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ABSTRACT

Objective. We exploredtheintrinsic role ofinhibitor of DNA binding 1 [D1) in rheumatoid

arthritis RA) fibroblast-like synoviocytedHLS) andinvestigatedvhether ID1 is citrullinated

and autoantigenic in RA.

Methods. RA patient erum ID1 levels were measured before and after infliximab treatriRént.
FLS were transfected witha CRISPRCas9construct targetingD1 to examinethe effecs of ID1
deletion. “RA«" synovial fluids (SFs) and homogenized synovial tissues (Siexe
immunoprecipitatedor ID1 and measured for citrullinated residues using ELISA\Wedtern ot.
Liquid chrematographyandem mass spectrometry {MS/MS) was performedon in vitro
citrullinated recombinant human ID1 (citIDij localize the sites of citrullination. Normal (NL) and
RA sera and SFs were analyzed by immunodot blot (IDB) forcéntilinated protein antibodies
(ACPAS) toreitiD1.

Results. RAspatient serum IDlevelspositively correlated witheseral disease parameters avete
reducedafter infliximab treatmentRA FLS displayedreduced growth and robust increase in
interleukin6 (IL:6) and IL-8 production upon deletion of IDID1 immunodepletiorsignificantly
reduced the level®f citrullinated residuesn RA SFs and citrullinated ID1 was detectedn
homogenized RA STIDB analyses revealed ACPAg citiD1, but notto nativelD1, in RA PB
sera and_SE$ut not in NLPB sera Following analyss of LC-MS/MS for citrullination sites and
corresponding,_reactiyit in IDB assays, we determined the critical arginines in ID1 for
autoantigenicityR33, R52 and R121.

Conclusions. Novel roles of ID1 in RA include regulation of FLS proliferation and cytokine

secretiorand autoantigenicity following citrullination.
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INTRODUCTION

Inhibitor of DNA binding 1 [D1) is a nuclear transcription factor containindhelix-
loop-helix (HLH) domain that it utilizes to regulate cell grovahd differentiatiorvia seleawve
binding and_sequestering dfistinct transcription factors. By this nieid, ID1 controls
transcriptionalactivation of target genetD1 is alsoknown to be actively transcribed in cells
exhibiting“hyperproliferativeresponses ant regarded ag marker of cellular selfenewal.
Rheumataid arthritis RA) synovial fluid (SF) contains abundant amountsiDdi, and the
primary sourees activatedRA fibroblastlike synoviocytes (FLS)Once releasedD1 acts as a
potent inducer‘of angiogenesiad also exhibits endotheliabrogenitor cellEPC) chemotactic
activity (1), suggestingthat ID1 may contribute to angiogenesand vasculogenesidy
independent_mechanismi1 is packaged into exosomes whiele releasedrom FLS and
potentiallydelivered to other inflammatory cells within RA synovii#). Althoughthe concept
of a secretedwnuclear protein may be unconventianaimilar phenomenon occurs in the
inflamed jointwith DEK, a nuclear protein that functions as a regulator of transcriptiorvatol
in chromatin_architecture and mRNAaggessing.DEK is secreted by macrophagésund in
exosomesgan be detected in the SFs of juvenile arthritis patients, and is both an autoantigen and
a potent neutrophil chematac factor(3, 4).

The.current study investigates three key paaéndles for ID1 in RA: first as a secreted
nuclear protein that correlates to several disease paramstem)qd as a regulator of cell
proliferationssand inflammatory cytokine productidsy FLS; and third, as a citrullinated
autoantigen. W assesd the roles of ID1 in FLSy use of CRISPR/Cas9 targeting of ID1.
Immunoassaysvere employedo measure citrullinated ID1 (citID1) in synovial ties (STs).
Mass spectrometry was employeddigfine the specific arginines within ID1 that are converted
to citrulline,.as.well as the identity of specific citrulline residues which render ID1 aigieaiat
The resultsspoint to muidimensional contributions of ID1 and citID1 to the pathogenesis of
RA.

