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Abstract

Objective=Currently, there areo reliabk biomarkers fopredicing therapeutic response
patiens with rheumatoid arthritis (RA)The synovium may unlock critical information for
determiningefficacy asreduction in numbers of sublining synovial macrophages remaes t
most repredueiblebiomarker. Thus, @linically actionablemethod for collection okynovial

tissue whichsean be analyzed using high-throughput strategiest become a reality.

Methods. ,Rheumatologists at six United States academic sites were trained in minimally
invasive ultrasounguided synovial tissue biopsHistology, fluoresenceactivated cell sorting

and RNAseg were performed dmopsy synovial tissudrom patients with RAand compared

with osteoarthritis (OA) samples An optimized protocolfor digesing synovial tissuewas
developedtor generate high qualitiRNA-seqlibraries from isolated macrophage populations
Associations were determinedbetween macrophage transcriptional profiles ardainical

parameteref RA patients
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Results: Patientswith RA reported minimal adverse effedts response to synovial biopsy
Conparable RNA quality was observed between synovial tiasdeisolated macrophagégsm
patients with RA and OAWhole tissue samples from patients with RA demonstrated a high
degree of transcriptional heterogeneilly. contrast,the transcriptional profileof isolated RA
synovial maerophages highlighted sulpopulation of patientsand identified six novel
transcriptional.modules thatere associated with diseasgivity and therapy

Conclusion:"Performance o$ynovial tissue biopsidsy rheumatologistén the United States
feasibleand generates higuality samples for researdBy utilizing cuttingedge technologies
on synovial Miopsies with correspondimgnical informaton, a precisionrbased medicine

approacHor patients with RAs attainable.

Introduction

Despite the mantherapies for patients with rheumatoid arthritis (RA), there is little information
to guideselecton of the mosteffective treatmenfior an individualpatient.Forty-sixty perceniof
patients WithhRA respond (defined by ACR5@esponse criter)ato conventional disease
modifyingsanti-rheumatic drugeDMARDS) (1, 2) orcDMARDSs plus anti-tumor necrosis factor
(TNF) therapy(3-11). Moreover, 2040% of subjects in clinical trials never demonstrate even a
minimal response (ACR2fesponse criter)a(7-11). Based on a population of over 300 million
in the United States, a disease prevalence of 0.6%, and a coursk mabi&hs per biologic
DMARD therapy,as much a$2.5 billionis wasted annually on inadequate therdp®, 13)
There is aclearneedto develop precisiothased therapy fgpatients withRA, whereby clinical
informationsuch asovel biomarkers will enhance our abilitygeedictthe therapeutic response

and therebyimit_ineffectivetherapy.

Previous studies have linked macrophages to the pathogenesis ofyRéviabmacrophages are
highly activated, express elevated levels of-liké receptor (TLR) 2, 4 and 7 (14, 1&and
contribute directly and indirectly to synovial inflammation and destructionrtifagge and bone
through the production of degradative enzymepliges, and chemokines. Furth@tR 2, 3
and 7 play essential roles in the development of inflammatory arthritis in (dte&8) More

importantly, macrophages are the central producers-GgJLUL-6 and TNFe, which comprise
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the three essential pioflammatory cytokines that contribute to RA pathogenesis. To date, the
approved therapeutics including amtiFo, anttlL-6, Jak inhibitors, CTLA4g and antiCD20

have all been shown to decrease synovial inflammation, bone destruction, and more impportantl
reduce macrophage numbers in synovial sublinjb@-21). Despite the fact that synovial
macrophagesswere discovered more than adesifury ago and are crucial for RA pathogenesis

(22), surprisingly.very littleis known about them.

Biomarkers that indicate sensitiyior resistance to a particular therapy are sorely lacking in RA
For the most part, researchers have utilized peripheral ,bhthd minimal succesdp identify
biomarkers forpredicting response to therafd23). Similarly, the results of genetic approaches
have been“disappointin@4). More recent studiesuggesthe synovium,as thetarget organ in
RA, may havegreaterpotential indeterminingtherapeutic respong@3). Currently, the most
well-known_ aml_reproducible biomarker for response to RA therapy is a reduction in the number
of subliningsynovial macrophagessing immunohistochemistry of synovial tiss@5). While
arthroscopynas beethe mest common method tobtain synovial tissubefore and aftetherapy
(26-32) and yields substantial amounts of synovial tissukey are invasive, require surgical
suites andware expensiy¢hus limiting their usefulness in clinicpracticeand clinical studies
Synovectomy and joint replacement surgery are other common mechanisms fohessearc
obtain synovialtissue butthese patients typically exhibit ersthge disease characteristics and
likely do net reflect the overall pathophysiology at the time when therapeutic de@ssoomade

prior to pregressive joint damage.

Ultrasound technology has significantly advanced and is widely used by rheumatologists as
mechanism for determining the degree of synouaitid inflammationfor detectingerosionsand
for identifyingsites for therapeutic injectio(83). Over the past decadeltrasounchas beemsed
to facilitate.collection ofsynovial tissue(29). Minimally invasive ultrgaoundguided synovial
tissue biopsies have been performed for research purpgbsasghout Europeand the
standardization, for these procedures has beendu#iiuaed (23, 29, 3446). However there are
currently no published studidsom the United Stateslescribingthe utilization ofultrasound-
guided synovial tissue biopsies for researfie potential reasons that this technique has not

been commonlyadoptedfor researchn the United Statemcludea lack of trainingdifferences
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in themedical systenand patient populations between Europe thedJnited Statesanda lack
of “buy-in” from rheumatologistsvho would recommend the procedure to their patients.

