome (Leica
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CM3050, 10 pum thicknessMyobundle sections were permeabilized with 0.1% Triton X
for 30 minutes at room temperature and washed 2 times for rutes in PBS.
Myobundle sections were incubated hiocking buffer for at least 2 hours at 4 °C.
Myobundl es were incubated wit h-adiningSARr i mar y
(Abcam,ab365, 1:200) and myogenin (Myo¥5(Abcam ab124800,1:200) in bocking
buffer for 24 hours at 4°C. After the primary antibody incubation, myobundles were
rinsed hree times with blocking buffer and incubated with corresponding fluorescently
labeled goat amiinouse &ad goat antrabbit secondary antibodiegyitrogen A11029,
A21070,1:250) and Hoechst 33342 (Invitroge#3570,1:1000) in blocking buffer for 2
hours at room temperaturdhe sections were then rinsed three times in PBS and
mounted under a coxgip usng FluoromoumnG. Samples werémaged at 20xand 40x
magnification using a Zeiss LSM 510 inverted confocal microscopmages of

myobundlecrosssedions and longitudinal sectiongere quantifiedusinglmageJ.

2.2.9 Western Blotting

Myobundle pro¢in wasisolated in RIPA lysis and extraction buffeith protease
and phosphataseinhibitor cocktail (Thermo Scientific). Protein concentration was
determned using Precision Red assay (Cytoskeleton, Inc., Denver, CO) accordimg to
manuf act wdians. Western blos was pErmed using BieRad 4i 15% Mini-
PROTEANproteingels (Bio-Rad, Hercules, CA)he following primary antibodies were
used fordetection: GAPDH (SCBT, sc¢47724 1:500), myosin heavy chainM{YH)
(DSHB, AB 2147781 1:200), SAA (Abam, ab945, 1:1000), and myosin light chain

(MYL) (SCBT, s¢365243 1:1000). HRP conjugated amtiouse antibody (1:2000) was
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purchased from Invitroge626520) Chemiluminescence was performed using Clarity
Western ECL substrate (Biead 170504). Imageswere aquired using a BidRad

ChemiDoc imaging system and analyzed usmggeJ.

2.2.10 Cytokine Arrays

Media was sampled on days 1, 3, and 7 of mydleudifferentiation for RA and
control myobundlesCytokine arrays were conducted using a ProcartaRisy shrough
the Duke Immune Profiling Core to detect key cytokines involved in RA includineplEN
IL-1 U, -1 B L-6, ILL7, IL-8, IL-10, IL-12, IL-15, IL-23, granulocyte macrophage
colony-stimulating fictor (GM-CSPH, oncostatin M(OSM), TGFb, TNF-U ,and VEG-
F05 Media samples from RA myobundles and healthy controls were analyzed with

custom software supplied with the arrays.

2.2.11 Statistical Analysis

The assays are performed on cells and myobundles from Thd&RA patients,10
agal healthy donors and 7 young healthy donorsTo test the hypothesis that RA
myobundles differ from controls, result®e®w comparedising JMP (SASgitherwith an
unpaired ttestLeveneds test f Wel amdéEsgautodvaytAMOVA ances
with repeated measurdellowed by a postHoc Tukey testfor multiple comparisons

GraphPad Prism was used to perform linear regression tests.
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2.3 Results
2.3.1 Donor Characteristics
Vastus lateraliskeletal muscle biopsiegere obtained from1lRA patients, aged
57-74 (BMI 20-36.8), and 10 healthycontrols, aged 536 (BMI 22.1-32.9). Of the RA
patients, 3 were male a®dvere femaleOf the agd healthycontmwols, 3 wee male ad 7
were femaleAs shown in Tabld, all RA donors for which DAS28 scorevas known
had a relativdy low DAS28 score (03.2), and thus, are
activity. None of the donors examin@uthis workhad aknown DAS28 scorandicative
of moderatg 3 . 2 < D A So? 890 8iseds¢ activitfO 51). For additionacompariso,
skeletal nuscle biopsieswere obtainedfrom the hamstring musclef 7 young healthy

donors, all less than 18 years of age.
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Table 1. Demographic characteristics and laboratory values of the patients with RA and
aged healthy controls examined in characterization studiesVAS, global health; ESR,
erythrocyte sedimentation rate; DAS28, Disease Activity Score of 28 joints; ABC,
abatacept; ADM, adalimumab; HCQ, hydroxychloroquine; IFX, infliximab; LEF,
leflunomide; MTX, methotrexate; PDN, prednisore; SSZ sulfasalazine. Skeletal musck
biopsies were obtained from thevastus lateralisnmusclefor 11 RA donors (3 male, 8 female)
and 10 aged healthy patients (3 male, 7 female$keletal muscle biopsies derived from the
hamstring muscle of young healthydonors (less than 18 yars of age) seved as a
benchmark.

Disease severity Medication use
Swollen Tender Pain
Donor ID Age Gender BMI Joints Joints VAS ESR DAS28 index ABC ADM HCQ IFX LEF MTX PDN SSZ f-blocker NSAID Statins

RA 1 60 F 20 2 2 175 9 3.0 18 = 8 - - X - X — - X
RA2 69 F 26 4 25 205 3.5 2.2 27 = - X = = - - - X X
RA3 61 F 26 2 0 43 35 19 6 - - - - - X

RA4 57 F 33 15 25 135 25 2 45 - = = - X

RAS 74 F 27 14 0 25 1.5 23 41.5 = = - = - X | = - - X
RA 6 59 F 30 3.5 0.5 14 7.5 2.2 18 = - X X - X X = - XX
RA T 68 M 25 0 0 202 = = = = = = - = - = 4

RA 8 61 M 258 1 2 308 - - - - - - X

RA 9 66 F 275 2 1 234 - = =L < = = S I

RA 10 61 F 282 7 13 223 - = 4 x = = = e R = X
RA 11 65 M 36.8 1 1 128 - - - - X - - - X - - - X
Aged Control 1 68 F 31

Aged Control 2 55 H 28

Aged Control 3 62 H 24

Aged Control 4 62 M 30.4

Aged Control 5 62 M 258

Aged Control 6 65 F 234

Aged Control 7 61 F 221

Aged Control 8 62 M 271

Aged Control 9 69 F 206

Aged Control 10 76 F 329

This study was originally designed to compare RA and aged healthy control
myobundlesgenerated froncells derived from thevastus lateralisskeletal muscleTo
assess any effects of aging, wéseguatly decided tanclude myobundes fromyoung
hedthy donorsas a benchmarkBecause the cells used to generate yohaglthy
myobundles were derived frothe hamstring and not thastus lateralistheseresults

were treated separately.
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2.3.2 2D Assays: Senescence, Myoblast Purity, and Population
Doubling

Cell senescence was low in RA (6.2#%; n=5), agead control (4.9£1.2; n=5),
and young healthgells (4.9+2.0%6; n=4), with no significandifferencesetween RA and
agedcontrols(unpaired ttest,P>0.09 (Fig. 1A, B). Additionally, myoblast purity inRA
(87.3£5.1%; n=10) and aged contrsl(94.9+1.2%; n=8) were not differen{unpaired ¢
test,P>0.05 (Fig. 1C, D); however, variance in purity was greaterin RAvene 6s t es
P<0.0% We | c fordusequih easancesP>0.05. Furthermaoe, populationdoubling
times for RA (62.7+7.7 h; n=8 and aged contrsl(73.445.0 h; n=6) did not differ
(unpaired test, P>0.09 and were similar to thedoubling timefor young healthy

myoblast455.2:12.4 h; n=4)Fig. 2).
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Figure 1: Percentsenescence and myoblast purity gfoung, aged control, and RA cellsN=4
young donors, 5aged controls, 5 RA donors; n=4 wellsper donor, 4-15 images per well.
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(B) Representative image of senescenassocided-b-galactosdase staining ina control
donor. (C) Myoblast purity of young, aged control, and RA cells. N=6 young donors, 8 aged
controls, 10 RA donors; n=37 wells, 310 images per well. (D) Representative image of the
myoblast (desmin+, vimentin+) and filsoblast (vimentin+) cell population in an RA donor.
Data are repr esen tStatistical signifitaneenwadNdet®rmiBed Msing an

unpairedt-t est , Levenebds test, and Welchds test.
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RA 0.0048 + 0.0005 62.7 £+ 7.702

Figure 2: Population doubling times fa young, aged control, and RA cells(A) Log of
percent growth at 4, 24, 48, 72, and 96 hours peptating and (B) corresponding slopes of
the line of best fit and population doubling times for young, aged control, and RA cells.
N=4 young donors, 6 agedontrols, 8 RA donors;n=4-6 wells, 45 images per wé. Data are
represent ed a Statistieahsignifidanc® was.ddermined using aonpaired t-
test.

2.3.3 Myobundle Contractile Forces

Compared to agecontrols(n=7 donors) myobundles formed with RA cel(s=6
donors) generatd greater contractile ofces for both twitch (P<0.06) and tetanus
(P<0.06) when differentiated in hDM for 10 dayBig. 3A). Notably, air findings do not
suggest any correlation betweaenyoblast purity levels andmyobundle contractile
function for RA andaged controk (Fig. 4). Fatigue was comparable betwe&A
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myobundlesand aged controlJunpaired ttest, P>0.05) (Fig. 5). Additionally, twitch
force kinetics assessed on day 10 of differentiation sdow differencedetween RA

andaged control¢Fig. 3B).

A B
5r 500
¢ Young
o Aged control
41, Ra . 400 .
—_ L]
P-4 m L4
E3p . E_, 300 | . . .
§ . 0.026 g o0 * h
<) L = L
S 2 .. F 200 ATd I
o 0.047 y 1l
1F . 100 * .
°® s
0 m 0 T T
Twitch Tetanus Time to max Half-relaxation time

Figure 3: Tetanic force production andtwitch force kinetics of young, aged control, and RA
myobundles (A) Tetanic force production and (B) twitch force kinetics of young, aged

control, and RA myobundles on day 10 of differentiation. N=6 young donors, 7 aged

controls, 6 RA donors; n=3-10 myobundles.Da t a ar e represented as
Statistical significance was determined using an unpairedtest.
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Figure 4: Myoblast purity versus tetanus forceof young, aged control, and RA myobundles.
N=4 young donors, 6 aged contiig, 6 RA donors; n=37 wells for myoblast purity and n=3
10 myobundles for tetanus force Statistical significance was determined using a linear
regression test which showed no correlation between myoblast purity and tetanus force for
RA and controls.
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Figure 5. Percent fatigue of young, aged control, and RA myobundlesn day 10 of
differentiation. N=4 young donors, 4 aged controls, 3 R~A donorsi=4-10 myobundles. Data
are represent e dStatistical signdicancd\wasSdetermikked using an unpaired
t-test.
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2.3.4 Muscle Protein Analysis

Western blot for myosin heavy chain Y¥) , s ar caotinire (SAA}, and)
myosin light chain (MYL) were compared toGAPDH control for3 RA donors3 aged
controls and 3 young donor3he donors selected for western blot analysis are a subset
of the donors that were examined for fom@dudion and myofiber maturation The
donors within each subset wesgecificallychosen becaustheyare representative of the
variance from thenean force with respeta their donor group

MYH, SAA, and MYL protein expression for an RA donor and youhgalthy
donorappeaed greater compared to an aged control (B#y). Quantificdion of MYH,
SAA, and MYL contractile protein expressionshowed a similar overall trend to that
observed with force productian thatRA protein levelsappeaed more variable and lola
a larger mean compared to aged controls (683D). However, an unpa@d tteg and
Leveneods t e sdnotfshow a diffarenceabetween RA and aged contools

any of the contractile proteins
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Figure 6: Western blot of contractile proteins in young, agedccontrol, and RA myobundles.

(A) Westem blot of MYH, SAA, and MYL in one young donor, one aged control, and one

RA donor (n=3-4 myobundles) on day 10 of differentiation. Quantified expression of (B)
MYH , (C) SAA, and (D) MYL normalized to GAPDH for young donors, aged controls, and

RA donors. N=3 young donors, 3 aged controls, 3 RA donors; n=8 myobundles. Data &
represented as mean N S. E. M.

A linear regression test was performed to assess the individual effects of MYH,

SAA, and MYL on RA and aged contridtanicforce production (FigrA-C). The effects

of MYH and MYL on contractile force were examined in lifigg7A and C,respectively.