PATIENTS, MATERIALS, AND METHODS
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Patient samples. Data were collected from a cohort of RA patients (20092), who were
diagnosed by the 1987 American College of Rheumato{8@R) classification criteria for
RA. Serum samples (n = 2median age 49 [range -Zb6]) were collected from the patients
before the initial treatment witimfliximab. All RA patients were receiving methotrexate and
14 were receiving additional diseas®difying antirheumatic drugqsulfasalazine or
bucillamine).Fourteenage ad sexmatched healthy subjects = 14, median age 42.5 [range
29-55])wererecruited on a voluntary basis as coatrall the specimens were obtained with
written informed consent and collected following approval from the Showa University
Institutional Review Board(IRB). SF samples were obtained from RA patients during
arthrocentesissand stored -@®0°C in aliquots after centrifugation to remove SF ce&l§.
samples werefobtained from RA patients undergoing total joint replacemeéntvere snap
frozen (iquid nitrogen) in 10% DMSO in FBS and stored-80°C All the samples were
obtained with IRB approvdfom RA patients who met the ACR criteria fRA.

Enzyme-linkedsmmunosorbent Assay (ELISA). Patient samples amibrmal (NL) controls
were measured by ELISAits for humanID1 (MyBioSource)and rheumatoid factor (RF,
Alpha Diagnostic Internationalfror the ID1targetingexperiments, cell cultureupernatants
weremeasured by ELISAits for humaninterleukin13 (L-13), epitheliatderived neutrophil
activating peptide8 [ENA-78/CXCL5), IL-6 and IL-8 (R&D Systems) For detection of
citrulline residuedy ELISA, seeSupplementary Methotl.

CRISPR/Cas9stargeting of 1D1. CRISPR U6gRNApCMV-Cas92A-RFP plasmid(Sigma
Aldrich) containing the guide RNA (gRNA) B3AATCATGAAAGTCGCCAGTGG3' was
designed tdarget thehumanID1 gene.CRISPR humarEMX1-s4 positive control plasmid
(SigmaAldrich, #CRISPR111EA) and CRISPR plasmid targeting an irrelevant gene (e.g.
THBS1) were used as controléll transfections were performed Islectroporation using
Amaxa Nueleofector Technology (Lonza Groupjansfected cellgvere sortedor fluorescent
marker (red*fluorescent proteifRFH or green fluorescent proteiGFH) via fluorescence-
activated cell sorting (FACS) and analyzed for CRISPR/Cas9 activitydnking of Indels by
Decomposition (TIDE) using web tbby Desktop Genetic). For verifying ID1 depletion
transfected cells were lysed in RIPA buffempplemented with EDTAree protease inhibitor
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cocktail (Thermo Fisher Scientific) and analyzed by WBr assays of celproliferation and
cytokine expressia) sortedcells wereplated in 96well plates (6,000-10,00&ells/wel)) in
complete celculture medium andnaged lourly for 120 hourausing the IncuCyte® S3 Live
Cell Analysis SystenfEssen Biosciences}ell culture supernatants were collected at 24 hours

postseeding.fomnalysis by ELISA.

| mmunoprecipitation (1P). For ID1 pulldown experiments Direct IP kit (Themo Fisher
Scientific)*was' usedwith polyclonal rabbit antlD1 antibodies (Abcam, #ab170511
#ab192303), or rabbit IgG isotype control (Thermo Fisher Scientié) ST (~0.5 cnf)
homogenatesswere prepanedice cold RIPA buffer supplemented with EDTAee protease
inhibitor cocktail (Thermo Fisher Scientific) using electric homogenizer and were cgettifu
and filtered (45 um}o collect the supernatanEor all IP experiments, manufacturekg
protocol was followedSamples were elutaslith low pH elution buffer supplied in the kit and
prepared inLaemmli sample buffer for Western blottinflow-throughs were retained for
ELISA. Allssera, SFs, and ST hmwgenates were incubated witblyclonal goat antihuman
IgM (u-chain“specifickconjugatedAgarose (Sigmaldrich) at 4°C overnighfor removal of

RF priorteall iImmunoassays.

Citrullination of recombinant human ID1 protein. Recombinant humarfrh) ID1 protein
(OriGeneTechnologieswas citrullinatedn vitro using rhpeptidyl arginine deiminase 4 (PADA4)
enzyme (Cayman Chemical) or rabbit PAD enzyme (Sigidaich) as previously describg).
The preparation of noncitrullinatd®1 (noncitiD1) was performedsimilarly with cell culture

grade water (SigmaAldrich) in place ofPAD enzymes

Western blotting. Citrullinated and noncitrullinated proteins (100 ng eaehy IP eluted
samplesrom_RA ST homogenates (30L) were prepared in Laemmli sample buffer and were
resolved onsSD®AGE gels before transfer to nitrocellulose membranes (NCMs) using semi
dry transferscell (BieRad).Blots were washed with 0.05% Twe2@ in TBS(TBST) between
each subsequestep After blocking in 5% norat dry milk in TBST, the blots were probed
with monoclonal rabbit arfiD1 (OriGene Technologies, #TA310605, clone EPR7098, 1:1000)
and then probed with HREhked antirabbit 1IgG (Cell Signaling Technology, #7074, 1:1000).
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SuperSignal West Dura Extended Duration Substrate (Thermo Fisher Spiemé$ used for
detection prior to image acquisition with Amershbenmager 600 (GE Healthcare Life Sciences).