We assembled a consortium e$tablishedacademic rheumatology groupsthe United States
including the.University of Alabama at Birmingham (UAB), Columbia University, Mayo Clinic,
Washington_University, University of Michigan, and Northwestern Univergtyform the
RhEumatoid“Athritis SynOvial tissue Network (REASON). Ourconsortiumwas trainedin
minimally “invasive ultrasoundguided synovial biopsy techniques ithe UK and hassince
performed ovedl biopsiedn the United Stateen RA patientswith active diseaseRNA was
extractedremswholesynovialtissue and fronFACS-sortedsynovial macrophagder RNA-seq
analysis.The transcriptional profile®f isolatedmacrophages wenesed to distinguish between
RA patientgroups and identify modules of-tegulated genes thatere associated with clinical
disease and medicatioe believe that these studieemonstrate the utility of isolating
individual populations of cells within the synovium to understand pathobiology of disease and to

establish asprecisiemedicinebased approach for RA patients.

Materialsand M ethods

Patients

Adult patients with RAdefined by eithethe 1987 ACR criteria 02010 ACR/EULAR criteria

were selected as candidates for ultrasegmded synovial biopsy based on the presence of
palpable synmovitilocumented bylinical examination(47-49). To increase uniformity of the
collected tissue, only wrists were sampled in this st@hndidatejoints were scanned with
standard twalimensional Bmode ultrasounavith and without Doppler (SonoSite-MSK with

15-6 MHz_linear probe, FujiFilnBonoSite),and were included in the study if they had a gray
scale synovitis.score af2 on a 4point scale (35). Exclusion criteria included uncontrolled
comorbid .diseases, therapeutic anticoagulation -floge aspirin and nesteroidal anti
inflammateries were allowed), use of systemic steroids in excess of prednisone 10mg daily or
equivalent, administration ohiramuscular steroids within the previous 4 weeks or-gtiaular
steroids into the target joint within the past 8 weeks, chronic or recurrent infection, intolerance to
lidocaine or chlorhexidine, inability to communicate effectively in Englisk, menbership in a

vulnerable population (prisoners, pregnant wone¢e).
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Training for Ultrasound-Guided Synovial Biopsies

The REASON consortium was created to adopt the ultrasguitieéd synovial biopsies for
research purposes in the United States. Rheumatologists from REASON who were experienced
in ultrasonography traveled to the UK for a tday training session with Drs. Andrew Filer,
Christopher_Buckley, Stephen Kelly, and Costantino Pitzalis on ultraspuiddd synovial
biopsies. This'session included observation of ultrasguidied synovial biopsies followed by a
practice session using cadavers. Following the training session, the rheumstoianis
REASON/ attended two additional practice sessiggiag cadaverat Northwestern University

for refresher training.

Ultrasound-Guided Synovial Biopsy Procedure

Procedures_were performed either in exam rooms in outpatient rheumatologg dinin
designated research spaddter re.confirming the presence of synovitis by sonographic criteria

as above using customary nsterile techniques, patients were dressed in a lab-cgver exam

gown, surgical"mask, and surgical hair neheumatologistgperforming the biopsy were in
surgical serubs with cap, mask, sterilegscal gown, and sterile gloves. The ultrasound probe
was placedin a sterile cover. The subject’'s hand and arm were scrubbed with chlorhexidine from
fingertips to midforearm, and the subject then placed the hand palm down onto a surgical wrist
support ina_prepared sterile field. The arm was draped in a sterile manner with a fenestrated
sheet centered,on the wrist, and sterile ultrasound gel was applied. Ultrasoundgsoaenthe

dorsal aspeet«0f the wrist joint in both the longitudinal and transygases was then used to
locate the region of greatest synovitis in the wrist, usually immediately dorsal/superficial to
either the, proximal or the distal row of carpal bones. A wheal of lidocaine was ased t
anesthetize the skin at the ulnar aspect ofwhst. While monitoring the procedure under
ultrasound_in_real time with the probe in the transverse position, an ifttasaundguided
lidocaine_pass into the target joint was made with @g&%e by 1.5nch needle. A second
ultrasoundguided lidocaine pass was made into the same wound and needle track with an 18
gauge by 1.8nch needle to ensure anesthesia and a clear path for the biopsy device. Care was
taken to avoid neurovascular structures and tendons, especially the extensor idligiti Amn
appropriatelysized Quick Core Biopsy needle (Cook Medical, Bloomington, IN) was then
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selected based on the targetst (usually 18gauge by 9cm, with 10mm throw) and introduced
into the same needle track.

Using continuous redlme ultrasound imaging, the jaw of the device was positioned within the
synovium Hefined by OMERACT(50) as intraarticular, hypoechoic, nedisplaceable, poorly
compressible tissji@t the point of its greatest abundance, usually between the coextemsor

tendon "bundle“and the underlying carpal row. The device was triggered and removed. The
sample was‘removed from the device by scraping with a sterigaje needle and placed into
PBS (Thermo Fisher). The process was repeated to obtain aftétalsamples. Not all biopsy
passes yielded, tissue; most procedures resulteeBirieinpty passés and thus most subjects
underwent'a total of 135 passes to obtain 12 samples of synovium. All samples were taken
through the same skin wound but with varying positions of the jaw of the device within the
region of most abundant synovitis, with the intent of sampling the entire chosen region
uniformly. Variations in position of the device also included variations in the rad@itation

of the jawwitheresect to the axis of the device. For examptene samples were taken from 12
o’clock, closerto the extensor tendon bundle, and some from 6 o’clock, closercarghErow.

