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ABSTRACT

Mucopolysaccharidosis | VA (MP& | VA) is caus
acetyl galébswtld aamiGhdi NEgease (eading to glyc
(GAG) accumulation in multiple tissues, r1e
poor qualityooéeffeteivéheredimeastefatr phes
This study proposeshanebkxt(dngi wmmmrda \ha&imad toipm
stem cel | (HSC) opeoé€dansesaracige a6T) veh &ALNS
at supraphysiologiL&sl|l eaelryiwigt hihe nhhae i vel IG
sequence (cDNA) were made under three diff
CD11b. Moreover, we designed LVs carrying
octapeptide under CD11bo potrionmfolt Be& GDWNIA au nhduenr
CBpbromoter, Weedpeactti walnyf.i r med t hewamot enti a
transl ated a@auPSrdsdamaohmiaht onmodel . Transl at
perf or medexntd®weodbiodk8h€ dt r anspl antation into
recipient MPiSn I wWwiAvenc t ei mhasi on of LVs into
mi cFeo.l | owi ng tiesmsaymaohi ¢egti GAS, |l evel s, vec
(VCNs hi stopat hol,ammd ctkad ne vrmad rupph o meatsr i ¢ anal
aboth cellular | eu¥s$sunddr i phemE@Bé @& @dend cteh ¢

hi ghest enarydenarcmalviizegd t het sbol laagheee dnab ¢ r i
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although the expressionfaddhGAtNSowasf | bwae
and slight corredi ahsof i boestpgaheileghe p
direct inflwmsitdin sofpakbMs .of ou+derpenndarncly, we

(newboorlnd evrs ntihceer)a p(eluanw ¢ e-bl®g & s,d oasdensi)ni strat.i
rou(tierst ravenousand ntnrtapmausenaidladsh)s, COL 2 A1, anc
CD11wi)t h high potenti al tandrcoveogeopt emipz &
hGALNS emzyonerodata confirmed the efficienc
than | ocal administration under Paghlda®edes
ton waindlx omssessment ,i mer & sodamialn & shtatGBh on of

or -Q&L2A1 viral vectors drove the hGALNS tr
Howevesrt, LW nwvege #tdeidaenrd t he rest cleared f
which r asglctiogéh @icbtoofe pat hol ogy. howa@Vemadmir
did not i mpr o0Wde stéhaed eclhampsen lodflyddidec ali onal |y,
we noted an -h@AkbNSA sa&ntiinbadmites, suggesting a
t herQuwpeyr.la¢ 4 ¢ ftofnda nbogrsoad range of therapeutii
i ndi catGeflcobbhd b¥ a promising approach for

skel et alwheéins @erodndr s1,e do fi fnég roi HHEClsope for futu

the . field
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Chapter 1

| NTRODUCTI ON

Mucopolysaccharidoses (MPS) are a group of

l yso

(7))

omal enzyme delfeacdiieenngclye oac anarhd luantcit @ ro ne
gl ycosaminoglycans in tissues and organs.

varies based on geographi(CFirge.giBancslh atnydp/eo ro f
MPS is caused by a wide range of mutationa

Some mutations were deri veldi fffreermen daes ciommet

backgroumaurmanary oef fects i mpact the frequenoct
preval ence of MPS. The newborn screening i
not all MPSs were a[plpJroved for the screeni

Mucopol ysacchari dosi ssyvVAy omMBESahVAut  deogqail c
inherited metabolic di se@fsleyEresededyl tiheg
deficiencyNacel ysoalbmal ¢cdad Bi&GAeh NS) ( enzy me.

The absence of the GALNS emd yme slaena o gtl ¢ cta
(GAGs), keratan sul-6aaulef dtKs)( CaR) ichomulrtoii |
including cartilage, bone,[ 2cTdrjen epcattiiveen ttsi swsi

MPS IwMA,l e manionrtnaailninnegu r o, ogu fcfadhre f forasm i s @av e |



growth i ammmangmaht 1t eipdgo odfi TMRS,ul ties in ac

i viAagL) and hjghdmorbidity

®MPSI =MPSII »MPSIIH sMPSIV sMPSVI =MPSVI

g

& & S ¥ ¥ & N
& » F T4 &S5
C°\ A < &5 S S o <& E& 3@,@«@’ S o T L P é"'&
S ‘~ ‘ ‘Q éo
& Aé‘ d’ é\" @f
*0ld results 5
**New results &

&

Figatencidence of MPSsl (%) around the worl .
The fi gquraptwals fr piji @enl ipke retMBRBIli oDi A goost i C ¢

[1] B. GCelS.kC. Tomatsu, S. Tomatsu, S.A. Kh a
mucopolysacchari doses update, Diagnostics
https://doi.org/10.3390/diagnostics1102027

GAGs are the primary storage materials tha

Therefore, the determination of GAG |l evel,
genotyping, is crucial [B5y Eabbd GA&gpbays 0o
physiological role and 6]sTlh« pewaslsweat i oon sepfe
wi || provide a diagnostic and prognostic b

Each type of MPS has a br¢ad8ijange of clin



MPSIVA

1. Molecular

characterization and Enzyme
genotyping?? replacement
therapy
s\
Hematopoietic X
a8 stem cell Symptomatic
Mutation in hGALNS transplantation and :
(HSCT) supportive
treatments
—
: Treatment
hGALNS enzyme choice
2. Enzyme activity??
Keratan and chondroitin-6-sulfate -Skeletal Dysplasia-
glycosaminoglycan accumulatiorinvolvement of bone and cartilage
within lysosomes development

Fi ga2€haracterization and treatment of MPS
CreatBeaBender .

ThEdPS | VA patoenwayd pdaKineda [fedtjo mh per mi ssi o
from Mol ecul ar Genetics and Metabol i sms.

Therogressive systenihappledalrdt aykevaarmsy od v & ma m K
reminder of the s eVServietrye ocfa stelsi sofc oaMPdSI tl iVAN
signs and nhshyempstkgeshdedm,l udi ng shshorstaececakean
trunk, pectus cari mattthm,u nsd amd ei chweiltchkg oprl a s |
obstructive akypshceos tiroiscitsi,vd alxungy of j oints
anadbnor mal gavalvuhamdldearondi sease, hearir
hepatomegaly, coarse face, and wi®deldy 99pac
The prevalence of -dovsmaédmbgygypanidewheewichlai

during their teenafguer tyheearr su,n diefr sucnotrreesa ttehde u



effecti veRetsrpad atammeonrtys,. cardi ac, or <cervical

t hhneost common causes off3 de@Jth in their 20s
Current treatments include enzyme replacem
(VimizinE; recombinant human GALNS enzyme)

transplantation (HSCT) for MPS | VA; howeve.l

[ L.2]JAl t hough ERT i mproved endurance, exerci
resultingqualingr edsimnge and reduced hepat
| eviet s,i mpact on skeletal deformities, cor.
val vul ar heart diseases remains | [j®&mii1erd du
13ds well as the antibody piLdadhshdhmthif bBgai ns

[ 1.®8Njo cl earance of [BAGE thecBEROhdappyotash ffo
[ 37113l]s observed, whil&pE&FSpheateeéM6RP) mMmaprne
medi ated endocytosi$ bff hGARLINSI emgz ysnes $ioon g
weekll, 1BFCT has been considerddAa promi si

i mproving pul monary f unctaicon,victayr doifdwaasecl uyl

mi ner al density, and | axity of joints, in
[ 3,19,RDWever, it i s not feasible for all [
and cartilage |l esions, rvekbodt seasnsp( @GVHR)

Il i magedof transpl anmattd lberd] 1dlo oOYSER@I g da g e
HSCT ar e cloirmiegdaail regnal compl i catiAmbls3] alt hot
Until now, alternative therapies to ERT ant

increase enzyme activity and target the ti



substrate reducti on t kaesrsaopcyi,a tgeedn ev itrhaelr avpeyc t
l entiviral vectors (LVs), clustered regul a
(CRI/SESBRY9)r naridép@f OR6] e s

Gene Therapy Approaches

Adeno-Associated Virus Lentivirus

— Viral DNA

Capaid—.of
JJ*—Z{L

Ex vivo Stem Cell Gene Therapy

o

Isolated
Stem Cells N

X Ex vivo
Patient Treatment ,

GALNS

Engineered Stem
Cells

Figa3€ene therapy approaches for MPS | VA

CredtBaedb Render .

The figure was ada[p2weidt hf rpoent nMbsndtsaofmagp éerto na |
[ 29 Mont afo AMonKHodverTheroux MC, Tomatsu S,

Gonzal ez Nieves S, Hodorowicz W CePatkerB M, |
Karunathilaka A, Ni dhi F, Saikia S, Ain M,
K, Sawamot o K, Morqui o Syndrome (Mucopol ys
& Diseases (2023). https: /| eomeedivdieme .(naecdcsecs

Mar@h 2025) .