The plos did not produce a statistically significant fit for MYHP<0.075) nor MYL

(P=0.077). In contrast, regression &AA levels versus tetandsrce produceda fit with
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an R of 0.845andP=0.010 (Fig.7B). In sum, the estts suggest that SAA contractile

protein levels play a key role in contractile function for RA myobundles and controls.
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Figure 7: Contractile protein levels from western blot analysis versus tetanus forder aged
control and RA myobundles (A) MYH, (B) SAA, and (C) MYL protein levels from western
blot analysis versus tetanus force (day 10 pastift) for aged control and RA myobundles.
N=3 aged controls, 3 RA donors; n=3 myobundles for western blot protein expression,
n=4-10 myobundles for tetanus force Statistical significance was determined using a linear
regression test.

2.3.5 Analysis of Myobundles and Myofibers

To assess the structural maturation of,Refgedcontrol and young healthy
myobundles over time, myobundlegre formed and differentiated in hDM for up to 7
days.RA (n=5 donors)agedcontrol (=4 donors), and young healthy myobundles (n=5
donors)were examinedon days 1, 3, and 7 of differentiatigfig. 8). Longitudinal

sections were immunostained for SAAdDAPI (Figs. 8A-C, 9A-C).
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Figure 8: Longitudinal sectionanalysisat 20x magnification ofyoung, aged control, andRA

myobundles Representative images of longitudinal sections at 20x magnification of (A)

young donor, (B) age control, and (C) RA myobundles immunostained for SAA and nuclei

after 1, 3 and 7 days of differentiation. (D) SAA+ area and (E) fraction nuclei in SAA+

fibers of young, aged control, and RA myobundles on days 1, 3, and 7 of differentiation.

N=5 young dorors, 4 aged controls, 5 RA donors; n=12 myobundles, 17 sections per
myobundle, X2 i mages per section. Data are represe
significance was determined using a-&ay ANOVA test with repeated measures, followed

by Tukey HSD past-hoc.
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Aged control

Figure 9: Longitudin al sectionimagesat 40x magnification of young, aged control, and RA
myobundles. Representative images of longitudinal sections at 40x magnification of (A)
young, (B) aged control, and (C) RA myobuntks immunostained for SAA and nuclei after
1, 3 and 7 days of dierentiation.

A two-way ANOVA with repeated measures indicated that time in culture and RA
diseasesignificantly affected SAA+ ared?€0.01, P<0.0001 resp) (Fig. 8D), fraction
nuclei in SAA+ fibers £<0.01, P<0.0001 resp) (Fig. 8E), percent striated fibers
(P<0.05, P<0.05 resp) (Figs. 10C), and fiber length #<0.0001,P<0.01, resp) (Fig.
10B) for RA and control myobundlesFurthermore, myofiber orientation was
significantly affectedby time in culture P<0.01), RA diseasePk0.001), and the

interaction effect between time and R2<0.001)(Fig. 10A).
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Figure 10: Additional longitudinal section analysisat 20x and 40x magnificationof young,

aged control, andRA myobundles (A) Myofiber orientation, (B) myofiber length, and (C)

percent striated fibers of young, aged control, and RA myobundles on days 1, 3, and 7 of
differentiation. (A -B) N=5 young donors, 4 aged controls, 5 RA donors; n=2 myobundles,

1-7 sectbns per myobundle, 1-2 images per section. (C) N=5 young donors, 3 aged controls,

5 RA donors; n=1-2 myobundles, 38 sections per myobundle, ‘B images per section. Data

are represented as mean N S.E. M. Statwagti cal
ANOVA test with repeated measures, followed by Tukey HSD postoc.

In longitudinal sectionsRA mydfibers appeadto become moréeensely packed
and aligned over time compared to aged cont(blg. 8B, C). Image quantification
supported the observed trendghat RA myobundls showed an increase BAA+ area
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(P<0.05) and fraction nuclei in SAA+ fibergP<0.05) across days 1 through 7 of
differentiation whereasagel controlsshowed nachangen these quantitie@~ig. 8D, E).
Furthermore, analysis of myofibasrien@ation showed increased alignmenfor RA
(P<0.05)acrossdays 1 through 7 of differentiatiobut notfor aged controls(Fig. 10A).
Percenstriated fibers also increasever time for RA(P<0.05)but not for contra (Fig.
10C). Fiber length increaseaicossdays 1 through 7 of differentiatidor RA (P<0.01)
as well asfor aged controlgP<0.05) (Fig. 10B). Compared to controgroups, RA
myofibers show enhanced myofiber maturatidhese findings supportthe observed
differences in force productidretveen RFA myobundles and aged controls

Additionally, aosssectionswere immunostained for SAA, myogenin, and DAPI
on days 13, and 7 of differentiatiorfFig. 11A-C). A two-way ANOVA with repeated
measures indicated thaticlei per crossectional aregP<0.01)andfraction myogenin
nuclei (P<0.01)weresignificantly affected bylonor(Fig. 12B, C). Additionally, thistest
showed that both time in culture and dgna@spectively, significantly affecteBAA+
areaper crosssectional areaR<0.01, P<0.01) (Fig. 12D). No furtherdifferences were
found between RA and controlshen examiningcrosssectional area, nuclei peross
sectional aredyraction myogenin+ nuclei, SAA+ areger crosssectional areaand fiber
diameteron days 1, 3, and 7 of differeation (Fig. 12A-E). Notably, SAA+ areaper
crosssectional areahoweda positive trendicrossdays 1 through 7 differentiationfor

RA myobundlesbutthedifferencewas not statistically significariP=0.0%) (Fig. 12D).
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Aged control
B Day 1

Figure 11: Crosssectioral images at20x magnification of young, aged control, and RA
myobundles.Representative images of crossections of (A) young, (B) aged control, and (C)
RA myobundles immunostained for SAA, myogeninand nuclei after 1, 3 and 7 daysfo

differentiation.
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Figure 12 Crosssection analysis at 20x magnification of young, aged control, and RA
myobundles.(A) Cross-sectional area, (B) nuclei count per crossectional area, (C) fraction
MyoG+ nuclei, (D) SAA+ area per crosssectional area, and (E) fiber diameter of young,
aged control,and RA myobundles on days 1, 3, and 7 of differentiation. N=3 young donors,
4 aged controls, 4 RA donors; n=3 myobundles with 35 images per myobundle. Data are
represent ed S aBEStistea signficance was determined using a -@ay
ANOVA test with repeated measures, followed by Tukey HSD postoc. (F) Representative
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images of young, aged control, and RA myofibers immunostained for SAA, myogenin, and
nuclei after 7 days ofdifferentiation. Scale bar = 25 pm.

2.3.6 Cytokine Production by RA and Control Myobundles

Given the prominentrole of cytokine signaling irthe reguation of skeletal
muscledifferentiation we wanted to investigate whethtéte observed differences in RA
myobunde maturationand forceproductionwere paralleledby enhancedsecretion of
musclederived cytokinesLevels of pro- and antiinflammatory cytokines produced by
RA and control myobundles were measuiad days 1, 3, and 7 of differentiation
specifcally, IFN-0 , -110L-1 B -6, IL4Z, IL-8, IL-10, IL-12, IL-15, IL-23, GM-CSF,
OSM, TGFb, TNF-U and VEGF (Figs. 13A-F, 14A-H). The same RA donors 3 aged
controk, and3 healthy donorgxaminedfor crosssectional analysis were examined for
cytokine prodution. Cytokines that showed the most robust production levels are
presented in Figur&3A-F; specifically, GM-CSF IL-1 b , -6, IL48, IL-10, and IL-12.

All other cytokines that were produced at detectable levels are presented in1Eigure

H.

43



400 r

GM-CSF (pg/mL)
N
o
o

100

!

Differentiation time (days)

Differentiation time (days)

B 150 ¢ 800
* Young
0.0214 . « Aged control
600 | ¢ RA
=100 -y
E E
Y £
. . 4 . 400
L] -3 .
. R % !
= 50 e o
FLo ’_h ’_l_‘ . [h’{" . . 200 | ’.I.‘
0 m’-ﬁm L T T 0 rhmﬂ ] . ’—}.I - r 0 r"ll'!'lm m ? ’-h
1 3 7 1 3 1 3

7

7

Differentiation time (days)

D E E
10000 40 30 0.0324
8000 | . . .
30 | 0.0196
)y I 320
L E £ .
E 6000 00425 =3 ) . .
e 22} 2 .
°? [ 2 ‘(\_l . LI .
% 4000 3 5 L L |
. 10 | . a ¢ HIBIE n
Mk m ‘ FH : m’{"m m ‘
0 —[h#‘h - "*."Fh rhl 0 I'l'lmﬁ =l : 0 : . r
1 3 7 1 3 7 1 3 7

Differentiation time (days)

Differentiation time (days)

Differentiation time (days)

Figure 13: Cytokine levels producel by young, aged control, and RA myobundled_evels of
(A) GM-CSF, (B) IL-1b, (C) IL-6, (D) IL-8, (E) IL-10, and (F) IL-12 produced by young,
aged control, and RA myobundles on days 1, 3, and 7 differentiation. N=3 young donors,
3 aged controls, 3RA donors; n = 3
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Figure 14: Additional cytokine levels produced by young, aged control, and RA
myobundles Levels of (A) IFN-2, (B) IL-1U, (C) IL-7, (D) IL-15, (E) IL-23, (F) OSM, (G)
TGF-b, and (H) VEG-F produced by young, aged control, and RA myobundles on days 1, 3,
and 7 of differentiation. N=3 young donors, 3 aged controls, 3 RA donor$)=3 myobundle
medias amp !l es , except for fAyoung donor 2,
me an .N. Satidfical significance was determined using a-@ay ANOVA test with
repeated measures, followed by Tukey HSD paosioc.

day

A two-way ANOVA with repeated measures indicated tha® Iproduction was

significantly affected by time in culture?€0.06) (Fig. 13C). Additionally, this test
45
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showed thatboth time in culture and donorespectively,had significant effest on
cytokine productionfor GM-CSF (P<0.001, P<0.01), IL-1 b(P<0.01, P<0.01), IL-8
(P<0.01, P<0.01),IL-10 (P<0.01,P<0.06), and IL-12 (P<0.01, P<0.0001)(Fig. 13A, B,
D-F). Aged contro$ showed a significant increase lin-8 productiononly betweendays

1 and 3 of differentiation (P<0.05) (Fig. 13D). RA donos showed increased cytokine
production acrossdays 1through 7 of differentiation forGM-CSF (P<0.05) IL-1 b
(P<0.05) IL-10 (P<0.05) IL-12 (P<0.05) and VEGF (P<0.05)whereas aged controls
did not (Figs. 13A, B, E, FE 14H). Cytokine levels produced byRA and control
myobundlegdid not differ withincondition(days 1, 3, or 7 of differentiatipnCompaed
to controls,RA donors showednhancedytokine secretiorfor a greater number gfro-
and antiinflammatory cytokinesindicating a potential correian between RA

myobundle maturatigrforce poduction,and cytokine activity

2.4 Discussion

To our krowledge, this represents the first study to use tissiggneered human
muscle to characterize muscle function of RA patidféy results are that i2D culture,
RA myoblast puritygrowth rate and senescenaeere not statistically different thaaged
controls, however, RA myoblast purity showed greater variance compared to controls.

Surprisingly, in 3D culturecontractile force production of RA myobhdleswas
greater compared to aged coigrdn support of this finding, assessment of RA myofiber
maturation showed increased area of sarcomgectininexpression over time compared

to controlgroups Our findings alsoshowedin RA but not aged controls, numbers of
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nuclei in SAA+ fiberancreasedver time Furthermore, déinearregression test indicated
a positive correlation betweesarcomec U-actinin protein levels and tetanus force
production in RA and control groupblotably, the contractile brce kineticparameters,
twitch time to maximum force and twitch haflaxation timegdid not differbetween RA
and aged control€Comparable conactile force kinetics indicates that RAyobundles
and aged contros may have sindar calcium handling properties and metabolic
phenotype.