At the completion of the procedure the biopsy site was washed, andaftieming hemostasijs

an adhesive bandage was applied to the single puncture wound. No subject required a suture.
Patients were instructed in routine afteare and encouraged to use et-counter
acetaminophen for any discomfort, with permission to escalate tettm«eounter NSAIDs if
needed and“to,contact the research team by telephone to report any adverse events, including
delayed healing or pain not controlled with o#lee-counter agents as above. Most procedures
lasted a total of 460 minutesfrom the nonmsterile scout imaging to the subject departing the
procedure, room. Subjects did not require conscious sedation and were sent home @tymediat

with no post-procedure observation/recovery period and no activity restrictions.

Tolerability

Tolerability“of,the procedure was assessed by questionnaires administered before and after the
procedureas previously describe@6). Patients were asked to rate pain, swelling and stiffness

on a 10point visual analog scal@/AS). After the procedure, patients were also asked by
guestionnaire to rate thediscomfort during the procedure (none, mild, moderate, severe) and to
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rate their likelihood (very likely, somewhat likely, unsure, somewhat unlikely, welrkely) to
agree taundergo another procedure.

Tissue Preparation and Flow Cytometry

From the 12pieces of synovial tissugbtained byneedle biopsiedour were selected at random
and placed.intd0% neutral buffered formalifNBF) for histology, four more randomlyselected
pieceswvereplaced intRNALater (Ambion) for whole tissue processirgndthe remainingour
were placed'int®BS fortissue digestionOsteoarthritis QA) synovial tissue was received from
the National Disease Research Interchange (NEHR) wasshippedin DMEM and antibiotics
overnighton wet ice Only soft tissus containing meniscus and synovium were procesSéd.

synovial tissue‘was processed identically to tissue from patients with RA.

The length_of digestio(B0 to 60 min) andintensityof mechanicatlisaggregatiompre- and post
incubation\were variedto optimize macrophage isolatioMechanical disaggregationwas
performedson=a GentleMACS dissociator (Miltenyi Biotec). ThegategentleMACS programs
m_lung_ 0T 'and m_brain_01 were used to test moderate and aggressive mechanical
disaggregationtespectiely. Sortedmacrophagesised for analysisvere processed bynfusing
tissuewith-adigestion buffefRPMI 1640 (Sigma)Liberase TL (Roche, 0.1mglmh and DNase
(Roche, 0.1mg/tn)] and minced with scissors. Tissue suspensions were transferretubesC
(Miltenyi Bioted) andincubatd for one hour at 3 with aggressive disaggregatigme- and
post- incubationThe digestiorreaction was quenched with MACS buffer (Miltenyi Biotacyd

the tissue suspension widtered over ad0-micronfilter. Red blood cells were lysed (BD Pharm
Lyse) and thenwashed twice with HBSS (Thermo Fisher). Cells were counted (Invitrogen
Countess), and ;stained with a viability dygupplemental Tablé; 0.5 uL/mL, 15 min., 25°C,
dark) Cells.were then washed twice with MACS buffémcubated with Fc block (BD
Biosciencesiypl/60uL total volume max5x1@ cells, 4°C, 15min., darK), stainedwith antibody
cocktail (SupfementalTable1; 4°C, 30min., dark),washed twiceand resuspended in MACS
buffer and kept,on ice until sortin§ynovial macrophagd€D45", CD115, HLA-DR", CD15,
CD1c¢, CD206) were sorted on a BD FACSAria SORP instrument (BD Biosciencéfeat
Northwestern University Robert H. Lur@omprehensive Cancer Center Flow Cytometry Core

Facility. Cells from RA synovial biopsies were sorted directly into [d10MPicoPure RNA
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extraction buffer (Arcturus Bioscience, Inc.). Cells from OA tissues were sfrteck than
10,000 cells)into cold MACS buffer (Miltenyi Biotec), immediately centrifuged &iC4
supernatant removed, aresuspended in 1QQ PicoPure RNA extraction buffeAll cells were
stored at80°C until RNA was extracted

Histopathology/and | mmunohistochemistry

The 4 biopsy pieces fixed in 10% neutral buffered formalin for histology steredovernight

and submitted to the Pathology Core FaciityNorthwestern UniversityParaffirembedded
tissue sections ' were stained with hematoxylin and eosin (H&E), and for CD45 or SiRiS8.
images werertaken at 40x and 100x magnificatisimg anOlympus BX41 microscop@nd
Olympus DP21 camer&ince not all samples using this procedure demonstrate synovial lining,
other characteristics including CD45 and CD68 staining were incltmlgorovide a semi
guantitative or-qualitative analysis of inflammation in the biopsied tissRi&. synovial biopsy
sections stained for Hematoxylin and Eo@#&E) or with antibodiesto either CD45 or CD68
antigenswere“scored for percent synovium of falr pieces of tissues. The CD45 and CD68
score was based on at@nodifiedscoring system which described the percent of CD45 or CD68
positivity “in,_identified synovium(35). All scaing was performed by an experienced

rheumatelogist blinded to the identity of the samples.