LV gene therapy (LVGT) ghoasechiedmmfasd s each du |
cemédi ated applicatExngiei®@rt mangpyi sasaskser

admini stered under LVs in the c¢linical tri



NCTO034B83MRS || ( NCTO56 6NCI06462)0,1i4eDb) h &MPSa st |
decade. ekl tHiScCwoge ne t herapy by LVs has been
relatively stable and curative production
(Sanfilippo Syndr ome) , GaluXB2eri, $ eFlmds ayl, and
i mitations; ri sk of clonal exparediadred ass
genes, part i[] Bl 8Mdgmes mmiHBgCsand requiring c
ofn wpwirepar ati on o[ff3,Stlmansdapped cadlllest o al l
del ay of therapy in identified affected ne
be trah3@a,u@&hdal | enging to targett arngeetr nal C
eff,ecamsd I mmunol[ddg@i0&aheabshactc!| éISCT, t o s o0me
skeletal abnormalities in MPS | VA patients
effecmodi fL¥d HSCs on skeletal involvement
exceptionally intnntiiqui g dampalcas tthlee fp etl d
Despite t heexl igneintea ttihoenrsa poyf, we believe that
could be a promising solution for treating

LVssurrleinmilityed in both preclintaradetanaf fcdatr

and potential i mmune [B8a4ctHBHoOwesveagai medi findc:
viral capsid and gene expression cassettes
[ 42h divect inhasi breocfastmeesstfetég for me
|l eukodystrophy (MLD) in a clinical trial (
ot her preclinical appddrctartalo nmseCA® S cskyl set ecr
targeting, and hemophilia we+saea maxamirmendt iers



t

he [pld8iVe betl ha&tvedi rectcouplfrdosyii @re dfhelL\psot en:

medi ate high transduction efficiency and p

as wel |l yasso sootnhaelr s t oS Dhagiet hdoi usho radieeyriso dul t ur e

p

rocess.

Bone i s an active metabolic tissue compris

with sever al cqdl4l9]Ai nhkaggbh bHé&ENg.rémdiyel i ng

t

(0]

b

hat ensures bone homeosdfafse st iimg hedias ¢ aye s
mpair this balance, | eading to pathophysi
xi dati ve st r[ed®sl,] raemdu Icteil i g diemtkhone physi ol
orad fecting di seases such [a3s] anwlt o3l 2y]slaa <ih
steogenes| 5,3 ]tnhpaenrafteocpt had dip en madlynetgyd asskieal et al

ysplasi a. However, the region of bone aff
utcomes. MPS | VA di seas agerroewstuhl tpsl atne twhhee rie
hondr ocyt elsh easree clhoocnadtreodc.y t es ori gi nating f
5%574dre primarily BaBf.8dltheed girno wHz:Sl plineAicea rit s |
l ssue in which no bloodenetsbel avaseulpaese
one are affected, thel St&J@EVEPISMd VA, be hemeon! g
nd Drug Admi rmipptrroavteidordr UfgDA)s based on the
dmi ni stration of t hap onoirs siinmpga cetn fognin & & meh ilce
i mited i mpact of this strategy has been m
nzyme in the avascular zon¢&.Fufr tthfree moo ree

ow percentage of directimayi mfou steadr agleVis tsdird e



Preclinical studies
and gene therapies
remai ns an unaret]

supraphysi ol ocganctail n ul ceuse | p roofd ut chtieiyLovhl S @ fr

directly maryf usread gles t he

i mpacting bone amel.
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Chap2er

ASSESSMENT OF LENTI VI RAL VECTORS UNDER I
PROMOTERS EXPREAEETNGALACTOSAMSNE FATE

SULFATASE

I n this chapter, we aimed to investigate t
GALNS c¢cDNA under udpea@uwiftiommspranmdotterssuwesi ng
This research provides a new horizonrfor M

ongoing preclinical and clinical studies.
2. 1MATERI ALS AND METHODS

2. 1Ceal | Cul ture

MPS | VAspht heht br obl asts and chondrocytes,
(HEK293) , and human | iver cancer cells (he
transduced and analyzed. Fi brobl asts deriv
compl et e Dulfbieecdc oEbasg I neodbds me dli2u nf DhMIEM/ i Feln2t, mi
Gi bco#11320033, Grand I sl and, NY, USA) sup|
( FBS; Gi bco#10082147) , 1% streptomycin/ pen
chemically mlePfriditedaBvismeldd B6&#01 2 Wal kersvill e,

suppl emented with 15% FBS and 1% streptomy



in Eagleds minimum essen2i08B, mddnams @ MEMA

upplemented with 15% FBS and 1% streptomy

(7]

chondr oaytmean,stOn3xlul tiri ng procedure was af

chondrocytes derived from MPS | VA patients

solution, and the fi nacalcceilum CGalglpainisd eom(n wa
i nnwél |l plate wi-gadauddecebdl p. oAfaeR2several
155mMdi um &hIbraldgei nfat e beads containing c

a chondrocyte gr owt4h0 8me dWwau nk e(rLse2n8zl ad#alyG MD) f
according to our prepeRBApblusikcuylpubledshbed!| pr we

37AQd 5% CO

Char act erfmuz attiiihach®@sL NgSe he MR $ VAI br ocabnldast s
chondrwecnye refsarhmessixgshe q u emn<iiSmgn geguenci ng
c he miSsetqruye.waa& Inigg me€CdBrlef esequEGc@08686i7rngd
Sequencher software (Gene Codes Corporatio

dbSNP and ClinVar.

2. 1C@nstruction of LVs

LVs were designed under ubiquabhdumy€Bbi dco
targeting CD11b promoters. Further more, we

GALNS (hGALNS) gpthemamnddcb@&AbNS ( hGALNSco0)

10



CBh promoter and native hGALNS and D8 octa
CD11b promoter. The final cowel&CBht s for t |
hGALNSCBIM GALNSCcOQOL 2 NGALNSCDLMIBALNS, -and LV
CD1DIB* hGALNS. Moreover, iwegheéeseinhmedeldVgrex

fluorescent protei n,a(lnBHGRKROL 2cfold tearso ICBhf, &l 1 «

(Fi2g) .
2. 1TBansduction of LVs

The eff@lwtasoff i kM8t evaluated on MPS | VA fib
foll owing tranmdbutt pbncat MAlos f emAHTP., oh5,

The transduction p2l.ceBrsi afsl ys,hopwne vino urs Igy rc
confluent cell s wecred |hsarpveers tweed,| aonfd e3acxh 1cOe
i ntwe |6l cul tawr €0 )p | aAtfa se r(-w2edl I h ciunl ctuubraet ipd na,t e6s
transducedhywilt)yh LIFWws I(owing 48 h incubation,
Geneticin antibiotics weredawdd8pd TbhbespErtCct
ant i badodteidc smedi a were redplVadptdawitt  hgf oasbap
medi a were collected into separateSOBEpX®Pendo
On day 8, half of the €8edlACsanwle rteh ec ooltlheecrt ehda
transferred into 10 cm diameter culture pl
coll ect media every three days. On day 30,
as explained above, 2L pr Depéehdrngronesbéeng
all three cell | idnuecse, MPPES gdrVvilced dad rioe yt ean

MOl of 20 as described above t2ad)coivei rm t h

11



performedchdredrB3ocyte culturing to mimic the
revealed the effectiveness of LVasnto reach
environment
A MPS IVA patients’ LV-CBRRGALNS
Fibroblasts and . LV-COL2A1-hGALNS
Chondrocytes, Lentiviral |y.cp11b.hGALNS
HepG2 and HEK293 V?dOFS LV-CD11b*D8-hGALNS
- LV-CBh-hGALNSco
4 Every 3 days
® L 0 o) Media collection
ol
' 2 3 AB+ 2 3 AB+ 2 3 AB+ 2 3
After 24h * After4sh ~( ( ( After2ah AL ([ »
incubation _ incubation - incubation
AB- AB- AB-
Day 0 Day 1 Day 3 Day 4 Day 8 .
Cell Transduction Remove virus Change the media 1.Collect the
Plating containing medium cells and media |
3x10° and add antibiotic
cells/well ici
(Geneticin) 2.plit the leftover
GALNS Enzyme Assay cells into 10 cm
GAG Assay diameter culture
IHC for Ant-GALNSand & @ Evoy3days PR
Anti-KS L = Media collection
Vector Copy Number v —_— ) — )
Uptake Assay v Day 30 3.Culture the cells
Collect the cells for 30 days
and media
B [rsv pmmote{>—{ SINS LTR | y/RRE hGALNS WPRE HmPGKPromote>{ Neomycin || SIN3'LTR |
]RSVPromote|>—‘ SINSLTR | W/RRE hGALNSco WPRE  |HmPGK pmmop>{ Neomycin || SINILTR |
]Rsvpromo1er>—{ SINS'LTR | W/RRE }—-m WPRE |-mPGK Promor}l Neomycin || SINS'LTR |
IRsvprommer>—§ SINS TR | w/RRE ] D8*hGALNS WPRE HmPGKPromote>l Neomycin |- SIN3'LTR |
IRsvprommer SIN 5 LTR lw/RRE hGALNS WPRE HmPGKPromoter Neomycin H SIN3'LTR |
[Rsv Promoter SINSLTR | w/RRE | WPRE HmPGK Promoter)| Neomycin || SIN3'LTR |
|Rsvpmmote,>—{ SING'LTR | w/RRE }—m WPRE HmPGKPromoxe>{ Neomycin | SIN3'LTR |
Figatxken wivtalaati on of LVGT.
AWor kf ltohwve otfher apeutiing wefA-Bi +cWi ctyh oofr Lwist hout

Ci
vat ed.

