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Abstract

Abstract

Osteocl astcelalre odfdepseoliidifibéenye i n t hédhkbumbnl|l bogyof
oclastsecret acid during bone resorption is
i norgani c amane smatarijxod@at o wtn Y AN B/aascduload md H
chl oride/ pr ot-70Mu taanttiiopnosr tTielrl RGHEL §BWhe sc h encode
crucial coimpoinkk ndescrodiciadms emachNbepreyvsobeser oz
mut at iCobnCsNa7i e@ assoeauabsdmwl tldomi nant osteopet
homogous or compound heterozygous mutations
pet r(cASR@u.r r end hlyy ctareeaati nveen t for | et hal ARO i
poietic stem cell, twhdewndual raeusi 4 aimdde sdEBGT )ba ar
mor bi diit yrkoarmtfidd het gfcame oniltyt bel ap p wioteMRO2 b ut

patients, which only rdecédihvesodsringdectcmanti cstra
were devELGH&E&DP efndrewhi AROrled ygeemeti ¢ mo-di fi ca
dericedthese gene ther apanrsi nweuce de vall thrais ppat e nnt
model SWwshemhe aim to establish a 3D bone m
mesed for differentiation of mesenchymal stro
preservation bt whei shpwecludshdedt @RIOSBR/oQass cor
of pathogeinnch@t atail bysr esculend ocuitebzdastayg én
t herodpyal dCly@e7o0di ng ssguongnthe Sl eeping Beaut:
fully reessoareptitwhwe capacity of osteoEuasherev
a selective rkeracmetndapl.g@?2 atbhRee | e wans ApeO2f or me d
pat-dent ved peripheuailndl tohea - -sGisTadiigg €@lsat ed i n
more than doubled resorptialkermatpaget lyero,f ttie
proof of concept f or Ch€Mé& ptemedreanp e LAtRIOp asntdnt AtD&E
t owarednws tr eat metmhte soep tdiiosnesases i n the future.
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ommonly wused mar k(eGa pfuolrl ib,o nRea of noer,maatnido nRucc i
013)The OBs change shape andihbgcbmegéhygsecc
ri x proteins scecahcasmocdt badgapgdbiompe®@CM) opr ol
BSRed protEBhgdatcimeesy bone wiaitah xi s nottlget n
sté€apgul |l i, Paone, and Rucdhed0l4hePoemwétyt i
steoid i s mvmlreapadoiczadriem ekFeamasei|i x PBeon dlhes r
api cailntso dtehe ost eoird.c pThoehseau mvad sa mpieoss pahraet e

Theesicles bi mat.iTdemdiienloystcewe dabkahenacphospl
t hceoncentratiba bhicpbhaketae=ei cl es, Athiemrciarsg de
protieni ntsher g e a’sikeenssCa Taken toget hecronctehnitsr ar-e
ti @iss@ads PO the macaiuspiregsipcif@s mani andof hy
apatit eAtcrsysmnealpso.i nt, these crystals perforat
bone nmatnrdiex son 2803 yvaFledoAfethecri @Bt 5) x mi ner al
bl sesitt her undergo apoptosis or differentiate

O 0™ "T"TNO O

Besides the capacity to build n©@GacbtoivBist yOB s
contr ol osteocl asmatopomhagencolomelCsStkrg makpat i
factloat tsr amad n oacnydt emma c r o pphraogneost ean dd e p e®©p me n't
( Wi klteodrr zej czak et al . .1 9Ad0d;i tMaetrspulror gasn@d BRigr | &c
tivator of aBfURAINKID@RAKNKD]) . RANKL is a cytoki
OC formation and (pJ.omoit eest CCl .s ux WOMMCeSIMMaad rsdi 0
RANKL are both factors that promote bone res
hi bit bone Osdsorpptoiteergerin (OPG) is a decoy |
teotcdo pesbygsidepl eti dSiononBANKILEApadr.t 1f9r9%o/m s ol ulk
direct contact of OBs and OCs playX.aCbheuanceka
al . .2018)

1. Bome |lining cells and osteocyte
Bone | ining cells cover tihte fsruorhakei rmod rdixeor
Thenyave a fl at happeaonaneet aBodmet bi ashgocel ¢és
gui escent hoscthe ochalna setnst er acti ve states in th

trolOlCamtgi vity by secr et(iPomzeft tOP G nadn RuRANKIL2 0

Osteocyt oy emaddd hbupnTeh dcyeV ¢ sa dendritic appear e
ded into the ciafd ctilfd.i@slt |baooen msat rncest! w osr kc oonfn e ¢
via canaliculi. Thicanmetawmardakndiudi aa aasly e dngtiohret a n
organ which communi @aatde @mtl wéort ho OB @OYWedOEs t h
mechanosensandohst begbhaneer of .Theyboaer &aembD
boOKan@Bdi fferenti abnendamagegesgloefapmpt osi s

RANKdLont aining awhiptct@iCcaddesi cimest to the dart
Due to their,oesmkeeadddadst atdigrachart pgr cttdheeng a oi ber

of bone rceomadedalnlaitnghg bone .f orfmaotsitoeno cayntde sr easrc

tissues, this significantly desoatbedpmasssi e
l i kely due todamaded Biogmredval de 2 &ditl ;v aF lear eanlc.i
Ponzettdi and Rucci 2021)
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1. OsG@ eocl ast s

OsteocO@snlear ge, mul tspaecliembheddesgdt g@QGson of
arefg dilmemat opoi eti c sttleen myedll ai d HISICise a gved ma n d
specimdacrzephGdetf er e nmoinaotcey tfersonvi anmgmaest ep h age
cl a(spts€sa)s wsnhBi gaAPre®Cst artano féselgtevhiarclhl s an
contain oveBoywbé, n8cimenet, and Lacey 2003)

N M-CSF
M-CSE M-CSF M-CSF >
. . . @ RANKL RANKL

Haematopoietic Myeloid Pre-
stem cell stem cell Monocyte Macrophage Osteoclast Osteoclast

Figardifferentiati sai pamhebypi dFil puwereea gerl aastt d ¢
bi orender. com

M-CSFs cr wasitelocflarst devel op@8Rtdandomi Cer maa !
(Yoshida .ei®IS&k ecdleyw®) eocpPBamoagdankhenrds t o t h
colony stimulat{@G8§Fé&REnte®ss eld raerrc etphime msowryft aecse
and ma c rlbppohna gheisn«CiSEgh eo fc eM | starts to produce
ceptor ofArRRAINKet BI-EB8HAMIRAPNKOQOdbgebdone rel at e
such as OBs aardd icgttpyppesceadded at their membr a
be released @El ango,| ubd @, Ra\mSd LWoaol2aDt@ed ¢ | ast o g
eshy activat.RANKoaof RRMBIKH i ci ent mi O&(Konmgotetde
al . 1999; JMCISIF eatndalRANKQLO @ o g eitrhdeu c ea res tseud cf |i
genexi Yy Quion et al. 1998; N. .Takahashi, Udadg

Thacti vaRANKy oRANKBAds t o amubhttrpdmd droinp toifon
incl BB, NGATOM TElun c&®O@éDavid et al . 2002; | sh
kayanagi et al. 2002; RIANK/eRANKILM saingdn aRolsisn g2 Oi
ul ated by OPGOGUhirantatp roemv emtdd ubeo nteo rietsso rrpali eo na
ceptor f O0B6i RANKL . NIFAAC1 199¢CD)Pn skiedye rterda ntsoc rbiep
facaf@edi fferé@ti Zhaonet al . 2010)

Af tceormmi t ment of a mICeadwicyed\bd-dl Imitga at es t o

sur fUncdee.r physi ol ogi cal conditions, OCs form
mecharmifs-M& er ecr uirtemebmtiocsfneloc| ast ogenesi s to

arefobty elucidat ed-OCest .onllty iesncloiukne ley, RtANKIL
at the bone surface in form afhdOBbat-odlileectl
contact is neceSSae yet.Dali madd@ee)f ssiOCacaecepr e
to cross the barrier dfd Ronadldivieil ogp ad eloing rwh
area where bone rAds drhpet ibom ewldsSSthr fRBACNepide.t A M

ated signalling are act ievwapiead tfdlrd evgi enoga seaxcptr ets:
mi neralized bone surf a©€stt.og@®@ smo gthley ncfalpsad i
onucl eat e d Sporee c-BHeodbeoriste n, andAfbDelraresaeh2®0d5p ¢
the OC evehwbuRdkleagr.igati on onl yzeha pmetnrsi xo nanmd
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mechani sms tr iigng ebroiarege rtetseonri@p@nigont ¥ S8 e, Del ai s
and Borggaard 2021)

OCs selcarede samopnbteases and acid to resorb
pounds Dd dfofnieci ently | imit bone OCtisghtplty oat
taches to thdhbhene ssachaeeed partly by reorg
ari-hgke actin rich dmea healsldeddei segadlfiion@Eszroq e .
connect ed tUgbsitrhtee doroinres vwhai ch bind specific m
(Nakamur a .Tehe atli.g2t0lI0y7 )seabhedt brt a@Cehl whiadlk s ¢
bone r esoriptail d re doEHolwasehuinpaTa k ahashi , Ejiri, et

HCOs

SLC4A2
cl

ik
/.®% Lysosome

H.0+CO; H*+HCO5" SNX10
Bone
@,

Ruffled border

TRAP

mme-s - Howship's lacuna

Fi gBrefhe osteocl astFigeser preaéeemtawht hebyor e

After poOGadizditfiyont,he &odvshe pdst €éapwbhbebl!l yb6i
schemati caRilgBrsdfrownthns pstapbpsetol yeesomesh
facing thehilacuemsaul ts in a | arge membrane wit
me mbrame .f usi ng | y s onsuombeedr s¢ et airmvcl ad ger ot el
cati on mMaclcivog mg.ype) ATEPatses a proton gradi
hydr oflYy s iPs Li.Tet-syape ADPDBYe compri secsr giaa-ny d
nized in diWwhefclklttd |Fatmeaitisons ©EYdoAidi h)ydt ohy
tranampadrme mbr an(eb oapidho Wa(i inairgg a.d h20 @ 7 )opt roonvsi daer de
by the acrniaonhydf ac®h Rodit @A Zy)s eseaat bonadidoxi de
watebi caoor bodapd bebrakari. The akced9O9B8heéncarhb
transpuwtrtefd the taE/HC®ygntaicpowhmewds&LCl kegawa,
Guo 2023)

Thepr ot on gradient I t ssetlaptoiicemit wd é&rrierag ee fafni ceile
tran3phereforgpetATePa/se hgs tdhéa il h CodCwipir aly er
t ransCpioodsitnhge protgaengratedgnpyg AFhiRa&&d e
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chl oride i ons arelfregptiedsbyh8SLEAARt TIrost at.i
efficient acidificat(ikonr nnadk |ets oaslomex0 Gln;d I wapc
2008)Taken htesgee tthweor ,&letyow | alyer ©C t o seaamdet e h
acidify the 45avhumcd ®WBomadobpHtofon O06i hydr pxMapa
and Etherington 1988)

TCIRG1 CLCN7 & OSTM1
MIPOOVL MPOOBL
ATP ADP+P CIC-7/0STM1
H+
V-ATPase
a3 Cytosol
l Lacuna
H* 2 ClF

Figaair&Keyspobhygttroatiadt ®scr etk iogu rme ccri enaetregd  wi
der . com.

To degr adematthrei xo ©ogfa Bbcocneet,e hy d rFoil gy8l.riecCad mzymwe g
K (CTSHKDpmipse irfoitrease act i hpkeeayt plloawy eprH faonrd diesg
col | faigeem@sst a e.tBeali de20@CdI)SKmatrreitx met @Bl | opr o
(MMPand t-resiratent aci d( pbodphamasee &MMRAR)O 7,
et al. 2015; Pai.Vag etnlde rGr atnlj eed @ oe R2ADylnmes br ea

The bone degrardatti akhempropgadg aahtppo@Etamat i or
secretory domai namd drher iremaldardaE@asdryddonsanst et al .
Somé o©he degradation products are common bic
termimads!| i nkeafcdlell apemptti yee-l | Kio agmenChégTX
The resorpti @@ saucatlilvyi ssytbisnéugltiabteets b dOBes o p mat i
cess referrelhitso ias pcaotueg lad d gye daifef g monwt hhef & on
matsuchransformi nd(TEHH)BMRASs fiawmstdudri n | i ke gr ow
(I GF)lantdhe secOGptrioadmcefd f act whsalblu cth® tgiem uleaA Pe
bone f drMaatsiuoon and I rie 2008)

|l t Ilwamsg established, that OCs form at the beg
apoptowasdwefha®s only recently been ganoawwre t ha
embrfyoemyt hr omyel iEQMRpe)igkeeniitmrishe tidsdhe an
residing OCs were mémrmsonwshloavant ed deulsles wderhi ve
| i neaatgelsat(eCa pdaargiessl | o ®talalrza2z@t10allJaRkdmnd®; Y

These findings have | ed taeombBerquestniuacn ei whae
size and nuanfbteer ogemiucdsiof larctiu meg ib@Ch eo fr e mo
mi tas | ed to the identification of fission e

fra@OCs er med o s(tMecoDnoonraplhds .e tHoawe. v e2r(Q, 2 1i)t has not
whet her these concepts apply to humans as we
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1.2 gh bone mass di sorders

Generapht noli ongpia¢ aince i n bone remodell ing whic
mati onesevepti on c au(steBMyhevgth mb o neefc ataBME ®r der s
are either increased bone formation or decre

orders have (lBeegedesecrdiabedB828pody, was set ¢
orders caused by decreased bone resorption.

Di sorder s caiurs etdh e yb dred erceesourl gt iionn apcrabBcMesdso n
osteop@etrocp eat. hatviecc rbecanseesd b one mi nkaarl e adseend |

stability making (tfhneamr bplred hbeoyntesshoBlr ac c omen®s n r .
sigwvhd ch are gener &ril readthegseskedsetbemosysof | or
bone, sigeant al bosnsdi ndhiofk etnhiengs kol Ivertebral e

tosasdwi ch( Pvielritaeib,r aAggar wals,t eaorpd t @rocsh asrod hal 22
of phenabhgperg from milder symptomstonhaavys:

symptoms in autosomal recessive ¢(fudBapgeatr osi
tano et. al. 2024)

1. Aul osomal recessive osteopetros
Aut osomal recessive osteopetrosis (ARO) i s

caused by homozygous or-oftompbuodI| inebbercoaepyg @l
frequenc?yy0,o0l0i0% e i(bSiotbtahcsc hi .A2RQ al suBOilB)pded ir
groume, most ciommamt if loe mmaanldiud draanstlei ARk d A RO an
i nt er med(iSaothea cACRIO et-Bradnt 20d 3da tFatnicdk@ § 2849 und
caumsbesence or dysfluemzdimgopatdéhpeaée®iCisigcati on
ARO is characteri zed bynenh eboehfgodriieahaallnurda chigo Isaac
wi ch vergerearaataingde dAROr boines are dense and ©
fractures are comimidadi tiinorealrlly, cpad tigdddoai. pr es
ing and vision | oss dudhéeéodefaoaiavVenkborne ce
hypocalamade mlieant al Tahben ommonsatl | & d veesr. ehaeamampll ioga tciac
and i mmunhmpagr masht aduoemubnaet iionn tohfe bnoed T hl ar y
restricts the bone dnagmwpbeibtall obeadsnaemiaas k|
and extramedull ary haematopoiesis and a comp
cienclyf untreated, ltehéhRBl.tampl Aggarirwak, aapd

ARO <can b eabcsaeunsceed obry r e dsuec td eofne cotfs QCysp.i cTahlel y
entiation odl lOxCkse poldasatoet.Mopatiross saffecting
tidn tdhe two manvool vceydt oikni noddsCE8 B c handt ®d bliKlesii 1s,
recePdEbBbiR anda®Ra& Kt his tyipre mibcweeseenaup eathi @siss
affetNEFMmBPIhcodi ng RAREKRE lednAcdoidi ®# gr RANKE e been
found 1@Cplowmamstedpleacolki set al . 2007, Guer |
and Abinun 2022)

Il n comdmaist i,aobnusn dwaidtytls fbuuntc t i on a l OCg iarhe osdleloe
pet rMessts . ARO cases b@Jerngt teo pahsts g mwaipes, S ¢
in the pat hroigemesSRQ hhdv eOCiiders ei jemteisf iaed t yp
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wi t hl ashseono€& resor ptfi adOsd wmda tAliR&EINd s @edaased by
mut ationsTChRGwhigdnencodes thpeadTRabenct uc
aci di f(iFoc attito mi et al. 200012 PefnnAaRO Vaddas arn
by mut aCtLiCodndsc o chi nfgHanh ¢ CGICt Kaoar nak et al . 2001;
and Capo I2n0 ZlopgieCNB e AReNades al ong with neuro
due to lysdXamplerstor age 200BLCNStabbqui eousal
pressed in the body ,anwhihcah ias |nyosto sfourdally fuwmde:
involved in i on homeositnasliyss oosfo mahan mltdyestossgounh ea
ciency may | ead todWeysesbdbmadh dff sSAR@ eédDasoens ar
by mut ati om®OSTiMin ctohdes hggeonpeest sroocsiiast ed pmr @amneime mbr
OSTNMiut ati ons typically caus ®©SARIQRI gislt ya glyc o
atebsubwilCilttwh i grhotCdelf s om t he | ysosoamdali se mwiqrua
for 1 téLhbmget eonal . 2000 hleei gleameet nalol v2@l1i
of ARBONXigsBcodi ng sowhiinlg aecdd MftLARNXDHOe $ S

i nvollvyesio s ownes tamblé f(iPcaknignrga zi oSNX10aldef2i0clid3gncy
in a pheCbyppefosi onOCs8lhemet matt oppet o fuse ar
mal | y( BarzZgehaar et Thils RBORAJt ypLANMNBGIaRE@d wi
dependenTarAdRMt a et al . 280 X;asRss solferAReX calu.s e
tati onmanyi gehes E€APLEKHAVERMTSL C2 ILARBRKTIRAF 6

MI TaFn@T SlKKav e b e e n Pdd sagrainlnpe $omé . 0f20tlI8Bgse gene
in the pathosgkehepesuoh AROPp Y STsHKYsr dysosteo
rosSsC20 Aand some exhibit 0St e ¢TpRAALFIGBRRKE a's
MI T E

1. Au2 osomal domi nant osteopetrosi

Two types of osteopetrosi s nwitdidaslchryi daoenti onsaonma |
domi nant osteopetrosis tAP@lcla |slDOl)Ww KAiSNng vy p
mut ati onsoaadti eattisohoofantdhes®satepaebwaye bo
(Hol dsworth EBhemémomél 2a)t KRiPrbd leadt e ost eoscl er
as ost e(olpnegterro se.tsD®OPR . wae23a) r e ad§gsOhdodrstciry voaeidt e r
ti ohhaddgroa,blyy Gérrensaunr ge o & d a oHl.o gAiSkt & ° swbheor gi ni -

tially described the disease as marble bone
served i n AHilBxcrhmanhberng!l 19943 | ater termed aut
petrosis type 2 but i s stcihl°lnbso@¥dy mealskce 8 pr

ADO2 has an incidence of 1:20.000 I|live birth
etal dy®pl gseas, | meADO2anids EclhasaceB8)zed by
HBM most pronouncegaihadi § delfghvileso es tayei call y a
an increased fracture ri sk dPuae iteontdse carreea suesdu a
after radiography identified hall mbolmenef t h
signsteosafl eir lois(aMse iwri an gaghedr MSoomd.&@se2 022k of ons
diagnosis varies significantly amohQampds$ er e
Xavier ettaktan206@Bype from early childhood 1in
hooAMd.significantdi a(midutaitlida@tfecdf mut)aeivem dewveil ©
the phemotayspeoci atodd t hyendpdisogindsamseen et i ¢ pr edi sp
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(WaguespackFrdactadre20®#£r7¢g the most comwore ff ea
rel ated pai n,easnpde co satlel & mygoefb it hhdemd rgisanwedr uaen eteol e

compr ehsysdrooncapldalh@a® mat ol ogi cal ismngunnso dseufcihc iaesr
are |l ess common and only obser¢B®@&ni ahaomo, eL &re
and de Vernejoul 2000; Waguespack. et al . 200