Preparation of RNA Library

RNA was jisolated from whole synovial tissue by homogenizing tiagihne3.0 mmhigh impact
zirconium beadsand aBead Blaste4 microtube homogenizer (Benchmark ScientifiRNA
was extracted from the cell homogenate usnQIAGEN Plus Mini kit. RNA from sorted
macrophages was extractading aPicoPure RNA isolation kiaccording to manufacturer’'s
instructions(Areturus Biosciene, Inc.). RNA quality and quantity were measured usiftigh
Sensitivity.RNA ScreenTape System (Agilent Technologies). Whgtwvial tssue RNAseq
libraries_were prepared frodOng of total RNA using the NEBNext Ultra Kiwith polyA-
enrichment{NEB). RNA-seq libraries from sorteghacrophage populations were prepared using
a SMART-Seq v4 Ultra Low Input RNA Kit (Clontech Laboratories, InfolJowed by Nextera
XT protocol (lllumina) RNA-seq libraries were sequenced on an NextSeq 500 instrument

(lumina Inc.) with ~5-10x1@ aligned reads per sampl&. commercially available universal
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human RNA reference (UhRNA) was prepared along with the synovial RNA to rdpresen
background RNA expression.

RNA-seq Analysis

RNA-seq data were dmultiplexed usingbcl2fastq and RNAseq reads were aligned to the
human reference genome (NCBI, hg19) using TopHat2 (version 2.17.1.14) aligheiGene
coverage 'ofsamples was calcukd using the RseQC packaf&?). Normalized gene counts
were calculated usingTSeq (53). For our analysis, we focused on genes in whitcheasttwo
samples ‘hadFragments Per Kilobase per Millionlog.(FPKM)) expression > 3.For
visualization,»GENEE (https://software.broadinstitute.org/GEf) was used to generate
Pearsonpairwise correlationmatricesand to perform Kmeansand hierarchicalclustering.
Differential geneexpressiorbetween RA and OAn the whole tissue dataseis determined
using theedgeR Bioconductor packagparameters as describéadjustedp-value<0.01)(54,
55). Gene .Ontology GO) associations were determined by GOri{#6). To account for the
increasedgnoise of the low input macrophapecific RNA-seq, we focused our analysis
Figure 5on'genes in which at least two samples hagd(FRKM+1) expression over&nd raised
all lowervalue to 5. We defined iferentially expressed genesrosgatients with RAas those
with an adjusted rangedg,-fold changéetween thesecond highest and second lotwseample)

> 1. We removed genes drivdoy one outlier samplédefinedas genes where the difference
between theMlax—2" highes > distance betwee®™ highest-2? lowes) leaving 553genes for
the analysisiModules were identified byclustering genes using Kneans clustering and
calculatingsthepairwise Parson correlatiorbetween each gen&he enrichment/depletiorof
modules witln eachpatient was determined by a Kolmogoi®mirnov (KS) test betweerthe

expression level of genes in a given module comparell 53geneqP-value<Q5).

Statistical Analysis

Associationsof RNAseq expression patterns in patients was determined thlclinical
parametersncluding diseasaluration,swollen joint count (SJC), tender joint count (TJE)rly
diseasaluration(defined as patients with diseas years),rheumatoid factof(RF), Anti-cyclic
citrullinated peptide(anti-CCP antibodiesand patient treatment history with biologiesd

methotrexate (Table 1Ppisease duration, SJC and TJC were recorded as continuous variables.
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Early disease duration, rheumatoid factanti-CCP antibodiesand patient medication history
were recorded asategorical dataf either positive onegative.Patient teatment and clinical
data association witgroups 1 and 2 in Figure 4#eredetermined usindrisher’'s exactestfor
categorical dataand students’ -test for continuous dataPearson correlation was used to
determine _association betwepatient’'s mediangene expressiofor each module and patient
information_with _continuous variable3he log,-fold changeof the average median module
expressionbetween patients with a positive compatedhegative clinical response/treatment
regimenwas“tsed tocalculate association to patient information wittategorical variables
(Supplemental Tabl2). Significant changeis gene expression were determined using student’s
t-test.

Results

Patient Demographics

The REASON consortium was created to adopt the ultrasguitiéd synovial biopsies for
research purposes in the United Sta@ger thetwo years we recruited4l patients withRA
from REASONssitesfor ultrasoundguided synovial biopsie®atient denographicsglinical data

and other pertinent information are presertetiable 1

Ultrasound=guided Synovial Biopsies are Safe and Well Tolerated

Reattime ultrasoundimageswere utilized to guideplacement of the needbievicefor biopsy
within the synovium of the dorsal wridiFigure 1AB). Thirty-one of the forty-one patients
respondedswith aomplete pre-and posiprocedure VAS assessment of pain, stiffness and
swelling ofithe’biopsiedvrist. There wereno differencs inthe pre andpost- procedurscores

in these patientgFigure 1C). Ratients were themaskedto rate their likelihood ohgreeing to
repeat the procedure. Ovemdly percent 90.3%) of the patientsreportedthat they wouldbe
very likely, (ML) or somewhatikely (SL) to repeat the biopsyvhile only 6.5%statedthat they
would be somewhat (SU) or very unlikgiyU) to have a repeat biopg¥Figure 1C).