Therapy with TNFU i n h ledds toaverall reduction in pranflammatory
cytokine levels in patients with R%. In RA patients, a single infusion of tHeNF-U
inhibitor, Infliximab, decreased serum 4& concentratbns and reduced synovial
synthesis of TNFU , -11{and IL-1 B8 ReduedIL-1 levels result in reduced synthesis
of matrix metalloproteinaseand other degradative gnmes?. This could explain why
RA myobundle cytokine leveldo not differfrom controls.However, given the small
sanple sze of RA donors and wide range of medication use (TAhlee were unable to
draw specific conclusions regarding how individual medication use impacts outcomes.
Future work may involva greater sample size amdore restrictive criteria in whicRA
patientstaking any medicationsesids TNF-Uinhibitors for instancewill be excluded.
Futurework in this areavould provide a more controlled means to assess whether RA
patients takingpecific disease remitting medications (e.g., DMARDs, TNFRhibitors)
have comparable muscle function relative to healthy individuals of similar ages, and

whetherthis effect is retained and observednrvitro culture.
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Due to the diseasieatment, ththe RA donorsin this study for which DAS28

score was knowrhadare | at i vel y | ow D A®et&reforeongidered( O3 .

to have low diseasectvity. Perhapsmyoblasts derived fronRA donors with higbr
disease activitywould exhbit less of a difference imyobundlecontractile force and
more differences regardng other phenotypic characteristicompared to controls.
However, biopsies from RA patients with high disease activity would need to be obtained
at the time of diagnosidefore treatment begin$his criteria could prove challenging
since indivduals dignosed with high disease activity are quickly placed on medication.
Additionally, the muscle outgrowth process meavor myoblasts thathave not been
adversely affected by RA contributing to improved RA myobundle function.
Furthermore, ie nommyogenic cdk, or fibroblasts, are mesenchymal in origin and
should be considered when engineering skeletal mustlesivo, connective tissue
fibroblasts are Vvitally important in producing extracellular matrix protein that
encapsulates muscle fibemglartin et al. las demonstrated the importance of seeding
density of skeletal muscle derived cells on the structure of skeletal muscle within tissue
engineered construé¢fé, They found that when considering the ratiof myogenicto
nortmyogenic cells, the structuralmilarity to native musclaevas increased further by
increasing the number of desmin+ cBlfs Their results showed that only constructs
seeded with the highestrgportion of é&smin+ cells (75%) exhibited a characteristic
striated patte”. Our results showed that the majority of RA donors had high
proportions of desmin+ cells (greater than 80% for 8 of 10 RA dgnms)parable to
agedcontrols.However, despite having high proportions of desmin+ cBls myofibers
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exhibited a significantincreasen striated fibers over timehereas theged controlslid
not

A variety of preinflammatory cytokines, including TNB, IL-1, IL-6, and 11-:23
are recognized as key mediators in the processes that cause inflammation and
comorbidities (e.g. bone erosion, cartilage destructicmysociated with RRS10,
Recently, Huffman et al. reportedathpatients wh RA have 75% greater muscle
concentration of L6 than aganatched healthy contrdfs In addition to IL-6, increaed
levels of IL-1 b, -8, TNRU , a nlide reaceptorl (TLRY have been observad
skeletal muscle from RA patiedts!? Interestingly, the muscle concentration of these
inflammatory markers was positively assted with the disease activity, disability, pain
and physical inactivity in patients with R¥A Future work comparing contractile
properties of engineered and native tissue fibers from RA donors would provide
important insight into the underlying impact of RA on skeletal muscle function.
Furthermore, TNFJand IL-6 promotestress associated with reactive oxygpecies and
reactive nitrogen specieRQS/RNS in skeletal musclé!? In turn, ROS/RNS ar
suggested inducersf pro-inflammatory cytokine expression.ge TNF-U a n-@) inl L
various infammatory conditiord®'1* Acute exposure of TNEl t o skel et al
elevats ROS/RNS stress and reduce the force generation capaéity®. Future work
using ourin vitro system may help to bettenderstand the complex crosstalk present
between cytokines and ROS/RNS that occurs in RA and diseases involvinghronic

inflammation
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Although several animal models of Rfave been desloped, they are induced by
mechanisms different from those occurring in hurf®iis The ideal animal model for
RA should closely resemble the complex pathogenesis and symptoms underlying the
diseaseincluding chionic inflammatory infiltrates, destructivarthrogathy, bone erosion,
and articular cartilage degradatfénCurrent RA animal models are highly reproducible
and of short duratianEach model features a different mechanidriving the dsease
expressionThe most commorin vivo models used for the study of RA include those
related withgenetic, immunological, hormonand environmentalinteractions.Of the
various animal modelghe collagenrinduced arthritiCIA) model could beegaded the
most successfuly generating arthritis using type Il collagen and adjuvantsaasessing
therapeutic compounds both intgticularly and systemicafy. Compared to healthy
controls, the CIA micéhad decreased endurance eisgrperformancetotal time, grip
strength, free locomotionand tibalis anterior gastrocnemius muscle wefght
Sarcoplasmic ratios and myofiber diameter were also rednc€&lA, confirming the
atrophy of skelefamuscle mass and presence of clinical symptoms of rheumatoid
cachexia in CIA compared to the control gréup

The majority of human studies are performed onuhstus lateralismuscle, a
muscle that contains mixdiber type. However, minimal comparative data is available
between multiple muscles in either animal or human mo@slenihi et al. investigated
muscle structure and redox indicators across various muscles using the CIA model with
female Spragu®awley rats®. Three musclg the gastocremius extensor digitorum
longus(EDL), andsoleus showed reduction in muscle mass, while Wiastus lateralis
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muscle mass increased by 35% in CIA animals compared to céhtrdifour muscles,
however, showed deterioration indicative of rheumatoid cactfestaosssectional area
wasalso reducedni all musdes exceptvastus lateraliswhich was less affectd This is
consistent with our findings when comparing RA myobundle esestional area to
controls.Furthermore, ROS levels were significantly increased in all muscles except the
vastus laterab™.

The young healthy skeletal muscles cells usethimstudy were derived from a
different muscle source (hamstring) than were the RA and aged control vaetas(
lateralis of the quadricepsPifferent muscle groups may differ in fibgrpe composition
which could affect functional and structural chacteiistics of the muscle, and in turn,
myofiber maturationcontractile forceand cytokine production analysed myobundles
derived from these celldNevertheless, the young healthy donors still provide useful
insight into potential differences betwegoungandaged primary skeletal muscle cells.
Population doubling time and cell senesceleselsappeared comparabbetweernyoung
and aged cells Myofiber maturation and cytokine production alappeared to be
comparableThese findingsare supporte by a study by Alsharidah et al in which they
reporedthatprimary human muscle precursor cells obtained from younglthdonors
producedsimilar proliferative, differentiatiorandsenescent profiles in cultdté

In future studies we planto incorporaé into the myobundlesnonocytederived
macrophages, cytokines, and myokines, key components of the innate immune response,
to (1) model key variables affecting tipeogression of RAand (2) serve as a platforfior
pharmaceutica canddate testing allowing foineffective drugs to be quickly identified,
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reducing the time and money involved in the drug development pip&lineechronic
inflammation and muscle loss play a role in other diseases such as bsiténart
saropenia,and cachexia in heart failurand cancé?p, this work would serve as a preof

of-principle for modeling and treating inflammatiand fbrosis of miscle.

2.5 Conclusions

Rheumatoid arthritis (RA) is a chronic inflammatory disepsmarily targeing
the joints. Autoreactive immune cell;wolved in RA affect othertissues, including
skeletal muscle Patients with RA experience dinished pysical fundion, limited
mobility, reduced muscle functiohronic pain, and increased mortality explorethe
impact of RA on skeletal muscle,ewengineered lectrically responsive, contractile
human skeletal muscle construgteyobundles)using primay skeletal musle cells
isolated from the astus lateralismuscleof 11 RA patients(aged 5774) and 10 aged
healthydonors &ged 5576), as well asfrom the hamising muscle of6 young healthy
donors (less than 18 years of ages) a benchmarkSince all patients wee recaving
treatment for the diseasRA diseaseactivity was mild In 2D culture,RA myoblast
purity, growth rate and senescenosere not statisttally different thanaged controk;
however, RA myoblast purity showed greater vamce compark to controk.
Suprisingly, in 3D culture,contractile force productiobhy RA myobundlesvas greater
compared toaged controlsIn support of this finding, ssessment of RA myofiber
maturationshowed increasearea of sarcomerid-actinin expressiorovertime compare
to aged controls. Furthermore, dinear regression test indicatea positive correlation

bet ween s acticiroprotemlevels abd tetanus force productidn RA and
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controls Our findingssuggesthat medicions presdbed to RA patiats may mainaind
or even enhané muscle function, and this effect is retained and observed vitro
culture.Future studies regarding the effects of RA therapeutid®skeletal musclen

vivo andin vitro, are warranted.
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3. RA Myobundle Response to Pro-Inflammatory
Cytokines

3.1 Introduction

Rheumatoidarthritis (RA) is a chronic inflammatory disease tatéect articular
joints and tissug including skel@l muscle,the largest tissue in the botly Although
RA originates in the joint synovium, theystemic inflammatory respomspromotes
muscle atrophyand increases muscle protein degradatfoh Patients with RA
experience diminished physical functjdngh disdility rates,limited mobility, chronic
pain, and increased moliy®. Loss of mwscle mass as well as fat accumulation within
muscle tissue occur at increased rates in RA; and, both araatssogith reduced
physical function and increased disitity, especiallyin womer™°, Skeledl muscle
weakressclearly contributes to RA disability, yet the mechanisms by which this occurs
are poorly understood.

Prior to clinica symptoms ofRA, environmentaland genetic factors fadiite
repeated activationf@he innatemmune system, leading inflammaetion in the synovial
tissue involving monocytesytokines, and other immune céllsn RA, CD14+CD16+
monocytes & elevated in synovial fid and theirlevels are associateditiv decreaed
regponsiveness to therapt@sChronic activation of macrophagesdafi-cells resuts in
the acumulation of immune complexes and matrixtatleproteinases, generdtédy
immune cells and synovial fibddast, tha damage the cartilage, tendon, andrie,

producing clinical symptom& TNF-U and i nit-@ b| @ wklarerkdy,drivers
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of disease pathogene¥js and are aided by #13, IL-15, IL-17, IL-18, TGFb ,
granulocyte macrophage coloestimulating factor(GM-CSF), and IFNo*>18

While inflammation aids in muscle regeneration, unregulated inflammatory
reactions dkct muscle repair and functio@hronic elevation offNFFU i s associ a
with muscle wasting and loss of muscle funcifidd TNFFU enhances pr o
catabolisii!, decreases muscle contractile force, and leads to increased production of
musclederived oxidant®* TNFU | mpai r s my @it ina@dtiared merihel cycl
skeletalmusclé* and suppresses MyoD gene and protein expression in my6bfasts
thereby inhibiting both muscleell fusion and subsequent diffatiation into mature
fibers. TNFU may decrease the f or c2reedsefromther e f |
sarcoplasmic reticulufi Although predominantly generated by immune cells in
response to antigenic challenges and cancer,-NFi s produced by man
including skeletal mude®’. Thus, chronicinflammation induced by RA can create a
positive feethack loop whereby cytokine secretion by skeletal muscle, and monocyte
accumulation, exacerbate the inflammatory response, further weakdr@ngiiscle
tissue.