ADO2 is almost exclusively ca&lCdye ey ehet deoz
past 2@orye d2Panh hogeni cCinG M@&tvieo rbe einh hdeessec rd rbee ¢
invol ved in the pa2ohroglie®telsulse rof € IAT&, r. msD TRdB-)
modi meri c anoompdoidxthsvtoer odi mer s Ck-Bammpd i GHTMM1 one
subuniBacehacshubunit ofs rtlhepabéereondditmams.portin
Cl-Cmonogscenrt di8n t r ansmembrane lhaikgae apl demacnsgo
cont ad md-tnegr md emradainnd  t-tweor m@ ynsatl a t-thsi yomnti D& Se o -(
mai.®STMAionomer sethraavhes nbermbr ane domai nCwBi ch |
transmembr ame rdeésnalaorsnaaf on which brings its
cl ose ptroohixeu mi b gl t rdomanerddr mtnteer ef ore acti ng
ture of theCllg®chalkcgkiete &&Drobenko, and Hite
Mut ations i nvol vedLIiCht7etpheen dpeantth cmgsetnedospilesy edofy i @ i
uted oC/LeIr7’sedqqeence and are md@sStlhybmrsReanat . mea
doxicallyCLECHMmet aotfi otnhse ar e onl y i nybaltveaed inmty
caulls b The reason for this i s dQleCctoanptMeatyhet er
mut ati omboseanf tt daumswh rotnh onl y af foefc ttsh eo nceo mm
pl.e©xt her s, mprahemidalgnormabh!| i tAei e t(elfeoidsilmeret
2011; Di Zanmi metbeagf 3WWED-Blieyvpeelrbepuwd t o be suf
for effective( SHwman crheammoid beett ealtlgprse? 00lf4 )f uncti o
monomer isthel seatoemd, momomer of Thhe bebhdsit
stochasti €l{Cedoncti ntihfe %0 mer i s affected, b
one or t @b-Canulk wrtietds ar e affected%watnidenr efecIr e
bel owi thhealke

The p. G26BBmMGsAmonsat CoB8N®Mme fmoesdwaewmste of ADO:
anids al so the best studiletd nmeudiiaattieosn a nn aAnDiOR20
from glycine to ,artgri aan sndee mmiCdeCeE®Inesierrevre.det al
It does not exhibit altered ion coQld@icst ance
retained in the endoplasmic reti(R.l uSrt haunldz neot
2010)Thi s af feacntds hbecttemahdoalmoards t o a decreased
of OCs duwe itdo sfeddieleed losnenHetteradzy OWD )mi ce ha
homol ogous p. IiGRI1&dr/vneul toapt ioosnt lemotpeert e sotsiimsg!l y, de
genetic background of ADO2 mice, the disease
of ADO2 i(nAlhaumémaents .alT.hi 30 Db n2G1T) a genetic g
penetranceEaed skPoveghtyg. few studcemphave pdd
in the past, t he mechaniAnsisntgillel nluacrlgeeoltyi dreer
( SNP)p. vadrndB Ma variabl e nuWwmbrerr) tiaandlen@dNvieeneedato f
corr el atoende wrnatshks andcdhc@EChease penelO08@5; 1 Korsa
' i keltywhat geafeft etch echrgenggpdla®& pnessi on @anthri buf
ogencefsisDORauber .et al . 2023)
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1. Tratment of osteopetrosi s

|l f untreated, ARO is | ethal in the fifost ye
AR@Xxi st s. Due OICé rtome t hrei dniemadfopoi eti c | inea
all ogeneic haematopoi é HSETA.t eSc hcuell 2 anda nM@d Fe
Typically, onlyisifreaheeawvwienh ngSERO but not
't 1is I mpory aAROt m@@d eaftiecd etnycy cHSCThe Casread
TNE&1I el at ecdkaurssRrQ by absence ocrandesftitcrieeantceyd ow
HSCAdditionally, patients with neurological
rol ogi cal mani festati o®STMied ap &@dt IARWIiaarnldy pas
CLCN7|l atd A.AB@hul z and Moshous 2023)

Successful HSCT ainn rER@rpp&t itdoréet A BOeapbesognp:
i mproves dfi fter ggautad d t yati ent s. Pewconmednagansl ar
tepmrformance of ARO p@Qtcleatd ¢tr eal d dcevalitlteddc H
ARO patient 8 2anodf rseupcocretsesdf ul l'y treated patie
B0OMost of the treated.clExtdaemeddéVvalrypaddemat
rever s el yaddeorese.v & r ,t odraamaigaecravuesse d bryo tARQu riesd ar
only few padanentmproepment of hea(rOrncgh aard weits i
2015)

HSCdomwist hsskdespite significant i mprovements
repoa tseudr vi # 8 arf ateg¢ O#HiSICAr d . Ehr @t rr o S da&dyi we s
condudtnmeodt 10GnyWeasrisncegada hen HSCT has einmpr ove
graft mehitch was the most common cauWswewkrdea
HSCT goes alubmsgramétkitadtn gr aft fail ur@VHDYr aft
vemwax cl usive di seabt agenicndicall | tyorstiadagpes s oal
early asveomsshblugh with recent i mprovements
termedi at eO fnoarymsb eofc oAlRS ( Aer 8dhbbezr HSELTMos hous:s

To date, no curative treat mentwoiusl dauvbastobiavbel e
ADO2 patientanspkanbéd bemoauvtaei ofy (Apbamr EHSICaAD
2022)Therefor e, treat menmtr eo ptnil oyn sOwfreqrrt aAED 2 pcap:
years, the ghaspdewme hpmpaddhethi t o CLiClNé nlicesl et h e
ADO2 by wusing small i nterfering RNA (si RNA).
mut at i@LnGNE7amsi ng ADPR2 1 nRpmeR 28 6 W aaadd ps R/ H€7-W
guently tested whether these are gcawhbthk was
i ndeed (tCaepuddsie.efThal wmRNAL vpe not afOetyed b
for p.G215R caused ADO2 a @Gboecm@t amtoidenwagwi Gl 3
avail able for testiinnglihed et hme cah ROAOatldogp aeryo -
tywodiwd significandtullrylesicauperderv edi RNGa el liiveely
2015; Maur isziRN2A222¢cti on mediilagredien g &RdDA e nt
must be rodisstamitbyted to the OCs. This is ve
of OCs on orsDwistphiitne tonfe obpotniemi zati ons regard:
Si RNaAs ,ef fecti ARO2rmadgeamienedoddmini st (Mauen th
rizi et. Tl ea®dd 223 )pr i cy t hertabpuymawnp owi tthr aan sd iag
burded | ikely tdueraocemuptopl emBO2Z amimeertisn iptei
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used for theseaxxgpeaimeamdcls Gvegendti c backgro
to develop a mild phenotypeaddefonADQ2heirn bcaccryx
(Alam etlmla rRP&degnt study, the effect of si R
growmad tested. ADO2 midceev edno pl 2%hS bmeocsktg rsoeuvnedr
compared t &venh enmuaofightcenRNA was downregul at ed
treated mice, bone turnover parameters were
provedonwi raci 6§aBhaprbert . dghial ind024)Yes that
apat t hwisl Istladtlee é yearfeflteyct ed i ndi vidual s which

Taken together t hied fleicghlvieghth® htalpeh erad & d wf A (
transicemtst@awmtt | mprovement of the condition.

1. &Bene therapies

Af tceormpl eti on of the Human Genome Project in
of the humamtgenameonal Human GenonptehieBequen
vol ved hgeerneedsi t ary di seases bElganr afoebhence | yen
newly emerging next generhaas olne ds etqu ean cd tnege p( N
knowl edgeease geneti ceendel idar ei,ntédrei toard d en ei
tabaseael mdstt sh00Phgrermtegpeaeviahsoci ated variants
Thi s r evhou nuatn ogne noeft incesw Itpaoss sapernad i eost hfeorra -t he
peutsitcralt egi es i n gneemreet ipco odtilrsyeaatsaats! mwohb ecfho r e .

The ident idfiisceastsiesriongat i an i s cruci al for deve
Ci nelsr.ready before t he ¢ o ngpelneotpiiiopna ootfy pteh er ehluantain
el uci datredr e dii mv@fgieessh hieat pr oap orseevde rtshiaotn of t h
coul d possibly ,heaalh ygpeontehteisci sditsheaats ewsass t est e
with elucidated cause soon after

1.3.1 Viral gene therapies

Severe combined i mpamedafigcioempciods | @hbGlah her
are charact er tH zyerp hboyc yatbesse nccaeu soifn gh.TheV &n & eid mmu
form-€lCIsDcauwmuaedthyhls2BR@nd hencoding the intel
gamma chain commbnt gr b bag eldd eanmeotacgpeddiNestgiucc h i

et al.SCE®O 3gan be treatedwty adhvigeared HSCH
for genield@erampyl ymphoi(d P@Ers g gegeardiyt doure dtddel tsh@®s |
threatening compl i cadeloencst iofe uadv ®&matt ®gle paft ilel
of-c@&l lssbwamdlant dx@2rRaees il d n hafe mMaQ aowaz zean a ecte ladl
This has | ed t d htehduiadesegsedhfeplindetr apfy t o be t e
19PBsed on a replication dGRWkkiemti mtaengnaa tr e d
of L2ZRBt o t he g®ndeme vanff et3ICG on of patient HSCs
vi fwd |l owed by rei mplantraes ome otf hd hph eguo @tf yt p ave
treat edlp8Ci(BCatvsa-cabna etThhd .cl2i0Mi0g al trial W ¢
guickly foll owed byaadotherecgti @GR abut rsiami lu
20 patients were st(rldateead hi)n otf havhe cthwd 7t rsihalw
notygavazzana.Uatf oalt bnadGe6ah,e 20 treatceed Ipati
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1. l ntroducti on 1.3 Gene ther e

|l euk 26miyaars after treatment, which was four
of t hlee&®Vng t o aohc o g(eHaecBeerpbi paoe¢to al. 2008

Theetrignead adf fects of the first clinically e
concewnsabngene therapy and wehree aap pmaojvoarl soeft
gene therapy. It took many morgaydaamfge thymeo fs |
viral uwretliilvetrtye firsbnmamkegena@ pwaegaampedai n
Eur offheeet rge ne atShari arpsys le idshfeort r eat ment of aden
( ADAepficiency re$@lt@®8ndd SCd e i((VAdDAA mar ket appro
Me diincaAg e n(ceyMA))h 2AQAlLeut i, Roncar ol Dhi santdh eNrad pdyi n
replication def il®iukmiad mied c@dMIG\RIV riinttéeg r AD A&

gemae@d was found to have a good safety sprofil

(Aiuti et al. 2008; 2CU&mloe bl mAgt mian i. s(tEH@KXGI)o n
granted bApptmamhkhi hg another milestone in the
Luxtwasnat apprioved!| gema tthreeraapnent of a monog

USA. alnt aidesoci ated virus (AARPEG@SpWw WVvVovodel iv
retinal ceolf| paitn etnh sRISEHENE eiratngd fr @imhredler dy st
congenita( Miamaludios UsTzh ee tursalx to f@h&Yy eadti ®ms vh as
increased the safety of viral gene therapies

The Wwawetof gene therapies enterin@eshdes! isai
concerns, Vvirala ¢eme dtiseardavmindsagleavelrhe pr oduc
vant guamph art maeeruvatfiec avi r us iI's Axtmreméelmente x
Zol geammagene therapy for spimadednucsocsuflgavrl .a%x
mi | leiudgaonsd 1 s consider ed itrh eEunNesmg te lheed Be2xR-p ¢
tremely high ®dastdofgewvheash hleerdapticersdi sconti nua
cal c andawen esp mrnav ed g eSnea itridweerltalpd edse wseaulcchp iamsg
niese to a |l ack af commerci al i nterest

1. 3edntiviral agwthes drmelr arpggc odsi ve

Ex yiene® t haeurtaopl ypPu swapgoagedn alternatfoe tre
ARQ@i gb), ewhich is especially useful-mabchetos:ce
donor f or alHvoegne ntehiocu gthS (hTae mat opoi #sSICs ic®nco
be i sion astuefdf i ci ent n u(nthbteervga rfdore tg eanle. tPhoebr5a;p yCa
clinical devel opment of AR Rgelpe ndk atvahgiRreCh a s
represents the mosTCIcRiBapemMdRdartbne orf e ARWOe d by
pl antation of wildtypeshHhS QA ei m mied ea.t ilvretl ggr d sot
35% peri pheamd &mhoiomMlcrease &d clhonpearreas dmoptciomr
phenotype was al moswee&komplfeteeli nraeasplLeaad by i b
al(.Fl ores .avti xalmPAR d0Falnd M$ Casintdy pseubsequent anal
resoripmt ivoetvrea |l e o fhawi I3drte peu fcfeildisent t o r ea:
l evel of wil d% ylpeeasd, twh erroeuagsh 11ly0 h al f( Tdhfu dti huem n ¢
et al. Th28e6)results clearly indicdtl RAGEBe sui
becadsred ddver rates of corrected cells | ead t.
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Current treatment of ARO Future treatment of ARO?
HLA&Tﬁéfhed />Hsc isolation
‘\ﬁ .

Vs o \\
‘. Patient HSCs | %\
.,\“ ; ///;‘

Ex vivo
Gene Therapy

Allogeneic Corrected
‘ @' | HSCs patient HSCs % ‘

ARO Patient

N

Allogeneic HSCT Autologous HSCT

FigbhreCurrent treatment of ARO by all ogeneic
ex yewme therapy anBigutel ogease#S@ITth bioren

Subsequentl vy, two groups WEVRBAR@ediwiont all gear
carried out i n osteopetrotigenme cteh eprraopoyf edie Iti
TCl RGONA drspéerehyfocus f oromigngt evrintiunsal( SFeFpWw)
t his |sothugdrym sumoughally odial f of treated %mice w
was obFfle vepkllenotype was al most cedrhpl etfelt y erag
only exhibi%edf ribaumgédlryesldripltd yhpaompsaoredett oa
Moscatell iThet GRV. waG2xafhtaenrgaeadr elnsittihvi r al vecto
has a safer integration profile. To avoid ir
alseplacedsbiytutive, humane!| pr ¢ met &d borgtat ( BRS)
anmhosphogl ycer at e rkdirnaanssedoufcPt@ omeHpSr€8 RV@ttdh a | e
tiviraCl BGEItogscued bo.Bebsegweamtt itoarfia ntsrpa nasndt uact e
ARO HBEEBGs i mmunodedenanesnttr ammiecde succe®shumamengr
celAhsal ydioneofresorption of transplanted mous:
rescue of the (rMosscrapteildn feli h eatl e fofi2iOctlaBcey PO 2 § ¢
therapy was al so pro@leRGCRQuh ar Bodts et meo dterd e atf e
survi vtadar moamgdr shewsal aof t he ECltfeoplelt rot i al
An o tshtewudsya® GKI ClI RlGWbbutdid f erent protocol of HSC
tiemh human HSCs with a cliniexnlggne el leerapy p
ical tri dlCd . RGILhge iP&rKe bde utahpey pohfe ntortaynpsed uc ed AR
derived OCGapocétasals. 2021)
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1. l ntroducti on 1.3 Gene ther e

The promising preclinical evaltatsboncbinlLV?aAh
trial OTICItRI®L ERB 8RIFLADBBOTIrtly after the first
the theeapati epul cddibedr gub a®lon® r ¢ lhiamgiecal tri al
afterawlairmdiscdgl trials. goCQapo udABINCOdR.CE5RBB BRIl lyl, ¢
there i schonopogbiggnaltierapgRO hidadVvelghp mamgt

of novel clinical candi dat es

1. Noa&wiral additive gene transfer
Virusesoptemweéd for the infection of human
transduction of cells which are intrinsical/l

extremely high cosdar efdivd adivhaingteatse|stihiddAypi e s
vectors such as plasmiasgersescabasey ®hdpabeéelece
l enge is to efficiently deliver and i.ntPhegrat
potential way te imtegntahte glMMiAveer ¢ tsi Emdzp anei t
aei et.al. 2017)

Transposons, also known as O6jumping genes?®b,

of a gene encoding an éhanwked oyl recdogmnansp
vertedmienppd a TS igee | TRs are recogandedlelxp wt he
citslte transposon and insefWelilts adan da nfghdicshr o tsti
makes them a useful tool for st abllreanismtoesgarbd te
el ement s makreo pwopr ta olnarogfe t he human genome anc
ti0®denft and Madherkbhpnre202ihe usearod pgimanesrmpto
t he humawogledomause the transpositbDoe bbb 1 he
mut agenic potenti al hef t taasaesgppp scsaa bl hya nfeohuennda nitns
gengmeare verTVhae ntewd i mosethttcroammsomd syo nu sseydst e ms
transgenes are the Sleeping Beauty transposo
insect trangposcecrs pitg@ayBad997; Ding et al . 2

The sl eepingal®&8Batny bteeub &g nd etglryat e dfavegr el e
l1&Kbdn humgdrZayeldl stFoal .t h2G6G04p)ur pose, t he tran
recognitiSBhheséesegliencéE&SBarienvegnisdeBjeipe at

di f feeirreemdt r epesatss ghBR), DRl ngmaa0h pl vy 6t Zsi z e

et al . 200 2; Oc h B B8dhone sa nndo t1 emecestirRtdo2hld et r an s p c
el ement bet i eepatbat el y. Upon exprkBRsioh ohe
| R/ DR signali-hg&tet actihgr € nwiat h uihsdTahre StBr a nrsapnossp
i s subsequently excised and | ater integrated
mo t(iO0c hmann andhlviase2®2bdn profianed owa sS Bf oiusn
to be |l ess suscgpeniebl andociamsert ir@R\aiardd glevh e
current hy ge s e(dMohngreazpiy .dthi al praotlg) a good saf
transposition.

SB transpositionnhasebpastopegmrdedg both tF
and the dieériamerpyo s@A@fnhygyestt et i, ve aS B eda SiBAO®O X

ated by mol ecul ar -eolod ut hone avh b & ¢ o itedt id sostGev e r
to ged®dOmtte anhsugneanni CEEBE4 wi th | ong term engr e
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i mmunodef i(cM8a mets mifflchee | d e PDBIByOyXomeficf i ci ént usi
vitranscriwkrar enRNAdel i very of the mransposiba
DNAMi ni ci senla¢$d @i e cul ar expression cassettes
from a plasmid. During recombination, athe ba
circul ar DNA consisting only of theMiexipaiers-si
cles are much bethecatoeée erlaeed bokhiloac taedeil &le
ognized by <cel |l udmd ti memuenfeo rree cierpdrog asdee -t r ans
crease( BY. x iCchietny eltn-cadll.l s2,0 0t3h)eS Bnio0l OaxXr mrRaNA oa nodf n
circle | eatdi agstecthivghw edfeft ineiddMady éz01 .et al

Thédigh efficiency in @qéenaraoimparabltyr dosvsgemwis:

tion, has | ed to several .clTihmescealc ltirniacasl utsri
using | ymphelclyt e her ddcvheilnmeprmecn ta notfi gTecre I rl esc e p -
to treat cancer. Using SB and minicircle tec

can be decr eased%byAdadpiptriooxnianha tye | yt hddOefaidr €to ¢
oncogeni c adAmbesrgerd fem®bslfwircs ndh20f t hese
therapies has obtained a market approval

1 . 4RI SPRaCsaesd genome editing

Clustered regularly interspaareed fsohuorrda mpha | b ancd
ar chggeeradmes and together with CRISPR associ a’
in the bacteri al defBaseangauwuugen adle g8 @d &ff iea
viral genome after infection, parts of the

medi ate protection against Tfthetswer e miand fl e d tnit ergs
ments are then transcribed and the RNARNAs co
templ ate tocutecwolye i v(eB radnudngse nedthpecart .t R 0Bi) scov
tdeRNA gdniudkcdssaseatoahd Jenni feanbDeuldeaClhadp &
guickly realized ther @wvad leuwrtia l@aeaudyard ihtiosd listytesot a
any DNA sequengsithhgea l@éRé SPREEC@MEs em si mualiy -gui d
f erRRMMA mobk(ekxiunek et al. 2012; Doudna and Char

Befohe discovery 9sfy sttdgae,c8i&@iicGcPRgCa$ genomic |
possible using tail ofri nnygaedre npurso téea sness ca(CdachhE | aosn
vatldkfef ect or nucl eases (TALENa)sp&befbectwhdch
is chall enging Wsnidng itmee cORIsIAMR/N@as system,

need to be chan@Geaesd & obziyndde $tfoe rneuyct!cebiimcg liaecmednst a r
a CRI SPR RNA a(ncsrcRNAb)ed fgioemnd hme CRAtPSERsirleenci
dat.i olnn prokaryotes, this c¢cr RNA | B hCaocsmp leenme n
Zy me, onedioff f Gsaaesvret¢rnazlly ene sitsSRNAompl exed with a

CRNA (tr aAc rCBaNA) bonucl eopr ot ei nFii ¢gBAsEhhee nCaatsi9c a |
ri bonucl eoprotein (RNP) bindsn ttdhed pumlted sptarc:
compl ementary to theaubBesgareattheé yodd @NAe eidtsr RINAD ¢
strands cdowng aimtcotfo htewo di fferent |l eadongclh ease d
strand brcaaRINA( 2SR) tracr RNA can be fused to
as gui gRRNA or sinoelgRkNAIindd RNA al . 2012, K
2018he gRNA hasr eac 2@nintti olnonmgot i f whi ch 1 s c¢
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sequeatcked pThitosplalcews sequence spectife c ed
genolee onl y | i mit itnarlgoectet rh€adasiuscil teea goefs rtelr da

sequencce omcetpitfot ¢ hpmrcetrgs gadaeer ad,) awlind i emos i f
depenodni rtghege QMo jCiasa eTtheals.t r2u0cOt9u)r e of ha | ocu
most CasOdepirnmnStremt ococCi8py @aso gBhibBeavmpéB.ev Spy -

Cag®qunN@G8 smequence at the 30 ehhlde oDSB hies pirmo
ducteldr ee nucl eotides upstream oFi gbBEeRrM tsi t e
and Doudna 2018; J. Y. Wang and Doudna 2023)

A Cas9 nuclease

crRNA - tracrRNA

Protospacer

WQM locus

Protospacer P PAM

~o
Vv NGG

T

QU
o
Cut Site

Fi géreThe CRI-SPRIiALAMs®as9 rib
duces sequence specific DSB
site h b

onuclt eé@&pNoi et nogu
s
Figure created wit '

B: Sequence rE€
i orender. com.