Genet.i
i nact.

Hu man

nBhvtconoticst s .

RSV: Rous

-Sar coma

LTRQRIR&En g ptse v Riewva Ir easgpumi eratidv & oer
packagi ng) . b-&dthi: n Chy ltrklileichg p-s bones g rp(omoter ),

i nt egM i pr sigridno it d

12
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monoc-gpes) fi tamd oCrdlt 2A1 : Human coll agen tyyg
(Col lexgperessispgctiifssu@romoter). hGALNS: Hun
hGALNSco:o0p@Gadanmred hGALNS transgperce fi D8 DIBGA

octapeptide tagged hGALNS tomaeasgenee pRGBHEPEe
WPRE: -tRastscri pti onal regul atory el ement de
mP GK:: Mouse phosphoglycerate ki nAraessel slt apnrto m
gene used to seCeatted riamsBliuckRan cerl .| s .

2. 14Met hyl umbel |l iM&)one Assay (4

Th@ALNSnNnzyme activity in cell extracts was
met hyl umbeMU) fesoaye (Mel ford Laboratories |
was crucial i n debL¥Gihm nMmMY It \hAe peaftfiiecnatcsy. OMF
fibroblasts and chondrocygneéddd HEK2®9E&8stand H
transduction-19€r &l |1 psethomogedi ZEHCI onpHuf fe
7. 2, 1 mM PMSF) via sonicationl floyrs a3tOe ss ewe r
centrifuged ACOThdOsump ear mat ant was transfer.
assayed for the GALNS enzyme actiMWi ty. The
enzyme assay and wer-meti mgubmbeldl wi eéhyl22 mM
gal act opbysrudnfoastied ef Researomha | Br adbwantt s Plr rotserercd
37 AfCor 16 h. The nbegxatl acca y,sAK@asmeg/ifimlomsf or y z a
(Si Ama@rich, Saint Louis, MO) was added to
37 AC The reaction was st oppled 5Sviacdj ustMe d fbyg
We used the FLUOstar Omega plate reader (B
enzyme activity at an excitation wavelengt

450 nm. The activity wametdadypuaenee ¢rdeilderarsveac or

13



hr per milligram of protein (nmol/h/ mg). P

Pi eMB@A pr ot eiTnh earsnsoaFyi skhigtl 3(32 b e n Wi b a m

2.1Lbquid ChromatographyL-OMa/sMS)Spectrometry

Monoul fated ker astualnfkaSthyed ¥ avel § MOnountreated
were measMSé diBhdy, 6lBCAGs were extracted from
analyzed according to t[h&e6,pad®dva lowastl egd dtehsecr
therapeutiyc mefaBGAlc i ygenzymeGAGti smeélys and

transduced cells. This analysi sGThel ped wus

reducing the-sst 6kaSh gnd tohfi nmolnyos o s o me s .

2.1Véctor Copy Nwunnmableyrsi(sVCN)

DNAvas extracted with the Qiagen Gentra Pur
transduced by the LVs expressing hGALNS at
bi odistributi onr roafn skdvusc t3i0o nd.a yTsh epno,s tDNA wa's
ProteinaA€@ FoladNawiend rRat ment , DNA-EWd8& r es us
buffer, and DNA concentration was measured
digital droplet PCR (ddPCR; Thermo&x shlevy Q
and Tfrc on Xisngpdarhet epradahmeps) (U ntegrated D
to the pienecgt oresubdpg i MQR ifnr magmefPAb s Qluwatng St |
QE MAP16 Plate Kit and Master Mix (Ther moFi
reac(tniaddtil)e The quantificati onf owamuldove with

cps/ Ol *DNA dilution)/ (Tfrc cps/ Ol 2).

14


https://www.thermofisher.com/order/catalog/product/23225

Tab2lePri mers and probes for VCN anal ysi s.

Primers Sequences

LV-PsiF (900 nM) 5-BGACTGGTGAGTACGCCAAA3 Nj

LV-PsiR (900 nM) 5-BCCGCTTAATACTGACGCTCTG3 Nj

LV-PsiProbe (250 nM)| 5-/6-FAM/AGCGGAGGC/ZEN/TAGAAGGAGAGAGATGGGT/IABKFQY

3
Amplicon Size 82 bp
2. 1LYysosomal Ma s s
Lysosomal mass was -despoms bhbpgdollicaaket T P&l

Red (Thermo Fisher Scientific #INb6T¥t eCar
3000, Agilent ©®oecMP&SlI o YAes|j bUBBgBahst s treat
hGALNSCBiM GALNSCcOD1hDMALNS, -GOWLd2-AVALNS over

30 days. Briefly, MPS I VA fibroblasts in me
LysoTracker TM Deep Red in suppl eamemt,edc edDMEB
were washed three times with 1X PBS and ha
were washed pewided ammd 5006 uBL 1X war med Hank
(HBSS) for analysis. A Novocyte 3000 FIlow
to acquire at | east 50,000 event68foll owin
Propidium iodide-A(BrFrjch#mPdgBmBK, Shgma Loui s
identify viable cells. The mean fl uorescen

for the analysis on FlowJoE software.

2.1UBptake of GALNS

To confirm the uptake of secreted GALNS en.
transduced culturedéds media was collected o

MPS | VA fibrobl ast 22| tRefecr mmsarnfdl d fotwesr i me d

15



t he GALNS enzyme activity was measured in
perfor med6phmapmatse peM@rR)Nt assay under t he
test the uptake mechanisms of GALNS for ea

conduwcctceod ding to our previe®lysly published

Before After
' Lentiviral vectors

Transfer the GALNS

- enzyme including media
RN Transduction Overnight

S Nt AT e =~ incubation =

30 Days e N cubatiol

4 M) U la N )

\\n'.'- ,) - _’ \ /

MPS IVA patients' fibroblasts GALNS expressing MPS IVA Untreated MPS IVA patients' GALNS Expressing MPS IVA
patients’ fibroblasts fibroblasts patients’ fibroblasts

Transfer the GALNS enzyme
including media in the Collect media and cells
resence of 2 mM M6P for the enzyme assay

Collect media and
cells for the
enzyme assay

Overnight -
incubation /,::jj;

Untreated MPS IVA patients' GALNS Expressing MPS IVA
fibroblasts patients' fibroblasts

FigazExperimental settings of the GALNS en:
2. 11 Bmunohi stochemistry (I HC)

To confirm the GALNS enzyme expression in
GALNS enzy¥xshé NSant Addi ti onal ly, -KWg anal y Hed
The GALNS and KS werrada es tmoinme@lAdbiNG| caastttiabno d i €
(Creative Bi oK&b¢ SaNYh &ndzaBHtidBecbbadbl agy #
[ 70]Harvested cells on days&0tweb@mfi xed ir
thi cknedsCs Ther GALNS and KS distribution and

investigated i mmunohistochemically to dete

16



eff doteval uate the aemnxdrtemses iroend wdt iGAML No&Sf KS,
(NIH) software and anal yuzseidn ge ascohf tswairdee ,t osoel
selection, we wutilized the software col or

compare it withyypret rcoattedland wil d

2.1St0OeendHGKFJE xpfregsaohmmunofl uorescence Mic

To confirm that LVs can drive transgene exX|
EGFexpressing LVs as a control . Foll owi ng t
under 5, 10, 15, aEc#FP2@xpMOEssi wa wctbenedh

daystpassduction using a Zeiss Axi o Obseryv

2. 1FLbtw Cytometry

To verify the fluorescence i nttreannssi duyc eodd MPaS
| VAi brobl asts amal Iprsewpsapemnds isdimsgPeee! Bsdiensi K
PBS. The cell suspensi onNomweocey taen a3 Oy0zOe,d A gni
Technol ogoine sd,awe) S3A) mpar ed EGFEP ifnltwearsa $ /e motf p

wi t huent r a ncsodnutcreadl

2.1st1adatistical Analysis

Quantitative data that follow a nor mal di s
whereas quantitative data that do not meet
the median (95% conWi Hkenaadi ESore megwsav Shap
were performed to assess nor mawayi ANOVA ut i

wi t h a TFhuokce yt epsots dWarl lai sKrtuessktalwi t h Dunndés mu

17



were used to evalwuate differences among mo

nor mal di s<tali betobobnO0. B5por | ess was consi di
compari sons made i nAcylpued e ttrreeaattmeenttt evess. meumnit!|r
vs. treatment. Al Il statistical analyses we