Furthermore,TNF-U a n d9, WhEnNgiven togther, reduce expressin of
myosin heavy chain in C2C12 mouderived myoblastssia NFe B and JAK/ STA
signaling pathways and activate Atroginl and MuR#D ubiquitin ligases and atrophy
relakd gene involved in ubiquitingion and proteolysis of muscleroteirs®®. In C2C12
myocytes, TNFEUinduced activation of N Binhibited differentiation by suppressing
MyoD mRNA®. In differentiated myotubes, TNB p | us d iFdNn anedessayy wa s
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for NF-kBi dependent downegulation of MyoD andskdetd myofiber dysfunctiori®.
MyoD mRNA was also dwnregulated by TNE) aneé leFxNor ession i n mo
in viva®,

In previous work in collaboration with Ma@g Kondash we investigaed the
developmenbf a human tisse-engneered skeletal muscle model oflanimationwith
and withoutmacrghage$'®. To polarize macrophages tm a1 pro-inflammatory sate,
maaophageswere differentiatedusing GMCSF andtreated withLipopolysaccharide
(LPS) and IFN-2 with and without TNFU®122 Our resultssuggestd that in young
healthy skeletal muscle donorsjacrophages alondo not inhibit contractile force
whereas cipkines done do inhibit force, anthacroplages have no additional effemt
forcewhen combined wtih cytokine treatmentkeletal muscle fibes themselves showed
a robust secretion of wide range of cytokinesfter exposure to prmflammatory
cytokines.Polarized macrophages showedinimal effed on the inflammatorystate of
themyobundles

Based on these resultee developed aterile inflammabn modelusing the pre
inflammatory cytokine$SM-CSF, IFNo andTNF-U, wh i keyrolgs In angdiating
inflammatory responses in skeletal mu§8en young healthy skeletal muscle donors,
myobundlestreated with these primflammatory cytokineshowed reducedontratile
force andncreased cytokine productiolm this dhapte, weinvestigatethe effects of pro
inflammatory cytokine on myobundlesgenerated from RA donors compared to aged
matchedhealthy contrts. We demonstrate that RA myobundlesvere more seaitive to
treatment with prenflammaory cytokinesleading toredued contractile forceand
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reduced contractile proteievels RNA sequencing (RNAseq)and gene setnrichment
analysis (GSEA) was performedto identify gene sets associated with altered gene
expression dr each of the comparisons performé&tkne sets that were enriched in
cytokinetreated RA myobundlesbut not cytokinetreated controls involved genes
upregulatedin response to hypoxiand genesupregulatedduring unfolded potein
response From the hypoxia gene se®iml and MT-1 were icentified as potential

thergeutictargetsfor treatingRA-asseiated musa dysunction

3.2 Materials and Methods

3.2.1 Selection of RA Donors and Agedvatched Controls

This gudy complied with the Helsinki Declarati and vasapproved by the Cke
University Institutional Review Boardndividuals with RA andagematched controls,
ages 585, were selected within Durham, NThe RAgroy met the folbwing criteria:
(1) RA diagnosis meeting American College of Rheuntedy 2010 criterial® (2)
seroposiive (positive rheumatoid factor or aiitrullinated protein antibody) or erosions
typical of RA on radiograpk (3) prednisone use of less thanequal to5 mg per day;
(4) nopharnamlogic therapy wih corticosteroids within the three weeks priorstudy
enrollment and (5)a scae of 5 or above on the following phone screen quesiion:a
scale of 1 to 10, howevere would you rate your Rilisease?4d card tell | haveRAD
and 1Gd have nultiple joints that are t§f and swollen and my RA is as bad as it has
ever beerdo Disease activity, assessed by the disease activity score in 28 [pAE29),
was detemined using a patientompleted visual analog scale (VAS), phiaie

detemined numbers of tendeand swollen joints, and erythrocyte sedimentatiate
57



(ESR)* Healthy participants, without diagnoss of RA, were matched to individual
participants with RA by gender and age within 3 yearSxclusions indided the
following: (1) current use of ticlopidine, clopidogrelipyridanole, warfarin, heparin,
enoxaparin and other blood thinners; (2) curreng¢ o$ biologic agentsexcept those
targeting TNFU (3) other inflammatory arthropathy or myopattBaget'sdiseae,
pigmented villonodular synovitis, joint infection, ochronosis, neutopaarthropathy,
osteochondromatosis, acromegaly, hemochromatositsoWWs disease, osteecrosisor
knee replacement within the last three mont{#y diagnosis of active atignancy,
congestive heart failure, diabetes mellitus or chronic obstructivegmary diseaseard
(5) coronary stents omny other medical condim for which aspirincannot be

temporarily withheld

3.2.2 Human Myoblast Culture

Human skeletal muscle dglwere isolate@spreviously desdbed®’® Myoblasts
were cultured in humargrowth media (hGM) containg low-g | uc os e (LG;
glucose) DMEM (Gibco) supplemented with 8% fetal bovine serum (Hyclone), 0.4
pg/mL Dexamethasone (Sigma), 10 ng/mL EGF (VWR), 50 pg/mL Fetuin (Sigma), 0.1%
Gertamycin (1x) (Gibco),0.1% Amphotericin B Ix) (Gibco). After the myoblasts
reached approximatel80% confluence, the cells were enzymatically removed from the

flask using 0.6% trypsirEDTA andused togenerag threedimensional myobuodles.

3.2.3 Human Myobundle Culture and Treatment

The myobundle @aembly procedre was sed as previously descrityéd’

Briefly, myoblasts encapsulated in a fibrin/Mgél matrix wee seeded on anylon
58

1



(Cerex Advanced Fabricglame. The matrix was fabricated by mixing a cell solution
(per bundtel | §.Bnl1 Ari02 el onfedsi0a U/ mL t hr omt
in PBS) adl anicecol d gel |l i ng saqllult icoLn , dfdliQr iedLe | onfe d i
20 mg/ mL f i br i n ongpgpetting tme mDtME ik a custamiade Eflon
mold placed between the beamsadferexframe The myobundlesvere polymerized in
t he mold and t o utdsidnd then werercalturédanm hGId Gontairiihdp
mg/mL 6-aminocaproic acid (ACA)onac k e r (0. 3 30nHlay)4, teetmedsa7 A C .
was switched to differentiation media (hDM) consisting of {OBEM supplemented
with 1X N-2 supplement (ThermoFisher Scientifid).1% gentamycin (1x), 0.1%
amphotericn B (1xX)and 2 mg / rviyobundles rer@differentiated for up to4
days.Media was changed every other day.
Myobundleswerecultured with cytokines foeither 3 or 7 dayprior to endpoint
testing. Myobundles were treated witth.-1b (PeproTech200-01B), IL-6 (PeproTech
200-06), TNF-U (SigmaAldrich, H8916), and IFN-o (Peprdech, 300-02) either
individually or in combinationTreatmentconcentationsare specified in sections 3.3.2,

3.3.3,3.3.4 and 3.3.5

3.2.3 Contractile Function and Kinetics Measurements

Myobundles were stretched to 115& normal length prior to electrical
stimulation.Engineered muscle ag stimulatedat 1 Hertz for 2 seondsto obtaintwitch
force (single pulse)at 20 Hertz for 2 condgo obtain tetanus force, arad 20 Hertz for
30 seconds to obtain fatigue forasing a cstommade force measurement setup as

previously describef. Peak twitch and tetanus force, percitigueandtwitch kinetics
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(time to peak twitch and haftlaxation time) were calculated using a Matlab script.
Twitch and tetanus forces were calculated as the difter beween the highest measured
force after stimulation and the baseline passived priorto simulation. Specfic twitch
and teéanus brces were calculated by dividing the forcdpu of a myobudle by the
crosssectional areaf that myobundle Imageswere taken of tB myobundlegprior to
force testingand Image Jwasused todetermine thediameter at the midpoint of each
bundle Myobundle cosssectionalareawas calculatedunder he assumption thatach
myobundlecrosssectionis a perfectcircle. Fatigue was calculated as the difference
between the peak force and force after 30 secohdaigue divided by the difference
between the peak force and the baseline fAwéch time to max was determined as the
time betweeronset ofelectrical stimuation and peak forceTwitch halfrelaxation time
was calculated as the time between pemkef and return to onehalf of the difference

between the peak force and the baseline force.

3.2.4 Immunofluorescence Staining of Myobundles

Sample were prepared ad immunostaining performed as previously descried
Briefly, myobundles were fixed using 2% PFA overnight & &45r 4% PFA for 1.5 hours
at room temperatureand then rinsed three times with DPB8ntainingcalcium and
magnesium Myobundles wez embedded irOCT compoundflash frozen in liquid
nitrogen, and sectioned on a cryotome (Leica CM3050, 10 pum thickmégsepundie
sections were permeabilized with 0.1% Triton X for 30 minutes at room temperature and
washed 2 times for 5 mutes in PBSMyobundle seebns were incuéted inblocking

buffer for at least 2 hours at 4 °@®lyobundles were incubated with the priypa
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antbo di es f or -adtirir (8A8)tAdacain,ab9485 1:200)in blocking buffer for
24 hours at 4°C. After the primary antibody incubation, myobundles wesedthree
times with blocking buffer and incubatemith fluorescently labeled goat antiouse
secandary antibog (Invitrogen A11029 1:250) and Hoechst 33342 (Invitrogeti3570,
1:1000) in blocking buffer for 2 hosirat room temperaturéhe sectionsvere tken rinsed
three times in PBS and mounted underoverslip using Fluoromouw@. Samplesvere
imaged at 20xand 40x magnificationusing a Zeiss LSM 510 inverted confocal
microscope. Images of myobundle crosssedions and longitudinal sectionsvere

guantified usinglmageJ.

3.2.4 Western Blotting

Myobundle protein was isolated in RIPA lysis aextracton bufferwith protease
and phosphataseinhibitor cocktail (Thermo Scientific). Protein concentration was
determned using Precision Red assay (Cytoskate Inc., Denver, CO) according tbe
manufactue r idsructions.Western blot was pfarmed using Bio-Rad 4i 15% Mini-
PROTEANproteingels (Bio-Rad, Hercules, CA)he following primary antibodies were
used fordetection: betaactin loading contro{lnvitrogen MA5-15739 1:1000), myosin
heavy chaifMYH) (DSHB, AB_2147781 1:200), CD126/IL-6R (Bio-Rad, AHP2449
1:500), and myosin light chain (MYL(SCBT,s¢365243 1:1000).HRP conjugated anti
mouse antibody (1:2000) was purchased from Invitro@&26520). HRP conjgated
antirabbit antibody (1:500) was purchased from Vector Laboratorie®l-1000-1).
Chemiluminescence was performed usivgst Femto Mximum Sensitivity Substrate

(ThermoSciertific, 340%) for IL-6R detection andClarity Western ECL sulbsite Bio-
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Rad 170506) for detection ofall other poteins Images were acquired using a Brad

ChemiDoc imaging system and analyzed usimggeJ.

3.2.5 Cytokine Arrays

RA and control myobundle edia were sampledon day 9 of myobundle
differentiation 48 hours posttreatment with pro-inflammatory cytokine. Cytokine
arrays were conducted usingPeocaraPlex assay through the Duke Immune Profiling
Core to detect key cytokines involved in RA including 6NL-1 bIL.-4, IL-6, IL-7, IL-

8, IL-12p70, IL-15, IL-17A, IL-18, IL-21, IL-23, granulocyte macrophage coleny
stimulating fctor (GM-CSPH, RANKL, and TNF-U'%>. Media samples from RA
myobundles and healthy controls were analyzed with custom software supplied with the

arrays.

3.2.7 RNA-Sequencing

RA and control ngobundles wee flash frozen in liquid nitrogen on day 14 of
differentiation prior to total RNA extraction. RNA extraction was performed using the
Aurum Total RNA Mini Kit from BioRAD. Samples were stored #0°C until assayed.
RNA libraries weresequenced as 50 pa@nded base pairs with sodaSeq 6000 -frime
(sequencing outpyger flow cell 65-80 Gb; clusters passing filter per flonelt: 650-800
M) at the Duke Sequencing and Genomics Technologies Core Fabiiiigl data
analysis including mrcessing and quality control of samples, Principal Components
Analysis (P@) and Hclustring, linearmodels to compare across treatment and disease
types, gene set enrichmentanalysis(GSEA) for the results of each comparisoand

QIAGEN Ingenuity Pathway Analysi8PA) was performed by Duke Genomic Analysis
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and Bioinformatics Core FacilitfWe usel R programmingto make additioal statstical
comparsons. For each comparison, w peformed additnal QIAGEN IPA and
GSEA'Z1%4tg identify pathwaysand genesets respectiely, associated with altered gene
expressionGSEA was onducted usingdallmarkgene setlatabasdandhumanEnsmbl
gene IDs)with an FDR cubff of 0.05 andnominalp-value of 0.05 or les3/olcano plots
andVenn diagram®f differentially expressed genes were geated usig Python When
generatig these plat, cutoff criteriawas impementedn which theadjustedo-value was

0.05 or less and log2R@as theabsolutevalue of 2 or greater

3.2.8 Statistical Analysis

For exerimentsinvolving mutiple donors,a global normatation methodwas
used fo each funtional meaureto account fo inherentvariability between mgbundles
generated fromdifferent donors.To implement this method a dobal averagé
equivalent tathe average of all ravoutputvalues from all conditions andbnor® was
first determned. A dona-specific averagevasthendetermined from all the coittbns
for which that donor was usebllext, a multipler calculatedasthe mtio of the global
average to the donapecific aerage was propagated through tlagv data foreach
donor. Last, the normbzed donorspecific averagefor each donoifor each conditin
were averaged twmbtain the overall averageper condtion. Global normalizaion
maintains the relative differences betwe@onditions within donors whileminimizing
differencedetween anors

Furthermore, ér expe&iments involving multiple donos, individual daor

averages ere used for statistical analysed the number of donors wagsed to
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determinethe standard ewr of mean(S.E.M.). For experimentsnvolving one donor,
individual myobundleoutput valuesvere used fostatisticalanalysisandthe numbeiof
myobundles per conditionwas used to determine SME. Resultswere comparedising
JMP (SAS)with a oneway ortwo-way ANOVA followed by apostHoc Tulkey testfor
multiple conparisonsor usingGraphPad fsm with aoneway ortwo-way ANOVA with

repeaed measures followed by a po$dc Tukey test

3.3 Results

3.3.1 Donor Characteristics

Vastus lateralisskeletal muscle biopsiegbtained from7 RA patientsand 7
healthy controls were used in the studies shownin this chapter Demographic
charateristics and laboratory values of the RA patgeand health controk are presented

in Tade 2
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Table 2: Demographic characteristics and labratory values ofthe patients with RA and
aged healthycontrols assessedh pro-inflammatory cytokine responsestudies.VAS, global
health; ESR, erythrocyte sdimentation rate; DAS28, Dsease Activity Scee of 28 joints;
ABC, abatacept; ETN, etanercept; HCQ, hydroxychloroquine; IFX, infliximab; LEF,
leflunomide; MTX, methotrexate; PDN, predrisone; SSZ, sulfasalazine. Skeletal muscle
biopsies were obtained fromthe vastus lateralianusclefor 7 RA donorsand 7 aged healthy
patients.