Histological*Assessment of Synovial Tissue

The quality of thesynovial biop&s obtainedfrom patients with RAwas first quantified by
histological assessmeiricluding tissue structure, presence of synovial lining and leukocytes
(Table 1 Figure 1DE). Importantly, all butive samplescontained synoviaissue(>10%)with
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elevenbiopsies containing50% synovialtissue The abundance of CD45and CD68positive
cells in each sample was scorednoodified scale of &4 (35)revealinga substantial enrichment
of hematopoitc cellsandmore specifically macrophagesmostbiopsysampleqTablel).

RNA-seq Analysis of Whole Tissue Synovial Biopsies

Thefidelitysof the cDNA library created from whole synovial tissirem RA synovial biopsy or
from osteoarthritis (OA) patients following whole joint replacemeas assesseduy a variety of
criteria (Tablel). The quality of the RNA-seqdata for whole tissue samples was determimed
plotting the number of genes eaichFragmentser Kilobase per Million (FPKM) value for all
samples. Fhere was no significant difference between the number of expressed deAes in
versusOA samples Figure 2A. The read density over the length of genes revetilat all
samples had comparable coverageoss the genom@igure 2B. Nine RA synovial biopsies
and nineOA tissue samples produced high quality RE&q libraries and were used for further
analyss, concentrahg on a set 008366 expressed gene3he global gene expressionofiles
from synovial“tissue samplesere heterogeneous across the RA sampled did not clearly
cluster apart from OAFigure 2G. The variability amongatients highlights the complexitg

the presentation dRA in patientsusing whole tissue and pointsdshift in gene expressian
individual-cell typeghat could be associated with disease activity status and therapy at the time

of biopsy.

Differentialexpressioranalysisidentified genes that werspecificto eitherRA or OA synovial
tissue sampledVe found 411RA-specific genesnd 3300A-specific genegFigure 2D). Gene
Ontology (GO)analysisrevealed distinct pathwayemnrichedwith genes fronRA or OA. RA-
specific genes were associated with a wide range of immune proeessdsding “leukocyte
activatiori“T.cell activation”, and“B cell mediated immunity while OA-specific genes were
associated..with more homeostatic processes sucliosteoblastdifferentiatiori, “bone
remodeling”and‘epidermal growth factor receptor signaling pathweaypecifically, we found
several macrephagelated genesFcyR2A, IRF8, MyD88 andCD14) that were significantly
upregulated in RA relative to O8ynovial tissugFigure 2B. Genesthat were preferentially
expressed in OAsuch adubricin (57), JUN (58), ADAMTS1 (59), andSCRG160) havebeen

previously linked to differences in synovial tissue functio®i. The broad range of pathways
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involved in RA at the whole tissue level highlighihe need for a cetlype-specific approach to

better understand the role of particular cell populations.

Synovial M acrophage Digestion and RNA-seq Analysis

Multi-parameter flow cytometrwas usedo isolate macrophages from RA and OA synovial
tissue (Figure 3A). Macrophages were gated via the inclusion of sifiylet$CD45, and HLA

DR" cells*Maerophages were further isolated by excluding DCs and gating on the remaining
CD11b cells'teridentify CD206 macrophage populations. An optimized digestion protocol was
developed to isolate viable macrophages from synovial tisEbe. effectiveness of tissue
digestion wasrassessed by maximizing the number of viable, CBd& CD11b cells within a
given singlecell suspensioifFigure 3B. An average of 1642 (SEM£1178) macrophages were
isolated from digested biopsies and prepared for RN# (Table 1). An identical digestion
protocol was _used to isolate cell populations from OA synovial tissue asbeésabove,
resulting in.an average of 77,414 macrophagesample(Tablel).

Isolated macrephages from 15 RA biopsies and 9 OA tissue samples were calteljtadsed
sequencing,quality control for further analysi$ie percent alignment of reaqaverage54%)
was lowersthan in whole tissuaverage82%) likely due to the increased noise of low input
There wasa minimal differencein the number of detected genestweenRA and OA
macrophagesfHgure3C). RA macrophagedemonstrated comparable compleXifyblel) and
gene coverag@-igure3D) to OA samplegven though the number BA macrophages as45x

less than serted OA macrophages

To determine whether macrophagjeecific RNAseq data provided additional information that
could not be gleaned frothe whole tissue data, we investigatbd ‘macrophagespecific’ gene
expression profiles. A comparison of faitiange in gene expression between RA and OA
revealeddifferentially expressedenes that wereetectedonly by ‘whole tissuéor only by
macrophagepecific RNA-seq (Figure 3B. For example genesassociated withnflammatory
arthritis, such asand P13 (61) and MMR3 (62) were preferentially expressed iRA and OA
macrophagesespectively while no changen expressiorwas observedn whole tissueRNA-

seq. Furthecomparison revealethat 6414 genesvere expressed in both dataseigile 2952
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genes were exclusivefpundin whole tissue an@116 genesvere macrophagespecific(Figure

3F). Genesexclusivelyexpressed byhole tissuewere likely associated with other cell types
while macrophagepecific geneswere likely below thelimit of detectionfrom whole tissue
RNA-seq.Of the 411 RA-specificand 3300A-specific genes fromvhole tissue (Figure 2D)
315 and 152vere expressed ithe macrophagspecificdataset (Figure 3G) However,many of
these467 geneswere not differentially expressed in the same direction in the macrophage
specific’data’sgFigure 3H).