For detection of citrulline residues by Western blotting, see Supplementéngdviz

In-gel Digestion and Liquid Chromatography-Tandem Mass Spectrometry (LC-MSMYS).
LC-MS/MS,_was performed by Proteomics and Peptide Synthesis Core at the Wnioérsi
Michigan as*described in Supplementary Method 3.

Immunodot blotting (IDB). Samplesvere dotted onttéNCMs at 10 ng/dot and blocked BP6

goat serum(SigmaAldrich) in TBS. Blots were incubated ieither samplesRA SF or PB
serum, NL'"PBsserunt,:10,000) normal human IgG control (R&D Systems, #1001A, 1 pg/mL),

or control antibediesncluding monoclonal mouse a1 (Abcam, #ab6495, clone 2456C1a,

1 pg/mL) and polyclonal rabbit antPAD4 (Abcam, #ab50247, 1 ug/mL), then probed with
peroxidase AffiniPure goat arfiuman IgG (Jackson ImmunoResearch, #109035003, 1:5,000).
To verify peeificity for citID1 reactivity of RA specimens, additional control blots were
included on the same NCMs using various protamduding noncitiD1, BSA, citBSA, ENA

78, citENA-/8 and rhPAD4 Densitometry analysis was performed using ImageJ.

Statistics. GraphPad Prism was used for all statistical analySeESAs for serum ID1 levels
were evaluated with unpaired, nonparametric Mafiritney U test or paired, nonparametric
Wilcoxon signeerank test.Correlations between serum ID1 levels and clinical parameters were
evaluated withnonparametric Spearman’s rank correlation. Cell proliferasay and ELISAs

for cytokine expression were evaluated with unpaired, parametric tEielSA on RA SFs
depleted of ID1 and measured for total citrullinated antigeesewevaluated witlpaired,
nonparametric Wilcoxo signedrank test.Results are expressed as the mean + SEMo-tailed

P values <0.05 wereconsidered significant.

RESULTS
Correlations between serum ID1 levels and various disease parameters, and effect of
infliximab treatment in a cohort of RA patients. Serum ID1 levels were measured in a

Japanese cohort of RA patieltsfore and after infliximab treatmewe found that serum ID1
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levels weresignificantly elevated compared to agend sexmached normal controls (Fig. 1A)
Serum ID1 levels were compared before and 12 weeks afteritiadian of infliximab. We
observed a significantlecreasein serum ID1 levels after infliximabraatment (Fig. 1B).
Additionally, several clinicdlaboratory parameters were measured, including matrix
metallopeptidase 3 (MMP3), erythrocyte sedimentation rate (ESR), Disease Actioig28c
(DAS28-ESR),<and Simple Disease Activity Index (SDAWjth significant improvemens
observedfterinfliximab treatmen{Fig. 1C).Next, baseline serum ID1 levelgere analyzedor
correlationwith“disease parameters including RF, ESRie&&tive proteins (CRP), MMB,
SDAI, Clinical /Disease Activity Index (CDAI), DAS28RP and DAS28ESR. We found
positive correlations between serum ID1 levels and all parameters except RIDJFRndlysis

of respondersrand namesponders using change in SDAI afteftiximab treatmenshowed that
serum ID1 level correlatesignificantly with reduction in disease activity in the responders (24
of 27 patients) (Fig. 1E).

In vitro targeting of 1D1 in RA FLS by the CRISPR/Cas9 system. We have previously shown
that ID1 istupregulated in RA synovium and soluble Exhibitsinflammatory and angiogenic
properties«(l, 2)To examinethe effects of ID1 targetingh RA FLS by CRISPR/Casell
proliferation”assays were performed using IncuCyte® S3 Liv&ell Analysis SystemResults

of ID1 gene targeting are compared totidmgeting of an irrelevant genBHHBS1.We achieved a
maximum - efficiency of 24.8% (Fig. 2A) which, given an ampétsig number of cells, sufficed

for our downstream experiments which used only the sortedpREifve cells.We found
significant reductions in FLS growtbeginningl3 hourspostplating in culture (Fig. 2B). To