Disease severity Medication use
Swollen Tender
Donor ID Age Gender BMI Joints Joints VAS ESR DAS28 ABC ETN HCQ IFX LEF MTX PDN SSZ NSAID Statins

RAE109 59 F 30 3.5 0.5 14 75 22 X X X X XX
RAME100 68 M 25 0 0 202 X

RAME104 61 F 282 i 13 223 X X
RAME106 69 F 294 3 5 63 X X X X
RAME107 79 F 212 6 0 474 47 4.1 X X X
RAME108 72 F. 31.9 4 3 23 12 3.6 X X X X
RAME109 74 F 241 4 9 67 9 4.7 X X X X
RAMC100 55 F 28

RAMC101 62 F 24

RAMC107 62 M 271

RAMC108 69 F 30

RAMC109 69 F 206

RAMC111 76 F 329

RAMC113 68 F 271

3.3.2 Three-Day Cytokine Treatment of RA and Aged Control
Myobundles Using IFN-2, GM-CSF, and TNF-U

To examinedifferences in theeffect of preinflammatory cytokineon RA and
aged contrbforce productiorandevaluate he extent of RAskektal musclesersitivity to
pro-inflammatory cytokinesRA and aged contol myobundes were tratedwith lower
concentrations afFN-o thanwe hadpreviouslytestedn young healthy donot¥.

RA andcontrolmyobundles were treated witlttger 5 ng/mL IFN-2 + 10 ngiL

GM-CSF,10 ng/mL IFN-2 + 10 nginL GM-CSF, 20ng/mL IFN-2 + 10 nginL GM-CSF,
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or 40 ng/mL TNFU+ 20 ng/mL IFN-2 + 10 nginL GM-CSFfor 3 days from day 7 to

day 10 postifferentiationof the myobundles, followed immediately by endpoint testing

3.32.1 Myobundle Contractile Forces and Kinetics

For twitch force (kg. 15A), a twoway ANOVA with repea¢d measresshowed
significant effect of RA (p<0.0001),cytokine treatment(p<0.001), andinteraction
between RAdisease and cytokine treatm¢p<0.01). For tetanusdrce(Fig. 15B), atwo-
way ANOVA with repeatedmeasures shoed significart effecs of RA (p<0.0001),
cytokine treament (p<0.0001) and interaction between RA and cytokine treatment
(p<0.(®). Treatment with IFNo + GM-CSF reducedtetanusforce production in RA
myobundlescompared to control§ig. 15B). Treatment withFN-2 + GM-CSF+ TNF-U
reducedwitch and tetaus brce in RA mpbundlesbut notin controls(Fig. 15AB).

To account for an effect of treatmemt myoburdle crosssectional argaspecific
twitch and tetanus forces wecalculated(Fig. 15C-D). For specifc twitch force (Fig.
15C), atwo-way ANOVA with repeated messures showed signficant effect ofcytokine
treatment (p<0.0001) and a significantinteraction effectbetweenRA diseaseand
cytokine treatmein(p<0.01) For specifictetanus érce (Fig. 19D), atwo-way ANOVA
with repeatedneasures shoed significant effecs of RA (p<0.001) cytokine treatment
(p<0.0001) and interaction between RA angtokine treatmenfp<0.(). Treatment with
IFN-0 + GM-CSF, at all concenttions of IFN-9, reducedspecific twitch and téanus
forces production in RA myobundles compared to controlg=ig. 15C-D). Treatment with

IFN-2 + GM-CSF+ TNF-U combinedshowed the mpatest reduction iforce production
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in RA myobundles ampaed to controlgFig. 15C-D). Overall,after 3 days of treatment,

RA myobundlegxhibited greater sensitivity tytokine treanentthan contols.
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Figure 15 Twitch and tetanus force of RA and coftrol myobundles treated with IFN-9,
GM-CSF, and TNF-Ufor 3 days (A) Twitch, (B) tetanus forcg (C) specific twitch, and (D)
specific tetanusof RA and control myobundles treated with IFN-2, GM-CSF, and TNF-U
for 3 days and force tested on day 10 paslifferentiation. N=5 RA donors (RAM E100,
RAME104, RAME107, RAME108, RAME109), 3 cmtrol donors (RAMC100, RAMC101,
RAMC108); n=3-6 myobundlesper donor. Data arerepresented agneant S.E.M. Statistical
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significance was determined using two-way ANOVA with repeated measuresfollowed by
Tukey HSD posthoc test. *p<0.05, **p<0.01 represents statistical significance compared to
no treatment cortrol.

Regarding twith force kinetics, reatment with IFN-0 + GM-CSF £+ TNF-U
showed a significant effect of RA on twitch time to max fofp&0.0001)and twitch
half-relaxation timgp<0.001) (Fig. 16A-B) and asignificant effect of cytokine treatment
on twitch halfrelaxation time(p<001) (Fig. 18). Tukey msthoc test formultiple
comparisons, however, showed no significantedédhces between treatniggroys and

respectivauntreateccontrok (Fig. 16).
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Figure 16: Twitch force kinetics of RA and control myobundlestreated with IFN-2, GM-
CSF, and TNF-U for 3 days (A) Twitch time to max force and (B) twitch half-relaxation
time of RA and control mycbundles treated with IFN-2, GM-CSF, and TNF-U for 3 days
and force tested on day 10 postlifferentiation. N=5 RA donors, 3 catrol donors; n=3-6
myobundles per donor. The same donors were used dssted Fig. 15. Data are represented
as meant S.EE.M. Statistical significance was determined using@ two-way ANOVA with
repeated measuresollowed by Tukey HSD posthoctest.
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Treatment withIFN-o0 + GM-CSF + TNF-U showed a significant effect of RA
(p<0.01) and asignificant inteaction effect between RA and cytokine treatm@001)
on myobundlefatigue (Fig. 17). Controls showed atatistically significant yet modest
13% reductionin fatigue when treated wih 10 ng/mL IFN-0 + 10 rg/mL GM-CSF
compared taespective untreated contrdlig. 17). RA showeal no differences between

treatment conditiomand respectiventreateccontrok (Fig. 17).
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Figure 17: Percent fatigue of RA and control myobundlestreated with IFN-2, GM-CSF, and
TNF-U for 3 days RA and control myocbundles treated with IFN-0, GM-CSF, and TNF-U
for 3 days and fatigue tested on day 10 postlifferentiation. N=5 RA donors, 3 catrol
donors; n=3-6 myobundlesper donor. The same donorswvere used adisted Fig. 15.Data are
represented asmeant S.E.M. Statistical significance was determined usinga two-way
ANOVA with repeated measuresfollowed by Tukey HSD posthoc test. *p<0.05represents
statistical significancecompared to no treatmet control.
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3.32.2Myobundle and Myofiber Analysis

Cross-sections of cytokinéreated myobundles immunostained for SAA,
myogenin (MyoG), and nutei were compared btween5 RA donors and2 control
donas. A third control donorRAMC105) wasalso quantified However, ulike other
control donors,this donorwas found to bextremely sesitive to IFN-0 and produced
extremely low forces in response to treatm@&unor RAMC105was thereforeexcluded
from this study

Treatmentwith 20 ng/mL IFN-2 + 10 ngmL GM-CSF or 40 ng/mL TNFU+ 20
ng/mLIFN-0 + 10 nginL GM-CSFdid notsignificanty affectcrosssectonal arean RA
and control myobundlegFig. 18A-D). Statistical analysisvithin the RA groupshowed
no difference in crossedional area, SAA+ ara, fraction myogenin+ nuclei, nuclei
count, or fiber diamer compared tagespectiveuntreateccontrals (Fig. 19A-E). Refer to

Table 2for specificdonor information
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40 ng/mL TNF-a +
20 ng/mL IFN-y + 20 ng/mL IFN-y +
No treatment 10 ng/ml GM-CSF 10 ng/ml GM-CSF

Figure 18 Crosssectionsof RA and control myobundles treated with IFN-2, GM-CSF, and
TNF-Ufor 3 days (A) Control and (B-D) RA myobundles were fixed andimmunostained
for SAA, myogenin, and nucleiat day 10 of differentiation after 3 days of either no
treatment or treatment with 20 ng/mL IFN-2 + 10 nginL GM-CSF or 40 ng/mL TNF-U+ 20
ng/mL IFN-2 + 10 nglmL GM-CSF. Images were taken at 20xmagnification. Scale bar =

100pm.
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Figure 19: Cross-sectional analysis oRA and control myobundlestreated with IFN-2, GM-
CSF, and TNF-U for 3 days (A) Cross-sectional area, (B) A+ area per crosssectional
area, (C) nuclei count per crosssectional area, (D) fraction MyoG+ nuclei, and (E) fiber
diameter of RA (grey sale) and control myobundles(blue) on day 10 of differentiation. N=
5 RA donors, 2 control donors; for A-D, n=5-10 images (1 image per sectin, 5 sections per
bundle, 1-2 bundles per condition per donor); for E, n=60120 fibers (10 fibers per image, 1
image per section, 6 sections per bundle-2 bundles per condition per donor). Data are
represeit ed as me a atistiSal s§ynifiEandd was Getermined for RA donors usinga
oneway ANOVA test with repeated measures, followed by Tukey HSD posioc test

3.3.2.3 Cytokine Production
Given the prominent role of cytokinégealing in regulation ofkeletalmuscle
repair and function, we wanted to intigmte whether the obsewalifferences in RA

force productiorin response to cytokinexposurewereparalleled by enhanced secretion
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of musclederived cytokines. Levels of prand antiinflammatorycytokines produced
by RA and control myobundles wemeeasuredon day 9 of differetiation, 48 hourspost
treatmenwith IFN-0 + GM-CSF+ TNF-U. Treatment conditions wetbe same as fdhe
force studieshownin section 3.3.24. Media samples were collecteshd assayetbr 5
RA donors and control donorsSamples foRA donor RAMELO6 were collectedrom
only four of the fiveconditions tested, sesults forthis donorwere excluded from the
final analysis Cytokines measured includd&N-o JL-1 bIl.-4, IL-6, IL-7, IL-8, IL-
12p70, IL-15, IL-17A, 1L-18, IL-21, IL-23, granulocyte merophage colonystimulating
factor(GM-CSPH, RANKL, andTNF-U. Cytokines thatverepreseniat detectable levels
across treament conditionsareshownin Figure20A-I; specifically GM-CSF IFN-9, IL -
4,IL-6, IL-8, IL-12, IL-18, IL-21,andTNF-U.

A two-way ANOVA with repeatd measure showed thatRA ard cytokine
treatment respectively significantly affected GM-CSF (p<0.0001 p<001), IFN-2
(p<0.0001 p<0.000), IL-4 (p<0.0001 p<0.000), IL-12 (p<0.0001 p<0.(), IL-18
(p<0.0001 p<0.0Q), and IL-21 levels(p<0.0001 p<0.001) (Fig. 20A-C, FH).