Next, wel compared thelabal gene expression profiles from synovmbcrophagescross
patients. Weidentified two distinct groups oRA patientsbased on the correlation between
patients(Figure4A). Group 1 consisted of twthirds of the patients (10/15) with highly similar
gene expression profilaghile Group 2 contained the remainibgpatientswith divergent gene
expressionPatients inGroup 2 exhibited significantly high&JC than Group 1 §9.03).These
findings demonstratehe possibility for cell-type-specifictranscriptional profile of RA patients

to inform ondisease severity.

Modules™ ot ceregulated genes may represent pathways that perform specific functions in
disease. Jo identifgenemodules within the macrophage transcriptional profies,defineda
subset of553 genes as differentially expressactossl5 RA patientsafter accounting for noise
and outliers (se&laterials andviethods).These genes were clustered i6tmodules (Mdules
1-6) basedr~onythesimilarnity in their patterns of gpressionacross patientgFigure 5A). We
calculated“thergichment or depleion of gene modulewithin the expression profile of each
patients tQ determine which patients were driving these mo(fkitpsre 5B) Despite the limited
statistical power. of 15 patientsgwvere able to identify associations betwegpressn of these
gene modules. in patienend clinical parametergFigure 5GD, Suppemental Table 2 For
example, expression of Module 2 genexluding CCR1 and TREM 2 (Figure 5E)ere
significantly=increased1.31 fold or 039 LogzFold-Change(FC); p-value=0.05 Figure 5D)in
patients whoe had stopped takimgthotrexateln addition, expression gienes in Modle 3were
negatively correlated with disease severity as measur&d®fp-value=0.007) antiad1.7+old
(Log2FC=0.78 p-value=.04) higherexpressionn patientsrecently diagnosed of RAFigure
5D). Module 3genessuch as NFKBLA andTIMP1, are involved ircellular response to HL as
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determined by GO enrichmef8upplemental Figure 1Expression of Module 4 genes were-1.7
fold (Log,FC=0.78 p-value=0.0) more highly expressed in patients who were not taking a
biologic medication at the time of biopsvlodule 4 genesvereenrichedwith immune response
genes such as_TNF and MARBigure 5E) Expression oModule 5 genes such asvlIF and
HMGB2 werepositively associatedvith disease severity as measuredT (p-value=0.03)
(Figure 5D). Genes in Module, 6uch as CD83 and CXCRwere 2.0-fold (Log,FC=1.0, p-
value=0:03higher inpatients whaverenegativefor rheumatoid factorTaken together, our data
demonstrate“for the firdime that transcriptional profiling of isolated synovial macrophages
using ultrasoundyuided synovial biopsiesiay be used to characterize patients in a biologically

relevant manner

Discussion

Recent adances in ultrasound technology have opened up a new opportunitgfonatologists

to perform_minimally invasive ultrasoundguided synovial tissue biopsie&5). While
arthroplastyghas the ability to collect large pieces of synovial tissue, its utility as a vehicle to
obtain tissuefor research purposes from RA patients in the United States and in longitudinal
manner iss¢hallenging (23, 29, 41, 45;63. Moreover, the tissue obtained from arthroplasty is
usually late"stage and may not reflect the ongoing active djseamt may be obtained using
ultrasound guided synovial biopsThe fact that the ultrasound guided synovial biopsies may
occur in the clinic without a surgical suite and requimmimal to no recovery time for the
patient outweighs the amount of tissue retrieved (23, 29, 41, 466)6 fact in several
counties inlEwrope, this techniquis usedto obtain synovial tissue for research purpdsea

large number of patientsithout significantcomplicationg34-36, 3840, 67#72). The procedure

itself is well accepted by both patients and referring rheumatologists at similar rates to that
observed by our European colleagues (34, B&vious studies have already focused on access
to the joint, intrajoint synovial variation, and reproducibility of measuremesisg the
ultrasound.guided synovial biopsy techni{84-36) Furthermore, these biopsies do not appe

to alter subsequent clinical or ultrasound disease activity assessments, which is important for
patients who might subsequently enroll in clinical trig8). TheseEuropeangroups have also
performed mumerous studies to validate the needle biopsy and portal and fproeesliure and

tissue sampling34-36, 3840, 67, 74, 75)Our data demonstrate that the ultrasegoatled
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synovial tissue biopsies obtained from patients with RA are sufficient féy-8d84, distinguish
differences between patients with RA and OA, and importantly sets thewaknéor the
stratification of patients with RA according to the most prominent ss@athway. We also
report an optimized digestion protocol for synovial tissue obtained by ultragpinhed biopsies

and demonstrate the ability to sort viable hematopoietic cells by FAC®eFunte show that
only small,numbers of cells (as few as 10lsjeare sufficient for generation of libraries for
guality RNAseq analysis. With our initial cohort of 41 patients we have been able to link the
cell-type-specific transcriptional signatugewith patients’ treatment regimen and clinical

information.