What makes CRI SiPRt/ Lalsi gloc wfpteficdc @3B geeer &f coh
given by Tthlee ed RMNAR., t healcPNAIiad| dofri sSipeicgdn an
editlinngg st udy tbhye Ftuoleetr aanlce of Cas@nd ofroum & n
t hat already w©wWwonemi stnmldqurdaetiseadalrye i f t hey ar e
(Y. Fu et HaolwevZ2(0l3) n wsiadnhesuEpastresnadvaibteisbg er v e ¢
(PattanayaRateitomd!l. ®Resli3gn can easwhgnhebpst 0-
ering some of tIMé simaltlchhwisngrfei heéitnegs. tol er at
t o RAWMHsuU et althapr giRfaddd have no off target
mi smatches foll Awebdebygt at RAMmMssmat ches shoul
of the ofandboasgmutmmaetehes shdiHksd ke Aatidaf-21I01é
tionally, OgRNAs wiaghve magh GC€Cfcoamarget effec:

(Tsai etToadat2019%nhl ine tools allow for easy
of f tar@g€@onpomwmdetdt eand Haeussl er 2®el8et iJc eYngi
neering of Cas9 has also |l ed to several hi g

enhanced speci(fViakiutlys kaarsd ed c tail vi t2y0 1 8)
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Th
ne
t h
i n
en
Th

i ntroduction oh DBBbsgat@mpfeuwie Ffyocr sgietneosme
rTihneg.cel | ul ar repair mechakmostngien ®s, DEBdi [
sequence clkonsoec RINA tsleeqquBP BB ecsD S Brdaor e hper d doac
ntly r empamaledg dws neomdv hji cihnimegli (@NHEJ ) 1 gat i
s. &HEdJrarmd otnteerieftored wé¢ e ®€nor del etes base
se small insertions or fdred nees hoinfst, nouatl dteidor
foretal leawriagyyhkgerrd( dSwutnsd er a n d nJ opurnegs e2n0cled )o f &
ogous template to the |l ocus wcéahudD&B, by otmod o
to accurateTlyi g epachamiS8Bm can be exploited
smal | basevemamsgn@s | of ragment s DHe DtNehmpsirid toe t
ave homol ogous sequences aaldi gcrainn gc otnd ati me adi
uences or smakhuehaergwbi th Bhe then integr a
Ran et. aHDM®Rr2003ni n adurl Hhpacstei wd t he cel |l cycl
hromati d can be u.seTh arse ft esmrl eastter if otre & etpaa i a
nd can vary significantlhthgiasmemagl Idy féecemnt i r
reques t h(aSna-GeeHhEaxX i and Helelreedaoy e20MNHEJ base
are more efficiexttr &@theagni eHD.R Hn2RI i ant etdhe ot her
approach.

O - ® Q9 ® D D

-0 0O ~0 =

The combinati on aaf amutllitneps! enog R&Nedf fhbi ectiteenrt d e
knockewarfs ,slliagigéteg y aithe geGomg et NHEJ @&#d1 331l so
expl bbbt eEdock i n DNA iinndteop éan dsepnethca niatl co gy dTsh g \s
call ed homol ogy independentr et @f detcea@dnitnt de@ma
tion, but not as accurate ré¢avdkngethal exa26

1. T RY SPR/ Cas applications in gene

The CRI SPR/ Cas9 system has all owed preclinic
many diffeFenisiaehi geasgeLhsesPapnpnd gRNA need to
t ar g eats omeell Il as theinnaddgi at venstemplai es. F
di f freetemad d.€ aeamids tgcRaANNA b e dins tfroirbnu toefd D@ENrAg - RNA
compl exed ri RiNPFoéreogeweé et her api es edDINBA, i n H
delivery is wusuall ytinmtediotnisngleagfedc dlolrs theaa
pression increases the(Xi sWu, fKminav,aSe peatr &tfef r |
delivery &faafRRNNAr addlti GasRNRS rel atively eas
tropoEat Weedo very however is only applicabl e
i solate and can HW®RCg wdenBllta nmmaendy sduicshe aassie-s ar e
tations affecting tissues that cannnodte Vvboev -i s o
eroff the components Bsdmushomboeea akbalbmphgishegc
vectors such asomM@dNvbDralwedéi Vi eoowplé dammopatrt ak
202Thsesudy f ocus s eoss toeno pinchtercoaspicsas ber culherde -by
fore, devover wiiébtenoddisscussed here.

December of 2023, the s eadp porno vCERt rSt PR &Xai s
eat ment of (sPRhciklliep pcseddlis| di0s2eld)d e di sease I s ¢cC
ofmg lod b i nHBdBuwet a tdihoen st her @a g greealyieeds on aut ol og
wthheet ft hr oi d specitffhrepersasmmmendgl édit @l ekfpr e

_,_,,_p_
> — = >
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BCL1ilA modi fied, |l eadia@gnogbdbobkxprefsicbni ef abeé
cell dFseamgeul . Tate dlher2a®@y4) s MmowabhébBeamppr ov
telli et al. 2024)

HDR bappdoacechkxe sHISNCorg e n el a dh ebNehidiracckendo c k out gen
t herapies in ter msHDOR bcalsiendi cnault adtei voenl ocponrernetc.t
knock in have not yet reachddithaersappewttil galdl
fact , t hangi eHgSYCast er ml ow prol i ferating cell s

(Ferrari.Opttiadi.zazd2d)s in differentciedtlesd hloaver
ever have r &atibBdrapesowbOh(6bgernt. apti thD23)

Due to the challenges of Hb&seaenk dinat eaddedhave

tablished in recent yearTshe cmaddte dr enleexvt a ngte nree
CRI SPR met hods apbe(shABdEesyit, olsd hevs¢esCiBtEBsS Y and pri
e doirtA | | these maet  modsfiredyCas®D mhiicckhasoen!l y i nt

single stranfhérm@ask 9 owrplreidc kso. an enzyme medi
prime editing famctadenosA®Eshdeaemiaghiayseee si on fr
A to G at the | oc(u®a uddeeflilnie deltibyaclo.n e2rOgl&NA o CBE s
Tby action of a( Kgmadrdi etd hatle.@ mdonleG)e base edito
tion of certain mutati onssHowietvleauyt niortt rad d u aniun
correctbeads euseidngg ors. Therefore, the group of
can correct aawydsimaveéntmad apriome editing. Pri
transcriptase .(REY Jdauisreg & os Laci9al prtihme edi
prime editor Iis guided to the intended | ocus
wi t hnitchkee d ssterravneds aansd a pri mer ther BVkea aaRF. S
scribes thenciondeodd mart i tome pEgARNAvamidarcdg ewh iesh
introduced into the | ocuslhby hlode dlsarrad deicns
from thet babkeo( Annzsaelrotnieo.nesBaaé . e@Dtld)doandt pri
rely on DSBs andAdRNA itoemnad|layteegst heg idoef fi ci en
fore all owing for muchnaoadigwiedi (reffefldallillemsc yC. e sap
202Dhgegspite the first description of babe edi
first clinical trials using base editors or
2024, r e(sheedcdkafvedy23; OFDA Clears Prime Edit

1. FuG@ure perspectives of gene the

Il n the | ast decade, the first gene tthaegapie
approved 38 gene or cell therhbhpieber¥d85/)) nguno
ovaddr®@ngoing phase 111 <clanecsalewdivrocnal si tafltgert

Ther egnfoooree gene therapies anethekebgyomongntiyen:i

The devel opment of the CRI SPR/ Caismpgaecntoende geedni
ther &\pit @ds .novel next generation CRISPR met ho
ready beefroovegrcdmae.i cal st udarees auwrirmnmgntdRyl S
the USA aooor di ngi tienlctlrgdax nsgp haosreT Hdrle fsarued,i eis
expected that the future wil!/l hol d great pot
met hods.
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1. l ntroducti on 1.4 I nduced pluripot

However, careifrudi wiedaltaulaheoapbés i s needed to
effeotbodifngar dgetr edlamephogn.cogeni ¢ eifheloes of
therapies have highlight&d taeti aporeé¢eaalceanpe
ani mal model s aretefspacnes wsartablkity of g
of affectedopgr aatldionns tmayt est gene therapies
systems resembl iarge hnibteghedf.lsycsoiveelroygy f human i

stem cells has openegluenanmoadelws possibilities
l1.149nduced pluripotent stem cell s
Cell s isolated fdruam ntgh anolustee elmba sytogeynsetsi s we

to differentiate namendbdtdet myr emegeddhdragedse
forkese aepbssiabke source of, amyfeat bubreypefe
pl uri ploetveamcsy and Kauf manl hle®&1 ;pl Mari tpiot eh® 8 Ic)e |
embryonic st eAmtceceal Itshe( BEIS Gsc)o.ver yt hoed fmorusste iESSX
of h&e®&gseh ESICsom blsastoonayedvetrtewagzashown in 1
(Thomson eBESGs .welr9ed 8s)oon poweri fdelr etdo alo fbeer ad
bi oylroeggener ati ve medi cimES@sadu hed gihett rhceres -f i e
genmocuse mdcdeleidtibtyp ng of sME&Recesdbnl eneal . 1¢
al. .TA86use coofmensESAsong with ethical concern:¢
of hESCs and i s t haemrrd froeaset rsitatied |tyo (rEelegsut! saet re d
et al.. 2009)

| n 2Tadkéa, h as hi and Yamanaka showed for the fi
grammeda pl urbiyp odcetnap isct tadfepu re stsri aams dr€it Bt/ idgn |
Sg2, -Myc Kinhidéa mouse (fKi.b rTakklashsatssh i ahmde¥amaerpka
grammeti!l s were termed induced pluripotent st
programmi ng oTa kmaochuasseh ii PeSC sa,lh ool |ddp asd€bing ,t h at
SOX2MYC and aKkbB4raelplroowgr aimmmag ©Oif br obl(aks.t s 1 n
Takahashi. et al. 2007)

1.4 PSCs in regenerative medicine

The possibility of generladnqgbmiatiii@anlt hsipnedcriafr
devel opment toifs.guHegse mergatnieveat i ve areda i ncd annet, tdoa
replaced witbubetbthhetisescsogsition of foreig
compli tamineps antati ons are | imited to matchi
types, tissues or even whol é oor ¢ amaanesdpd amd j a i
come one st emerctl osfetrernt ot farl gridundHaveekd rn,g tdh ¢

generation of a fully functional organ from
achi evHodweyveetr , signi ficant advancedckeriioedd e de
model sor gahbaevdes been maulet ii mlcd urde Ineyvaasnctu Iceetl U r e
( Z. Zhao et al ..| pdn3e ; d iAshdeaadqdest hd0 D3)y i s most

speci fi cThceeslel diigjspeea.sbeesen pr i marays etdarcgedtls roefp i
therapies and have tloed €teee neaxrke s¢ | iIC&iugale ntdr iS:
t herapeuthasoaBSiICietr@dyi @aaldles cl i ncombresebsphanoe
tati dowelolfs i n t y(pGch obh eidm a le,édtpeasimi n 0490 neur ¢
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1. l ntroducti on 1.4 I nduced pluripot

par ki n(sMoriiszrami BAR3pi gment ed-repiatt ral imalc ud alr
era{Dehghan enhdarldi M”29yt es or myocardi al t

(Zi mmer mann 2020; Eschenhageam,ngRiod dherrs,. and
1. 4 P®Gsed di sease model ling

Besides applicati onshei ndirsecgoevneerryata fv ei ArfQ@s ch a
pact epmostshieli iol intoideesl di seases and hasopgavan
knowl edge on genetic diseases. For this purp
ferentiated intoelfluactwhinah | yametl ekeeranie used

ani ¢ms Shi .®veal t h20¥ephrs, several groups ha
numerous different celihctygesg f bome vaWiteht e d
emerging genome editing tmethatol ogs ecasulcd aas
in i PSCs and subseque@Hbotgkaelméyer ecand®&Be&€dnrcet
represent atwvalgelandirgpd samocret s oufs isnpge csitfaincd acrec
protandlsonditions. $hphi atnl owacstdygibos ugcehn earsa toer
oi dvh,i @lhl owed t o phwgiyolcognpd elkcsmpg aceisdPp st ul at
organ tissues includi,ng hmywlitoil pplge crad D eeaneva trioena
t ecwhr eh asltluodws niei osheaamsiesi mp hy si ol ogwe-dkef pnedes
but physiologigtdbkebreebadaPiBd bdeetrRiOvhedd) di seas e
been usedne¢ew WURerdpepandci cdemtaitfeyygi @sug candi d

(Nichol son et al. 2022)

1. Di3ferentiatd®Oosn of 1 PSCs into
For the differentiation of i PSCs theicscelulsefw
of i nAtsereexsptl.ai nedapned®©®Cailldé ffer et i M@echr om

arise from the hHaemattop®iiettii ccr pir ro\yigpgd &Kro sisarrc
anar i semefsroodmr mel Imul ti pl e waves( Kauti sn,g \inmbkr,y
Dzierzak 2016; Cal vBimesef ama, MORKk odlas @ 08y e |
tal oéniganly etmhbe PI€igreqate 8 6 8 -niyreolno ied yptrBdvigeesn i t o r
formed during privmia (Mgsc®aneananrzrapeteasals 2019;
2020)At | a®edgi st argeMiNiCast ea rfi réldSfgo f meodn dur i ng d
tive haematopoiesis

For differP8€Cs ait M@ @thseMG to be differenti a-
steyYahara gtoralt.hizs02p0u)rpose, mesoder mal diffe
is typicdlorynadomee lmy a 3D structure called ¢
ki nens the culwhutcdg entenfiddeuncre mesoder rAalpr dit fofcerd e ra
| owi negf ffiocri ent i nduction of mesodermal diff el
f Uwe akKnodr mmraekl i es on EB formati onasoupBaesende
hel i al growth factor (oVMEGFMwmamldmente mplcatl é s
onsecuif{R¢sestiaysettaglhma2d2 BYhB&8k . c u tstenrruenl i € a
ree medium undergo hiaremaneyon ecd i c¢f sipetée-If i & &
erentiation into monocyte lab38 MataSitrLoapchhargaen nl i
t al.TheOoOt®mbination of EB formats wlns evqu éntB
aematopoietic specificationnt @rmereacyet efandd

> O "0 —*+O0
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1. l ntroducti on 1.4 I nduced pluripot

CSF yields suspension cells resembling chara
(1 MNeCr)iovee r severameaedikcf earnmedR 8lleatievde di MOtCs (|
(R°ssler .eti MNICs 2v@2E)e $9umdt toe behdMNCpeanghe
mat ur at ed MNCGsr ctourledi béeequnal hyed to i OCs t h;
ture i n presene«eHohfe RIANKLe raenndt iMt ed cih@Csacex hi
teristics in term of morphology, gene expres
be | arger compared to OCs fr oRP dVNICesr i eto | alt epe
t hat ariéthsat ure compared t o meitdhp hmd wsteerdbd loeo d ¢

the characteri sbooses wmér(nmMbnwsesOCesrmaetturael . 2021)
1. Digdferentiationikfe icPSICs i nto WM
The devel opmees anclymali nprodcur sor cell s invo

are even more diverMoentt haogemiec opi ILCinsg & 6 fr OLCrB
the mesoder mabk bf ntwmlhgledlkaxlital p drothnes ar e f or me
from the NMestabopnessfromutshredsentvrealt elbo dye a
are formed by cells origiThat idmoguefsdk oirn tthhee plairr
inate from t he |I(aTtaenrialetpladt.e 2mMe2s0cd eGamh.ea et ¢

Ther gsfeovreer a l pat hways to dekifstentddi ¢i MS&s |

fined differentiation pathways via neur al cr
sever al undirected appr oac hreasn gwenrge fpruobm issihnepd
of PSCs in MSC medium to un@ddracgedlnE®l-f o2

[
rected differentiation has significant disad
di fferent 1 PSC Itime sf caocuwes ucsfe dt,hitsh esrted doyr ewa s s
of T PSC usingamdtpamaexirall meesderm di fferent

During embryonic devel opmemée , nehrabmetuatér mfr e
(Gil bert NQWO®dI) creain delf f ea eNECLwIMStCsnithoe f e ¢ -
tomesenciihme mechani sm was expNGCtedr bye#ukS8
from I PSICMSGNACCCENSOO can be differentiated fr
protocdé¢amlhi byTtGHsni gonfal | i ng and act.i vahi®ncam

achieved by small|l TGbleicudg eSB4Aidribi4Riitainadnofof g
synthase kinmsiseg-9CHBBKB8h causes. AWhewaetkbevati
Fukuta and col I8eagN@Gs owhiacmedhé&y further di
i MSCs by reseedingt ttel ced & si mnkS G utmsieéngiu-@nc o
mal essential metleuml (BbphaMEMMEEmh( BBSed NS
mor phdlacgy, y overl|l apping tranSEukptames ahd

The paraxiiadnanecinatebde eggwhijme di fferentiati ot
oderm i nto piatrsaxswmbgr dampser medi aties acaln tlraotlelrea
BMP sigbadilnggfurther differentiatiowhi c¢the p:
comprise the sclerotdme ascder odMESher svbimyr &i ¢ e
the bones of the central bodymusvhled seleessnnati 'se  d
of theTdmicketThdr.ef200r2e0,) i nducti on of the scl
di fferentiationahdrwMSCshobwomby PESERak ajmama nel
al . 201&)bsShhadyara, estkel et al muscle organoi ds
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1. l ntroducti on 1.5 Advanced in vitr

der momyotTdhrmegy achi eved paraxial mesoderm i ndu
99021BMMPMdi nhi bDMI9BMa8®we | | asi adadit @awwinh offacft o
(FGFR2he paraxi al mesoderm whkay dletni Vfautritchne r wi
hepatocyte growthef #dotiothi bHGR)Y @OMAPT whi ch s
somitofemeskel etal muscle generation, the ce
ot ome. During an8hahteyasometogknesdenti fied
the sclerotome i n t(hSihsa hdiifyfaerrieheite raatlfi.a mz Qp2r2o0)h io
may be adaptedrtoom itdhel sacé eMB8Co®P» mMe at i nter med

1 Advancne dbiothreo model s

Compil exvitrosmotdebhbaweghrenddevel oped recapi
ical appearance of (Zev€halb @etganeiskfdiad@gorigan
3D matrices such as hydrogeaeihdwieéhEgawidienrtiinned
these structureof THe It IadMiswureghaen | zwart h @drecinng m
identified sfsobrico micagp e draectoea and function of
ti sdlessen anlvViTéngr2WwR2@py complexity and si z
supply of nut roifelmtmi taemdl w ytgleen( ¥issZh ag .etasa&lul
Microfluidic flow systems can help to over c
nutrient sbyandr eatpigregpfa t he growth medium in t
all ow to generbut inHsg gueernceersgaroceisdcsedat sf dueet «
flow can help to stimul(@Seaeortiims,s ual iagidu rgie,n ea
Ultimately, the devel opment of a0 rdhsispuealilnovas
teconnect di ffewenhh easbBuet medelwbhi ch enabl es
cesses mumivioil pli @ gor-@graghan adalrdonsssitgalrpkl.e or gan mod
monly refer roemc htiop aasn dh uhnbalnd s pr omi s e persep-eci a
dict adversegbeff20228)

Ce-t bkl I i nteractions are espapil aliaimg dlemmpoeft ame
t hecuwloture of bone rel at edi iscnetlelrse sitni ntgh etior sntaut
bones are intrinsically difficult to study be

the develBopomanhi ppfridMaemilsoor i f ar Whteralas 2n@aly)
model s can bamal3bdsmxmigntceod |iagemoore hydsogelp® s

| engematfr iix smi. Aemaheeati pad tissue is not onl
to study wusing Fapttihchaelmenmoertphoosdist i on of the bo
but I mpodittainéenal |y, bone tissue comprises mal
being challengingnteutcbhobasat es b e ongegchheasnai tceallt ilnt
pl aysi al cralce in the hwhmeobtpessesobnbbherttch
vahoweachi p th&dekbang. et al . 2023)

Most of whecbthbhdvesappl i ed e3dD cceulltsu rhed Dteo fboocr
bi oprinting using native or synthetic matri >
interactioes. afbestttlhsarvebepg meaot of matri x m:
regenerat iThee medcidcimae.ri ces oftenmreéyalos suc
as calcium phosphate cer afrircisg alscyinutrhteg B acs phhye
compositions do not rheucnreapn tbwlnha@mavht Ikdsc-om@lr e 2
coll agenous proteins (avhadn sionopro rftazd teitg rao wa h2l 0f2a
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1. l ntroducti on 1.6 Aim of t he

bone model scelflt elni meed,y ami mal or human pri ma
pri mary ceddpedisallliymirteegdar di ng amamea |l marerldve M
' ines cannot recapit ullhaitse ihsusmuaen ccaenl |bse i1onv earlcl
i P&I@Grived bon(el eroenl actt€darlic.e h20slb6o)ne model s f oct
typeinvolved in bone remodelling such as OBs.
l ular tissue including many other cel(lY.types
Zhang et. aMost202mplortantl y, BSondwodied ss d atvlee i h
pendently addressed either bone or bone marr
which is indeed cr (Gl alsefroretbane R®B&9gst asi s

Taken together,-otebbr e mse dsutlildyha poiétl dbloanteenp o n e n
of the bG@8MDe amaimeheveltweci oel Ldit y @ e b omeec hmanri rcay
| oadmdat ri x colmmgaosihtiigchn.i ghts the need for mor
further enewdiachdtsanst lod bone remodel |l i ng, home

1. Adm of the project

Pat hoguetnaitci ofilsCig® nehencoding the chhlcaude/ pr
aut osomal domi nananldettaralpestormad i s pedchenp@siO¥se. 0 S
can be HCHWt btyhi s | t me daterdeuri to aibdse iddn dore aamsd a
serious adverse eventts iap @inmaoeatt & einttys. Wl htehr el fi
ening ARO but not for patientAHDORI amdi nneé¢ e mee
ARO no curative treatment i s available.