IL-6 levels were ignificantly affected byRA (p<00001), cytokine treatment
(p<00001), and an interaction effecbetweenRA and cytokine treatment(p<0.0001)
(Fig. 2M). Notably, treatment with40 ng/mL TNFU + 20 ng/mL IFN-2 + 10 ng/mL
GM-CSF significantly increased Ik6 production in RA and controlmyobundles
compared to respectiventreatedcontrols. In responsedo this treatment IL-6 levels

increased from3.12 + 1.56 pg/mL to 339.68+ 169.84 pg/mL (~108-fold) in RA
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myobundles and fra 11.84 + 6.83 pg/mL to 10204 + 589.13 pg/mL (~85-fold) in
controls(Fig. 20D).

IL-8 levels were significantly affected bRA (p<00001), cytokine treatment
(p<00001), and an interaction effecbetweenRA and cytokine treatmentp<00001)
(Fig. 20E).RA myobundestreated wih 40 ng/mL TNFU+ 20 ng/mL IFN-2 + 10 nginL
GM-CSFexhibited a geaterincreasan IL-8 levels(20.06 £ 10.03pg/mL to 2498.54
1249.25pg/mL; ~124-fold) compared tacontrol myobundles(67.92+ 39.21 pg/mL to
4593.39pg/mL + 2651.99 ~67-fold) (Fig. 20E)

TNF-U levels weresignificantly affected byRA (p<00001), cytokine treatment
(p<0001), and an interaction effettetweenRA andcytokine treament(p<0001) (Fig.
201). Additionally, TNF-U levds were found to increase slightly control myobundles
treated with5 ng/mL IFN-2 + 10 ng/imL GM-CSFor 10 ng/mL IFN-2 + 10 nginL GM-
CSFcompared tantreatel controls(Fig. 20I).

GM-CSF, IFN-o, IL-4, IL-12, IL-18, IL-21, and TNF-U levds could not be
detected inRA and controlmyobundlesthat were notexposed topro-inflammaory

cytokines(Fig. 20A-D, FI).
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Figure 20: Cytokine concentrations in the media of RA and control myobundles treated
with IFN-2, GM-CSF, and TNF-Ufor 3 days Levels of (A) GM-CSF, (B) IFN-9, (C) IL -4,

(D) IL-6, (E) IL-8, (P) IL-12, (G) IL-18, (H) IL-21, and (I) TNF-U measuredin RA and
control myobundle media on day 9 of differentiation, 48 hours posttreatment with pro-
inflammatory cytokines N=4 RA donors (RAME100, RAME104, RAME108, RAME109), 3
control donors (RAMC101, RAMC107, RAMC108) n=3 myobundle media samplesper
donor.Dat a are represSnB.eM. aSt ameiasnt i\t al signi
a two-way ANOVA test with repeated measures, followed ¥ Tukey HSD posthoc test.
*p<0.05, *p<0.01, **p <0.001represerts stdistical significance compared to no treatment
control.
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3.3.3 Three-Day Cytokine Treatment of RA and Aged Control
Myobundles using IFN-2 with and Without IL-1 b , -6, brid TNF-U

To examine the effect af wider range ofro-inflammatok cytokinesas wellas
isolae the effect oflFN-0 on RA force production RA and agedmatchedcontrol
myobundes were tratedwith pro-inflammatory cytokinedL-1 bll-6, and TNF-U in
addition tolFN-2.

RA andcontrolmyobundles were treatealith either5 ng/mL IFN-9, 5 ng/mL IL-
1 B+ 5 ng/mLIL-6 + 5 ng/mL TNF-U ficytokine cocktaib, or 5 ngmL IL-1 B+ 5 ng/mL
IL-6 + 5 ng/mL TNF-U + 5 ng/mL IFN-o for 3 days from day7 to day 10 post

differentiationof the myobundles, fowed immediately by mdpointtestirg.

3.3.3.1 Myo bundl e Contractile Forcesand Kinetics

For twitch force (k. 21A), a twoway ANOVA showedsignificant effectof RA
(p<0.001), cytokine treatment (p£€®), and interaction between RA and dittes
(P<0.01) For tetanudorce (Fig. 21B), a two-way ANOVA showed significant effects of
RA (p<0.001), cytokine treatment (p<0@), and interaction between RA and dyittes
(P<0.M®1). As anticipatedfrom our previousexperiments5 ng/mL IFN-2 significantly
reducedtwitch and tetanus force productiom RA but not in controls(Fig. 21AB).
Notably, the cytokine cockail treatmentdid not affect force production in Rér control
myobundles. WhetFN-2 was combind with thecytokinecocktail force prodictionwas
again significantly reduced inRA twitch and téanus forcesdemonstratingRA
myobundles sensitivity to IFN-2 over other pro-inflammatory cytokines.A similar

responseto treatmentwas observed in RAand cotrol myobundles whemxamining
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specifictwitch andtetanudforces(Fig. 21CGD) indicatingminimal effectof treatmenbn

myobundlecrosssectional area
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Figure 21: Twitch and tetanus forces of RA and control myobundles treated wh IFN-2
with and without IL-1 bIL-6, and TNF-U for 3 days (A) Twitch, (B) tetanus force (C)
specific twitch, and (D) specific tetanuof RA and control myobundles treated with IFN -9,
IL-1 b, -6, brid TNF-Ufor 3 days and force tested on day 10 pesifferentiation. N=5 RA
donors (RAE109, RAME104, RAME106, RAME108, RAME109) 3 cmtrol donors
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(RAMC100, RAMC107, RAMC108); twitch, n=3-5 myobundles per donor; tetanus, n=4-5
myobundles per donor. Data are represented asmeant S.E.M. Statistical significance was
determined usirg a two-way ANOVA followed by Tukey HSD posthoc test. *p<0.05,
**p<0.01, *** p<0.001represents statistical gynificance

Twitch time to max forcewas significanty affected by cytokine treatment
(p<0.001) ard interactim between RAand cytokine treatrm¢ (p<0.05) (Fig. 22A).
Furthermaoe, RA (p<0.0l) andcytokine treatmenfp<0.01) significantly affectedwitch
half-relaxationtime (Fig. 22B). Compared to untreated controlsgdtment withIFN-9,
the cytokine cocktailandIFN-2 with the cytokinecocktail exhibitedmodestredudion of
twitch time to max force(7.50%, 8.2%, and 11.7%, respectively in control
myobundlegFig. 22A).Cytokine treatmendid not affectwitch time to max force in R

myobundles (Fig. 22A)Treatment with the cytokine cocktail increasedtch half

relaxation timeéby 14.65%in RA andby 18.24% incontrol myobundles (§. 22B).
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Figure 22 Twitch force kineticsof RA and control myobundles treated with IFN -2 with and
without IL-1 b , -6, larid TNF-U for 3 days (A) Twitch time to max force and(B) twitch
half-relaxation time of RA and control myobundles treated with IFN-2, IL-1 b , -6, larid
TNF-Ufor 3 days and force tested on day 10 pesifferentiation. N=5 RA donors, 3control
donor; n=3-5 myobundlesper donor. The same donorswvere used adisted in Fig. 21.Data
are represented asmeant S.E.M. Statistical significance was d&rmined using a two-way
ANOVA followed by Tukey HSD posthoc test. *p<0.05, **p<0.0L represents statistical
significance

Treatment withIFN-o with and without thecytokine cocktail showedsignificant
effects of RA (p<0.(®) andcytokine treatmenfp<001) on myobundlefatigue (Fig. 23).
However, here wee nostatigically significant differences betweespecific conditions

for RA and controls
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Figure 23. Percent fatigue of RA and control myobundes treated with IFN-2 with and

without IL-1 b , -6, bnd TNF-U for 3 days and tested on day10 postdifferentiation. N=5

RA donors, 3 catrol donors, n=4-5 myobundlesper donor. The same donorsvere used as
listed in Fig. 21. Data are represented asmeant S.E.M. Statistical dgnificance was
determined usinga two-way ANOVA followed by Tukey HSDposthocted.

3.33.2Myobundle and M yofi ber Analysis

Longitudinal sections of cytokingreated RA and control myobundleswere
immunostainedor SAA andnuclei (Fig. 24) Treatment withIFN-2 combined with the
cytokine caktal appeared to impne myofibe maturaton in contols (Fig. 24) In RA,
this same treatmemippeaed todisrupt fiber alignment and cause thinning of fibgig).

24). Thesemorphologicalobservationamay correpond to theforce reductionin RA
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myobundlesand the lack of eéfct on force in controls respanseto treatment wth 1FN-

2 combined with the cytane cacktal (Fig. 21)

RAMC107
‘T

No treatment 5 ng/mL IFN-y 5 ng/mLIL-18 + 5 ng/mL IFN-y +

5 ng/mL IL-6 + 5 ng/mL IL-1B +
5 ng/mL TNF-a 5 ng/mL IL-6 +

5 ng/mL TNF-a

Figure 24: Longitudinal sedions of RA and control myobundles treated with IFN-2 with

and without IL-1 b , -6, and TNF-Ufor 3 days (A) Control and (B) RA myobundles were
fixed and immunostained for SAA and nuclei at day 10 of differentiation after 3 days of
treatment with IFN-2 with and without IL-1 b , -6, lrid TNF-U. Imageswere taken at 20x
magnification. Scale bar =100 um.

3.3.4 Three-Day Treatment of RA and Aged Control Myobundles with
IFN-2, IL-1 B IL-6, and TNF-U Individually and in Various Combinations

3.34.1Myobundle Contractile Forces

To further investigate the effects BfN-o, IL-1 b , -6, and TNF-Uon myobundle
contractike function we examined cytokinesdividualy and in vaious combmnationsfor

3 days from day 7 to dayl0 postdifferentiation of the myobundles, ftowed by
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endpointforce testingin a single RA donorRA myobundlesvere treated with either 5
ng/mL IFN-2, 5 ng/mL IL-1 b5 ng/mL IL-1 b+ 5 ng/niL IFN-2, 5 ng/mLIL-1 b+ 5
ng/mL TNF-U 5 ng/mLIL-1 B+ 5 ng/mLTNF-U+ 5 ng/mL IFN-9, 5 ng/mLIL-6, or 5
ng/mL IL-6 + 5 ng/mL IFN-2. As expected5 ng/mL IFN-0 reducedtetanusforce
production in RAmyobundes (Fig. 25A-B). 5 ng/mL IL-1 balone and5 ng/mL IL-6
alone had a effect m force (Rg. 25A-B). Accounting formyobundlecrosssectinal
area and assessingspecific force showed additional significant differences between
treatment group$Fig. 25B) Here, treatmeat with 5 ng/mLIL-1 b+ 5 ng/mL IFN-0 as
well as5 ng/mLIL-1 B+ 5 ng/mL TNF-U+ 5 ng/mLIFN-2 reducedetanus fotein RA
myobundles(Fig. 25B) IFN-o showed a dominant effectin these two caseslowever
when IFN-0 was combined with 11-6, there appead to be some restoratioof force as

treamentwith 5 ng/mLIL-6 +5 ng/mL IFN-2 did not differ from untreated contis.
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Figure 25: Twitch and tetanus force of RA myobundles treated withcombinations of IFN-9,
IL-1 b, -6, hnd TNF-U for 3 days (A) Twitch and tetanus faces and (B) spedfic twitc h
and tetanus forces of RA myobundles treated with IFN-2, IL-1 b , -6, larid TNF-U either
individually or in combination for 3 days aml force tested on day l(ostdifferentiation.
N=1 RA donor (RAME109); twitch, n=3-4 myobundles tetanus, n=4 myobundles Data are
represented asmeant S.E.M. Statistical significance was determined usingseparate one
way ANOVAs followed by Tukey HSD pct-hoc test. *p<0.05, **p<0.01 represents
statistical dgnificance compared to no treatment control.