Currently, the standard of care for rheumatologists is to prescribe biologic therapy to RA patients
through a costly and time-consuming trial-aarder process. Therefore, the utility of a biomarker

to identify_how a patient will respond to a particular #pgr cannot be overstated. While
peripheral‘blood is attractive for identifying a potential biomarker due to ikscfatainability,

this approach=has not been fruitful. Early studies by Dr. Paul Tak and colleagues deetbnst
the potential of‘obtainingynovial tissue as a means to determine a biomarker for responsiveness
to therapy(25). In his seminal studies, he showed that a reduction in the number of synovial
sublining.macrophages correlateghwva decrease in disease activity (i.e. DASEH)). The
abundance of synovial sublining macrophagesurrently a leading candidate for a viable
biomarker.of therapeutic response in KR25). We posit that transcriptional signatures in
macrophagesegardless of location (sublining vs synovial lining)l predict responsiveness to
specific norbiologic and/or biologic therapies. Our data sgjghe existence oéssociations
between thdranscriptional signaturef macrophageand treatmentourse ¢r compliancg of

the patient However,the current study is limited in its ability to predict therapeutic response
because of the, constraint ofsangle time point for each patient at different stages of disease.
Future studies/beyond the scope of this manuscript will entail collection of synoviailebiops
from a larger‘cohort longitudinallyrior to and following therapylherefore, this study se¥s

as proof of‘the_principahattranscriptional analysis of synovial macrophages usitrgsound-
guided synovial biopsiesnay function to uncover novel pathways underlying disease

pathogenesis or response to therdpyrrently, studies are also undeynma the Accelerating
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Medicines Partnership (AMP) which will take advantage of synovial biopsies for identification

of molecular pathway&5).

In summary, this study is the first in the United States to harness the potentith®dund-
guided synovial biopsies as a method for obtaining synovial tissuepibents withRA. Based

on the recentsuccess of REASON using minimally invasive ultrasegoiled synovial
biopsies,coupled with ourability to interrogate synovial tissue at multiple levels using
cutting-edge technologies, we believe thatiure studes havethe potential tgrovide critial
information to, rheumatologists in establishing precision medicine as a realfitypuio
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Patient Information
Age (years) 575 = 114
Gender (female) 29 (71%)
Gender (Male) 12 (29%)
Disease duration, years n=40 93 * 84
Early disease (<2 years), n= 40 9 {23%)
Positive Rheumatoid Factor (RF) n=40 23 (58%)
Positive Anti-CCP n=36 19 (53%)
ESR {mm/hour) n=14 335 = 217
DAS28 n=17 47 = 13
CDAIn=20 215 = 108
RAPID3 n=25 114 = 74
PGA n=24 47 = 31
HAQ n=18 07 = 05
TJC n=31 58 + 60
SJC n=31 71 49
Treatment{n=31)
no Treatment {naive) 3 {10%)
Methotrexate, current 15 {48%)
Methotrexate, past 9 (29%)
TNF-inhibitor, current 12 (38%)
TNF-inhibitor, past 17 (55%)
IL-6 inhibitor, current 2 (6%)
IL-8 inhibitor, past 2 (6%)
JA K-inhibitor, ‘current 3 {10%)
JAK-inhibitor, past 5 {16%)
Cther treatment, current 1 (35%)
Other treatment, past 12 {39%)
Prednisone, <5 mg, current 1 (3%)
Prednisongy & 10'mg, current 6 (19%)
Histology-RA Synovial Biopsy (n=30)
% Synovial Tissue B0 + 56
CD45 score (0-4) 17 + 02
CD6&8,score (0-4) 1 + 0.1
RNA-seq Stats
WholeTissue Samples (RA=9, OA=9)
RA 687 + 05
it OA 80 =+ 02
. - RA 92 =+ 07
# aligned reads (Million) OA 129 + 11
% of total reads.aligned gﬁ g;g z 1;
. RA 548 = 17
0,
7% Complexity OA 562 + 19
Sorted Macrophage Samples (RA=15, OA=9)
RA 1642 = 1178
Cells sorted
OA 77414 £ 26413
# aligned reads (Millior) gi ; :? z g:g
; RA 539 = 60
0,
% of total reads aligned OA 659 + 15
. RA 372 = 27
% Complesity OA 381 + 22

Figure lzegends

Table 1. Patient and Sample Information. A@ICRcyclic citrullinated peptide; ESR

Erythrocyte Sedimentation Rate; DABsease Activity Score; CDAClinical Disease Activity

Index; RAPIDRoutine Assessment of Patient Index Data; F&B¥sican Global Assessment;

HAQ-Health Assessment Questionnaire; ftd@der joint count; SJ8wollen joint count.
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Treatment is divided by medication type and whether the patient is currently taking or has
previously taken the medication. Standard deviation or percent of population is defoorte
patient information and treatment. Histological Scoring of Synovial Tissue. All slides were
scored by_same physician blinded to the origin of the samples. The amount of synoviahtissue i
each biopsy.was estimated byusture, lining and leukocyte content. The number of G4l
CD68-positive cells were scored on modified scale froth GEM is reported for Histology and
RNA-seq library stats.

Figure 1. Acquisition of synovial tissue from patients with RA. Ultrasourd guided synovial
biopsy from inflamed wrist with afd8-gauge by 1.5nch needle B. Dorsal transvess (axial)
view of aright wrist (top) with a 25gauge by 1.5nch needle (arrowheads) and left wrist with an
18-gauge by 9'cm needle biopsy device withCemm throw opened (8 and 3" arrows from

left). SV = superficial vein, EXT TEN = extensor tendon complex, CARPALS = paixiaw

of carpal bone<C. Patients were asked prior to and following the procedure to complete a visual
analogue sscore (VAS) assessing their pain, stiffness and swelling on a scal.oPdst
procedure patients were also asked their likelihood to agree to a subsequent erfé¢epuery
likely, (Sk).somewhat likely, (NS) not sure, (SU) somewhat unlikely, and (VU) very unlikely.
Error barssdisplay SEMD. Synovial tissue is removed from biopsy device and placed into PBS
on ice until processedE. Histomorphological featuresf synovial biopsy obtained from two
representative  RA patientsRepresentative photomicrographs eections stained with
Hematoxylinand Eosin (H&E), ar€D45 (hematopoietic cells), and a@iD68 antibodies

(macrophages).