(GraphPad, San Diego, CA). The number of r
experiments (n=5) and three for the in vit

bi ol ogi cal replicates utilized for both mic
2. 2RESULTS

2. 2Mutation Anal ysi s

To confirm the mutational profile of human
14 exons of the GALNS gene were sequenced.
revealed a homozygous c¢. 122T>A (p. Metd4lLys
recogsi aepgaadahogeni c var[i7alnhNo2i]lmu MSi b WA wer

detected in the other exons. The mutati on

QD
(@]
—

ivity in the fibroblasts. I n MPS | VA ¢ h
were identified i n bog hdelxetni én saenrdoh letxaomi dlel

c.1156C>T (p. Arg386  CysYHi nicne tph eAr@ALBNC ygse n(eR 3

not | ocated in the conserved region of sul
exhibit changes in its secondary structure
hydrophilic, basic r esipdhucebiAx,gimd wunter dIAr@y st
This substitution |ikely I ed to a reductio
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detected a deletion in exon 1, which resul
protein. Thus, it indicates that the sever
R386C mutati onf 7adn,dkes5t]jthied dedbtetamal yze t he pat
therefore, we could not report the carrier
profiling of these chondrocytes indicated

di sease.

2. 2EBzyme Activity in MPS I VA Fibrobl asts

Nor mal skinawi lbd ooy ps) saf@sMPS | VA skin fif6¢t
untreated) were used to confirm hGALNS enz
under CBh, CD11b, soafnds,6 CaCnla2 A2105a tBavCld on t he
MPS | VA fibroblasts, we found no hGABLNS en:
4). Following LV transduction, treated and
8 and 30 days. The secreted enzyme 3a0cti vit
days-tpassducBiA)n. (Wa gcompared the efficienc
driving the hGALNS gene. CBh is a strong p
CD11b and COL2A1 promoters are tissue spec

CBh pr omotiettroo cwempuasreed natewnwe yaed hGAENSt he

promoters, which may provide higher expres
Afterward, we assessed the efficiency of D
this pwaosho#peéec-ttypeHdHE@Il |l s, in which CD11b p

hGALNS activity D8 cthpepondemmayowui de t he

produced in tbethenbomaraod cartil age. CBh
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widely usdd&dGdAppvanicbes and avaslewmasteisng Tthlreg e
hGALNS gene under the known promoters coul
guestions. As for the COL2A1 promoter, we

evaluate hGALNS expressi odindon ERFSEI UEA emodel
hGALNSco or D8 tagging under this promoter
MOl s revealed variations in the GALNS enzy
activity weaed ewviag reideiatma @htlly oups compared to
and -wypel fibrobl ast sCBIMGALNS MDODd e 10 gh¥ s
expression 173.4 N 1.3 nmol /$8 nagndan3d0,133. 4
compared to ot heirgmMmioOfliscawhutchbhena@BHOO1)YV

hGALNS under each MOI el evated enzyme act.i
(11.06 N 2.6 and 10s87aNd330)nmneA3”A0OmMFGO ) d
LVYCBi GALNSco, we ffolumndt semigmgr BM@lgsn Bagn whi ch

stabiohi da¢g 30. The highest etniMOmmeoéxiAbesasi
423.8 N 30o#laym@weémeamge duced drastically on
found by 37.4 N 0.8 nmol/h/mg (the | owest

had | ower e x purnedsesri otnhiosn vdeacyt o8& t han ot her M
increased over time and reache28ByW@t& HV1. 3
CD1hBALNS, we found a high inthawettbea, ar e
actidwictrde arsaepm ddd gy 30 at MOIs of 5, tllbe and
MOl of 20 had | ow expression on day 8, its

0.08 nmol/ h/ mg on day 30.WTp( Ki28C)0.0 ORLle dgfaorrd itr

20



t he-CDYDB* hGALNS vector, the enzywmwpeatbtevel't
(112.06 N 1.3 nmol/h/ mg) at MOls of 5, 10,
found 9.02 N 2. 2t mhvdll /df myo ,o nwidiacyh 8r eedu c e d
nmol / h/ mg o83 M0)ay BWe (GAIGNS enZPme-Adcti vity
hGALNS was el evated tlawOtlhefhi2dhexnt dlag/v 68l bwy
which was stable over 30 days (170.05 N 4.
Furthermore, ittlye udMeDsspwmme Sa@amnidv 10 varied ove
contrast, this vector hadM&l sotfa bll5 aenxdp raebsosv
0.0001 for the MOI of 1WT)v,s.a Ml mm ds tt ehtei MO
significance was8 famdn@O0bat weé B3E MY toifo n2al | (y
we evaluated the nat ievxep rhelZéstibbBusearn dC BihG ApLrNoSnec
(Fi2gFJhe reason we only c¢ olmeauenedse rh GAhLeN SC Behx |
associated with the strong expression of C
Even though the enzyme -£8#hmiGAILINS)ofwarsatiiowe d
significant GB#hGALNSc d hiam MRS | VA fi brobl as
signidfiifcfaenrtence wag FBé&Wwn o&oreéayed8) we eval
octapeptide efficiency to ease the uptake
CD11b in comparison to uf%@)yg.geTdhd GALINISC ieenrz
octapiepti @dregeting bonGTuwdser sh86GnlaWotmb AES3
that, we utilized D8 peptide sequences to
enzymes in myeloid tissuée¥CDIRRRBALNS Ng i n v

significantly elevated the GALNS enzyme ac
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LVCD1DIB* h GALiINIB&Odt of 20. Taggi nmgawiinderD80oroc
trigger different processes assolkbh@red wit
Further investigations regarding receptor

therapeutic uptake mechani sms.

Overall, the intracel IMPISarl VBAIL M&®¥ et daasstes a ¢
depemdiemcdr easi ng MOl s butepmeastnlti kélny t fmreo md

transduction, the GALNS enlzgmel ae$teivialt y otplei

mi ght be related to cellular homeostasis b
di fferent vectors or doses. Therefore, t he
choose the optimal wvectors aaxde sxemdtiltawagbs

their expressions were sitgmief i( C8mt layw dhiCPh &

promoters) and the number of cells transdu
were identical. Furthermore, COé2Adhipclovi d
mi ght be a potential promoter for preclini
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Figa3kentracellular enzyme activity of MPS
MOl s with LVs

A.LVCB4 GAL BS,VCB#h GALNSEclovCD1-hi&SAL NDSLLVCD141 b
D8* h GAENSYCOL 2-AGAL NSv.owvay ANOVA with Sidakods
comparison

0

005, * Kk *

test

<

0

were used to compare MOI s
00 way* *ANOQVA< wl .t h0 Q@ h)e annuk ety

23



comparison test were used to compare days
0.001, ####: < 0.0001) (n=3 for -CBh, COLZ2A
hGALNSKA )compar iCGBimGALU NI VZCB# GAL NSt bMQal t

of 206wayt WwoNOVA with Tukeyds mul tGiApl e compar
compari sCDnldoEALNS -CB1-DIBY h GALINBEOd2t0 ; -t wo
way ANOVA with the Tukeyds multiple compar.i

Our analysis of the mediwaheeegettlt adell signi .
t he GALNS e24zA¢ me GRIENsN zy me acti vity treatec
COL2-AGALNS was at rterdehliNinglh eéds tn mo | / h/ ml i n N
fibrobl a&abWGl uonfd e2r0O asoing Miafyifcamyaenpaa ed -t o t he
type control (1.271 N @®4AEWhmdaehhLM| )expegpt
CD11b-r®&Bat ed24lDV) ,( PFwags. expressed aty,mam mi |l ar
significant difference was det @4 A&,d EB\mong
Despite da hktddmecrkdeorft i ncrease in the intrac
23), the medi deeony tsecactreetdii wint yof t he GALNS

particul anhege ¢éviaadediCOL2AMGAWINISh24EN g .
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Fi g4 Enzyme

activity i

26 29

n the cul

ture media
The GALNS enzyme activities otypachewvedt o hr
t wwsay ANOVA analysis (*: < 0.05, **: < 0.00
have shown the signiftihd®@hcef o 0.e aRakirhgitr,0 mp

vect ortshvOsafer?5, 10, sndntdhifdéea eantkelsl (p <
(data naéatl VEBi GA)L B3 ,VCBHh GALNEcLWCD1-hGGAL NS,
DLVYCD1DB*hGAENYCOL 2-AGALNS.