Il n this study, new approaches tfeosra mah,ef utnrceta tonm
outcomes wililn va Tdhwasleu sttecat egi es comporfi se a
the mutated allele using CRCS®MUR/aGa so9n fionr AtDHOe
thol ogy,F@r. G2HiI5KR.pdeposvsed MaACHewitlelstbefisedc
appr.oach

For the treatwoendi fodferAR®, strategies wil| b
CRI SPRYaCsaesd cot wakicga asne odaus iTrhge mswetcaotnido rsst r a't
ditive gene transfertbasspdosant bgs Semempin-ngo B
ci rtcdceh nolwhgiyalks t o fpurnocviciadogyad@t CkToedi ng sequen
(CDS) driven byt @ ©sdmpergs aptreo moheorDoges tof t hel
severity of the disease,and si tmanlidwsitmdii dewnd:
r

i al i s only avail abl e itnhevrearpye ultifimirtsédrl@bt ueagnit
be evaluated in patient derived i PSCsAin ou
(Henni g eftheali.P® 1vWi) I | afterwards be differe

i P3®@steocl ast (RP°Psfsé ree nttedt aftalront2 Oo2nla)l | y eval ua
benefit.

Gene therapiesi@aranidmdlfi nadeél $ odtestlTd eirretf or e
another part of this bprrepeltitp i moddle fdewnv ep rogan
ation of therapeutic strtahgeegiee d hfeo ra plyhoirasp p d io §
project i's carried out in cQleprratUGhaeaevi & i®- t
t2tsmedi.ziFnorBemoldeen d tiinog bodne di seases, a suit
established.pfFotetbos phepoBablddariipBeEdhir $or s
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1. l ntroducti on 1.6 Aim of t he

ofMSOCOBs @Cdibhéeé establishi®©O€C andfevahtatedon i
|l i shed in our iOCabec bwasso fneoete zaicnhg eovfed vyet .

Differentiati oni 9 fnatP SyCek o mdtofaib tMGQlsc: @t & eatte-n t
egies wilnleuba-tttestead, i MSCsdamidv esdTlhevs®e€ sdmd f e

entiations wil/l be establ s elwdattnahhdesybscdquar
this. BBubdgst differentiation route wil/| be wu
i MSC.

i MSCs aprdedumxCsddr s hen be shipped to oubecoope
t eesdt diymaeo ccul ture on decel |l ulThirs zdrammiupgman |
modelst aimontri bute to the bfyi diledneanft &adieRa@ od d
technandhgaghly rel evmatt.Tihe mase-beomiev &ECcel | s v
onl y baeltltoew r eperomearciirhaerntid yd wds otuor cteh eo fs tcaenldl asr,
model |l ing of genetic diseases and gene thera
their derivatives.
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2 . Materi al

and met hods

2.

1

Materi al

2Materi att hand m
2.1 Material s
2. Pr1i1 mer s
Tabll ePri mer sequences
Name Sequence Applicat
CLCNXKL10 TI CGCTTTTCGTTAGAGG( TIDE ana
CLCMEA10 Tl ACCATGCCCACCACCA TIDE ana
CLCEAX14 TI|GGGATGGATGGGATTTC| TIDE ana
CLCNX14 TI AGAGCCAGGCGGTGAA TIDE ana
CLCeEX7 Tl| CCACTACCAKAGACCA TI DE ana
CLCNMX7 Tl| GTGTCTGCTGCTAGCd TIDE ana
B2WMI DE F| AGCCTTAATGTGCCTAd TIDE ana
B2WMI| DE R CCGAAAGGGGCAAGT/ TIDE ana
CLcmﬁlo De CATGTCGTACAGGCCC| Deep seqd
CLCMﬁlo D€ GAGACCGTTCCTTCCA Deep seqld
CLCMﬁl4 D€  ccGCACTTTTCCTCd Deep seqld
CLCMﬁ14 D€ AGGAGTGTAAACCCCA] Deep seqd
CLCNKkT7 Dee GGCTTTCATAGAGCC Deep seq
CLCNKXKT7 Dee ATCAEKIGGCCCUTTTCTTCC( Deep sequ
CLCNX 6 ACTGTCCTTCTCCCT|Co numb e
Copy Numb € by
CLCEX 7 | [TGAGGAAGCACTTGATCopy numbd
Copy Numb e
CLCNEX 19 AGCAACGTGACCTACdCopy numbd
Copy Numb ¢
CLCEX20 | cATGTCGTACAGGCCdCopy numbd
Copy Numb e
ALBopyNumlh TGTTGCATGAGAAAA(QCopy numbe
ALBopyNumhh GTCGCCTGTTCACCA/Copy numbe
F&opy Numb CTACCATCCAGGCTGAGCopy numbe
F8&opyNumb CACCAACAGCATGAAGACopY numbe
GCTGGAGCTGGATCG
POL R@RPCR L eAC AT q RPCR
POLRGRPCR | CGATGCAGCGCAGGAA q RP CR
CLCMRIO-PER  agcaaceTeaccTAC]  gRPCR
CLCMRZ20-PER caTeTceTACAGGCCT  gRPCR
OSTMRPCR CCTTGCAGTGACACAG g RPCR
OSTMIRPCR | TGGACTTGAGACGTTT q RPCR
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2. Mat eri al and met hods 2.1 Material
GACAGGGGGAGGGA
OCTqIRPCR K GAGCTAGG gRPCR
CTTCCCTCCAACCA(
OCTgIRPCR H GCCCCAAAC gRPCR
S OX@RP CR FGGGAAAKS&&?GGGGTC q RPCR
TTGCGTGAGTGTGGA
SOXPRPCR H GATTGGTG gRPCR
NGFRRPCR I AACTCCACAGCGACAGT gRPCR
NGFRRPCR F GAGAAGCTTCTCCACQC gRPCR
TAGTAGAGGGAGAA
TFAPRRPCR GCTGTCCACC gRPCR
TFAPRRPCR AGCAGGTCGGTGAACT gRPCR
RHOBRPCR | ATCCCCGAGAAGTGG gRPCR
RHOBRPCR I CGAGGTAGTCGTAGGC gRPCR
SOXgRPCR CTCTGGAGGCTGCTGAA gRPCR
SOX{RPCR CCAAGTGGGCGCTCTT gRPCR
RUNXYRPCR CTCCTACCTGAGCCAC( gRPCR
RUNXZRPCR CGGGGTGTAAGTAAACG gRPCR
ENGRPCR H GCTTGTTGCGCATTTG gRPCR
EN@GRPCR R CACCGCCTCATTGCT gRPCR
GAGACCTG-
CDARRPCR § CAGGTATGGGTTCAT qRPCR
CDAARPCR H GGTGGAGCTGAAGCAT] gRPCR
NT50RPCR K GGCTGCTGTATTGCC( gRPCR
NTS5ERPCR H TACTCTGTCTCCAGGT gRPCR
THYRPCR H GGTCCTCTACTTATCC gRPCR
THYRPCR R CAGTTTGTCTCTGAGC gRPCR
CAS@Bf f Tardg GTCATAGCAGGCTGAAl Off targe
CAS®Bf f Tar g GTCAGTAATTTCTAGCT| Off targe
OR120flf Tar CTGGTCACGGAATAG(Q Off targe
OR120fif Tar AATCTCAGCCCCAGG Off targe
GsSacaf f Targ AGTGCTTTGGAAGTGT| Off targe
GSGaf f Targ GAACCAGCCATGTTCT| Off targe
ZBEDS f Tar ACTGTTCTGGCTCCCA Off targe
ZBED®3 f Tar ( TCCCTGATTGAGCTC4 Off targe
CTCTCTTCAAGTCTTA
EPSObBTf Tar ¢ GAGCC Oof f targe
EPSOH6f Tar¢g CTCATCTATTATGAGCT Off targe

2.1 nA3trument s

Tab2l el nstrument s
|l nstr umen Manufact ur Applicati
Rebel Mi cr Echo W'def'E|q mi
counting
Revol ve Miog Echo W'def'eld an
mi croscop

27



2 . Materi al and met hods 2.1 Material

Quadr o MACS Mi |l tenyi H MACS i sol a
NanoDrop Thermo Fisheg Photometric
EPOCH2 pl at Bi oTek ELI SA, AP
Mr Frosty Nal gene Cell free
Quant Studi Applied Big 94RPCR, copy
anal ysi s
C1000 Tou .
Ther mal Cy Bi-Rad PCR
Gel Doc Ni ppon Genet Gel el ectr
Cheboidouch | Bi-Rad Western b
System

LSR Fortes BD Biosci € FI ow cyton

4BNucl eofect .
. Lonza Transfection
Uni t
Tr aBlsot Turb Bi-Ra d Western b
System
2. Ki3 s
Tab3dt eKits
Ki t Manuf act ur Applicati
RNeasy Min Qi agen RNA i sol at
Ql AShredd Qi agen RNA i sol at

Revert Ai d F .

CDNA synt hd Ther mo Fi shegé cDNA synth
DNeasy Bl ood Qi agen DNA isol ati ¢
Nucleénipln H Ma c h eNragyye | Miniprep
Nucl eoBond X Ma c h eNraggye | Mi di prep
Ql Agui ck Gel Qi agen Ge l extra
Gll)SOéHtAsserr New Engl and Gi bson cl ¢

MSC Duracl on

chymal St e Beckman Co FIl ow cyt ome

| nsi de St g Mi |l tenyi B FI ow cyton
Crossl aps f
ELI SA kit | DS CTXA ELI SA
P3 Pri maiNw- Lonza Transfection
cleofector
Platinum Sup Ther mo Fi s hé PCR
ymer ase
HOT F1REpol Solis Bio q RP CR

gPCR Super
StemDi ff Neu
ferenti ati
MGEasy Minic
Producti of
EndoFree Pl a Qi agen Mi ni circle
Pierce BCA P
Ki t

STEMCELL Tec NCC differ €

System Bi o¢ Mi nicircle

Ther mo Fi sheé Protein qua
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2 . Materi al and met hods 2.1 Material

Rapid DNA Li Thermo Fi shg Ligation
Quanti Nova _
PCR Kit Qi agen Copy number

2. Che mi cal s
Chemical s wer e oAdtdariincehd fMeornt kSioggmaCar | Rot h i

Tabd eChemical s

Chemi cal Manuf act ur Applicati
Thiazoviv| STEMCELL Tec| ' PSC differ

freezing
Giblmercapbhal ., 1y Fishd Myel oid dif

55 OM
1 BSA stoc Mi |l tenyi H Buffers
PrestoBlue c Ther mo Fi s hegé AP assay
gent
NBT/ BCI P Sto Roche AP staini
Fast AQeam®s| Ni ppon Genet Gel el ectr
Gel Macc | ei ¢ A , .
10, 000X Bi otium Ge l el ectr

GeRael er 100 Ther mo Fi s heye Gel el ectr
6x DNA Loadi Ther mo Fi s heé Ge l el ectr

Qui ckExtract L . DNA extracti
. ucigen
tion solwu cel | numb
Phall oidin A Ther mo Fi s hgé OC staini
Fl uor oGno ur Corning OC staini
WesternBrigh Bi ozym Sci Western b
nescence S
2. Ced | mat eour el s
Tabst eCel | cul ture material s
Materi al Manuf act ur Applicati
Matri gel Ma Cornin Coating of ¢
Factor Re g 9 sel s
Gi bco DPBS ( . )
Camgj Ther mo Fi she di ver se
Gi bco Sten Ther mo Fi s hg¢ i PSC cul t
Gi bco Esse Ther mo Fi shge i PSC cul t
mTeSR1 STEMCELL Tec i PSC cul t
Ultra.stcr)EeD,'IOAp Ther mo Fi s heye i PSC cul tur
Cel | cul tur g Si gMladri ch Cel | free
Gi bco Trypl Ther mo Fi she Cell detac
Gibco StemPr Ther mo Fi s hgé Cel | det ac
X-Vivo 15 Lonza Myel oi d dif
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2. Materi al and met hods 2.1
Glbcocr(re]n|0| Ther mo Fi she Cel | cul tu
Gibco Glutah Ther mo Fi sheé Cel | cul tu
ment
EmbryoMax. 0. Mer c Kk Coating of ¢
Solution sel s
Syn&Fhrgeze " Thermo Fi shg Macr ophage
vati on mec¢
Gi bcé& Tr4gpal Ther mo Fi shege Cell coun
AlphatMiE(I)\/Ineag PAN biote Cel | cul tu
FBS super Si g-Amladr i ch Cel | cul tu
Hi st o-p@ague Si g-Amladr i ch |l sol ati on ¢
Pan Monocyte Mi |l tenyi E | sol ati on
human
2. Cohisumabl es
Al'l plastic ware and consumabl es were

ot her wi se.

Tabet e Ot her

consumabl es

Materi al

Manufact ur

Applicati

Matri gel

Corning

Coating of ¢
sel s

Ul tlroaw at t ac

Corning

EB for mat

wel | pl at
wel |l chambe i bi di OC cul tur
Bovine corti ,
Boneslices Bone resorp
0.4 mm
LS col umn Mi |l tenyi B | sol ati on
38vel | .qPCR Thermo Eish.d gRPCR & copy
foils anal ysi s
Tissue culwal Corning OC different
pl at es
420 % Mi ni F .
TGX Precas Bi-Ra d Western b
PVDF membr Bi-kRa d Western b
2.1. 7 Enzymes

Tab7t eEnzymes

Exonucl ea

Enzy me Manuf act ur Applicati
Shrimp therm Promega Sanger seque
kaline Pho product s
Sanger seque

New Engl and

product s
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2 . Materi al and met hods 2.1 Material

Fast Digest Ther mo Fi s hdye Restrictio
Zymes

AR Svg' €as I DT ARO mutati or

AR S.p. HIFI I DT G215R knoc
ase V3

2.1.8 Bacteria

Tab8t eBacteri al strains
Bacteria Manufact ur Applicati

E . TOP10 che Transfor mat i

Ther mo Fi s hdye

petent ce pl asmid pr
E. ZY¥YCY10P3
chemo compet System Bi o0f¢§ Mi nicircle

producer g

2. Ly okines

All cytokines were recombEnaamd habtaani cegd otkn o
tech i f not stated ot HC&SrFwiwsaes. oFRbetcao nmbeidn afnrto nh |
Recombinant human insutAilmdrwas$ .olCtydaiorke ch efsr avra |

according to the manuf ae2tOu@ efrdrs 9 MaeStok Qutclt oi m,n s
l ong term storage.

2.1.10 sgRNAs

Al | SsgRNAs were | yophilized CRI SPRevolution
were recondsgt/iCtLutiend TtEo buFAE€r and stored at

Tabdt eSequences of sgRNAs

Name Sequ&Bode Target

C7E10 gRNA cactccggccgcagc/Mut aGLeGINEK 0 N
10

C7E14 gRNA tcctcacctgatttgMut aQleQNEX 0 n
14

C7E7 G215R dggatcaagtgcttcct/Mut aGLeGINEK 0N

B2M gRNA ggccacggagcgagaB2M™M

2. 1Sdftwar e
Tablloe Soft war e

Software Developer Applicati
FI JI FI'JI commu |l mage anal
|l nkscape |l nkscape <caqg Generati on
Benchl i ng Benchling. |l n sSONA cowoo r
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FIl owJo LLC/

FI owJo Analysis of
ences
| magelLab Bi-Ra d Western b
Bi orender ScienceSui Gener aftii @ur
GraptlPPadg m GraphPad S(Analysus of
tion of f
Met hods

2. 2
2.2.1 Molecular Dbiology
2. 2.

1.1 DNA isol ati on

2.2.1.1.1 Column based DNA isolation

Adherent <cells were washed with DPBS and hat
were physically detached using a cell scrape
was washed once with DPBS using Cedrt rsiufspgeatsii
was transferred to a microcentr imiwmge Tthebeas ugprn

natant was carefully remov2@BC €elimmediatsl w
DNA isolation was perfodmBids svu ¢ hkitthef ®@INleawiyn
for cultured cells. Recommended additional w

usi nQL 500f el ution buffer to obtain higher <co
was determined. uSampgl as N@®o@®r ospored at

2.2.1.1.2 QuickExtract of DNA
Qui ckExtract was used to obt ai-melDINAp If atoen. t I at

well s were wused. Medi um was aspirate@dlL and ¢
Qui ckExtract solution were addmidn oatt toetngher < e
ature. The solution was then tmiamsA®@rakd ft or

2mi n ATCT. 98

2.2.1.2 RNA isolation

For RNA isolation from tissue culture or pri
combined with the Qiagen Qi aShredder was use
b-rmer capto et hanol according tocéehk mambénancani
ume of lysis buffers. After cell l ysis, the
centrifuged in animi atromanxt sipeege fTbhe T ol umn
were eithBMACstoorddcodtahyed!| Ff mmedzanel ysates w
were thaA@dbeaftor3e? proceeding with RNA isolat
according to the manufacturer 8s GLn sRNauscet ifornes
water. RNA conaeakentyatweobpasdaenhdr muned at- a Nan
8AC.

2.2.1.3 PCR

The PIT¥SumdaMbBANA Pol ymerase master mi Kabhildes pr e
The PCR was performed according to the cycldi
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TablZnweé&l | PCR strip$henaman®&LlRi €Cycli emper atur
cording to the obtai M€d PERulprvduet weaver @0 aa
rose gel electrophoresis.
Tabllle Mastermi x for SuperFi PCR reactions
l ngredi ent Vol u[nilL ]
5x Buffer 5
5x GC Enhance 5
10 mM dNTPs 0.5
10 OM Forward 1.25
10 OM Reverse 1.25
DNA Pol ymer as 0.25
Templ at e Vari abl e
Nucl ease free Ad QlI5

Tabll2e Cycling protocol for SuperFi PCR

Step Temper at u Ti me Cycl es
| niti al C 98 30 sec 1
Denat ur 98 10 sec
Anneal. 6 65 10 sec 30
El ongat 7 2 10 sec/
Fi nal e X 72 5 min 1

2. 2AGandgele el ectrophoresi s

1% agarose was dissolved in 0.5X TBE buffer
was added in a dilution of 1:20.000. It was
became solid, they were transferretdobadi agghki
was added to the samples resulting in 1X fin

1 kB | adders were used. Gel WelfecBtnofp hlve feci
anal ysi s.