fully verify active and accurate genoraditing by Cas9, transfected cells were sorted via FACS
and genomic DNA was isolated and sequenced. We then examined for aberrant sequences at the
target site caused by insertions and deletions (indels) ehomwlogous end joining (NHEJ)
using TIDE_analgis (Fig. ). We found aberrant sequences and corresponding indel
frequencies-with overall efficiency of 4.4% at fe@alue threshold of 0.001 with’Rf 0.99.To
verify ID1 depletion, Western blot analysis was performed on the sorled($applementary
Fig. S1).
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Deletion of ID1 in RA FLS results in decreased cellular proliferation and increased IL-6

and IL-8 production. Sorted cells were cliured for 24 hours followingovernight serum
starvation and supernatants were analyzed for cytokine expré€dsiv®, ENA-78/CXCL5, IL-6

and IL-8) by ELISA (Fig 2D). RA FLS transfected with GFP control plasmid served as an
experimental.control. We found significantly increased production-&f éind 1.-8 as compared

to the controls,witmo significant changes 1t-13 or ENA78/CXCL5.RA FLS do not secrete
appreciableamounts of 41L.3 andit was measured as a control cytokinethese experiments
RA FLS dospontaneously seste ENA78/CXCL5,as well adL-6 and IL-8, but no substantial
changes to ENA/8/CXCL5 levels were seen, indicating that the increasés-6 and 1-8 are

specific effectsy0CRISPRCas9targeting ofthe ID1 gene.

Detection of the citrullinated form of ID1 in RA SFs and STs. In our 2step strategy to
discovercitlD1, we first performed IP on RA SFs using polyclonal antibogidependently to
pull out both native and citrullinated forms of ID1. Prior to proceeding to the next step, we
verified effectivedepletionof ID1 from RA SFs using ELISA (Fig. 3A). We then performed a
indirect ELISA“0on the depletedRA SFs to detect total citrullinated antigens using dh&
modified“eitrulline MC) antibody(Ab) as describedSupplementary Method 1Pepletion of

ID1 signifieanty redu@d the level oftotal citrullinated antigens in RA SFs (Eg3B). This
suggests thathe antiiD1 Ab that we usedecognizé both forms of ID] and thatcitID1 is
present in, RA SFsThe dataalso showsthat total citrullinated protein concentratiorwas
significantly’higherin isotype controls. antitID1 Ab-treated SF samples (Fi8C). Next, ID1
immunoprecipitaté from RA ST homogenate@ising the same antib1l Ab) was analyzed by
Western Iptting using theantitMC Ab as describedSupplementary Method 2)Ve detected
singleprominent bandor complex of adjacent bands) when probing for either ID1 directly with
an antlD1_antibody orfor citiD1 indirectly with theanttMC antibody Two out of the 3

samples tested contained citrullinated forms of ID1 (Fig. 3D).

In vitro citrullination of rhiD1 protein. We incubatedhID1 with rhPAD4 atvariousenzyme
substrate molar ratsoin appropriate reactiobuffer. To control for the potentiatonfounding
effects of reaction buffer and conditgmparallel aliquotsof rhiD1 were subjected to the same

condition except rhPAD4 was replaced with sterile waley verify whether rhiD1 was
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citrullinated we performedVesternblots and found that citiD1 was recognized by #eMC
Ab, while noncitID1 was not recognizeds expectedFig. 4A, right). As a control, we ats
probed the samples usimgtiID1 Ab and confirmed that noncitID1 was recognized (Fig, 4
left); citiD1 was_ also recognizeoly thisantibody, suggesting that citrullination did not altsr
epitope and.that both forms can be recognized by a single antiboagdition, we performed
ELISAs using theanttMC Ab on citID1 for further confirmation of citrullination. We observed
a markedly“higher absorbance from the citID1 sample as compared to theDibiEig. 4B).
Citrullinated"BSA (@¢BSA) was used as positive control for citrulliation and as aelative
standardfor this ELISA.