2. 2EBzyme Activity in HepG2

Taoaonfirm if LV could be trancealwleed and st a
transduced HepG2 cells under MOI&amd- $Q 10
dapostansduct)on (Fi g.
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I n HepG2 cell s, on daGB#®AIWNS hr € dhceh e 1 3 103 . &
nmol / h/ mg hGALNS enzyme expression, which
untreated HepG2 cells (9. 0&LBM GGALNSNHmaos!l./ h/ m
unt reated HepG2,; 2baAt)a nNoot ssthaccwns)t i(cRailg.si gni
among MOl s aMOs$llaby a8ndan2d0 on -CBamyGALONSu.nder LV
Compar e @GBImn&GALWS, b @AldeS CBh promoter had s
activity on day 30 (276.4 N 11 nmol/ h/ mg);
tantreaep&d (p < 26BQQO0AMonhkKi ¢ h-EDMODDb S, both
hGALNS &£&hd DBV hGALNS had the highe@lt @®fmnzyme
20 in WhDIGHSAIVNS activities were 40.3 N 2.3
(FirgC), &L£DdDBW hGALNS activities were 14. 4
nmol / h/ m§ an(dHAHD) -CALV2Z-AGALNS vector had a
expression in HepG2 cells compared to othe
MOl s, we cohleddndbéEgaieamidrereg t he GALNS8eenzyme
MOl of 20, the enzyme activity reacBed 82.
and 3Q@5EFigln addition, the enzyme activit"
LVWCB#Wh GALNSco in HepG2 cells, no statistical
(Fi2gF) . Mor eover, t heCDelahdasyAieN Sa cstiigvniitfyi cva mat |
increayged0gncoangBPRlPB *hSGCALWBELOdt of 20 on day
(Fi2gG) .

I n conoclbussbudy de ndoenpsetnrdaetnetd ian cdroesaes e i n GA

activity in HepG2 <cells, reflecting the hi
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activity showed variations among treat ment
LVCOL2-AGALNS L£Bdhn GAAL NS wer e highly expresse

over 30 days, further emphalsMGdi ng t he pote
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. . . . }
Figaskentracellular enzyme activity of HepG.

with LVs.

A.LVCBi GAL B, VCBin GALNEclovCD1-hiSAL NDSLVYCD141 b

D8* hGAEMNSCOL 2-AGALNSYevay ANOVA with Sidakods |
comparison test was usa&ndd t20 coanplardeayMO( s: 5-
0.005, ***: < 0.00lway *ANOVA wWi.tOh0 Otlh)e, Taunkde y
comparison test was used to compare days 8
HHHBH: < 0.0001) (n=3 forbD€8BhahGACBBR o) CD11
G Aolf

s
1
A compar irCBotmGAU NI VZCBi GALNSt oGt of -w2aly, t wo
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ANOVA with Tuke
CD1hIGSALNS -0B1 DI
Tukeyds multipl

6s mul t i pGlAe ccoomppaarriissoonn otfe sLt
h G A LINI3&£0Od2t0 ; -wtawo ANOVA wi t h t
e comparison test (****. < |

y

The secreted enzyme | evels in the media of
similar tendency ama&64E)g.r oAulpls vaencdt oMCsl swe(rFe
HepG2 celelAB)homwietdy ¥CrD,1-hilSAL NS | ost t he expres:
(F2gC) a€6D1DB*hGALNS had | ower enzyme act.i
26 D). Although we found the highest enzyme
promoters, itdreirtki wertee nes a22BAQ)y. MOHesn ( Fi g.
cl osel yi nltooo keiancch treat ment compared to untr
activities were 0.7 N 0.8® amd 0.9 Th e .nMeddbi
enzyme act i \CiBthiGeAsL NuSndveerr eLV6. 8 N 2. 04 and 13
Mol of 5, 11.50 N 4.1 and 30.5 N 10.5 nmol
7.9 nmol/h/ml at the MOl ofoll5,/ mindt3.téheN N
20 o088 danyd 30, r 6 Ak cGBIiVEGALNSFd gdemonstrate
highest elevation by 3.1 N 1.9 and 22.5 N
respectively. This vector did not reflect
day 126BFigThe media enzyme acCDbDVihies in i
hGALNS were 3 N 0.6 and 0.7 N 0.2 nmol/ h/
nmol / h/ ml at the MOl of 10, 12.1 N 4.8 and
11.2 N 5.19 6amdnod ./ h/fnl omatsBa ymen dM@EC X fF i 0

CD1DB*hGALNS showed no GALNS activity unde

expression of twt®OIlc hofi n20 eaBlael eanzyme acti vi
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0.9 N 0.8 nsBlanhd nB 0,0 nr &léapye c -G QuleA-A¥1 ( Fi g.
hGALNS, the hGALNS enzyme activities were

nmol / h/ ml at the MOI of 5, 79.8 N 26.8 and
N 24.6 and 49.22 N 15.5 nmol/h/®&l Nat6the M
nmol / h/ 8 a&amd d20QE)(.FiAl.t hough the expression
el evated the extracellul ar GAgQgNYSEde GAYMNS ac
enzyme actevsameupdemotér CD11b swbas5npnotdOde:
and 15. We showed a slight elevation at t hi
treatment, the GALNS enzymenidctwastyt plialkie:

the end of treat mentand/iOveerreaelnlc,e swd nc auhled GA

activity ini ooM@Ilisa. under var
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The GALNS enzyme cti i ties oft yepaec hl evveeclt or

a %
througlayt WtNOVA anAlLYGBIB GAMI)VCBM GALNSCc o,
CLVYCD1hIGALNSLVCD1DB* hGAENYCOL 2-AGALNS.
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2. 2EAzyme Activity in HEK293 Cell s

The intracellular GALNS enzyme activity of
treatment with LVs. All five vetDdHld wer e
hGALNS &£&hd DBV h GALNSeshsadexpressi2dmEpveWetim
detected untreated intracellular GALNS enz
CBimn GALNSCOLZXY-AGALNS, -GBHHOGAINSco LVs were exf¥
hi gher trheadnatCGDI2IL AEs) .( FTihge. enzymeCBahct i vi ti es
hGALNS were s8§ maddar3®nunrddaegr t he MOI of 5 (2
nmol /h/mg), the MOl of 10 (2an8 Nhe. MOanof
(32.2 N 0.9 and 34.5 N 0.3 nmol/h/mg). We
t MOl of 20, which were 37.4 N82addaBd QOEi §
27 A) . Furt-E8immlBALNScloV showed parall el resul
under CBh promoter, in which the enzyme ac
111.9 N 11.5 s8maln/dh BB )( EDgdhaiyAL NS and LV
CD1DB*hGALNS had a | ower expression in HEK
hight enzyme acti vtihpPl wat BetasmBhed alN 2.°
day 8 and 73.4 RCOBLHESAINNSI,a yvCBiHDdB sLHWVGIAYL. N S
accounted for 9.5 N 0. 27a&and -2OY S5AMAIONS nmo
vector showed the highest expression by 19
among treated groups on day 30, while it w

no statistical di f f €5r,e,0100d W& s u f draenl daC &ehdd ALGV

treat ment ,nttrhaec elllewlaare tehlk@ly mef a20 i wa s ysiagni
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compared to those of unt2Zfi&€dt edmeedla€8BRand o
LVs carrying natdiope i mcAleNS h@GrALNGSdgre nes exp
cells, no statistical di fferenecpetsi wiezed f ou
GALNS was found significiamdly Moirglherr(pthhe
enzyme aciDLiihtyALaWEasligni fi cant |-GD1Mibgher t ha
D8* hGALNS i n HEHDI 3 o0¢del2l0s omt bot h 28&ys (p <
Taken all together, HEK293 cell s showed a
activity under CBh and COL2A1 promoter at

considered a high expression point.
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Figaerkentracell ular enzyme activity of HEK2!
with LVs.