2.2.1.5 cDNA synthesis

cDNA was synthesized using the R@yeogft ARNA Fwa :
used for cDNA synt h€€®iC.. cDNA was stored at

2. 2qRPEGR

Gene expression &R mearkQgr efh ¢Bp o RTEvVv a Gr e e n
Pl us -wel B8pIlcdDtNeAs was generated as descri bed i
mastermi x was prepared containing 2 OL/reac
(fwd+rev at 10 OM) and 2 OL water. 5 OL/ 384w
OL dil vAt emerceDNMdded. Technical tri pHGR awaess w
performed accordingTalll3® hréh ec yelliatg ver gteceo le x
cul ated bea®gaeatthmdt hdirst, the gene of inter
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2 . Materi al and met hods 2.2 Met hods

(POLR2Aand then the change to th

e condition o
expression was®d¢alculated with 2

Tabll3e Cycling paP€&RrReters for qRT

Step Temper at u Ti me Cycl es
Il niti al d 95 12 min 1
Denat ur g 95 15 sec

Anneal i 60 20 sec 40

El ongat 72 20 sec

Denat ur 3 95 1 min

Anneal. 55 30 sec Mel ting

Mel t i ng 95 30 sec

2.2.1.7 Restriction digest

Fast Digest restedct omonDNAtzolde esNwe weldres di ge s
1h aAC3Wi Oh @Pers restriOltitomnt &Inzwaleumen @d®nt ai n
buffer diluted to 1X. The di% easgtaerdo stee ngpellat & o
purpbtseespband corresponding to the digested p
with the QI Aqui ck gel neaxnturfaacdttnuwrtng rk@dsti acs.or di

2.2L0Lg8tion
Ligation for restriction cloning was perforn

was ustekdr emmblehd excess to the plasmid. 50 ng
needed amount of i nsert was caloasbabedl aiwsli:
tor.neb. com/The lliiggatiiooon was performed accor
tions.

2.2.1.9 Gibson Cloning

Gi bson c¢cloning was performed with the Gibson
facturero6s instructions. The plasmid was | in
sever al i nserts were amplified btyh eSuNMEB Uil dPe
assembly tool ( nrego uli il deear. inedd cfpdngd mibadl arn de xac
insert were used for assembl L dssembbympt od

2.2.1.10 Deep Sequencing

The | ocus of interest was amplified by PCR.
el ectrophoresi s. Then, PCR samples were sent
Human Genetics at the Universityqguenmddicmmg dCaet
was analysed usi-Ahmgaltyhgemomeamat)pPasiCast al

2. 2. We.sltlern Bl ot

Protein |lysates were obtainedOmM -AHEBRA MO uUuf f er
EDT,A. 5mM ELGA AT r i-1t0Op@. 1X% Sdedixwn hOo.lla% eBEDHDGEmMM

NaCl pH 8. 0) . Lysates were cleared by centri
using the Pierce BCA Protein Assay Kit accor
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2®g protein were mixed with reducing agent a
and heamied &Cr5%el el ectrophor e2sG sMIRRIO- per f
TEAN TGX Precast gels. Afterwards, tulsa nmr ot e
semi dry blotting using a TransBl ot TwWwrbo Tr
mi | Kk hforSubsequently, the pi-Hhawgs adeéei bodgd wa
andA (RRBD39DP91&APDH was detectetdha-anathimiatdi n
GAPDHht { ps: / / www. ci t eab2Ilcigp8nptdcrl &bbobd)te s /BloX2h8 7
primary antibodies wer% mislekd-TiinanTAB S A 6A0h di & dt

over night. Afterwards membr-Bnkesf ovree es eavas e a
bodi es wer e added. Secondar yr abamittHR B dg & s
(https:// www. ci t eab-s@arfibaunat eit badtbghgryp 3a24dd 0 & a t
anti -HRP (§lwer moFi sher). Both were ushedatin 1
RT. Afterwards the membTaaedwihwi scvashedDP &S cleec
Detection was carried out cudimagelrumi nol sol u

2.2.1.12 Copy number analysi s

The vector copy number was detQuramitn®&NIBWay qu
Green Mi x. The PCR reaction wasQucaanrtrStegale ioou t
nomi ¢c DNA was diluted to three differnegnt con
5ng amd PpEr PCR reaction.FSRCRxAWwENS i mgr ftohrem
cycling PpahiéblcBds ih copi es  Fgeowromea |lvehereddss us
experi mentGo phya/sg eonnOlbyE Ml Thmer s wer e designed o
and only all owed amplific&LiCoiThe whNertaganso
berClo@GNWas cal cul atfeod db ashexh gaere dt H e S&tnfle Bc ont r o

Tabll4e Cycling protocol for the copy number ai

Step Temper at u Ti me Cycl es
Il ni ti al d 95 2 min 1
Denatur g 95 5 sec
Anne a8l ierl g 60 20 sec 40
tion
Denat ur g 95 1 min
Anneal. 55 30 sec Mel ting
Mel t i ng 95 30 sec

2. 2.1.-13EILCITXA

To exclude dilution effects of medium change
always performed exactly 3 days bef obLel StAhe
Supernatants of 8 bone -20hC psn twies .ea @ Ikayse @) uamd

tified using a commercially avail-abEEI EAIl SA
control of the culture medium was measured
CTX from the FBS inl thll nfeadwaendp dhfeo CdiXng t o
ufacturero6s instructions. Technical duplicat
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2.2.2 I nduced pluripotent stem ce
2.2.2.1 i PSC subculture
ThiePSC | i nEabllseéesrtee dusiend asswepecicditi ABT addB SE

CQon Matri gwedl Ic omlt ®etde 5. M&2t0k G .g eF o ri acsoMettion g, d
ri gedi wasedol d DPBS to a dilution of mk 80 by

was used-wfedRlr.iecarc ht 06 us e, pl ates werAe. p rCewdrsm
were cultured in StemFlex, mTeSR1l, or Essent
day. Once a week, cells did not need ttlhoe be f

day before. Cells wkreFosuahliyg pplrpbsewi meda
cells were wasmRMJdEWTAhi i1 DDRB®. 0Afterwards, c
min in EDTA ACal (EtDITAn s@tt u37 on was aspirated,

Cells were detapkbedaundicgrafelly resuspende:t
break clsumpd ei cted | s but rather keep them in
sion was then added to new wells with 2mL o
drops)60®o(1 drop). Cells were routinely chec
and was removed manually. Cel | banks were ct

Mycopl asma Check Service from Eurofins.

Tabll5e Detailed information on i PSC |lines
Cel l Full n RRID |Dise| 3% Abbrevi
i s WT UMGIi-BO CVCL A4y Wil dt F WT 1
Bl H4/4 Bl Hi-A 0 CVCL I T|Wil dt F WT 2
TC113RUCDRI-A CVCL RH{Wi I dtff M WT 3
Bl H14 Bl Hi-A 0 CVCL_ITWlIdt M WT 4
Bl H2/4 Bl Hi-A 0 CvCL UM4 ARO M ARO
2.2.2.2 Cryopreservation of 1 PSCs
i PSCs were cultured to confluency. Cell s wer
3mi n. EDTA was m@lspmedit erd werde ladded t o each
with a cell scraper but miotofr &€sund pwsenrdep dardidoe als
a cryotube pmlfdxd lieRISQidrhy DdprSeservation med:i
Tabllée Cryotubes were inverted once for miXxing
cryo container filled wi8tOhC ifsmrmpratpanNdsdstawdsd d
cryos were -t5®8Cndfoer neochgtderm storage.
Tabllée Reci pe of 1 PSC cryopreservation medium

|l ngredien Vol ume f or Final Conc

Stem Cell N 800L -

DMSO 200L 2 O

Thiazoviyv 20L 40M
2.2.2.3 Myeloid differentiation of i PS

i PSCs were differenti-atepg pnobomohopyéeéesobyl
group with mind¥ smdaeirf ieca Pad&s s2we2rle) f i r st di
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2 . Materi al and met hods 2.2 Met hods

mesoderm by embryoid body (EB) formati on. E
where they underwent myeloid differentiation

i PSCs were cultured in mTeSR1 or StemFIl ex me
Approxi mately three days before the differen
1: 30 depending on confluencentCe®lnl § hwerdayd o
tiation and without visible differentiation.

starting the protocol . Medi um was aspirated
mL of TrypLE Sel ewtehwas caddsd wt oAe;% cEBidrat e d
5min. 3 mL o2 @@#kdiawmvwiviilm were added to det ad

by pipetting, coll ected imi ma &0 4@e0ltluwsb eweared
pended in DPBS and counted using trypan bl ue
Rebel miecr dCedd s were tmlanstfileer addt omw et magfwu b
309. The supernatant was aspirated carefully
speci Talkldigiitnh t hi azdeevi s/l wdl R5wavReé | s®mdddO0p
on dlotw aatt achment plates with conicaii bottor
at d.0o0

Tabll7e Reci pe of EB medium for mesoder mal i ndt
I naredi ent Stock ¢ Vol ufnoer| Fi nal c
9 tratid ImL tratid
mTe SR1 - 977 Ol -
Penicillin/ Sl 10,000 1®L 100 U/
r hBMP 4 5@®g/ mL 1 OL 50 g/ mL
rhSCF 209/ mL 10 OL 20 ng/
rhVEGF 5@qg/ mL 1 OL 50 ngl
Thlazoivnlgv)ln (¢ 5 mM 16L 2 M

EBs were cACtanm@Q@5 &% h2A 28#4ngt6e0OEB f @ffr m2@O0 i n e
9ével | . On days 1 andlL? iwalsf cafr etftud | me ¢ ieumn v(ex
the EB. Then, 50 OL/well of fresh EB medium

Tabll8 Reci pe of MCFC medium for myeloid and 1

, Stock ¢ Vol ume :
|l ngredi en , Final con
trat.i mL

X-Vivo 15 - 9 85012 -
Penicillin/ g 10,000 1®L 100 U/ m
b-rmer c-aphano 55 mM 10L 55 OM

r h-RISF 30 Og/ 3.3 O 100 ng/

rhil L3 50 Ogl/ 0.GL 25 ngl/ n

After four days, EBs had grown to a size of

myel oid specification wawelperpfloartneesd .w & oer ctohai
gel atine sol umLi/awrel by aaddiimgubae¢ei hgr atht r bems
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Monocyte forming complex (MCFC) medliawith8ewas p
bel ow.

To transfer EBs to the new plates, a 1000 Ol

scal pel so that EBs were not destroyed whil e
were taken up carefully with gtrhoeu nld0 000f O Le antihc r
and sucking up a I|little bit of medium in upt

the pipette tip and were transferred to the
3mL of MCFC medium wer ewsaddd/e d.i sTthra bRIB £ dwerve r
cient production. RCaa®dGC@med ewplacradt i mowaed 3

five days. During this time, differentiated
around t hem. The EBs were considered MCFCs f
t he MCFCs h aldinnai ns idzi ea neft e5 . Medi um of MCFCs

5days, and t hen weveekrsy t7h ed apyrso d LAdttiean 30f monoc
chanded,espneeded to be handled very careful

which | owered production and complicated <col
with a micromhi gpenmtte i Tfnga 50be. Wells were fl
carefully to make sure that all/l monocytes WE
of MCFCs or the cell |l ayer i f cells are inte
to contamination of monodytges wiotvie rd itvhiedicrud t
further cultivation period. After <cell har ve

medi ately by pipetting very slowly to the ed
trifugmidn fagr t400 Owenlolcett e s . Supernatant was as
suspendmld DRB3XNflhar ieesltledp l6at es. Cell s were
further differentiation, RNA or DNA isolatio
i ndi vi dcwdls.proto

2.2.2.4 Different4d MSICen of i PSCs i1 nto

The di fferentiation of i PSCs into neur al cre
available kit for NCC differentiation, the S
cul tured in mTeSR1 at |l easht oaei weedntheWwer e

confluency before starting the differentiat.
once with DHAB®wedflorTea ylpLE Sel ect was added t
fomi®m AC. 3Then, 3 mOMMTG@SRBRrowi vhhn2were addec
resuspended thoroughly. The cells wegefoount
7mi n. Thoere,! | SX Bve |l | wemke/ 6wslulspehd8dembi 2f n
ferentiati orMmeciiwam owiitvh n2 and seeded on mat
subsequent|l yACnanbasxse @o eCtOt B& f ol |l owing five
placed daeLl{ gwwit hSR2emDi ff neur al crest diffe
crestreeddmeraat ed. The mewmli ubnwevlatee d MB8EB aha@amnrgo
ing to thebllBGeedhpepe medi um was changed on the n

were split for the first ti me. Cell s were de
and were rescecodaewelolts gal ae¢i wards (no expans
wersepl it on | arger vessels when they reached
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cells reached confluency on a T175 fl ask. Fr
anymore. At day 28 eeMSGCs.were considered NCC

Tabll9% Recipe for i MSC culture medium

|l ngredi en St ock conce€ Final conce
Al pha MEM ea

tion ] )

FBS - 10 %
Penicillin/ 10. 000 U/ 100 U/ mL

Gl ut aMax 100X 1X

2.2.2.5 Differentiation of i PSCs into
i PSI@rived sclerotome cells were kindly diff e
in the group of Malte Tiburcy (Department of
i cal Centre GP°ttingen) accordsmaghrioy ar.ipretvi a

Briefly, cells were differentiated into par a
geni c maturation. The sclerotome celalssi nwger e
anti fibroblast beads and MACS sorsohat ed mel

were expanded bed dDrMSOf rceoenztiangniinmg e di um usi
protocol s.

2.2.3 Primary <cell s

2.2.3.1 Isolation of PBMCs from peripht
Peripher al bl ood mononucl eated cell s were 1is
ugation. Bl ood samples were drawn in the mor
were stored at room temper at ud et.h rBoe®gh ce |i st |
strainer. Then, the sampl es mlercee ndtirliuftuegde wi utl
prefill emd mwddrmh tlémper ature Histopaque 1077.

ered over Histopaque beg ofi ptete ifnagl csd m.wl Tyh eo nst:
fuged gatf o033 OWi t h centri fuge brakes disabl ec
samples separate into different phases. The
PBMCs over théeFiobl grandl acypelks and erythro
carefuldm amave t2he PBMC | ayer. PBMCs were t
without taking the Histopaque solution. Eacl
Afterticmd | &lcl fractionsmLt whed WEBE fAnldl €cd ni
7Tmi n agt adtOORT. The supernatant was mls pDRBERS ed,
and centr imiuwmgeagl. 2®h0e 1Qupernatant wasni aegi byt
resuspenmli oDPB®. 5Dubes wemien cagn ta4nddd u dheed sfurer
was aspirated. The pnell IDeBtP Swaasn dr ecseu sl pse nadeer de icn
ceeded with i"fmohatcybobeas odf COnvwards.

2.2.3.2 |Ilsomanoont e CDdm PBMCs

Freshly isolated PBMCs were used with the PA

a Quadromacs maghnet . This kit uses "MM@snetic
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from PBMCs. The yield o MENCsawas|l asei makted e
PBMCs to obtain éeMMOQg hwewNe si.s cClDalt4ded accor di n
protocol. The cells were counted using Trypa
osteocl ast differentiation or transfection.

2.2.4 Macrophages and osteocl ast s

2. 2Mdcflophage and osteoclast different
The differentiation of OCs was started by d

before OC differentiation was induced. MNC s
from myeloid differentiations i(see teespeell v
and volumes for the di ffeflabaZ0e wkdlll sf owenraet ss a

macrophage differentiation mEab2luen MC10 accor

Tab2oe Cel | numbers and volumes for OC differ e
We tFlor ma't Vol ume [ PBM®INCs I MNCs
[ cel | s/ [cel |l s/
6we | | 2 1x90 1x90
12vel | 1.5 3.5%10 3.5%10
8wel |l Char 0. 4 1x910 1x10
96ével | 0. 2 3x140 6x410

Tab2le Reci pe for MC10 medium used for macropl

Ingredien Stoc.k con Vol ume Final c
tion mL trat.i
Al pha MEM eag i 879 & )
tion
FBS - 100 O 1 O
Penicillin/ S 10, 000 U 10 OL 100 U/
Gl ut aMax 100 X 10 OL 1 X
1 OL fo
r h-RISF 30 Og/ ming / 2 30 ngl/
feedi |

Cells were AQcaddQ@G dhat f37st medium change w

days. For this purpose, | of the volume was
MC10 for macr ophBag)ei fofre rOeCnltOi aftoiroTn@ kP e, i f f er
respectively. The medium contained 2x cytoki
the remaining medi um. Diluti omg/rmelsCGB8RMand n

50mg/ mL rhRANKL in the well . Aft e3 wlhaydss., Hmwxecde
for the first medium change, where cells had
was removed and then | of the volume of ol d

medi um was added. Thi s ewaasp op@dttficborfmfealr & rot iaactcio
observed carefully because the time course
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experi ments. Usual |y, first osteoclasts appe
Ssubsequent experiments oriented on the day o

Tab22 Recipe for OC10 medium used for osteocl

Ingredien Stoc_k corn Vol ume Final c
t1 on mL trat.
Al pha MEM eag i 879 0O i
t1 on
FBS - 100 O 1 W%
Penicillin/9 10,000 U 10 OL 100 U/
Gl ut aMa x 100X 10 OL 1 X
r h-RISF 30 Og/ m 2 OL 30 ng/
r hRANKL 50 Og/ m 2 OL 50 g/ ml

2.21 4. boneroresorption assay

To test the capability of OCs to resorb bone
slices. Bone slices were transferred from tF
slices were washed ODhr &P BS6Si noerndef twseltitwae2sd swe rbe
2h under the cell culture hood with closed |
of ave®6 plate. Then, MNCs were seeded accorc
clast differenti atwioonvednrtso wiheholwdne ontei pd.i ¢’
observe osteoclast differentiation,. From t he
days until the experiment was stopped. Medi u
clast diBfermasi atweeaek. For evaluation of bo

|l ast medium change exactly 3 days before st
medi um was remo2 AL dmd dtadreed #ntavlayss iasd.d eTh e
bone chips. They wesOe amas i erce nt-@itmerewl & tne r dldtn
using toluidine staining or | ectin staining

2.2.4.2 Cryopreservation of osteocl ast
For cryopreservation of i PSC derived myel oi
i MCs 4ddmyap6otocol. After monocyte harvest,k
1. 5%Ii@ble cells were seakded péiateéli MCRD amediu
speci Tal@Be iThe use of wuntreated culture vesse
did not permit growth of unwanted cell types

Tab23 Recipe of MC20 medium for differentiat.i

Ingredien Stoc_k corn Vol ume Fi nal c
ti1 on mL trati
Al pha MEM eag i 779 & i
t1 on
FBS - 200 O 2 W
Penicillin/ 9 10, 000 U 10 OL 100 U/
Gl ut aMa x 100X 10 OL 1 X
r h-RISF 3®g/ mL 1 OL 30 ng/
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After three days, half of the medigumLwadh Me X
CSF to account for the dilution. After 6 day

face. For cryopreservation, me d i u nB Swabse faosrpei r
additimlin Acfcut-aslel pand6i PAcCu f adtbi @ nat AFit er war
medi um were added, and cells were detached u

in mL56€&entrifuge tube anedn tcroiuimitgeedag.7T48R0p,.er mal-
tant was aspirated and -aferl d ez ewearey orperseusseprevnadt
(nL/ cr-4»9d0ead | s/ cryo). The suspension was tra
a MrFrosty freezing con#88&iCherAfftielri exte IWlietalsme rs
transf-285A@df dro |l ong term storage.

2.2.5 MSCs

2.2.5.1 Primary MSCs

Primary bone marrow MSCs (pMSCs) obtained fr
kindly provided biyUnSivveenr sGeti2Ctl seme diCzhiar iBe®r | i n )
in the growth madbddemp MSECoOrwemeg dmly used for
zation until passage 5.

Tab2de Cul ture medium for pMSCs

|l ngredi en St ock Final conce
DMEM | ow gl u - -
FBS - 10 %
Penicillin/ 10. 000 U/ 100 U/ mL
Gl ut aMax 100X 1X

2.522Zryopreservation of MSCs

Al | MS Cs , i MSCs and i SOPs were cryopreserved
matically detached with TrypLE, thoroughly r
7mi n agdg. 4T0Hen, cells were resuspendeld®» i n cu!
DMSO in isopropanol fill e-8QANr .fPmo shtt ya hfdraeswezr i2r

then trahSA@rfrerd Itoong term storage.