Figure 2. Analysis of whole tissu&NA-seq librariesA. The number of genes greater than a
given expression level {axis - Log,FPKM [Fragments Per Kilobase of transcript per Million
reads]) are_ displayed for each sample. [uUhRNA = universal human RNA cdBtr@ene
coverage _plot displaythe average read density across genes $dm 3'.C. PairwisePearson
correlationstof_gene expression between individual patient samples. Sampbegamieed by
hierarchical clustering based on their Pearson coefficients across samples. Theisssge t
indicated by red (RA) and blue (OA) squares on the top and right of the matrix. The patien
number for each sample is indicated to the right of the maXiXx/enn diagram of the genes
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expressed in RA and OA samples. The differential analysispa@djlue <0.01) revealed 411 and

330 genes that were preferentially expressed in RA (red) and OA (blue), respeSaleltt
processes from GO enrichment analysis on genes preferentially expressed in each tissue type are
listed. E. Whisker plots indicatingnormalized gene expression of individual genes between RA

(red) and OA.(blue) samples. * indicates differential expression (adj. p-¥alig<

Figure 3. "Isolation of synovial macrophages and macroptsmeific RNAseq. A. Gating
strategy usedto identify synovial macrophages in both RA and OA tBsO@timization of the
synovial tissue processing procedure. The success of the tissue processing was evaluated by the
number ofwiable, CD45+, and CD11b+ cells identified by flow cytom&@rnNumber of genes

with expression greater than a givERKM value for each sampl®. Gene coverage plot
displays the average read density across genesSrem3'.E. Log, fold change (LogFC) of

gene expression between RA and OA fromolghtissue (yaxis) and macrophages-éxis).

Lines indicate differences >1. Select genes are displdyedenn diagram comparing genes
from sortedpmacrophages (purple) and whole tissue (grey outltheBar graph of 741
differential*genes from whole sge (Figure 2D) that are also detected in sorted macrophages
(purple)."H., The LogFC in expression of 467 differential genes fro@® detected in
macrophages in whole tissue (top) and sorted macrophages (bottom). In both plots, egenes ar
ordered along the -axis by decreasing foldhange in whole tissue. Genes preferentially
expressed.in RA tissue (LggC>1) and OA tissue (Lo§C<-1) are colored in red and blue,

respectively:

Figure 4./Analysis of global gene expression profiles in sorted macrophages fAAmAR
PairwisePearsorcorrelation of gene expression between individual patient samples. Samples are
organized by hierarchical clustering based on their Pearson coefficients across samples forming 2
groups.B. Table of association analysis between patients in Group 1 and Group 2 as defined in
A and clinieal parameters. Values reflect either the group average (continuous variables) or
percent of patients (categorical variables) in each group with given crRerédues for disease
duration, SJC and TJC were determined by Studeristtand for early disease duration,

rheumatoid factor, antCCP antibody and treatment status were determined by Fisher’'s exact
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test. Significant values are shown in red. TJC=tendmt count; SJC=swollen joint count;
CCP=cyclic citrullinated peptide

Figure 5. A. Pairwise Pearson correlations between 553 differentially expressed genes of their
expression.across sorted macrophages from RA patients. Genes are clustereanesirsgté
identify medules of ceegulated genes (Modules-6). B. KolmogorovSmirnov test to
determineif'expression of module genes is enriched (orange) or depleted (purpte) pateant
(p-value<0.05)C. Table of association displaying the Pearson caticel between the median
expression of gene modules in patients and the given clinical parameters (contiswumies)

were calculated. Correlation coefficients with-&ghue <0.05 are shown in bolD. Table of
association“displaying the average folthnge(Log,FC) betweemmedian expression of gene
modules in patients that were positive vs. negative for the given clinical parameters (categorical
variables). Current medication treatment compares patients who werentljuron the
medication,against those who were not on the medication at the time of biopsy. Pastiomedic
treatment compares patients who had stopped medication against those who were never on a
given medication. Significant comparisons -vg@ue<0.05, -test) are shown in bold.
MTX=methorexate.E. Bar graph showing the expression levels (FPKM) across patients with
RA of individual genes selected across the 6 Modules.
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B Patient Information P-value Group1 Group2
Disease Duration 0.67 8.67 11.00
sJC 0.03 578 11.00
TJC 0.08 3.67 10.50
Early Disease

Group 1 Group 2

£ m HS20 <2 years 30%  20%
8 ’ HS57 »2years 092 60% 80%
= HS56 No Data 10% 0%
& Mol HS55 Rheumatoid Factor
HS42 Positive 0.05 80% 40%
:ggg Negative : 20% 60%
| 366 Anti-CCP
HS14 Positive £80% 20%
HS62 Negative 0.28 20% 30%
HS59 No Data 20% 0%
Biologic
- :2‘11:93 None 30% 20%
H&27 Current 0.89 G0% 80%
HS51 Past 100/6 00/6
Methotrexate
MNeone 30% A0%
Current 0.89 40% A0%
Past 30% 20%
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