Identification ©of specific citrullines in the in vitro citrullinated rhiD1 by LC-MSMS.
Human ID1 contains 10 arginines (Fig. 5A), all of which are potential candidates for
citrullination by PADenzyme. We found that citID1 runs visibly higher than noncitIDlaoyel
(Fig. 5B), likely due to théncrease irhydrophobicity and the change in charge from positive to
neutralfromether citrullination reactionSubsequently, the samples were analyzed bBYMSIMS

to detect theusite(spf citrullination based on the tandeWS fragmentation pattern and the
expectedheutral loss of isocyanic acttlat is diagnostidor citrullination in MS (7). We found
multiple_arginines citrullinated, witthe numbervarying, depending on the batch of rhiD1 as
well as the experimental conditions iof vitro citrullination. Arginine R121 was consistently
citrullinated by rhPAD4 as shown ima representative spectru(fig. 5C). Interestingly, MS
analysis identified native citrulline residues in our noncitiD1 samp&pectedfrom the
productiontefsthe rhiD1 in HEK293T cells. However, WB analysis usingM@tiAb was not
able to recognize these citrulline residyégy. 4A), suggesting that MS analysis is a more

sensitive technigue to identify lolevel constitutive citrullination

M easurement. of reactivity to citiD1 with ACPAsin NL and RA PB sera and RA SFs. We
found positiveACPA reactivity againstitiD1, but not against nont¢i?1, in RA PBseraand SFs
(Fig. 6A). Allkantigens including control antigens (nesitiD1, BSA, citBSA, ENA78, CitENA

78 as well as rhPAD4 (not shown)yere dotted in triplicate othe same blot and probed
together in the same patient sampdeensure citrullinespecific binding by the ACPASAIl
control blots showed no significant evidence of antibody binding but did show positivity-for cit
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ID1 (Supplementary Fig. S2)NL sera vereused as contrelandno reactivity was observedio
control for nonspecific serum antibody binding,human IgG was used at a relatively high
dilution (1 pg/mL). Furthermore, all additional control antibodies were negétiveges not
shown).By densitometry analysisf IDB, we found tha#/10 RA sera recognizeditiD1 versus
0/4 control_sera. 1/6 RA patients tested positivafdrcitID1 in their SFs (Fig. 6B).

| dentification of the critical arginines conferring autoantigenicity to citlD1. IDB analysis for
ACPA reactivity showed thatitiD1 displayed unique autoantigenicity andautoantibody
reactivitydepending on the citrullination patte@pecifically, samples that showed reactivity for
batchl and 2+did not shown any reactivity to batch 3, likely due to the lack of key epitopes.
Thus,a bateh waslesignated ACPA positive, if it showed reactivity to any of our limited patient
samplesWe did not observe any ACPA binding ttee baselinenodified arginineghat were
present in mD1 obtained from the vendodsing a series of LEMS/MS and IDBanalyseswe
identified key arginines irrhiID1 that may be autoantigenic ¢gts for ACPA development in
RA. Of the=20yavailable argininem rhiD1, the critical arginines foACPA reactivity were
located at positions R33, R52 and RXEig. 6C. To further studythe role of these arginines,
citrullinated, peptides (12 amino acids in lengspanning these regions were tested Wete
negative for’ ACPA bindingdata not shown)Moreover,denaturingcitiD1 beforelDB negatel

its reactivity (Fig. 6A). Thus, the critical argininesat R33, R52 and R12inay control
conformational epitopeghat render citiD1 antigenic in vivo. This data corroborates our
observationthat multiple forms of ID1 are expressed vitro andin vivo, but only certain
modified forms’bind ACPA$Fig. 4A).

DISCUSSION

As a nuclear protein that alters the activity of m&mayscription factors, ID1 appears to
affect multiple cellular properties including proinflammatory cytokimeression. This would
place ID1gn"a strategic position to regelachronic inflammatory responses directly by
inhibition "of eytokine production at the transcriptional level. Such regulatory tgctould
profoundly influence the severity and progression of inflammatory outcomes in cesdses
such as RAThere ismountingevidence thapermanently altered FLS functias the result of

somatic mutations in kegenes that regulathe FLS cell cycle, proliferation and apopto&
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9). It hasalso beerproposedhat RA synoviocytes possesbaracteristics similar ttumor cells
asa number of oncogenes involved in cell cycle regulatiwrthat act as transcription factors
such as dos, ras, raf, myc and mylare expressed at high levels in RA F3. We explored
the possibility thatanothernuclearregulatory proteinnamelylD1, plays a central role in RA
pathogenesis;, independent of TNF both by regulating cytokine secretjomnd as an
inflammatory protein that can undergosptranslational modifications.