2.2.5.3 Osteogenic differentiation

Prior to osteogenic differentiation, cells w
Cells were-wegededepd adrers4®ne day before start
medi um was removed, and cell s, g rTr ywalskh eSle |oe

were directly added onmont A€. 6A&flterwaddsncul
was stopped bmiL addittuircen mefdi u5n f ol | owed by r
trif ugnmidn fagtr 44A0h0e s u paesrpn ad mdh tt weascel | s wer e r
smal | volume of culture medi um. Then, cell s
counting software on the Echo Rebel mi crosco
of 1%c3ex 10/ wel/IwdlInl 00f5 MSC culture medi um.
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Cells should be confluent before starting th
cells were cultured unti.l the next day and ¢
the used cells regardi ngp swazse naencde spsraorlyi ffeorrat
genic induction. Osteogenic differentiation
induction medium (Ol MY ah2Zbe oFadri nlga ltfo ofh et hree cw
change with their corresponding MSC culture
wells per condition was performed for every

tiation, medium c hraeneg etsi nweesr e8 pubexreflo.renveedr yt h2
Tab25 Recipe for OIM used for osteogenic diff

Ingredien Stoc.k cCol Vol umeg Fi nal c
tion for 1 trati (
DMEM | ow gl ugd - 900 Ol -
FBS - 100 Ol 10 %
Gl ut aMax 100X 10 OL 1 X
Penicillin/g 10,000 10 OL| 100 U/
b-Gl yceropho 1 M 10 OL 10 mM
L-As c or pi-pch oascg 10 mM 5 OL 50 OM
Dexamet has 1 mM 0.4L 100 nN
2.2.5.4 Adipogenic differentiation
Prior to adipogenic differentiation, cells w
Cells wereweééded adcmsd®ne day before starti|

cells were washed once wi tnme dDPuBns mbhtdenry pabsE i
Select were directly addedni ontfdaC.t3/Ad t ®e lwlas da
reaction was stomhedubyuaddmedoonmofollbowed

were cent mifnugpgd 4M0Wet adopewasa aspirated, and
pended in a small volume of culture medi um.

the Echo counting software on the Echo Rebel
a densiticedfl st wedA®aInl 0af5 MSC cul ture mediun

were controlled under the microscope. Confl u
this was achieved, the differentiatitond wadse s
next day and controlled again. Due to the di
and proliferation rate, this was necessary.
For adipogenic differentiation, adipogenic I
the recipe in

Tab2lée Medi um was passed through a sterile fil
indomethacin crystals. Insul i-©%(AClL BMXi podehnd
ferentiation was started by changt nglwahsel med
continued with the nor mal culture medi-um. Me
3 days. Adipogenic differentiation took 2 to
stopped after 2 weeks and I SOPs wrerkei clt ogpipea
replicates for adipogenic differentiation an

4 3



2 . Materi al and met hods 2.2 Met hods

Tab26e Reci pe for AI'M used for adipogenic diff

. Stock <co Vol ume Fi nal co
|l ngredi e . .
ti on mL t1 on
DMEM hi gh
(4.5 gL - 870 OL -
Gl ut ama x 100X 10 OL 1 X
Penicillinl/ 10, 000 10 OL 100 U/ n
l nsul in 336GM 6 OL 2 OM
| BMX 500 mM 1 OL 500 OM
|l ndomet ha 50 mM 2 OL 100 OM
Dexamet ha 1 mM 1 OL 1 OM
Sterile Filtration
FBS | - | 100L | 10 %

2. 2.6 Transfections
2.2.6.1 Mutation correction in ARO | PS

i PSCs were cultured in StemFlex at | east one
fection, cells were seeded at assipnigdaetdecded Il Iss
were washed once with DPBS. Then, ceiwled Iwer e
f omi b . 3 mL méMi umi askowi 2in were added and
counted. The cel |l susmiem sago minidé ss wpeart ra tf aurgte d
rated. Cell s wer e resuspended i n St emFI| ex
5xic0el | s/ 6well on Matrigel coated plates.

The CRI SPR/ Cas9 RNP was preparOgd ssghRarAt I( ya clt eofr
t 7ab) ewas mi ®gdRwWSpgyh BGas9 Nucl easemiViB atn dr o ;mm
temperature. Afterwards, 4 Og of the respect
ssODN (I DT, recons®Ogt D&®dFe, i whT E hb wsfefrevre da ta s4 d
were added and RNPs-2@A&r asndtidr ausean ice or at

Tab227e ss ODN HDR donors for ARO mutation corr e

Na me Sequence
C7E1O0 ctgtccctgttgcagatcttcgagtac

gacttcgtctccgctggggcggccgcaggag
sense
cgcaccgggtccaatgctttg

tttcaaagggcctgtgtggccacgcct god
C7E14

ctgatccggaacatggtcagccagtagttca
sense ey

On the day of transf ectmLo/n6weclell |Tsr ywelrEe Sdeelteacct
ti on was smioppk@ @Afttlrer2 .35 mIOMStt emRlzeow i wii thh X
count ed°®aeldl sl/xtlrlansfection were passed to a |
tombLQ Then, cell s miemr eaglc e4sQuipiefr mad A nftorwasds as |
were resugnde DPBES iamdl tramhsksereed clap taubiee5 T
was cent rmifrugagtd adnCld tahtea nstu pwearsn r emoved compl et
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resuspendle/dt rianns2Oecti on of premixed el ectrop:¢
pared RNP mix. Suspension was mixed and tr al
poration was carried-Wnuitt wsiitnhg tthhder pN uvddgltreaant e€d
tropor &tLi oSt,emF0d ex with 2 OM thiazovivin was

poration stripe and the cell susweensipdntwas (
were incubh@taeawldea@2 . 37Medi umpehbhogmed weaiel y wi
tional wash step with DPBS to remove dead ce
the culture medium for the unti/l cells recov

t he f i r6s td asypsl iatf N(¢3r amdaasfaé ytsiead using deep s
2.2.6.2 Additive gene transfer in ARO

i PSCs were cultured in StemFlex at | east one
fection, cells were seeded at assipnigdaetdecded Il Iss
were washed once with DPBS. Then, ceiwled Iwer e
fomi®. 3 mL méOMiI umi wzowi 2in were added and
counted. The cel |l susmiem sago minidé ss wpeart ra tf aurgte d
rated. Cell s wer e resuspenzdzevdi viim SthamFs$ e &
5x3c0el | s/ 6well on Matrigel coated pl ates.

On the day of transf ectmlLo/n6weclell |Tsr ywelLrEe Sdeelteacct
tion was smioppk@ @Afttler2 .35 mIOMStt emRlzeow i wii thh X
count ed®aeldl sl/xtlransfection were passed to a |
tombLQ Then, cell s miemrr eaglc e4sQuipiefr mgad A nftomwasds as |
were resugande DPBES iamdl trabhssereedctap téaublkee5 T
was centrimif mgagd afnddd tatea nstupveasn removed compl €
ot her Wigseni nicirdlod damb|l arf excess of SB100X
SB100X mMRNAs were generated by in vitro tra
Gossen (Hel mholtz .Ceémtnrtoedi Ha realgn 5Toe Imeavh)o Xy u
fied, or pseudouridine (PU) and 56 met hyl cy:

indicated. The pel®le/tt rwarss frectuispre nafe dp ri emi2x0e
P3 and added itmi dihrec Ilpeg/erpRNA dmimk. Suspension
an electroporation stripe. El ectropmirtat wionh w

the propg3am LfAter eldéctStemét axi ownt h8@ OM t hi
i mmeditat élhye el ectroporation stripe and the ¢
coataeval24pl ate. Cells weA®@ &% dCeG2wa rMes iiumt whha

were performed daily with an additifoma&lcewasah
2 OM thiazovivin was added to the culture me
tion. Cell s-weéetepsptietuponacébnfl uency and th

2.2.6.-8pAdilfeil knockout in ADO2 MNCs

CRI SPR/ Cas9 RNPs were prepared using either
or B2M sgRNAaaP ec8ntOlLok gRNA Oer-BRlI i pedHiWFt hC
Nucl ease V3 andi hnaub®&TeteforelBtorage on ic
CDI'MNCs were cemini aigngdi®xefiadrs /T ransfection we
cleofection stripe. The supernatanlL waPsBSaspi
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and transfnelr rsecd etwoc agp lt.uSbhe and demni7i Theeduace
natant wasas@o nmltdetden ey cel | pel | &L wasmir eedsE
nucleofection sol OLi orl pesuspansfeativene a@d
and transferred to the nucleofection stripe.
X-unintd & he pr elg3r7fammdgd t@&M wards, medium was add
transferred to a newNQsb envma sS epeed¥ ndgrCridef & dimna andsOf i
MC10 medahblrne. ( Cell s were seeded at higher de
death due to the transfed dusd/l®® Pcbt2dlBG el He |
chamber slides, thceddamd walsl usembears fbxl10or
tiation. DNA was harvested 5 days after tr al
guencing using quick extract DNA isolation.

2.2.7 Colorimetric assays

2.2.7.1 Al kaline phosphatase assay

7 days after osteogenic differentiation, al k
its induction. Due to variability regarding
assay was performed I mmedisdtodll yebeaefedre vtitadb i A
used for this purpose. PrestoBlue was predil
3AC. Medium of cell cubt uPess waB| we pdirlatteido |
eachved8 . Cel |l s wWACE iCGbcoutb.alt Tehderia,t 0M07Q he super
were transferreneltlo pa aftleatf obro tmeoans ur6e ment at

stor eAdC atn 4 he dark until meram ua rednme@¥a s Trhea ad
ured wusingplaat &€ PrO&dPers aetii voi doefelwabsy UAsed t o nor
AP values to cell wviability.

AP can be detected by a col ori meittrriccp remayclt i o
phate (pNPP) byNiAtPr amphdermael yepNPw ipn al kal i ne
cont amgkohL 1p NPPDiient lanol ami ne, pH 9. 8.

The remaining supandateht swwsermls pBRB® dfdavli It dvw
by a wasBLwpt bwaDbfedoAW(Na CImM 0 M, Mg, ClpH

9. P¢rwdlBl . AP substrate was predil A€Ceshdr 2] y
before QlseALP30sOubstrate/ buffer mixture are a
degradation of pNPP, a bl ank witbhoanhdcaelslesd
correct all measurement AC,%l e npltahtee dwdarsk ifnocre
Then, the reaction waBGL Mt NpQPKHOL DGO acadch i wal I
transferred tweld fpllatt ebotTeaimn® & al duplicates
at mMmM5was measured usiamdgran TEROGKNZ2rplgat @fr &
was calculated and corrected by tshiedoobdl amk. T
the corresponding PrestoBlue measurement. A
ogenic di ff enrternotli aneiroen paenrdf ocromed f or each ex|
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2.2.8 Stainings
2.2.8.1 Toluidine staining of bone <chi

For microscopical analysis of bone resorptic
stained. For %t hiod updi mesé&d,] ua ol ution was p
dd® were carefully removed from the wells an
facing the paper. Then, the remaining cell C
side of the bone chips over papernt ol hweant,e rb oal
dried on a tissue. Thel yceddv esruerdf awiet hwatso It uhiec
incubated riiom. rPohug hdtyailni ng solution was com
removes al/l staining solution on the surfac:¢

created by OCBomemahinpstwemedsubsequently an

2.2.8.2 Osteoclast staining

OCs were difdwvel éntcihatmberomrs!| 8des with gl ass
OCs were always fixed 2 days after OCs firs
washed twice with DPBS oamml fdiexhe d ewii tndk DP4BISd f 4
Then, cells were washedA€Qi umtDPBSttawini@ganhadr
First, TRAP staining was performed. For thi:
usi ng TRAHMM wsfofde ru n{ dadt estocadtieuem 1ltpaH t5r.at) suppl em
O.mbg/ mL Fast Red Violet LB salmg am@gmhaMxoOL/ mL
phosphate NMimedhy!l f oOLmamiAdPe . sol UG i on were acf
after aspiration of mDRB#&Candkfitecwhadsd tel l
twice with DPBS before per medbi/lwiedd tsi@pnb.ni To
were added andniinnadbaoedn temp20 ature. Afterw
with DBPS-AlPhxaalHIduixls4n8 & ed i n met hafoBSwasndi
DPBS.OUnO0o@halloidin solution wereA@didedatumia

fied chamber overnight. On the next day, we
100L of a DAPRQd/snoll utni oD% BBSS Av)i twwerde added and
15in at room temperature in the dark. Then c

withOddHEdf ore mounting with Fluoromount

2.2.8.3 Alkaline phosphatase staining
On day 7 of the osteogenic differentiation,

reaction catalysed by AP. Medi um was removed
Then,OL2x®d d 04 mal dehyde in DPB®|IWemeuwbhdted &
4AC foinl5The solution was discarded, and pl

stored mki/twe | 0. BEB8nai |l 4staining.

For AP GCGHAPNnbmh®@OMrNgCImM IT0 OmM MHnILIlp Hw&s S5pr e -

pared. CHAP buffer was stored AC. RDPBSEBWABCA
rated, and cells were wa®hedf wNBR/ BEBAP baf bt
1: 50 in CHAP buffer were addedorn oli®adlc. &1 |
Afterwards, staining solution was aspirated,
i n nL. DPBS. For analysis, pl @&t eams cwerse oiprea g &d n
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of four biological replicates for osteogenic
experi ment .

2.2.8.4 Alizarin Red S staining

On day 14 of the osteogenic differentiation,
with Alizar%nAlRiedarSi.n AR€d5S sol ution was pr e
4.0. Medium was removed and t.helhedl!| @0dr ¢ w
formaldehyde in DPB®elWwkr anddidAed ufboart neldscTaht e4 8s o
l uti on was discarded, and plates welLé weh s hec
DPBS AQ wnt il staining. DWa&1Se waas r ednowidc ea nwl
Then OL2®G Alizarin Red S swelldt ianmd w emmctieunbaad deedd
The solution was aspirated, Oamwdtwe®llults i weud at
terwards, threeOwhenhnSwepse werhoddaEHd. After
O.mL of DPBS were added to each well. Cell s
scope. A minimum of four Dbiological replicat
perfor medxpemrti . mach

2.2.8.5 Nile Red staining

Nile Red staining was performed on adipogeni
are typical for adipocytes. The cells were f
removed and the cells wereOWabted orwiad @ ewiytdle
DPBS were addwed It andadhCadet pi5FAbhe 450l uti on
carded, and plates were washaeam/tweilde BMBISh abF
until staining.

A d/ L Nile Red solution was prepared ghLwat el
DAPI sol u% isoanp camidn 1sol uti on wxAE€. pPPBS&r wds aan
rated fromOwuelNi $ eaReédl150ai ni nrge sidjjeeb2l@@e ne ac c o
added tavedédch Séadpl es wemie ahcRBapedt ot edOf |

staining solution was aspirated, and sampl e:c
O.nbL / wel | DPBS were addeAlC iSm nmpH exstd avek vee rsd oir re
at the Echo Revolve mMKcfedtepse.using DAPI an
Tab28 Recipe for Nile Red staining solution 1

Il ngredi ¢ StotcikorforVolumemlt Final con

DPBS - 798 OL -

Saponin 1 % 200 OL 0.%

Nil e Re 1 g/ L 1 OL img/ L

DAP I 1 g/ L 1 OL 1mg/ L

2.2.9 Flow cytometry

2.2.9.1 Flow cytpopomettiveacal ysis of Hf

HAt agged @h€ used to measure numbers of tra
1x90el |l s were harvested and washgdfiommnDBRBE.
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resuspemtiedACS huffer BEBMWBEDTA, 5 pHcR.I2)s./ rex]
action were used and an unstained control wa
the I nside Stain Kit &acicnosrtdriuncdd APoBh sa h PA DAand y f @&
used to -7HtAah {(nt pCl: C / www. ci t eab-18DXD&Iharh mtbiodi es
boéegwe?des=54ad4d)deAkHo90Ceéenftdbi fugati og fShmiremps wer

Before analysis, celOms cwdrle spasasiende rt. h rAd u ghr a
stored on ice. Analysisatwaan pe$SRoFmetdeasatX:
Sorting Facility of the University Medical C
2.2.9.2 Flow cytometric analysis of MS
Cells were harvested on the d&xidd!| lamn awersé su
for each sample. An unstained sample foll owi
ways performed. The cells were waghfmrmmnhce v
The superasapticamtdewdagsl | s wer eO eBRBP eanrdce dp d 1s € &
a ®m cell strainer. 100 OL of this solution
chymal Tube containing commépoci ahkeydaveaectabh
ers. The remaining solution was used8sfeocr t he

and incubated at r oommti exmp dlaetDyABSS iwe rteh ea dddaerc
tubes, mi xed amidatc egnd QTihfeu gai@ efr mraativadn tt hwea s adrepd
were resuspPenthetioi mab866hyde in DPBS and stor
The measurement was performed at an LSR For
Uni versi CgnMedi Gattingen.

2.2.10 Microbiological met hods

2. 2 . TIrOa.nlsf or mati on

Chemo c obBmp eCtOdPritE. o EVYCY1O0P3S2T were transf or me
Bacteria were thawed on ice and mixed with
Then, bacteria weme oinnduwlkat eAd tfeo wald d s, bact
45ec AEC drfBetradsoh miceOLf 2BMC2 medi um were ac
bacteria fholilincwddA® wanldpt® 030 an or bital shak:
culture was spread out on LBTabZ®ng¢gl| ahesbat ¢
aBAC over night.

2.2.10.2 Miniprep

For minipreps the NucleoSpi-MagPdlaswasd uUKE ed. K/
mat elhyyut® before the miniprep,mla dfmell® umal (
were inocul ated with 1 bacteri al tokbonygkor Aa
tibiotics were added according to the follov
pl asmid.

Tab29% Antibiotics for bacterial applications
Antibioti Stock Final conce
Kanamycin 10ng/ mL 50 Og/ mL
Ampicil | 10 mg/ mL 100 Og/ mU



https://www.citeab.com/antibodies/7058458-130-120-786-ha-antibody-pe?des=54a41deaed90434b
https://www.citeab.com/antibodies/7058458-130-120-786-ha-antibody-pe?des=54a41deaed90434b
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Cultures were grACwmnuop @8 0Af gédt amcd@@Fation cu

4AC if not processed immediately. I f they we
pel |l eted anQiC.f rMizeinpragps were adofiacaacerdi pg
usimg¢ 4f starting material and following the
formedOL nof30el uti on buffer and concentration
NanoDrop. Plasmi@E€. were stored at

2.2.10.3 Midiprep

20M@L LB medinambwiot h chab2l@perrdei nngnotcoul at ed wi th
ony, glycerol stock or bacterial culx®@d™€e. Th
and 180 rpm foh.appeoxiumauelky wa6 harvested
mum speed and ttilbemn pvaass miad rii ®adl sout with the >
the manufacturerds instructions. The obtaine
mM EDTA pH 8. 0) . wEhme acsounrceedn tursaitnigo ntshe NanoDr c

2. 2. MiOn.idci rcl e producti on

The -EESGMTONstruct was c¢cloned flanked by SB |°
Pl asmi dFactory. PlasmidFactory produced a su
sequently produced a minicircle.

The CAXQQACWMA nicircles (witblhg)awedr wi phoducéed ir
t he-EMGyYy Minicircle DNA production kit. The c
MCS2 vector by restriction and Gibson clonin
thda nmcircle production vector waB. ts@amasifmr m
ZYCY10P3S2T. A mamLprepscgletumne (20@Gr owt h Me
the kit in the eveni nACaadrdd.rh 8@ b @ the dhdeavoedD6 N |
was measured at teohleetnmeneordrd pt.o AG 20M0 ODPL of |
vided within the kit were to theh cudAGuared TI
150pm. Aftthre I emper at urfeC waesr Ple¢l easedvere B
centrifugaminooci antdetlwas i solated using the E
cessful minicircle induction was proven by g
DNA were di ggsteo®dtaecoaciuf actureroés protocol
circle quality was evaluated wusing a suitabl
phoresi s.

2.2.11 TIDE Anal ysi s

To determine efficiency of CRISPR Knockout s,
amplico80®Wpg I150dMgth with the expected breakpc
PCR as indicated. For Tide Anal ysine,dia eRICR am
pl e was sequenced. The PCR products were pur
Exonucl ease | digest and sequenced by Sangel
GmbH. To analyse the |1 nDel offr dgueencsy,b yt hDee coon
(TI DE) devel oped by Br i nknsahn neyta papls.. dvaatsa ausrealt
(Brinkman.et al. 2014)
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2.2.12 Analysis of eroded surface
Stained bone chips were photographed with ¢ttt

tings. Four i mages were taken at the most st
10x objective. The bone resorpty omamki ndeeasreo
areas in Fiji. The sum of eroded areas of al
to obtain the relative eroded surface which
sidered as one replicate.

2.2.13 Statistics

Statistical significanWhki wasy cta¢d¢ ctulian e@r aph P,
stated otherwise. Statisticdhb30Ognificance w

Tab3Oe-vpmel ues and corresponding significance

p-val ue Significance

p > 0.05 Not significar

p O 0.05 *

p O 0.01 Xk

p O 0.001 * ok ok

p O 0.0001 oKk
2.2.14 Data Analysis and visualiz
Bone resorption was manually quantified usin
FIl owJo. AlIl data was visualized using either
using I nkScape and biorender. com.
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3. Resul t s

3.1 Benchmard&karmigved bdBse€ cell s

3.1.1 Primary MSCs

Primary MSCs ( pMSE&fedsrt a ohlggo me viad umdtd ieon as t he
ate intolwmstheonkkl aosstgsa.noi ds MSCs can al so pro
form bone marrfFownadismec y.te¢boanwe.ve2r0,24)hey have
vantages including | ow expansion potential,
compatibility of different (Kamanra:mm eant dTddearned2r0 -
fore, a part of this projederwasesdd®OBi cnaded .t
eration of progenitor cells capable of diffe
in a well opti mi zed and PsSt@aenrdiavredd zodal Issetwiilnl
di sease modelling and evaluation of therapeu

To investigate-devhietxder MEGe (IPBECs) resembl e
pMSCs, pMSCs of three donors were character:i
ysis. This dataset served as a biaens of i bM8E

3.1.1.1 Characterization of primary MS

pMSCs can be obtainedde rgeMD0Os dfiurindarem m e n thvaes roep wc e s
uswldi ch were kindly proviiUdhe o ebrys i §\?d rsBreeadel Zli enr
marrow MSCs displayed a heterofegewep MBEBphC

were | arge, el ongatedecappsawanhbea Howewvél as
more circular cells were observed in the cul
According to the criteria of the I nternation

express surface markers CD73, CD90 and CD1O
CD31 and CD146. According to | SCT cmatrleegrn a,

CD14¢ e BI mar ker CD19, HSC mar ker CD34, | ymph
anti gebR(HWANI ni ci .efToahsseé&®b66purface marker
anti body panel was wused for flow cytometry.