For comparisona catrol donor was treated with ng/mLIFN-2 + 5 ng/mLIL-6
for 3 days from day 7 to daylO of myobundledifferentiation followed by endpoint
force testing Similar results were observefr twitch and tetanus force@-ig. 26A)
compaked to respectivespeific twitch andtetanus forcegFig. 2@) indicating minimal
effect of cytokinetreament oncrosssectional area focontrol myobundlesIL-6 alone
had no effect ortontractile force in control myobundl€Big. 26A-B). Treatment with

IFN-2 with and wthoutIL -6 increased twitis force in control myobundlg$ig. 26A-B).
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Treatment witHFN-0 alone fad no effect on tetanus for¢eig. 26 A-B). However, vihen
IFN-2 was combined with [l-6, tetanus forcencreased compared to untreated controls
indicating a patential paitive effect of IL-6 (Fig. 26AB). The resuls shown in Figures

25 and 2@helpedmotivatethe next seriesf experiments
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Figure 26: Twitch and tetanus forcesof control myobundles treated with IFN-2 with and
without IL -6 for 3 days.(A) Twitch and tetanus forces andB) specific twitch and tdanus
forces of control myobundles treated with IFN -2 with and without IL -6 for 3 days ard force
tested on day 1Qpostdifferentiation. N=1 control donor (RAM C107); n=4-5 myobundles
Data are represented asmeant S.E.M. Statistical significance was determined using
separate oneway ANOVAs followed by Tukey HSD past-hoc test. *p<0.05, **p<0.0],
***n<0.001 represents statistical gynificance compared to no treatment cotrol.
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3.3.5 Seven-Day Cytokine Treatment of RA and Aged Control
Myobundles using IFN-o with and Without IL-6

Proinflammatory cytokines that demonstrated thost significant efictson RA
myobundle fuetion werenarrowed down tdFN-2 and IL-6. To further invedigate the
effects of IFN-0 and IL-6 on RA skeletal muscle, RA andigematched control
myolundleswere treatedvith either5 ng/mLIFN-2, 5 ng/mLIL-6, and5 ng/mL IFN-2 +
5 ng/mLIL-6 for 7 days from day 7to day ¥4 pod-differentiationof the mybundles,
followed mmediatelyby endpointtesting In theseexperiments, the treatment timeline
was extendedrom 3 days to 7 day® allow for more fichroni@ exposure to cytokines
This increasd exposue time gives cytokinesmore time tointeract with he myobudles
and potentially exhibit a moe pronouncedeffed. These treatmen conditions were

appliedto all experimentshown insection 3.3%.

3.35.1 Myo bundle Contractile Forces and Kinetics

Similar results were observédr RA and controkwitch ard tetanus forceéFig.
27A-B) comparal to respectivespeific twitch andtetanus forceéFig. 2Z7C-D) indicating
minimal effect of cytokine treatnent on crosssectional area for RA an control
myobundles For specific twitch force (Fig. 2C), a two-way ANOVA showed a
statistcally significantinteraction effectbetweenRA and cytokine treatmer(p<0.05)
Speific tetanus forc€Fig. 27D) showed sigificant effects of RA (p<0.05) and tkine
treatment [§<0.0001).Treatment for 7 days withFN-2 reducedtetanus force in RA
myoburdles butnat in controls(Fig. 27B, D). Treatmentwith IL-6, however, had no

effect onforce for RA myobundles or camols (Fig. 2Z7A-D). Combned treatmentof
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IFN-2 and IL-6 reduced tetanus force in RA myobundles butinacontrols(Fig. 27B,
D). With the extenakd treatment duration of 7 dayany beneficial effect of 6 (Figs.

25, 26) had been overpeved by thaleleterouseffects ofIFN-o.
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Figure 27: Twitch and tetanus force of RA and cortrol myobundles treated with IFN-2 with
and without IL -6 for 7 days (A) Twitch force, (B) tetanus force, (C) specific twitch force
and (D) spedfic tetanus forceof RA and control myobundles treated with IFN-2 with and
without IL -6 for 7 days and face tested on dy 14 postdifferentiation. N=3 RA donors
(RAME104, RAME106, RAME109), 3 cantrol donors (RAMC107, RAMC109, RAMC111),
n=3-5 myobundlesper donor. Data arerepresented asneant S.E.M. Statistical significance
was determined usinga two-way ANOVA followed by Tukey HSD posthoctest. ** *p<0.001
represents statistical significance.
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Treatment withIFN-2 with and witout IL-6 showed no effect on twitctime to

max force (Fg. 28A). Twitch hdf-relaxationtime showedsignificant effect of RA

(p<0.05) ad cytokine treatment (p&001)(Fig. 28B). Treatment withIFN-2 increased

twitch hdf-relaxation time in RA obundlescomparedo untreated controld-ig. 23B).

Fatigue shaved signficant effects of RA (p<0.05)and cytokine treatmer(p<0.05)as

well asan interation effect betveen RA and cytokine treatment (p<0.01Fig. 28C).

Fatiguewas lower inuntreatedRA myobundles compared tontreatedcontrols (Fig.

28C). Treatment withIFN-o with and without IL-6 reduced fatigue in control donors

(Fig. 28C).
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Figure 28 Twitch force kinetics and percent fatigueof RA and control myobundles treated
with IFN-2 with and without IL -6 for 7 days (A) Twitch time to maxforce, (B) twitch half-
relaxation time, and (C) percent fatigueof RA and control myobundles treated with IFN-2
with and without IL -6 for 7 days and force tested on da 14 post-differentiation. N=3 RA
donors, 3 catrol donors, n=3-5 myobundles per donor. The same donors were sed as
listed in Figure 27. Data are represented & meant S.E.M. Statistical significance was
determined using a two-way ANOVA followed by Tukey HSD posthoc test. *p<0.05,
**p<0.01 represents statistical signiftance
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3.35.2 Myobundl e and Myofi ber Analysi s

Longitudinal sectionsof cytokinetreatedmyobundlesimmunostainedior SAA
and nucleiwere compared btween3 RA donors and3 control donos. Representa/e
images forone RA donorand one controht 20x magnificationare presenteth Figure
29A-B. Treament with IFN-0 appeaed to increase fiber aligment in RA and controls
(Fig. 2A-B). Treatmen with IL-6 did not appear to affect myofiber morphologyRA

and controlgFig. 22A-B).

A X

5 ng/mL IFN-y 5 ng/mL IL-6 5 ng/mL IFN-y + 5 ng/mL IL-6

RAMC111

w

No treatment 5 ng/mL IFN-y 5 ng/mL IL-6 g 5 ng/mL IFN-y + 5 ng/mL IL-6

RAME106

Figure 29 Longitudinal sectionsat 20x magnification of RA and control myobundles
treated with IFN-2 with and without IL -6 for 7 days (A) Control and (B) RA myobundles
were fixed and immunostained for SAA and nuclei at day 14 of differentiation after 7 days
of treatment with IFN-2 with and without IL -6. Scale kar = 100 um.

Representative images fone RA donorand one contrcht 40x magnificationare
presented in Figur80A-B. At increased magnifi¢en, SAA immunostainingevealed

that while stiations are observeth RA and controlmyobundles forall treatmet
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conditiors, IFN-2 treatmentwith and wthout IL-6 cause sarcomee degradatiorin RA

myobundles but not in contro{Eig. 30A-B).

.Y No treatment

5 ng/mL IFN-y - 5.ng/mL-IL-6 5 ng/mL IFN-y + 5 ng/mL IL-6

RAMC111

w

No treatment

RAME106

Figure 30: Longitudinal sectons at 40x magnificaton of RA and control myobundles
treated with IFN-2 with and without IL -6 for 7 days (A) Control and (B) RA myobundles
were fixed and immunostained for SAA and nuclei at day 14 of differentiation after 7 days
of treatment with IFN-2 with and without IL -6. Scale bar =100 pum.

A two-way ANOVA indicateda statisticallysignificart effect of RA on fraction
nuclei in SAA+ fibers (p<0.06) (Fig. 31B) and percent striated fiber§<0.0002) (Fig.
31E). SAA+ area(Fig. 3LA), myofiber orientatior(Fig. 3LC), andfiber length Fig. 31D)
were not affected by RA or cytokine tream As previously noted, reatment withFN-
0 appeaed to increase fiber alignent inRA and controlgFig. 22A-B). Although not
statistically signficant quartification of myofiber orientationshowed a trend of
increased alignment for both RA and contreleen treated withFN-o (Fig. 31C).
Interesting, treatmem with IL-6 increasd percent striated fibe in RA compared to
control myobundleg¢Fig. 31E).
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Figure 31 Longitudinal section analysis ofRA and control myobundles treated with IFN-2
with and without IL -6 for 7 days. (A) SAA+ area, (B) fraction nuclei in SAA+ fibers, (C)
myofiber orientation, (D) myofiber length, and E) percent striated fibers of RA and control
myobundles onday 14 of differentiation after 7 days of treatment with IFN-2 with and
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without IL-6. N=3 RA donors (RAME104, RAME106, RAME109), 3 control donors
(RAMC107, RAMC109, RAMC111), SAA+ area, fraction nuclei in SAA+ fibers (n=6
images per donor); myofiber orientatian, myofiber length (n=6 images per donor, 15 fibers
per image); striated fibers (n=16images perdonor). Data are represented asmeant SE.M.
Statistical significance determined usingtwo-way ANOVA, followed by Tukey HSD post
hoc. *p<0.05 represents statistical significance.

3.35.3 Muscle Protein Analysis

Western blot for myosin heavy chain Y¥), sduble IL-6 recepor (IL-6R), and
myasin light chain (MYL) werecompared to @-actin control for 3 RA donorsand 3
controls Treatmentwith IFN-0 appeared to reduc®YH and MYL levels in RA
myobundlescompared tocontrok (Fig. 32A). MYH, IL-6R, and MYL levels in

myobundlestreaed with IL-6 appered comparable to untreated cordrédr RA and

control donorqgFig. 32A). IL-6R expression appeared low across all conditions for RA

and controls(Fig. 32A). Quantificaion of MYH showed significant effecs of RA
(p<0.01)andcytokine treatmentp<0.05) (Fig. 3B). IL-6R levels werealsosignificantly
affected byRA (p<00001)and cytokindreatment (p<0.01)Fig. 32C). MYL levels were
significantly affected by RA (p<0.05)Fig. 3D).

IL-6R levels werdower in RA myobundlesonpared to controléor all treatment
conditions except folFN-o combinedwith IL-6 (Fig. 32C). Treatment withIFN-2
showed a trend of increased-@R levels in RA myobunigs and control¢Fig. 32C).
Although this trend was not statistically significant, it was consisigtit the rend
observedn IL-6R RNA expressiorfor IFN-o-treated RAmyobundlesand IFN-o-treated
controbk. RNA results will befurther discussed ithefollowing section.

Although not statistically gnificant, treatment witHFN-o showeda trend of

reduced MYH and MYL levels in RA donors compared espective untreated contrpls
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whereas ontrol donos shaved no changé€Fig. 32B, D). Notaly, treatment with IL6
increasedMYH levels in RAmyobundles compared to RA wiyundles treated with-N-
o (Fig. 32B). The® findings areconsstent with our force resultehere we showed a
reduction in forcein RA myoburdles due to IFN-9, but nochange inagematched
controls (Fig. Z7B, D). Our forceresults also showed increasetateis force in IL6-
treated RAmyobundlescompared to RA myobundles treated wil#N-2 (Fig. 27B, D).
These results indicate a correlatibetweenRA force production andRA contractile

protein levelsin response tareatmet with IFN-2.
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Figure 32 Western blot of contractile proteinsand IL -6 sduble receptorin RA and control
myobundlesfor 7 days (A) Western blot of MYH, IL -6R, and MYL in one RA donorand
one control on day 14 of differentiation after 7 days of treatment with IFN-2 with and
without IL -6. Quantified expression of (B)MYH , (C) IL -6R, and (D) MYL normalized to b-
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actin for RA and controls. N=3 RA donors (RAME 104, RAME106, RAME109), 3 control
donors (RAMC109, RAMC111, RAMC113). 4 myobundles were pooed together per
condition per donor to obtain protein sample. Data are represened as meant S.E.M.
Statistical significance determined usingwo-way ANOVA, followed by Tukey HSD post
hoc. *p<0.05, **p<0.01 represents statiical significance.

3.35.4 RNA -Sequencing Analysis
3.35.4.1Principal Components Analysis

To determine which sigiing pathwag were most affecteid RA versuscontrol
myobundlegreaed with IFN-o with and wihout IL-6 for 7 dgys, RNA-seqiercing was
performedfor 3 RA donors and 3 controlé principal components analysis (PQ4dlot
of the g@e expression results ghown in Figure33. PC2 within he PCA plot shoed
variability among dona in which control donorswere more variable than RA donors
(Fig. 33) However, it should be noted thtte 8% varianceassociated witiPC2 was
significantly lower thanthe 60% variance ssociated withPC1 (Fig. 33).PC1 showd
that for each donor, sampléisat were either untreated or treatevith IL-6 appeared to
cluster togethe whereas samples treated with IFNwith or without IL-6 clusteed
together(Fig. 33) This form of clustering indicatedhat IFN-o was the differentiatg
factor producing the largest effeoih gene expression fdRA and control myobundles
whereaslL-6 had minimal effectThesefindings agree with our force resultsfor RA
myobundlesn which IFN-2 reduedforce and 1-6 hadno effect alone ando additional

effecton forcewhen combined withFN-2 (Fig. 27)
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Figure 33: Principal componets analysis ofgene expessionof RA and control myobundles
treated with IFN-o with and without IL -6 for 7 days. RA and control myobundles were
treated with IFN-0 with and without IL-6 for 7 days and flash frozen on day 14 post
differentiation prior to RNA isolation. N=3 RA donors (RAME104, RAME106, RAME109),
3 oontrol donors (RAMC107, RAMC109, RAMC111), n=4 myobundle RNA samplesper
donor, exceptn=3 for RAMC111 IFN-2 condition. Myobundles were pooled together per

condition per donor.