A.LVCBi#h GAL BS,VCOL2-AGAL NSLVCD1-hiisAL NDSL, V

CD1DB* hGAENSCBi GALNSwavay ANOVA with Sidakd
comparison test was usa&nd t2d0 coanplardecayMO(l s: 5:-
0.005, ***: < 0.00lway *ANOVA Wi.t0Oh0 Otlh)e, Taunkde y
comparison test was used to compare days 8
####: < 0.0001) (n=3 forDEBhahGACBBR p)CD11
A compar irCBimGAUNI WBMh GXLNSt oMt of -2y, t wo

ANOVA with thea pTuek ecyoarsp amui | sGoA ctoenspta r(k*s: 0 n< oOf.
CD1hIKSALNS -CH1DBY h GALINIBEOdt 20wayt woNOVA wi t h -
Tukeyds mul ti p(l** *c*ompard.s®hn0 %)e.st
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The secreted enzyme | evels in the media sh
groups andk8M®).s Cdmmared to untreated HEK2¢

0.9 N O0.05 mBobhhd/ B0D)onttdaeymedia enzyme ac

~ ~

treatedCBidn ALNY was 0. 71 N 0.1 and 3.6 N 3.
0.4 N 0.2 and 3.02 N 0.2 at the MOI of 10,
of 15, and 0.0l 3\ at. 0t9h ea n&iO 122. 03 KBIDA )ofAi Lgva y

CB#im GALNSco provided the enzyme activity 1in
nmol /h/ml at the MOI of 5, 0.3 N 0.5 and 5
0.2 and 9.1 N ®MOB omok% hamd dag. tAte MOI of =2
not detect the enzyme activity on day 8; h
(Fi2gB). The media enzyme a-€tDilvhistAL NiSn wtalse t |
0.3 N 0.2 and 0.5 N 0.7 nmol/h/ml at the M
the MOl of 10, and 1.8 N 1.04 ans8 Oansd N O.
30. With this vector, we could rBdwaldet edt

determined hs KOK &Nf 02028@) daTh&80mé &ii@.enz\
activitiesDUADBe*rh GMLeNSL Wector were 0.4 N O.
nmol / h/ ml at the MOI of 5, 0.3 N 0.3 and
N 0.5 and 0.5 N 0.5 nm®8 /ahndnl3 0a.t NoheacMdlv iot
detected on day 8, while it was 0.006 NO.O
28D) . -COL 2Z-ZAVGAL NS, the hGALNS enzyme activit
and 2.23 N 1.7 nmol NhOmBB atmdt e 7BON @&f 55 nm

~ ~

MO I of 10, 3.3 N 2.8 and 5.2 N 0.2 nmol/ h/
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NO.6 nmol &/ anhd oBDEN@Filgn concl usion, LVs un
with eit heGA LdNdtaidv g her expression in HEK293
widtgpe controls and other treatment groups

activity was detected in HEK293 media unde

fibroblasts and HepG2.
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A.LVCBi GAL BS,VCOL 2-AGAL NSLVCD1-hiisAL NDSL, V¥

CD1DB* hGAENYC B GALNSc evwayTWAINOVA and Tukey m
comparison tests were applied, but no stat
time (n=3 for CBh, COL2A1hGAQDNSIcbo,) .CD11b*D8
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2. 2EBzyme Activity in MPS I VA Chondrocytes

To confirm the therapeutic efficiency of L\
MPS | VA chondr oc yMmCadxs0 wWet ht memacoehd zLyMmeatact i vi t
days by mimicking bone environmendadl,condi
we analyzed the intracellular and extracel
29) . Al | LVs drove the hGALNS enzyme expr es
enzyme activity WOL2MGALNSi fdd5viNaOolLvd nmol
compatheohowest enzyme a etBiwGALyN Sxcaos (f0o.u2n dN
0.09 nmol RAAmg)Co¢mpagred to healthy control
enzyme activity of which was 0.4 N 0.02 nm
i ncreas-fedby yCBHn GALNSEf o0d 4BBH GAXL NSc-ool 4. 6

by -CM1hISALNSE olld 51 D&* h GAL NfSag | d3-CGEyL 2-A/1
hGALNS in MPS | VA chondrocytes. There was :
activity, which wats afnoounngd gtroo ubpes .i nFsui rgtnhi ef ri nco
di fference was found betwe@aBwi | Af tgmpeLVnd
treat mestud f amermdo KS and Di 6S | evels-of chon
sul fated KS, p-E£€OLR2AGIALANSYU wmendl esi Vi fi cant |
to untreated MPS I|-sWAl thoadrkSyltesel Mower e ¢
for each LV: 119.4 N 1.4, 136 N 0.9, 114.8
LVCBihn GALNSCBh GALNScOD1-hNAL NSCD 1L1Vb

D8* hGALNSCOhA-AGYLNS, respectivel y. Compare

chondrocytes (132. 3. RRRoapdddygd@imghanges wer
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recor deCB#i GALNSCBh GALNScOD1hMALNSCD1YVb

D8* hGALNS-COLRAGIAL NS, r es p29cCt)i.v eDliy S( Ril .0 st
paral l el r-eslufldtse @ oBlBnon®éegar di ng VCN, MPS |
chondrocytes embedded in the algi EaEr. bead
We found copy numbers as foll ows: 0,05 N o0
and 3.2 N 0.005 copies perCBhEBGAONG, cVI s a
CBimn GALNSCOOQOL2-NGALNSCDLHMGAL MSd-CIDM1b

D8* hGALNS, respectively. Even though the h
promoter, the enzyme activity of hGALNS wa
COL2-AGALNS awelt&@t i vegl ywulmdaweradadpe highest enzy

MPS ktYAndr oc3%E)s. (Fi g.
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Fi g9 €he investigation of therapeutic effi
treated under different LVs at the MOI 20.
Alntracellul aBMedtpymenagmeviatcy.i vity. (*: <
ook X < 0.0001) . No statistical significan

C-D. Mesmud f ated KS and Di 8 8nGAENESAN banrdalyyss ip sc
MPS ktYAndrocytes.

2. 2GBAG Levels of MPS | VAVAATbrobl asts Foll o\

To confirm whether accumul ated GAG | evels

t MOl of 20, MPS | VA fibroblasts were harve
i solating GAGs from the ceM$/sMAcwas dp exrgf d ror
Monoul fated KS is one of theag6dqThms caKShbl ewme
were analyzed 2d®9d .r 8 Meorl sd (Eisged ot her GA
sul fate and de2.mlalt alrh es ulefsautl eGlufhidgd.r c&Bkd t h
COL2A1, and CD11b promot exwsl fsatgend fHS alnd VM g/l s
| VA fibroblasts on both day& 8.&ndg3®gd omp:
witgpe control onedMos@d.f2athe dl . KS nge/veg)s wer e
and 30 as KN o0.l Oo5wsanfdloQoCBHM GAONS N 1065 land 11

0.floLrvCB# GALNSc &N, 01 D.53 and UVEDI hicAL.NS5 f2a8r. 2

N 2.4 and oYyLD&DB*hGALNS,Nahdl la¢nd 18.5 N 0
f or-COV2-AGALNS, respectively, which was fou
untreated2tOphtr RBegaFdgng -shlef athadcd gleS |l ev enlo:
t i medi swveotvheart@ BENVGA L NS &£Dd DBV h GALNS signi fi c

reduced KS on day 30 compared to day 8 (p

found in other tr2ddt)ymendtns omvpearr etslii meo, (URitgr.e a
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MPS | VA fi byr ob.l-a.s@edd-f.IH changes -@Bhe foun
hGALNSCBHh GALNScOD1hMALNSCDLDIB*hGALNS, and

LVCOL2-AGALNS, respxldt)i.vely (Fig.
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| |
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| |
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5] §3
[ ] 1
S 5888
[ 1 1
§88 §88
1 1
5888 §588
1 1
SSSS SSSS SSS SSSS
11 | I |
§858 88
30- 1 1
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LV-CD11b-hGALNS
LV-CD11b*D8-hGALNS
Untreated

Wild Type

N
o
1

=
o
1

Mono-Keratan Sulfate (ng/mg)
T

Day 8 Day 30
Cell Collection Days

FigareMonsoul fated KS | evels of MPS I VA fibr

Comparison of wuntreategegdevegs. t t(efat t<d dg Oba p p*
0.005, *okox < 0.80d4d, day *dBdyws (<. @.9010pdba)d e
accordi-wgyt ANOWA wi th Tukey multiple compart

41



f 1 Day 8
55588
§583 Hl | V-CBh-hGALNS
ssss 1 HE |LV-CD11b-hGALNS
| LV-COL2A1-hGALNS
900 ssss B |V-CBh-hGALNSco
I Bm LV-CD11b-D8*hGALNS
5588 $88% Wild Type
800- [ 1 | Hm Untreated
5588
M
§585 §838%
700 11
600+ §583
_ | I
g 5355
2 ' '
= 500~ §555  §838%
B
£ 5588
g 1
§ 4007 5558
g 1
© 5558
3004 M1
§555 588
111
200+ 5885 5558
11
5588 5888
1004 I 1N
5588
M
Di HS 0S Di HS NS Di 4S Di SKS
Figar¥rhe GAGs Di HSO0S, Di HSNS,
MPS AFYbrobl ast s.
(***: < 0.001, ****: < 0.0001)