(FSC) and side sc&utpel emB B AA.r yFsoFrs gtalmea filnuor o
compensation was <carried out according to ¢ttt
plied to all sampl es.

| ®#i guBrtehe hi stograms obtained fr oe3n &rle ws hcoyw o
pMSCs showed a strong expression of the cano
complied with I SCT criteria. Additionally, p
ti ve 1fdo,r D19, CD31, CD34 and CD45. Cbh14 and
fluorophore and therefor-BRcexpdesstobewds sho
this analysis as newer -DRnexpyges hiavre ips opots e
rion f LI MMSES$. allh e r2e0flodr)e , the analysed pMSCs
for -BIRAexpressi on.
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A pMSC-1 pMSC-2 pMSC-3
Unstained Stained
100 5 100 § 100 5 100 -
] e | ]
80 - 80 80 - 80
3 ] ]
= 60+ 60 1 60 - 60
kS 1 1
2 407 40 1 40+ 40
20 201 204 20
O-r-m|| Y T 0||mv1 LA | ™ T 0-|vm|| Y T Ou T Y
—1030 103 104 105 0 ‘IO4 ‘IO5 —1030 103 104 105 —1030 103 104 105
CD73-PE CD90-FITC CD105-PE-Cy7 CD146-PE-Cy5
1004 100 4 1004 100 4
] —_— ] i S
80 - 80 80 - 80
3 ] ]
S 60+ 60 1 601 60 1
ks 1 1
s 407 40 1 40 40
20 - 20 4 20 - 20
0l w‘| T T 0] iy 0"'—|'"’rm'mr rvreeng L | T 0 T T Ty T
-1030 103 104 105 -1030 103 104 105 -1030 103 104 105 -1030 103 104 105
CD14/19-BV510 CD31-PacificBlue CD34-PE-CF594 CD45-APC-Cy7
C  oomf _ - -
- = pMSC-1
T 80+ B pMSC-2
o mm pMSC-3
T 60-
o
(]
2 40
g )
5 20
0_.- L
CD73 CD90 CD105 CD146 CD14/19 CD31 CD34 CD45
Figua€Ckaracteri zaA:i oMo ropfh opl M3yGs .of bone marrow
ferent donors. Scale bar 200 Om. B: Exempl ar
for MSC charact-8ri £at Pencétot ag&sSCof POSi ti Ve
cytometric analysis.
The percentage of positive cells was <cal cul ¢
grams. The same gates were applidedndo2ahbhl esal
i Buppl ementBBC.Vhé&i gwmeer s of positive cell s f
Fi giCaend showed consistent patterns for al/l t
ified I SCT criteria regarding marker express
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mar ker expression, MSCs must be able to diff
dr oc(yDemsi nici. et al. 2006)

A Osteogenic Alkaline Phosphatase Matrix Deposition
Seeding induction Assay + Staining Alizarin Red S
Day-1 DayO Day 7 Day 14

MSC-Medium Osteogenic Induction Medium Osteogen
MSC-Medium MSC-Medium Control
* *
B os- -
z
2 04-
S
2 034 ;
I
8 0.21
S ]
£ 0.1
Z ] =
0.0 T T T

pMSC-1 pMSC-2 pMSC-3

asejeydsoyd auleyy

Osteogen_

poy UNezZily

(=
oy
(3
o
@
R od
7
®)
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Fi g8Oet eogeni c di ff eAr:enStcihaetmaon cofr eppMSEGse.nt at i
ferentiation and timepoints of functional a s
to cell viabohttgl at(l dght )y and m+4flerehogiac a
cates. C: Al kaline phosphatase staining at d
of calcified ECM at day 14. CalcOmied matri x

3.1.1.2 Osteogenic differentiation of

According to I SCT criteria MSCs must be abl e
drogeni c d(iDdmirreindii.adBooml t h29 069 udy wad ftelree
most I mportant criterion and ther ©Baeedt he e
proliferate, differentiate, and then secrete
consisting ofFtggs@ndiaz elt| @des0ddSpect s must
aniyn WYBmodel

The osteogenic differentiation was induced b
an osteogenic medi um begd rytcaeirmiprmgp-agp dradrbeatalaals d.n
phate. Differentiated cells weire KS&SGpm@mea@idumo
the whole Eub8uee period

Al kaline phosphat astepr(oAWwWihdbempghatvetyoi Ssommedalb
apatite crystals within the extracellul ar ma
tion Iis an important <criter(iSzmulfcorangsu BaRiesf L
activity was evaluated at day 7 using a colo
ured using PrestoBlue. The normalized AP act
di fferentiated pMSCs compamedrig@8Bredndtdi oli ® nfad
cells were fixated and stained forFiABa&cti vi
Osteogenically differentiated pMSC exhibited
confluent than controls indicating an increa

Calcification of the ECM as detected by Aliz
culture. Alizarin Red binds calcium ions 1in
cified tissues red. AlizariinatRed pMSGsniinsgy doif
Fi g8r eWhereas the controls did not show any
to a strong red staining of the osteogenical
produced-l1bppp®R&8C€Ced to be | owempMSIawdi domot heh

a continuous cell | ayer. Large holes without
were successfully differentiated to function
ation potential was assessed next.

3.1.1.3 Adipogenic differentiation of

Bone marrow MSCs give rise to bone marrow ad
the bone marrow. Therefore, adi po(chdmi Miidif ee
al . .20MW®wr) this purpose, pMSCs from three don
cording to theFsgbemdi kepifotred sitreogeni c dif
seeded at high confluency before an adipogen
el s, indomethacin, dexamethasone, insulin an
in MSC cul tour ¢ hrmae d€vihwhmef cul ture period. The s
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was evaluated by Nile Red staining at day 14
stains the |lipid vesicles formed by adipocyt
di fferenti at edFipg@®BrCesVeissi cslheo wno nitnai ni ng cel | s
adi pogenically differentiated pMSCs. Whil e t
cells showed either | arge numbers of vesicle
ingiotutar structures was observed proving t
induced the formation of adipocytes for all/l

A Adipogenic
Seeding induction Nile Red Staining
Day-1  DayO Day 14

MSC-Medium Adipogenic Induction Medium Adipogen
MSC-Medium MSC-Medium Control

B pMSC-1 pMSC-2 pMSC-3

Control

Adipogen

DAPI Nile Red
Fi gaA@di pogenic di ff @Ar:e rStciheetmadn co fr epMEGs.nt at i
ferentiation. B: Nile Red staining of | ipid
di fferentiation is indicated by presence of

Apart from osteogenic and adipogenic differe
tiate into cartil(a@oemifnoircmi.negC hcehhodnrd@ oélyitce sdi f

cannot be carried out i(nS o2 @x hcawlat, u rPeesn i &&rkd ias
Therefore, it was not included as a standard
datory criterion for MSCs i tdewaisveidntceenldesd itno
fulfilled all other MSC criteria.

3. 1. 2 Neduerralv eddrNeGsONESCC s )

From a devel opment al point of view MSCs aris

by different MSC subpopul ations. This all ows
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‘e @ R

iPSC NCC NCC-iMSC
Day 1 Day 7 Day 10 Day 28
; . y P'CR 1. Split Passaging + Expansion Flow Cy'tometry
Single Cell Split q 4PCR aPCR
[mfeska ] ec wedium
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g 1 -~ iPSC-WT2 g 1000 g

..'Lj 0.1 -e- iPSC-AROg 1004 @10_
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O 0.001 &) 14 (8]

D o bl

2 0.0001 y ' r - S o4 . . : L2 0 T —1

g & & S & & @ g & & g
L S . é?o ,é’o Q S \é@o .g’(’b { S \%‘é, 4?90

Fi guoDei fferentiation of IAMSG heimatmeurn:
di fferentiation protocol and time poin
B: Represent atli We @pShCo tda sf feefr eWT i at i on &
phol ogy-iMSCBCG@t Ghgn@@BCToPI uri potency
t hroughout t heChda nfgte® XodfftNICiCatmiao tker E: expr
di fferentiat IRUNXQEBmar kG&hra)n geex poodfes sit e tdl
Scale bars = 200 Om.
pluripotent stem cells such as i PSCs. During

and the upper vertebra are f or meGalbeya MStCsa lo.r |
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Neur al crest cells (NCC) can be easily diffe
NCCs can be an easy pr ofdruckeuatbal ee tp rad g e n2i0tlodr) o

| #ki guBehe differentiation pathway of i MSCs
commercially available kit was used for NCC
in NCC differentiation medium to staentN@c d
tion stagelk arfe i PiSECBVEIiMf t er si x days, a het e
obtained with morphol®gigaa8kl|l MC@)e.f fcairl & rutr ec anel

was changed to MSC medium without splitting
Within three days a mor [fFhiogludBgei cNeOMCS € hAdf Bt jeer w a s
three days cells were split for the first ti

they were considered i MS@sMSCBu rbiencga mseu bhocour otguer
yi el ded-lfiikker cckelld sst wi t h si miFliagd@mor phol ogy ¢t

To validate induction of the neur al crest, I
and -RRGRRF was performed. O6GE&wWagpd ugtirpornt glnye yd anvarmr rk
day 7 of the differenti &t iglvd.ei hTide cmlt u rnigp d toes s ¢
SOX&2n the other hand, was not downre@Bupated
pl ement a2Ay HFhg@uneur &I0OXdvAess tst mamigery uBregul at
urleB)SOXWLPregul ati on wasl muacmhmpatedntgert he A&MTh:
Thexpressiadmi ofi onlaé¢ NOTCARRBHNIOBNNGEWaes i nduced

by NCC di fifrerealnlt iSagdidd nelmennet2BY(yA Fsigunaomrger i nd:i
WT1 was onl yNGBR ewhveerteFaAdR2MIHOBonsi stent i nduc
observed for all three cell l i nes.

During mesenchymal transitio@Ciditee @&kiplrye sde om:

(Fi gbDbwhereas theS@xstraed £idon oofl MS&SCemparied NG
earlier time po(Sutppl eimedi2Bf gr #Fhigiu®eSpXEL0s i on
only slightly decreased or stayed at a si mi/l
mar ker genes were quant iRUNXEA S Thter @Bglty ains d u
mesenchyma(Figu@Eprsi hi eREBMasglhyy,gher exeressec

rived cells throughout the whole differentie
i M$C I n contrast, ARO cells showed the stron
enchymal transition was induced, i ndicating
ge nEeN@C D4 MTS5aENTOHWer e i nduced i n a RbWNHNRaurpabl e
pl ement a2ZCy Fafgenetogether, the gene expressi

genes at day 28.

The obt ai M88s N@€r e of fibroblast shape and p
sion was analysed wusing f1l oNAC GtSyQGso neerter ys h ddwrs t
pl arFilguAwmhereas t he Rh2 sanodg rAaRs &Hnie pdTleonem t iam
Fi g8BfCe Each histogram displays unstained and

tively. The summary of marker expression cal
i ARi glbAies di spli g¥B.d Whnhereas al l three cell I 0o
CD73, CD105 afaida@GBR1ING MSNIs were partially ne
However, the histograms did not show two sep

58



3. Resul ts 3.1 Benchmadleirngedf bioR8C

the gating strategy developed using pMSCs wi
Her e, the same gates were-i MBI edxpr BlewedeCD
hi gher | evel than the wildtypes. Regarding t
CD45 all -itMS&se WNeC'Ce negat-i MECsThet &f bt ed MGE
MSC mar ker <cr-i MB€Cs aweTbet lERKyodt ebgeanti ated

A Unstained Stained
100 100 - 100 - 100
80- 80- 80 - 80
x ] 1 1
© : 1 1
= 60- 60 - 60 - 60
s 1 1 1
ES 40~ 40 - 40 - 40 1
20- M 20- 20- 201
0 i lllll LARAN | T Oi LIRMAAN . . LA LA | T LA | Oi IIIII LR § LAk ) 0 LALLM |
0¥ o 10® w0t 108 080 100 10t 10° a0 1w0d 10t 108 0% 100 10t 10°
CD73-PE CD90-FITC CD105-PE-Cy7 CD146-PE-Cy5
100 - 100 4 100- 100
1 — 1 _ _—
80- 801 80 - 80 1
x 1 ] 1
© : 1 1
= s0- 60 - 60 - 60
k] ] ] 1
52 40- 407 402 407
20- m 201 20- 204
0 i T L) T T T 0 : T L) T T T 0 - T T T T O T L T T T
ad o 10® w0t 10f 0% 10® 10t 10® a0 1w0® 10t 108 a0t o 100 10t 10®
CD14/19-BV510 CD31-PacificBlue CD34-PE-CF594 CD45-APC-Cy7
100= -
Im 1 = WT-1
X 80+ m WT-2
» ] 1 = ARO
o 60+
o -
o
2 40+
.g i
o 20+
oJLLMU VIGH PN | : : 0 Npl

T
CD73 CD90 CD105 CD146 CD14/19 CD31 CD34 CD45

Fi gliCdar acteri 42 amSiGesn bOxemMLlCary fl ow cytometr
mar kers for MSC cHhaN&LEGMSELCrsi. zBti PerfcemtWhes of
culated from flow cytometric analysis.

3.1.2.1 Osteogeni € MGiICsf erentiation of

After successful -Idikfef ecreelnitsi aftriooom ioHF$ QS@gi a N
were osteogenically differentiated to confir
tocol was the same as for pMSG@dg.i oMP awads nnoeramse
to cell viability measured-itmMsCBrassoBhuéi aas

of AP was detected in o6FieggreaHbZvk)lverdi bfoe he
and osteogenic AP leelvlellsilndessh.6 eveTeé dt henowgak @et
after osteogeni-Z diisfpgleayeend iaatrionus tWTAP act i vi

59



3. Results 3.1 Benchmadleirngedf bioR8C

>
e
(3]
PR |
*
*
*

I
a
1

e
w
]

o
N
]

o
-
1

Normalized AP activity

B
>
=
L
=
o
o
=
o
@
S
, 3
i
@ &
o 7]
o o
3
W
ot
C

P3Yy uuezly

Figl2eOsteogenic di-f M8€CAe NtAlaktailoinneofp hNdGG hat a
mali zed to cel h evoabrbityl aghtday.and=4ibfifcelreeni
replicates. B: Al kaline phosph&tad®fei ghai nmi Mg
staining of calcified ECM at day 14.0mCal ci fi
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3. Resul ts 3.1 Benchmadlkeirngedf bioR8C

ARO cells showed the strongest AP activity e
about thei MROs NICL that already the control (
activity compared fTloe tAR wttaienFingguso éxiig@iBa yiem e
similar trends compared t ol tahne AWDb B salaly. c &hk

contr ol condition stained -ipdMSCg i yteaif med AP0 s ia
stage. I n osteogeniMAIRd gt dohdger eAP i att &idnINICE
cel | l ines compared to cioM$SCosbBowdddbwawveirrncoa
eration of osteogenically differentiated cel
The Alizarin Red staining of calcified matri:

that only MSRO NWEO e capable of ECM calcificat
i n(gFi gur e Bb2®@) wi-l Ms¢pef &ICCed to produce calc
did not show any red staining. Taken togethe
via NCC was promising but needed morealdpyti mi
ARO NCMSCs failed totisateeissf al OBs dafftfer efnr e ¢

Therefore, a different route of differentiat
3.1.3 Sdleei oedme MSCs (i SOPs)

Most mesenchymal <cell popul ations originate
Both paraxi al and | ater al pl ate mesoderm gi \

sclerotome derives from the parfaxtlaé onerstordalr
such as ripTamid eteriledr@@d@80p from Malte Tib
i cal Centre Ge°ttingen) works on the generat.
genesis, single cell transcriptome anal ysi s
myogenic predgpamgitngr 2,0 the der momyot ome, but
characteristi dShathrtlyar s cHedrregti osmc@ 2 D)t ome c el
skeletal muscle differentiations were isolat
cal Centre G°ttingen) kindly helped with dif
sclerotome .cellhes sacthedraayt i2cl process of myogen
i Fi gbBAa&nd was previdhahyi pabl iBehedll.y,2@22) s
to differentiate into paraxial mesoderm f ol
myogenic maturation until at day 21 the scl e
sion, this pr ocedfuirber dyh llea sdte a | Hpig gold Bi @ heer apt m ontgo -
col was est&8bl Thle d8f fovvarss, WIE d -2 nisnt etalde off o IWTo w
peri ments.

FI ow cytometric analysis of the putative MSC
for singl e cSeulplpsl eancecnodmd iyAfgh iegowmraer ds mar ker ex
sessed. Exempl asfiyahes&bgl& exsthi osft o8B a mse do A RQT
sclerotome celSup pad reened idR@. ly alyfheed) picre cent ages of
calcul ated from the respective d¢gatg@a®eshlaevn i
sclerotome derived cells were positive for C
cells were negative for CD14, CD19, % Ckex1?, CLC
pressed CD90 independent f3r dmrtitveerdea sedlelr®3Cai
pl ayed two clearly seapptemmepdBuy aFi gusefor

61



3. Results 3.1 Benchmadlkirngedf bioR8C

A
3 &% & s @® :
Paraxial Mesoderm ;:’ ' . g ;: :i_» * Myogenic o P Sorting of
Induction o Somitogenesis XX maturation X Sclerotome R *
> L)

s cane = @ % .::J' ¢ o

®°® g & Sclerotome

iPsc Paraxial mesoderm Somites Osteoblast

Progenitor (iSOP)

C Unstained _Stained
100 100 - 100 100 -
_ 1 i —_—
x
©
=
5
S
0 0% 0 103 0% 0 108
CD73-PE CD105-PE-Cy7 CD146-PE-Cy5
100 100 100 -
— —_— ] —_—
801 804 80-
x g
© 3
= 604 60 60~
5 i
2 407 401 40-
201 20 204 20-
o] 0 o] 0if B
4030 10 10t 10® 0% 0 100 10t 10° 0% 0 1% 10t 10° 4030 1% 10t 10°
CD14/19-BV510 CD31-PacificBlue CD34-PE-CF594 CD45-APC-Cy7
D 100
m WT-1
T 80 WT-3
Tl
» = ARO
o 60
o
S w
=
3
a 20
0 T_."'.'

T T
CD73 CD90 CD105 CD146 CD14/19 CD31 CD34 CD45
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3. Resul ts 3.1 Benchmadlkeirngedf bioR8C

To be considered as MSCs according to I SCT c
fore, the sclerotome cells were subsequently
genitors (i SOPs) .

3.1.3.1 Osteogenic differentiation of

The osteogenic potential of i SOPs was evalua
as described before. AP was quantified at da:
AP activitikisglake ArsFhowans isni gni f-LlcaBOPg, i bdtc
pared to the other two cell | ines t-hei ACPact
di spl ayed very high AP activity in both oste
i nduotfi ArP. I n contrast, the AP activity of

reached similar | evelSORS. AP activity as WT

Additionally, cells were stainedifg@aBeAaRdat ¢
showed similar tredds SORPanappeaAlRdagsvanotWha
due to the osteogenic induction. Il n those ar
was stronger. Whet her t hadlsi fwearsa tdinden it @ORe gmine
not asses3eidSOFDrnWTdi fference of neither thi
ing was observed in both control and osteog
showed a strong gndactudnngf aAmostaideinsel v
teogenic differentiation.

After 14 days of osteogenic differentiation,
detect calcified ECM. Repkiegle@hdaantde \sseh lopph o ti cesd
ECM in all three osteogenically differenti af
proving that the 4t aSOPsegweas speabfiecof What
the red staining appe&8araed @ROk e TSh e ompauw etd o o
matri x was not quantified, buti $SOFRs domgeaerde d
other two |lines which may be associated with

Generally, osteogenic differentiation could
potenti al as ian veaibtmmadf er maoil of ost udi es. Ho we
cells banks and cryo storage of the cells is
assays. Thet1+etorestebgehoocgpotenti al was ass

3.1. 3t2rbmnmngteogenic potential of iSO

The differentiation of i PSC into bone relate
expensive and batch effects may significant/
i mportance that cell s cand bset ogreende rfartoezde ni.n Tloa

term osteogenic differentiation pod3 eddriiavedf
i SOPs were differentiated at two different t
7 and the matdraiyx 1ld4e pwoesriet ieovna lautat e d. Cell s we
with one freezing cycle and at passage 10 wi
i ®Fi gubbeThe AP activity after osteogenic di f
passages and an additional freeze cycl e. | nt
compared t(Bi giaBSpB afree Scapability of matrix ce
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3. Results 3.1 Benchmawdleirngedf bioR8C

indicated by AlizafFiglbBRedThserae fnarneg, sthhoewni 3 QP
term osteogenic potential. Here, not al/|l cel
went functional quality controls when tested
Larger cel |l ebanSkGP dfi nelsl ftrlorme one single dif

used for further experiments.