3.35.4.2Heatmaps and Dendrograms

Heatnaps and dendrogramfor treatmentin RA myobundlesand contrad are
shown in Figure84. On the Iét side of theheatmapn Figure 34\, the controldonorsthat
were treated witHFN-o with and witiout IL-6 cluster togetherOn theright side, the

controldonas that were igher unteated or treated with H6 cluster ogether(Fig. 34A).
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This division in gene expressioamongcontrol donorswas created byFN-o treatment
(Fig. 34A).

On the left sideof the heatmapn Figure 348, the RA donors that were either
untreated or gated wih IL-6 cluster dgether On the right side, the RA dondisat wee
treated withIFN-o with and wihoutIL-6 cluster togethe(Fig. 34B). Similar to control
donors, this division in gene expressiommong RA donors was created byFN-o

treatmen{Fig. 34B). These finding agree withthe PCA dot results(Fig. 33).
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Figure 34: Heatmaps anddendrograms of gene expressiorof RA and control myobundles
treated with IFN-0 with and without IL -6 for 7 days. Heatmap and dendrogram of gene
expression for tr eatment within (A) control and (B) RA myobundles RA and control
myobundles were treated with IFN-2 with and without IL -6 for 7 days andflash frozen on
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day 14 postdifferentiation prior to RNA isolation. N=3 RA donors, 3 control donors, n=4
myobundle RNA sampesper donor, exceptn=3 for RAMC111 IFN-2 condition. The donors
are the same as thosésted in Figure 33. Myobundles were pooled together percondition
per donor.

Figure 35 shows a heatmap and dendrogramhefirtteraction between RA
diseaseandcytokine treatmenfor RA and contromyobundles The results showed that
all three RA donorshat were untreatedr treated with IL6 clusteedtogeher (Fig. 35).
These RA donora/ereseparated from thRA and contol donorstreated with IFN-0 with
and without IL-6 (Fig. 35). Furthermore the threecontrol donors that were either
untreated or treated with 4& were separated from tHRA and control donors treated
with IFN-o with and wihoutIL -6 (Fig. 35) Last, wefound that the control donetreated
with IFN-o with and witoutIL-6 were sparated from th&®A donors treated with-N-2

with and wihoutIL -6 (Fig. 35).
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Figure 35 Heatmap and dendrogram of gene expressionshowing treatmentdisease
interaction of RA and control myobundles treated with IFNN0 wi t h and6fori7rt hout
days.Heatmap and dendrogramof gene expressioffior treatment-disease interactiorwithin

RA and control myobundles RA and control myobundles were treated with IFN-2 with and

without IL-6 for 7 days and flash frozen on day 14 postdifferentiation prior to RNA

isolation. N=3 RA donors 3 control donors n=4 myobundle RNA samplesper donor,

except n=3 for RAMC111 IFN-2 condition. The donors are the same as thosksted in

Figure 33 Myobundles wee pooled together percondition per donor.



3.35.4.3Venn Diagram and Volcano Plots

A Venn diagranrepresenting the gene expression resultsréatmentvith IFN-2
with and without 16 in RA and controlmyobundlesshows that gene expession was
significantly affectedin 709 genesfor RA and 615 different gaes for contrd (Fig.
36A). Gene expressionwas significantlyaffectedin RA and controldor 493 of the same
genes(Fig. 36A). Volcano plotsdisplayinggene expression results foreatmentwith

IFN-o0  wand vhithout IL-6 in RA and controinyobundlesareshown in Figure6B-C.
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Figure 36. Venn diagram and volcano plots of gene exression of RA and control
myobundles teated with IFN-o with and without IL-6 for 7 days. RA and control
myobundles were treated with IFN-2 with and without IL -6 for 7 daysfrom day 7 to day 14
post-differentiation. (A) Venn diagram comparing number of significant genes between
treated RA myobundles and treated controls, (B) volcano plot showing up- and down-
regulated genes foitreated controls, and (C) volcano pot showing up and down-regulated
genes fortreated RA myobundles N=3 RA donors 3 control donors n=4 myobundle RNA
samplesper donor, exceptn=3 for RAMC111 IFN-2 condition. The donors are the same as
those listed in Figure 33. Myobundles wae pooled together percondition per donor.
llog2FC|C2, adjusted p-value<0.05

Sincetreatmenwith IFN-2 aloneinduced thdargest effect on gene expression for
RA myobundles and curols, we decided to narrowour focusto that treatment group.

The Venn diagramin Figure 37A compaes gene expression resultetweenlFN-o-
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treated RA myobundles normalized to untreated RA myobundlesiFMe-treated
control myobundles normalized to untreated aaletiGene expression was significgn
affecied in 573 genesfor RA and 545 different gaes for contrd (Fig. 37A). Gene
expressionwas significantlyaffectedin RA and controldor 421 of the same gend§ig.
37A). Volcano plotsdisplayinggene expressioresults fortreatmentwith IFN-2 in RA
and controimyobundlesareshown in Figure87B-C. 10 upregulated genesf interest are
labeled forboth RA and controlsThese geneare of interest because yhare thetop 10
mostsignificantly upregulatedyenes that alspertain toone or moe gene sets that were
enrichedin RA and controlsrespectively Gene set mrichment results are presented in
thefollowing section.It shoud be noted thataeh of thegenes indicated in ure 3B-C
weresignificartly upregulated in both RA and contrmlyobundles.

Furthermoe, becauseve found that IFN-o treatnent reducel MYH ard MYL
contractile protein levelin RA myobundlescompared tacontrds, we suspectedhere
may be acorrespondingeffect at the gene levelExcitingly, MYL5 was found to be
significantly downregulatedn IFN-o-treatedRA myobundlesand unaffected in controls
MYL5 encods one of the regulatory rogin light chains, a component of the motor

protein mysin.MY L5 is indicated in Figure 37C.
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Figure 37. Venn diagram and wlcano plots of gene expressionof RA and control
myobundles treated with IFN-2 7 days. RA and control myobundles were treated with IF N-
o for 7 days from day 7 to day 14 postdifferentiation. (A) Venn diagram comparing
number of significant genes betweenF N-o-treated RA myobundles and IFN-o-treated
controls, (B) volcanoplot showing up- and down-regulated genes foilF N-o-treated controls,
and (C) volcano pot showing up and downregulated genes forIFN-o-treated RA
myobundles Gene expressiorresults for IFN-o-treated RA and control myobundleswere
normalized to respective untreaed controls. N=3 RA donors 3 control donors n=4
myobundle RNA sampleger donor, exceptn=3 for RAMC111 IFN-2 condition. The donors
are the same as thosésted in Figure 33. Myobundles weae pooled together percondition
per donor. [log2FC|C2, adjusted p-value<0.05

104



3.35.4.4Gene Set Enrichment Analy sis

GSEA was performedising Hallmark gene setlatabaseto compareexpression
datasets between RAnyobundlesand controls with and without treatment.For
simplicityd and given the minimal effet IL-6 ha showvn in the dudies preserted in
section 3.35 andthe PCA plot resultgliscussed in section 3534.10 we removedIL-6
andIFN-2 + IL-6 treatmentgroupsfrom the analgis andexamined the results for IFbI
treatmenbnly.

When running GSEA, the software first ranks the genes in the expression
dataset”. GSEA det er mi ne s ession galugferreacid ghenotygb#n e x pr
and contrdl?®®, GSEA then uses the Signal2Noise metric, which uses the difference of
means scaled bythe s ndar d devi ati on, to calcul ate
with respect to the two phenotyp&s The primaryresut of GSEA is the enriament
score (ES)whichreflectsthe degree to vhich a gene set isverrepresentedt the top or
bottom ofa ranked list bgened?*. GSEA determines thES by walkingdown the ranked
list of genesn a gene setincreasing a runningum stastic when a gene is irhé gene
sé ard decreasingt when it is not?. The ES is themaximum deviation from zero
encounteredh walking the list?%, A positive ESindicates gene seenrichmentat the top
of theranked listwhereas aeyative ES indicatgene setreichment at the batim®?4,

The normalizecerrichment scoréNES) is themain statistic forexamininggene
set enrichment resulfé. By normalizing the enrichmentscore, GSB accounts for
differences in gne set size and in correlations between gene setshanexpression
datas€f®. Thus, theNES can be used toompareanalysisresults aross gene set€4
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Furthemore, the nornal p-value(abbreviated as NOM-ypal in Tables3 and 4) indicates
that statistical ignificance of the enrichment scoi@ agene séf* Thefalse discovey
rateg-value(abbrevated af=DR g-val in Tables3 and4) is the estimated probability that
the NES for that gene setepresents dalse finding?%. Theleadingedgesubseis defined
by sttistics including tagsand list'?4. Tagsrepresent the percentagof gene hits before
(for positive ES)or after the peakfor negative ES)n the running ES* List indicaes
the pecentage of gene# the ranked genkst before or aftethe peak in the running
ESJ'24.

When omparinguntreatedRA myobundleswith untreatedcontrol myobundles
enrichment resultsfor RA showed thatof the 13 out of 50 gene setghat were
upregulatd, 2 genessets were significanty erriched withan FDR less than0.05 and
nominalp-valuelessthan0.05 Enrichment resul for controls showed thaf the 37 out
of 50 genesetsthatwere upregulad, 12 gere sets weresignificantly enrichedwith an
FDR less than @5 andnominal p-valueless tharD.05 Lessgene setsveresignificantly
enriched in untreged RA myobundlescompared to untreateadontrols Gene sets
significantly emiched inuntreatedRA myobundleswere oxidative phosphorylation and
MYC targets vl Gene setssignificantly enriched inuntreated controimyobundles
includedepithelial mesenbymal transition coaguation, apoptosiscomplement system,
KRAS signaling, TNFU signaling, gene up-regulatedby STAT5 in response to P,
and gens up-regdated by IL-6 via STAT3. Genesets enriched in RA myobundles
treated with IFNo  n@ ¢hen compaed to control myobundles treated with HSN.
Compared to IFMb-treated controls, IFN-treated RA myobundles showed no
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significant results. IFM-treated caotrol myobundés showd 1 gene set that was
significantly enriched: epithelial meserychal transitia.

Next, gene sets enriched imontrol myobundes treated with IFN-2 were
compaed to untreatedcontrol myobundles Compared tountreatedcontrok, IFN-2-
treatel controk preseted 13 statigically significart gene set@ncluding IFN-0 respoise,
IFN-U resmnse inflammatory response, ILBAK/STAT3 signaling, TNF-U signaling
apoptosisandIL 2-JAK/STATS5 sgnaling (FDR<0.05, nominal p-value<0.05 (Table 3).
Untreated controls shad 1 gene setthat were significantly enriched epithelial

mesenhymal transitbn (FDR<0.05, nominalp-value<0.05 (Table3).
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Table 3: Gene sets enriched in -day IFN-o-treated control myobundles compared to
untreated control myoburdles. Gene sets alered by the normalized enrichment score
*indicates FDR<0.®, nominal p-value<0.05 ** indicates FDR<0.01, nominal pvalue<0.01

When comparindFN-o-treatel RA myobundleswith untreated RAmyobundles
enrichment esultsfor the treatd group showed15 statistically significart gene sets
including IFN-o response,|FN-U responsg IL6-JAK/STAT3 signéing, inflammatory
responseTNF-Usignaling apoptosis|L 2-JAK/STATS5 sgnaling hypoxia,and unfolded
protein respons@DR<0.05, nominal p-value<0.05 (Table4). Genes sethypoxia and
unfolded protein esponse wereneiched in IFN-o-treatel RA myobundles but not in

IFN-o-treatel controls Within the gene seinvolving genes upregulated irespons to
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