4 2

Di

(n

4SS,

3)

and

Di



2.2V&@ctor Copy Numbers

To determine LV espeyyisdiembewas tkstkd- via d
treatedf MBBobVYAsts, HEK293, and HepG2 cell
and 20) at2ld ay E3t@rhgaFtiment had similar copy
fibroblasts at varying MOIls. At the MOI of
0.005, 3.6 N 0.01, 3.6 N 0.005,CBimd 3.5 N
hGALNSCBIM BGALNSCcOQOL2Z-NGALNSCYD1-hGSALNS, -and LV
CD1DB*hGALNS, respectively. VCN was found
compared to untr eZ2Add We de@ex@®H) VCHNIi g.n M
fibroblasts for other MOls as 50l%506sN @. G
and 2.3 N 0.005 copies per diploid cell at

0.005, anpadnd4.16. IN ND .00.0050 5a,t Ot.h9e

o
o
o
ol
(o))
ol
e

e

0.005, 6.8 0.005, and 6.2 N O0.o0&Bhcopies
hGALNSCBIM GALNSCcOQOL2-NGALNSCDLMEGALNS, -and LV
CD1DB*hGALNS, regffi2dgti faeeyl o wegt copies we
HEK293 cell s under -COBR Aggracrm@td® r2 ;. v iolwe vieV |,
CDDbland-CDM DB * hGALNS had the highest VCN at
0.1 and 10.5 N 0.04 copies per diploid cel
MOl s were as follows: 0.7 N 0.09, 0.2 N O.
copi edg pgderi d cel | at the MOI of 5; 0.9 N O.
1.4 N 0.01 at the MOI of 10 and 0.9 N 0.009

N 0.01 copies per di pl-OB#HiGAENBCBiLVthe MOI

4 3



hGALNSCOQL 2Z-NGALNSCD1MIBALNS, -GDnldl bL V

D8* hGALNS, regi2B3ti el yopFbf§. that, the hig
detected in HepG2 cells reachChlghlEALNR. 3 c
at the MORI126f. 1bn(HepG2 cell s, we detected
0.0006, 0.3 N 0.002, 3.04 N O0.004, 3.3 N O
the MOI of 5; 0.5 N 0.003, 0.5 N 0.04, 4.5
of 10 and 00..68 W 00..006,3,6.7 N 0.005, 12.3 N
di ploid cell at-CBiMEGAIMOSC B GALNS @O LLMAN1
hGALNSCDLMKGALNS, -GDldDI8"h GALNS, rexp2€¢ti vel
These results revealed that all cell |l ines
increasing MOls. Interestingly, stable and

of 20 at aldepemdentanedsgosses were report

4 4
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2. 2L®8sosomal Mas s

To confirm GAG reduction in |lysosomes, fl o
days 8 and 30f.olFdI|diofwii enrge-teg g8e. Banh dveemt we & de o
fibroblasts, we found that all LV treat men:
day 30. MEDa®BGALNSLY p = 06CQL926M0A LahSd (Lpv =

0.0925) were indistinguishable from WT | ev
normali zation of the 2¢30sobdmaki masé§i oandad
bet weeat ment and untredtreadsdarcti @ln aovercayyb

not shown) .

ns

= —_—
~ 4
t B Unlabeled $E
R H -
g . Untreated 5 = 5 *k
S B Wild Type == —
; [l LV-CD11b-hGALNS S
Z [l LV-CBh-hGALNS 0--%
gz 7] LV-CBh-hGALNSco 822723727
S A =2ga3233
= [ ] LV-COL2A1-hGALNS s Ef<ts5<<
| [ ] LV-CD11b-D8*hGALNS = 5 22 ;j 2e
R I—RU A
—eLLa
== LysoTracker Fluorescence =9 almx S &
Yo%
>—>0A
- - >' @)
- >
—

Figagr& ysosomal mass i n MPS | VA-CiDilHhmob!| ast s
hGALNSCDL1DIB* h GAL NCSB4n GALNSCB#HW GALNSco, and L\
COL2-AGALNSO&A&Lt 20.

AA representative ylpiest awqrtame aftreadm wvainldd tr eat
BTwavay ANOVA for the means of*two<ibde@®end
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2. 2Uptake of GALNS

To test the uptake of GALNS enzyme foll owi
culture meadiaan sfdruccnre dLMPS | VA fi brobl asts we

plates in untreated MPS | VA fibroblasts. We

bef owrde adter transferring into the untreate
incubation in secreted hGALNS enzyme, the
was measured. The media enzyme activities

0.41,1.134923,nd 0.011 nmol/h/ ml before treatn
0.00 nmol / h/ ml LaVMCB#IGALNGE Bin&AL NBictoh LV
COL2-AGALNSCD1LMWBALNS &£hd D8V h GALNS at t he MC
20, respectively. The percentage of GALNS
76.9, 34.07, 28.1, and 36. 3% iotf hQBWNe secr et
hGALNSCBi GALNSCcOQOL 2-NGALNS, -GInldhBEAL NS,
respectively. Even though aLVEDiL@Gbt el evati
D8* hGALNS before uptake, no activity was f
experi meMA) .( FStgati sti cal di fferences were r
activity before and after the uptake exper
followed as 1.31 N 0.8, 0.94 N 0CBh 2.27 N
hGALNSCBh GAL MScAOL 2-AGALNS, -GD1dhBEAL NS,
respedcCtoimpalre.d to untreated MPS | VA fibrobl

el evated in MPS I VA fibroblasts incubated \

GALNS enzyiB)I(nFiM6.P depyendevret caouuda not det e
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2. 21 MmMunohi stochemistry

We performed I HC to confirm the expression
untreatedy@aadMm®$ | IdVA 4+ ielb aotlerldaadivVesd oCrBdhups we
intensively stai r@AL NS tahn tmobnoodcil eosn a(lp asntO. 0 C
vectors)calNodisftfagrn sm¢e was foundLDddbween t

hGALNSCDL1LMISALNS, -GOLd2-AWAL NS vs. uxlbAreated (

B)
A o
LAt Anti-GALNS IHC
Untreated s §
MPSIVA | . —
Fibroblasts . §3888
o0 - 88
§ oMl i wﬂ»@ 5883
LV-CBh- % ;2944 W A5 LV-CBh- —
hGALNS AE
?,“ # hGALNSco 5555 5588
Wh I 11 1
55835 8858
| N
g 5888 8888
5 11
LV-CD11b- 10 58588 §888
hGALNS & * —
P ©
S 87
<
‘. g 6_
%
[e] 4
LV-CD11b- :
D8*hGALNS o 2-
d e 9 0 BV vV v
) \zégoc' SIS
S s
™ X
N @SN
RSN PO
QD" QOTAY O
NP OO Y
VTR ®
N \/\7\,

Figat® mmunohi stochemistry analysis of GALN

Al HC pictures from B&Sthtesperciamemanal-ygi cup
positive areas after ewayni ANMOVA gwitthhe Thuakcekyg
compari(s*oon <« e0s.t0O5, **: < 0.005, **=**. < 0.0C
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Furthermore, we analyzed KS |l evels through
GAG following LV gene therapies c@ifpared t

Over alkls, l&HCt iresul ts were paraklMS/IMS.0o KS | e

Anti-KS IHC
$888

$8388

% of Positive Area

FigaresStatistical apadiytsiive odr €8s GIAIG | mmuno
On-way ANOVA with Tukey( *mul t< p0O.e0 Oc50, mp*a*r*i*s:0o n<
2. 2CeéWiability

To confirm i fharmoesl dapirmd i M@Irati on and gr ow

| VAi brobl asts with LVs at tested MOIs (5,
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| VA fibroblasts reflected different respon:
most experiments showed no significant i mp
effect as MOPR17)i ncAte atskeed NNGligg.0of 5 and 15, t
was significantly affeCOk2ABADNS. tTraassddwcd:t
wi t RCBIWGALNS affected cell prolifeCBhion or
hGALNSco showed aosighifheaMOlea edlall2ld . v iBaelsiil
was significantly reduceéedDathi@dAleNSMOINoof 10

toxicity wasCDlleDIi2ch GALNSrcamMpared to untr at

(100%) . Overall, wepeodlddtl mate rfeisrpd nas ed cosre a
reduction in cell viabil 2x7)y. foll owing vira

120-
ag 100 g sz e e
= § 80- mm LV-CBh-hGALNS
1]
;'g 60 mm LV-CBh-hGALNSco
% - B3 LV-CD11b-hGALNS
OclrL, 40 B LV-COL2A1-hGALNS
o\og 20 Ea LV-CD11b-D8*hGALNS