A

© © o o
N w - [3,}
o1 1 1,1

Normalized AP activity
5
n

o
=
)

B ‘ pS, 1x Freeze p10, 2x Freeze

{

ns *

Control

poy ULEZIY

T T
p5, 1xFreeze p10 2xFreeze

Osteogen

Figubleong term osteog2ni $APDARNAG¢ tail viotty WATor m:
viability at day 7 at two diifnf ecroennttr op a s(sla ggehs
ferentiatedBcelAll s za@damk Red S sitSadPnsi nagt attwod ad
passages and with freezing cycl es. Calcified

3. 1.

3.3 Adipogenic differentiation of

After successfully showing the osteogenic p¢
potenti al was tested next. For this purpose,

me d i
(14
ing
DAPI
WT-1

um as described for pMSCsp M$CE hdiofnfee rmeordti i
days of culture), the adipogenic differe
of adipogenically dHifgfllebreeMu dladie dwea rSEOPst a
to allow for identification of <cell s, &
and ARO i SOP failed to form adipocytes,

HoweveB8, sWdcessfull pgigéreasr avthed hl wpired wé¢ ai ned
fore, the adipogenic differentiation potenti
bone model. However, the succZsis$QPs aidngiogatn
sclerotomeecpl dst ihaivtey ttho generate multiple
probably |l ead to successful adipogenic diffe
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WT-1 WT-3 ARO

DAPI Nile Red
Figu6eAdi pogenic di fMielrenRedatstoami mifng S
nucl el in blue (DAPI) . Adi pogenic di ff
Scale bars = 200 Om.

Control

Adipogen

3.1.3.4 Chondrogenic differentiation c

During growth of | ong bones, bone formation
chondral (oBisgd iectatdoenr 20 a8 %, MSCs can give r
must be shownonfionri cMSGst al . 2006)

6007  x% ns * ok %k k

“lali AN AN 0

Relative Proteoglycan content
(PG/ protein)
] w -3 (%]
o [=] [=] [=
o [—} [—] o
1 1 | |
] . :I

Fi gbu¥Chondrogenic di fBSBeceesséduioechohdr

i ndi cated by increased proteoglycan de
and normalized to total protein. pMSC
i ndependent egsberpmehit spbeevbpuTextor e
Tt est . Experiments were performedUnmind
tatsmedi zin Berlin).
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i SOPs were chondrogenical ly diUlnfievree rstiita@ttednel
Berling) according to a previo(pgSéytoubeéei sald
For better interpretation of data six previo

which were characteri se@textnora ete p@hoant@O0a&genfie
tenti al was ewvneldu atteedd ket Elclkt AN of proteogl
cartil d kekEGMesi. ePtr oatle.o g2 00c0)N was nor mal i ze
The results of the chondrogenic diFfifgelirfeent i at
Chondrogenically differentiated pMSCs exhi bi
pared to control cul tamdesAR® IMBSE@P snesdh awvwe d Wi ¢
of proteoglycans after chondrogengtycahtaooent
indicating the strongest3 dIB5dOPEr aldeaninmotdisfhfoew
proteoglycan deposition compared to control

i SOPs was much higher cwmpantdthe pHMBE tewmel
ically differentiated -@0iIMSECss i tTihars anfayi $ @RS ct

genic differentiation |ike the observations
Taken together, al | three I SOP |ines could I
exhibited | arge variability i n proteoglycan

3. Prd nmatgocl ast s

To study bone riems ripptsiperocpracdeass {OLs) can be

ocytNs Takahashi, UdbBMgawaytes$ @MNCE2DPO&an be
er al bl ood, bone marrow, or differemMNiCat ed f
were used for differenti ateiramnw edaf opn idddasl)ya sOGs
were used to validate our i PSC differentiati
OC rel at eidn pwioAcresscsheesmat i ¢ 11 ap DS @optf dteir@emt o fatt
cess isFsbpbBe FHinr st , PBMCs were isolated frc
gradient <centr i fMINgCast iwenr.e Tihseonl,at®Dll 4usi ng MAC
tained MNCs were then seeded for OC-QGSHF ferer
they attached to the cell cul tur eigiuBye. and f

After MCs had formed, -CRH IasndveRANIKLW bcan tt alir rei
which trigger eQCsf owhmacthi otnh eonf sptraert ed t o f use
(Fi guB)YXrhe process of OC formation took roughl

variation depending on the donor, the cul tur
formed. The timepoints of functiO®alwea®sdys s
observed. Two days after OC formation, cells
phall oidin for actin, and an enzymatic TRAP

OC i s sFhow®.ei ®Cs appeared as | arge, mul tinuc
with -lai ka ngctin structure (green channel) an
TRAP staining varied significantly deipfeincdi ng
for OCs.

OCs resobnbvbfmmeanal yse their capabthetdgi foffembe
tion process was carried out on bovine bone
of OC appearance were controlled on addition
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Fi gu8len wistreocl ast Adi fSfoaurrecretsi dtoiro mMNCs
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C: FIluoresc@@tfetanochgi owi th DAPI (bl
TRAP (red). D: Different resorption mo
= 200 Om or as indicated in the 1 mages
10 days after OC formation, the bone chips w
rily skiogdnB.e ™OCs have two nf{oMleersr itlod .reet® marlt.h é20C
one hand, OCs can stay in one place and forn
in round piFi gbBendhownhednby bl ue arrows. On
mi grate while resorbing bone. This more agg

(Merrild,etandl t h20t®pulting trencheglB.ee ind
3.1.4.1 Characterivati ostebcPBBMCs

To generate a Wemdlvrear TGy r PIBRMEICr ee di fferen
were differ amtdir adtheed r mor phol ogy and resorpt
descrictheadp tiem DD.nlb.r4d dependent variation of O

demonstHkiaglie9de i n
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PBMC WT-1 PBMC WT-2 PBMC WT-3
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N
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MREERL
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Figue@steocl ast di fferentiation Ar okl ®
staining of osteoclasts for nucl ei wi t
(red). B: Resorbed bone surfaces stain
by |l ectin WGA in greemnd. 1BormMayrsexadrn g tri d
CTAX concentration in supernatants of [

Exempl ary photos ofOCtshear ®tFRsiihgdivdneg oo f PBBINC WT
|l arge multinucleated OCs with strong TWBRAP st

devel oped much smaller OGC3,O0Wheraemped hleetsweaer
wil dtypes. Regarding the i+#2&areads3Wisyh oovme dT RA Rvesa
TRAP staining. Even though these differences
they clearly demonstrate the variability of
The bone resoeOQst iwars ocefvaHBIMG@ ed next. OCs wer e
chips and then stained guwiBeeh fouoresc@Enlygl-becs
urle@) I n the toluidine stainings, resorbed a
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contrast, fluorescent l ectin stained the re
stained. I nt-©Cesbfngl iy, tABRIE donors mostly f
trenches. The rleswerpd immnclpiltasr @adrawdh awh it dhio s e
correlated with the observed differa&ameo&s in
the bone surface. During bone resorption, o)

medi um which can be meraessuorrepdt itoon.q uFaonrt itfhyi st hpel
was coll ected at t hel einsd ao fd etghrea deaxtpieadny ppernotd. u c
I and can be measured using (ELzZluSAc teaon dg uBanu & rf
CTX was detected in all t hree wil dtnyMpet ocul t
al mostMHEIOQPQLBEr There was a | arge variation be-
related with the©Csadiakiulsisteyd dbfef BPBR®C These |
portance of standar di-dzeerdi vwceed | c eroldse | tso sruecchu caes
expentignecompared to the use of primary cell s

3.1.5 Differentiation of I PSCs 1 n

|
Q0E ] —arvest
BMP4, VEGF, SCF { oo s IL3, M-CSF
\__//

A '
Mesoderm /—\ Myeloid
- : 4 ; Monocyte
induction : : specification y harvest @

iPSC Embryoid body Monocyte forming complex Monocyte
(HSPC) (MPC) (iMNC)

B
Fig2owyel oi d differentiatifn SDdhenPaStAsc irnetpor ens
the differentiation process and the involved
bi orender. com B: Photos of different timepoi
embryoid body, mphexytMCFG)y mvinghaeawim MNCs, MCH
bars as indicated.
3.1.5.1 Myeloid differentiation of i PS
To generdetra vieRIS@®@st eocl asts (i OCs), iPSCs nee
first step. i MNCs can be differentiated fron

foll owed by cul tur eCSFEnL apcrhensaennnc ee to fa ll.L 32 Oalnsd; M
A schematic view of the myelbig2aadffreiresat ] aE
were formed from i PSCs and cultured 4#4n stem
VEGF, and SCF. After four daysmmtae exemgltdn
di spl &yg@ BienEBs were transferred to new plat
specification t o macr ophage -CShReagoess ebryumad
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hemat opoi etic cel]l medi um. After five days o
out of the 3D dcomgpBexAfatsers htolwnee nweeks of <cu
as suspending cells around the monocyte for|
harvested by collecting the medium and subse

were subcul tur ebde ahnadr vieMNGsd coonuwcled a week for t
extensive analysis on this differentiation p
|l i shed in a previous study by R°ssler et al
teri sMNCs. oHHowever, they appear |l ess matur e
which is indicated by( RexsglearseetofalCD3202X)pr e

3.1.5d2riiR®Q@ osteocl ast s

A PBMC WT iPSC WT-1 iPSC WT-2 iPSC WT-3

DAPI Actin TRAP
Bf

Emo- .
X
O 200- > |%I
0 T T 1
N [V
NGRS
q‘b@ \65’ \'oo 860
Figaizki fferenti-déeronedf OBPSEI OGskescentasstain
shown i naRdgi®O@€shUcl ei wi th DAPI (bl ue), ac:
TRAP (red). B: Resorbed bone surfaces stain
stopped 10 days after -ficomc OCtsr avteiren viimsi U @
resoraptsiagrs at day 10 after first OCs were Vi
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To demonstrate robust i OC di f fleirneenst iwaetrieo nd,i ftf
ated into i OCs, which were subseqbGegflig fun
i OCs derived from -Wil-&NTgpe8 WhOIWeldi e ani WRr m
compar ed-OC-i RRB®ME I n al | di fferentiations mul
ring and TRAP staining were formed. This ind

i PSC wildtypes. The characteristics of i OCs
fut her characterized as this was alrepey per

cific genes are induced. I OCs formOCarwleirc OC:
may be due to the i mmat ur e Rastsulreer .oebts earlv.e d2 0Oa:
Next, the functional asBpebbbBerofesOCptweme asy

showed | argely eroded bbBing2Bea rlfndecagxsad ndyd magn
di fferences were observed f o3 sthhoewitrhg elee sdsi frf.
thanl WIin€® . WAdditionally, trench for+attiham wa
for the other wildtypes.

The concent-Ir aitm onololfe CT&XdbmeedbumsoOr gpmi on exp
guanti fied(FugiRilfgeg ElbimPpAar ed -©O0s tthes tPeBdMCbef or e,
wil dtypes showedl ar ecloemapsaer.a bWheatCTiXs stri ki ng
di fferences between the PSSO owieldd ttyhpe sh bwehrees t
centration iinnditchaet imegd ituhne, str@ngéstwebomael o&e

turnover, but stil]l r-softhiesdd mascdmisited ntglee
for differentOCdkonaonrds pioni nREBEMIC out the need fo
alw omore reproducible experimental results.

Taken together, al |l three I PSC wildtypes cou
showed typical OC morphol ogy and were capabl
tion in between the cell | i nesl iwtays. observed

3.1.5.3 FreaezivgdofositP®C| ast progenit

For the devel opment -cafl tasr et awoeldeeil\dé di ePABChb p N e g «
are a useful tool . However, di fferentiation
tensive . fToheziengref | OC progenitors is extre
and seed the cells whenever needed. Additi o
batch effects because | arger batches can be

Il n contrast to PBMC or bone marrow MNCs, i M
Therefore, a different route had to be inves
into i MCs which were then cryoprfecrerveeeziTihg
schemati caHilgg2der amM& coul d be thawed, however
during this process (data not shown). Additi
purities in i MNCs caused problems. Therefore
ing agfpeetbnol which al kowédthe macovehages
ing. This included culture ifsrkeBS eadnrciedHed ur
sel s. Frozen i MCs coul d beFidg#B e rThretsiea ti €OdC ierx
ited bone resorptioigR€erovhawi ngebas fHlepcti

72



3. Resul ts 3.1 Benchmadleirngedf bioR8C

protocol may be optimized in the future to vy
the thawed macrophages was performed here be
thawed for the 3D model by the cooperation p
Taken together, here the first protocol to f
|l owed the differentiation of functional i OCs
A Cs 3
<7 EB-formation Harvest MCSF - .1 MCSF
et N B TR
iPSC Myeloid Monocyte Macrophage
stem cell (iMNC) (imc) Osteoclast
* l* (ioC)
. MCSF | RANKL
&

Frozen iMC

‘Without Freezing
&7 -I\ 5

Fi g22Fa¢ eezi ngledafi vieRISOst e Ac| &sth eprad d lcr g ®rpy .e s e
freezing stdartiegegyd f@C prPeSCur sors. Figure cr e:
field image of i OCs differentiated f£2r 0 @Cfsr oz
after freezing. Scale bars = 200 Om.

3.1. 5:bdasieRISGnodel |l ing of ARO

After the successful generation of QLN I ona
deficient ARO patient <cell l' ine described by
next step. The cell l ine was reprogrammed fr

by two compound heterozygousCLLMuUN7pt GRO®L2Ei @and
p. R403Q) whi &€hgade Bhesvn minssense mutations ¢
in conserved7.r elgheosnes cofanCgdeCs reduce protein
tion therefore s7 gfnurd(dHeaomi.lgy eitmmdi.r 20110 ; R s
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A

CLCN7 Exon 10 CLCN7 Exon 14

(T (O O (e
GTCTCCGCAGGGGCTGCGGCC ~ ACCATGTTTCGAATCAGGTGA
200 292 294 400 402 404
s A G AVATAl T v NNREEER
CLCN7 Exon 10 CLCN7 Exon 14

bt Al

GTCTCCGCAGRGGCTGCGGCC ~ ACCATGTTTCRAATCAGGTGA!
iPSC WT-2 iPSC WT-3 iPSC ARO

DAPI Actin TRAP
c _ iPSC \ ~iPSC WT-3
P 3 s o % 5 v ﬁ .

ns

F Y

o

o
1

CTX-l [nM]
N
S
1

0_
WT-1 WT-2 WT-3 ARO

Figal3idedb@sed model of autosdmalCompoendi

mi ssense @uLCHfAiuocsnsngi MRO in patient i P¢S
Fluorescent (asashowg amd PATRKAQI rieO@sl )f or n
actin with phalloidin (green), and TRA
i n grey. Bone resorption was stoppdd i!
supernatant mfeXXmpmearei merstog pdfi oOWT and AR
was pooled. n as indicated in the grap

The i MNCs obtained from myeloid differentiat

entiated into I OCs which wasFpgaBenAPmQ ioBQsec

appeared as multinucleat4edkeTRAPRPI mosittriuce uc e

were much | arger compared to wildtype i OCs.

very |l arge OCs with hundredscolftonuel eovehedh
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culture wel!/l (data not shown). The increasecq
i OCs derived f(rRMsdlhars. atPSLIr es2amd1l)es a phenc
hi stologic sections of bones from osteopetro
i's not onl@GLGN7&#penhdeet oARO but is observed
(Kornak et aZlohaz2r00elt; aBar n2e0a2 1)

Next, the functional aspects of ARO i OCs wer
i OCs were incapable of pit or Fig@&@€B8ehNd oborad i
resorption was obserlveidn (tThhe dodwlttewcrtd ome difunC
crease in ARO i 0OC cultures cdoamp@mBed T Takbenit di

gether, these experiments prove that the ARO
in waindrowill provide a useful tool to develop
3.1.6ddarPiSCed cells in a 3D model (
A B

Bone formation in 3D Bone resorption in 3D

B
[=]
o
]

1
(3]
N
T

-~ WT pMSC
WT-3iSOP 2404 -« WTpOC

e WT-1iSOP 160 * WT-3i0C
ARO iSOP 1 o WT-1i0C N

80 + ARO iOC

(%)

Qo

o
1

.

200

CTX-I concentration [nM
=]
(=]
]

BALP concentration [pg/mL]

d 40
100- r 1
/l/ \ 20—
0 — T . oL 0 . T 1
10 15 20 25 30 0 5 10 15
days of cultivation days of cultivation

Figadd8lGrived bone cel As Bona 8pPebbhecmabtkhb
( BALP) determined by ELI SA. Bone marrow pMS
BALP was quantified afterwardencenthatcoht de
ELI SA of bone marrow MNMNQ dronieMGx asdodad . ok x
performed and anal ysilnibwe rNsinta® tSstned dziezri n Chearr

The functions of OCs and OBs are mutually <co
signdWeingda etTher efddRd)y ecof both cell type
l ogi cal i nteraction of these cell types. To
to bone remodelling and homeostasis these ce

t heOAdReri ved cell s were WLdLeCN7d me mbairetl MiIRI@ op h

Frozen precursor cells of both i OBs and i OC:
Gei Cl eriTUhaer s®t @2t smedi zin Berl iingni.velrhseir-e,
t2tsmedizin Ber-lémigyed eceé¢lelds icium bdanRP 3RM@ ndaynn adnei cce
|l ularized bone scaffolds to model the human

was evaluated by quantification of Hondhepec
first obtainedV FigfdletPs i ammaeysbewWwhsi hrom bone
paral |l el a sk i bgmd@RAm®r lconlicentration i s shown f
3D model . i SOPs or MSCs were seeded at day
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concentration was not evaluatel, bWTanmneck.ARO)
showed an increase in BALP concentration ind
start of bone formation by the tiiSoOP sp eoank etdh ea t
22 and ddéteeawseds. Both WT i SOPs exhibited a
WTs or ARO i SOPs.

The successful bone resorption by i OCs- diffe
| release. Thel tliimeecauiFe g2k LARXWINOCH wer e r
to resorb bone and thelref-DbWBCgslidelnodsek!| iamie
of @TXxompared to primary OCs beginnin3g from
i OCs released-l mcompmoed CEDp-HI WOCY Which <cot
with the findings i n-32D OCwl tewrha .biltre d2 D@ hceu |l tow

of all three I PSC wildtypes. This finding de
environment ongntihfel ccaenltllsy wahfifcenctssi cel | ul ar f
Taken together these preliminary results proc
stored i PSC derived precursor cells of 1 OCs
functional cells on the scaff oslidol oTghiicsalwiniold
human bone in the future which wil/ be helpf
to model genetic bone di seases.

3.2 Additive and corrective gene

3.2.1 Correctusnngf mdtaeavsas in A
To evaluate whether OC function can be rescu
back to wildtype, FIl ori aner GPetntniingg e W ) n i dveevresl

CRI SlP&®Rsed approach to correct the mutations
desi gnetdr afnosrf eceos ObDaWss wigphai r templ ate in ARO i
erated for the repair of the p.G292E mutatio

resulting in one wildtype all ¢lg pefferenei:
showed only a minor rescue which may have b
clones. Therefore, new i PSC transfections we
correction withouti sdooliénthe nanisgi n2g0l2el )cel | cl one

3.2.1.1 Mutation correction i n ARO i PS

The CRI SPR/ Cas system can be used to introdu
the cellul af REHEDReftorT®S&®rlr3gct mutati ons in
wer e rcaonsfected with CRISPR/ Cas RNPs and HDR
experiments were performed for either mutat:.i
tion, a sSgRNAB Iimltawsea utca ntghea NSt at ed si te was
i s shbwg2Ba The sgRNAs were compl exetdr amist-h r
fected with an HDR templ ate for ODNesers@aeCa:;
HDR templ ates. These were homol ogous to the
tion and the introduction of silent mutation
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Fi g25CRI SlPRsed mutation coAre&themat ncAR®O®pr B

the mutation correction. B: Workflow of mut a
mut ation. A&B created with biorender.com. C:
ARO i OCs for nucl e¢i nwiwi h hDARIal ( oli de n, (@&c een)
sorbed bone surfaces stained by toluidine ir
first OCs were visible. E:t dQuldThetriofdieedd seurrof daecde
point represents one bone chip. Bone resorpt
transfections in multiple-lselparmttehe OCuperdha&
resorption expericnemntesc toefd VAIRO AR sandMedi um f
pooled. n as indicated in the graph. Scale b
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