We successfully transfected primary RA FLS with a plasmid containing a CRIS§R/Ca
construct,“demonstrated successful ID1 gene targeting using a TIDHhalg@nd output
aralysis (5), and confirmed these findings by FA@8d Western blottingnalysis We found
substantials inereases in -k (30 fold) and I1L8 (50 fold), but not ENA/8/CXCLS5, in
supernatants from transfected FLS compared to sham transfected contraV€ledso found
that FLS deleted of ID1 showed, using a cell imaging systemreaterthan 20%sustained
reduction In_proliferationThis may be due in part to elevated production 66,la cytokine
known to hibit fibroblast proliferatiofiL0). More likely, a permanent mutation in an important
nuclear regulatory protein, critical for cell proliferation, may haveredl the FLS population
into a phenotype capable of elevated proinflammatory cytokine secretion. Notably,bédma
shown that.lDlantisense RNAorevents early passagdjproblastsfrom entering the S phase of
the cell cyele (11). Firesteinet al. put forth a model suggesting a duality of FLS populations
labeled “passive responders” and “transformed aggres40)s’that partly arise from the
combination of a highly inflamed environment of the RA j@ntl somatic mutation3 hus, both
our new data“and previously reported findings suggest that FLS proliferationightthed FLS
secretion bll=6 represent distinct stagetthe contributions of FLS to the pathogenesis of RA.
Moreover, the current findings indicate that ID1 can mediate transition of FLS between these
two important pathogenic phases.

Analysis ofclinical specimens revealddat soluble ID1s present and upregulated in the
serum of RA_patients anshowsa significantpositive correlationwith a numberof disease
parametersqincludingESR, CRP MMP-3, SDAI, CDAI, DAS28CRP and DAS2&SR This
indicates that circulating serum ID1 levels could be a potential biomarker for RArigeve
Additionally, because serum ID1 concentratidoesnot correlate with RFiter, it is possible to
identify severe RA patients who are seronegative for RF by measurement of elevated ID1.

Furthermore, aftertwelveweelks of infliximab, serum levels of ID1 shosd significant
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reductions.We found that 24ut of 27 responded to infliximab using SDAI, and tleatuction
in the level ofID1 significantly correlatel with reduction in disease activity the responders
Because of the elevated circulating concentratodniB1, we surmised thatitrullinatedforms of
ID1 could be present amthmunogenidn RA patientsas aitoantibodies to citrullinated proteins
are weltknown disease-associated phenomena in RA (12-16).

ACPAs areimplicated in RA pathogenesis in synergy with smoking, the environmental
risk factor“for'RA and the “shared epitope MHC allel€l7). However, the full range of
citrullinated™autoangens in RA is not yet definedVe showthat ID1 can be citrullinatedn
vitro. Moreover,by depleing ID1 from RA SFswe reducd the totalamount ofcitrullinated
proteirs detected by as much as 648teén33%) as measured yt-ELISA. We further found
by immuneblotting that a subset of RA patientsas high titer autoantibodies to citiD1
Therefore, citiIDlin RA SFmay account for a significant portion of citrullinated proteireg are
the targets of the ACPA response in some RA patients.

We next performed IDBs with RA and NL PB seaa well as RA SEsagainst various
citrullinated=andnoncitrullinated proteins. We were able to confirm the presence of ACPAs to
citiD1 in bethsRA sera and SF, but not in the PB from normal (healthy) individuals; supporting
our hypothesis that citrullination of ID1 increases its autoantigenicity in Rgaaiments using
IDBs to IDd7and citD1 revealed that antibodies tol€ii can bedetected in RAseraandSF. In
SF, the presence of large amounts of citiID1 could sequesteasitéidfi in immune complexes,
which could then incorporate RF, and therefore be undetectable in eldLISAs. Such
mechanisms‘eould account for the relatively low frequency of SFs positivetifaitéD1.

Varieuscitrullinated forms ofiD1 may function differently as agonists or autoantigens,
complicating the analysis of tteetivity of ciiD1. This is becauseitrullination reactios using
PAD enzme are notoriouslinconsistent, resulting in differences in the numbers and patierns
argininesactually converted taitrullines These inconsistencies make it difficult to determine
the extent of how citrullination dD1 leads toalterations in its activitylndeed, we have found
that the numbers and locations of arginines that are citrullinatddl can change by simply
altering the"source of PAD enzyme used intb&ction mix.Moreover, nany of the mechanistic
roles of ACPAs remain unknown Interestingly, Schetet al. reported that autoantibodp
citrullinated vimentin directly inducdsone loss, providing a mechanism for osteopenia in early
or preclinical RA (18, 19). h the case othe chemokinelL-8/CXCLS8, only one of three
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arginines was citrulliated yet this resulted in altetian of function(20). In stromal celderived
factor 1 (SDF1)/CXCL12, a single argininecitrullinated by these methods, agaesultedin
functional changes (21).

We_ found that some forms of XL can be highlyreactive withACPAs formed in RA,
but that less.deiminated forendo not rdain autoantigenicity.lt appears that the degree of
citrullination_of/ID1 may alter thefolding pattern and immune properties 168f1, leadingto
autoantigenicity. W have previously investigated the autoantigenicity of citrullinated -ENA
78/CXCL5; which is also highly upregulated in RA. Similar to citiD1, citrutiora of ENA-
78/CXCL5 at arginine R48 enabled binding to ACPA in RA sera and SFs in our assays.
Furthermore,swe previously showed that citrullination of ERBXCXCL5 induced a functional
change ofsthe’protein from a neutrophil chemoattractant to a monocyte chemoat{@ctant
Since citrullination of gprotein with only two arginines such as EN&/CXCL5 can cause a
profound increase in autoantigenicity and change in function, the impact citrahiratn have
on ID1, which contains 10 arginines, could be very substantial.

By detailed MS analysis, webeerved conversionsf ID1 in all but 1 arginine at R103,
perhaps explained by structural unavailability RAD preference for certain arginineshe
annotated«fragmentation spectrum (Fiysbows the ions corresponding to the partial sequence
of ID1 around arginine 121, as an examflee ions highlighted in red in the spectrum show the
neutral Iss of isocyanic acidesulting from the fragmentation of the ureido group in citrullines
which is amarker for citrullination confirming the modificatiorof ID1. Through a series of
citrullination*reactions followed by MS, we identified that thedifications at arginines R33,
R52, and "R221 in citiD1 can bind to and perhaps induce ACRAwever, small peptides
spanning these regions were not reactive withg@Aim and boiling citiD1 before IDB assays
negated hinding by RA sera. Overall, the data is most consistent with a modelvtihaes
recognition.by. ACPA of conformational, but not linear autoantigen epitopes on citiD1.

We_previously reported that ID1 is secreted by inflammatory FLS anal amgiogenic
mediator(142) It is possible that free ID1 wmtrullinatedeither in FLS and/or extracellularig
the inflamed RA jointo render it autoantigenic in RA tissu®¥e found a potential role for ID1
in transforming FLS into a pathogenic phenotype, and identified citiD1 as a nowvbtate

autoantigen in RA. Further investigation is needed to determine whether and holmatiioul
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of ID1 may alter its functiondPaentially, ID1, citID1, and/or ACPAsto citiD1 may serve as

promising therapeutic targeor biomarkers iRA.
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FIGURE LEGENDS

Figure 1. Effect of infliximab treatment on serum ID1 levels in patients with RA and

clinical correlations. (A) ID1 is elevated in RA serum (n = 27) compared to- agel sex

matched=nermal controls (n #) (*P < 0.05), and (B) serum ID1 levels decrease following

infliximab treatment at 1-#veek time point (n = 27, P < 0.01). The red dashed line indicates

the sensitivity of the ID1 ELISA (7.81pg/mL). {G) ID1 and clinical parameters decrease

following treatmentvith Infliximab. Each individual colored line represents a single patient. (D

s, shaded region) Baseline serum ID1 levels correlate with various clinichlladoratory

parameters. Spearman’s rank correlation coefficient andtaileal P values are indited.

Symbols represent individual patients. (E) Baseline values minus post treaéiuest for SDAI
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and ID1 correlate, showing improved SDAI scores with decreased ID1 level24n ® <
0.05).

Figure 2. JTransfection of RA FLS with CRISPR/Cas9 plasmid with gRNA targeting the

ID1 gene. (A)-FACS of RA FLS transfected with ID1 CRISPR/Cas9 plasanidontrol THBS1
CRISPR/Cas9/ plasmidy-axis. side scatteraea x-axis. fluorescent signal (B) RA FLS
transfected™with ID1 CRISPR/Cas9 plasmid or THBS1 plasmid vessayed for cell
proliferationusing the IncuCyte® S3 Liv€ell Analysis System. @ < 0.05; THBS1 control, n

= 19;ID1 CRISPR plasmid, n = 9). (C) Due to imperfect repair by Cas9 nucleaie,in the

cell pool centainsa mixture of indels, yielding a composite sequence trace after the break site
(blue dotted line). Shown is an overview of TIDE algorithm and output, consisting of
visualization ofiaberrant sequence signal in control (black) and treated sample (green). The chart
indicates that the Cas9 nuclease cut the genome and the cell repaired the damage by NHEJ
resulting in aberrant sequences. (D) RA FLS transfectedaitlier sham control, GFP control,

or ID1 CRISPR/Cas9 plasmid wessrted and cultured for 24 hours for cytokine expression
analysis usingELISAS*P < 0.05; shams, n = 17+; GFPs, n = 5; CRISPRs, n = 5+).

Figure 3..lmmunodepletion of 1D1 and detection of citrullinated D1 in RA SFs and STs.
(A) Immunodepletion of ID1 in RA SFs using aID1 Ab. RA SFs (n = 5) immunodepleted of ID1
were verified for depletion via ELISA. ID1 can be effectively depleted from $&s. (B)
Measurementwof total citrullinated antigenn IDl-depleted RA SFs. RA SFs (n = 5)
immunodepleted of ID1 were measured for total citrullinated antig@etion of ID1 resulted
in a significant reduction in total citrullinated antigens as compared to isaiyp®I¢c suggesting
that ID1 is presat in citrullinated forms in RA SFa(= 5,*P < 0.05). (C)Total citrullinated
protein concentration in isotype contr@rsusantiiD1 Ab-treatedRA SFs. (n = 5, *P < 0.05)
(D) Detection/of citrullinated forms of ID1 in RA STs. IP was performed dh &I
homogenates'(n = 3) usiagti-ID1 Ab and probed for ID1 or total citrullinated antige@stiD1
was detected.in 2 out of 3 RA ST homogenates, indicating that citID1 is present ifisRA S

Figure 4. In vitro citrullination of rhiD1 by rhPADA4. (A) Verifying citrullination of rhiID1 by
rhPAD4 via Western blot. Representative blots of citID1 (lane 1) and noncitébé @) probed
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by aIlD1 Ab or aMC Ab. CitID1 exhibits multiple forms corresponding to the degree of
modification and runs noticeably higher than noncitiD1, likely due to the increased
hydrophobicity and the change in charge from the citrullination reaction. @jfywg
citrullination of _rhiD1 by rhPAD4 via ELISA. Standard indirect ELISA protocok Heeen
modified to.incorporate an acidimodification step for the aMC Ab as described. CitID1 and
noncitID1 can _be distinguished by the aMC Ab. CitID1 produces an OD equivalent to ~300
ng/mL of CitBSA. CitBSA is used as a relative standard due to its abundant modifigini@es.

Figure 5. M S analysis of in vitro citrullinated rhiD1. (A) Sequence of human ID1 isoform 1.
Human ID1 eontains 10 arginines (R) (highlighted red). RhID1 is citrulihatevitro by

rhPAD4 and analyzed via MS. (B) CitID1 (left lane) and noncitID1 (right laneg wen on
SDSPAGE and stained with “blugilver” Coomassie for hgel digestion prior to MS. (C) The
annotated mass spectrum of tryptic peptide confirms citrullination of R121 in rhiDdetActed

ions of the peptide are shown in black in the sequence and are annotated in the spectrum. The
lower-caserrinithe sequence (highlighted in red) denotes citrulline. The ions highligheeldnn r

the spectrum'show the neutral loss of isocyanic acid (HNCO; ~43Da), diagno$tesr mnas for

citrullination.

Figure 6. Detection of ACPAsto citID1 in RA specimens. (A) RA SFsRA seraandNL sera
were assayed for autoantibodies to citID1 by IR found ACPA reactivity for citiD1, butot
native ID1g#in"RA SF anéB, but not in NL PBHuman IgG(1 pg/mL)was usedas acontrol
and showedwnoreactivity. Additionally, ACPAs from RA PB did not bind when citiID1 was
boiled (denatured). Control dots showed no significant evidence of ACPAs or antibody binding
reactivity in RA_SF, RA PB or in NL PB. (B) Analysis of IDBs wdanstometry showshigher
reactivity to.citlD1 than noncitID1 in RA PBs (n = 30, 10 patients P& 0.001, samples ruin
triplicate) and.in RA SFs (n = 18, 6 patientB,< 0.05, samples ruin triplicate), butNL PBs(n

= 12, 4 patients, samplesnrun triplicate). (C) Analysis of the roles ohdividual citrulline
residuesn ACPA reactivityof in vitro citrullinated rhID1 Arginines R33, R52, and R121 were
critically necessar for ACPA reactivity(C denotes citrullines; # denotes native citrullines from
the production of rhiD1 in HEK293 cells).
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