0- |

5 10 15
MOls

Fig@t®The percentage of cell wviability of N

with the deter mined MOI s.
(*: < 0.065, * ok < .0.005, ok ok < 0.001) (n=
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HepGz2 Cells
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> S 400 B LV-CBh-hGALNSco
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w o 300
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s - 200 mEm LV-CD11b-D8"hGALNS
O

o w

=2 1001 REEEAEY- - B - -EIRI IR - - - - 2 -

0
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MOls

Figear& he percentage of cell viability of H

deter mined MOI s.
(*: < 0.05, **: < .0.005, ***: < 0.001) (n-=

2. 2EGQRP Expression in MPS I VA Fibroblasts
To find the optimal therapdwtiansgosecedandP $
| VAIi brobl asts through i mmunofl uoeGBhscence i

EGFP had the highest I F, while other vector
with time, we | ost CB&GERI ansdtirawmE@rR e da pvp :

expression under CD11b addp€OH2AL mpromet e(

219) .
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MOls

48h, 100X

LV-CBh-EGFP

LV-CD11b-
EGFP

LV-COL2A1-
EGFP

Day 8, 200X

LV-CBh-EGFP

LV-CD11b-
EGFP

LV-COL2A1-
EGFP

Untransduced
MPS IVA
patients’
fibroblasts

Figat® mmunofl uorescence screening of EGFP
at the increasing MOls (5, 10, 15, and 20)
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Foll owing tr a€8&GHtPi:ODVEE E P, L&Od 2EGF P,
MPS | VA fibrobl atshtes GWweR ee xtprraecskseidon at a t ot
100X and 200X 483rRhnanddc8 i oday fnfgaste i s set

To confirm transduction efficiency with ea:
protein under CBh, CD11b, and COLRA11pr omo
and 20) via flow cytometriy7.2 F&IBHEBFIPng LV t |
transducefdi MP&SbllavsAt s di d not survive, whicl
EGFP p{dtreirBéerefore, we could not show th
the other hand, th€DEERBFP nCOL2EGY Punder L
vect ors twashd D@vnat al | MOl s. Furthermore,
triggered a high and stabl2. &[D)a n slgne nceo necxl purs
this analysis provided us with an understa

using MPS I VA fibroblasts.
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ti ssspueeci fic (COLPDPAL andvCDL$Sbyptudies have s
octapeptide i-neemtnalkopofitnoozéebde hNGALNS gene
enhances enzyme uptake in bone, surpassing
TBG promoter Vvi g 2MAM lgckeinreyet cheeorhagptys uct ed LVs
CD11b mymge wiifdi c promoter driving native hG¢

native hGALNSZonrse deagdtnigv eoluy. pr eswiecu § i <u (T B«

promoter doptvimgzeddGALNY 2g5]we aexpi gneido m V.
ubi quitous CBh promoter doptwvimgzeath@ALNSA
expression, respectively, to determine the
codomti mi zation for the precli weceael detedt e:

in the enzyme expression over time under t
completely alter tlempavéelld nf@atg ame hbAMIrNSs s
Before moving to MPS | VA chondr K29Besel ll\¥s
and MPS | VA fii hdoddseetss salt shooivede a dose

dependent elevation in the GALNS enzyme ac
CBim GALNS &£od 2ZIAMGAL NS el evated the enzyme ac
|l evel among others in 30 days. Upmnottetres | i t e
driving the GALNS g eenxeprweasss itoens toefd SadMFhl tihne
HEK293 cell s tr-phREALINSd hwidt moEMmMBAd GALNS e
activity by-t18& athasyf,ctwhinl ewiacdh SUMF1 pl asmid
enzyme mearilvyotHd..6 Furt her mor e, tUper osnioutdeyr s h

stadbrlove t he GE&ALNGs/THPdWe bel-Bedays hmay 6not ¢
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st adbnde permanent expression. Therefore, we
points of @iafnfdadra@o-st anmdacti on) to track t
activity. The extracellular GALNS enzyme a
rel ated LVs hadawaeasr ibautti arhsenupttadoill4d zed and
decr easeddayusntiin HeOp G2 and HEK293 <cell s and
fibroblasts were analyzed under the same ¢
to confirm the potenti al conditions for fu
MPS | VA fibneblrased dembgni ficant el evati ol
via al/l LVs tested, although some LVs show
foumd gni ficant . Hence, al | these data conf
iaonreased the GALNS enzyme activi-€QL 2-A1 MPS |
hGALWNBEbhhgher enzotnmeeracluMsvisttyably expressed
transgénacahtdusactgted into thdHEKR2OBacell s
over time, especi dllelly eat ehi gl .dd xes.t eRlu @ mtee
for -GAbNS ansilUMENtin MPS | VA fibroblasts an
intracell ul ar GALNS enzyme acti vi thy ghear ea
t han[ &WMje@wprproachi r med t heate nvzayomsee sasc(tti hva t O
5, 10, 15, and 20) forantPSHepv@2 fa dirlod.| alde 5C

HEK293 cells transduced witihr da&dv eplrso duuncdeedr

each promoter, even though media collectio
conditions were the same for all groups. W
to the ffodtewrevengi ve proliferation of HepG2
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proteases aff etchtae mg ngr off eime dli avelos | ecti on
t hr e eadhaylsif)ftehGBAL NS enzymes (it was shown ~3
~30 min in humans) in media.

Since we aim to confirm the GALNS expressi
analysis in MPS IVA cells at the MOI of 20
hi ghest MOI, which | ed us to test avMPS | VA
parall el to other c€0OL2AGAeNSat| evatMdadl t dvfe
intracellul ar enzyme activity more than ot
enzyme were found to be similar under all
from guoupsandi gmsbmot ers have been found t
expression in many <cel | si.n Tthhee icnuclrteuarsei dn gc edl
t hat our LVs successfully transduced the c:
enzyme activity, dntfleevdalosmtdoxKiSh il tew.e | Gh cads i
efficient promoteaf @&®i omd eigm attlee mgid n 0 mpd ea n
transgfgéneaineretiltyher mul ti pdgedi fSisuesegiromsnl iy
pr oecirdcsosr recti o-h-o eachhAAVeB avieecst.or s under CMV
AAT pr onmoovtedes GAL NS genemaMP SHERK/2ZA9 B,abhbdobl ast
murine MPS | VA £€hdnGAbLNSt e swwaenhee vaaciteiladd i t vy
3dold in HEK293 cells with AAyrwenoMREs und
| VA fibroblasts showedr 8&6s & %, n 5t4hé %GAlaMS €
activity, respectively. However, the effici

HEK293 cells did not sho2vw ndidyda@@ALt NS acti vi
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transdddfionour study, MPS tivAn$§dbcbbbasat
MOI 20 reflected 73. @P, t Btay ol Id8YFRH7 % mand
hGALNSCBi GALNSCcOQOL 2-NGAL NS, -GInldhBEAL NS,
respect i v€€IDUDBwWhHhhi QAL NeSH zhyantle i vi t yt H amwmielsd t han
typeveMoreover, I n MPtSh3dDV & ud it aurr cersqg ¢ \t thees pienr
increase in the GALNS enzyme activity was
32.@f% t htey pva il ldle@B4th GAL N¥COL 2-AGALNSCD1¥b
hGALNS, -GDhidDi@ *"h GAL NS, respectivel y. Promot e
combination with enhancers strengthen the
MND, MCU3, SFFV, and CBh have beentwysell as
LSDs, whereas CD11b, Abd@TnTB&GS pdMitHCS u ML C2 v,
pr omdt8e€rj]Among them, CBh is a strong promot
fused to a maditfiined B@ODEk&h i s -sap entyieflioci d ¢
promoter from t hle ian{p&@f]wimh dien CoOL 2Malc i s a ¢
l' 1 specific promoter expreds8eddWi nhcahheaour

di scussed here, we concludeds ¢lhedcatgesch faopp rt d

transgene, and optimization of codons sign
on the cell target specifi cidteys.c Al boéentge wi t h
|l iterature, we tested the COL2A1 promoter
field and showed its potential for preclin

the safety of -dy¥sc¢ci Siet spmamgtreisssuet the i

59



unwan

mo de |

pro

The

CD1

nat

Det

mo

mo

1b

ur

ai

ted tissweswiTdé cemnqfuirm iptreclinical s
s

| ow cytometry analysis confirmed a hi
ssing EGFP proteins at the increasing
il ency has been assessed right after t
scee [sBtSe]mowever, transduction efficienc
asure in a certain period after trans

exprescti eanfvongn ch FEiBlat h 4 ¥ eap edrodseent EGFP
es cetnrtaMs8d hc tpiosn, whil e other LVs shov
esOantbee ot h@D1 hita neBrOd BLBM hi h¥r eased th
ssion of EGFP proteisBhy didiay 8n whil s
d. This data confirmed that the timin
er t hoer rtercetast nde nstenacsvAl ttprieod JQyBHECTF AP

l'y elevated the proteelnl £ xpowlsd hmwmt ap!

an@utrercmmpari sons of EGFP with hGALNS

I tions indicated a slow increase in pr
ters. I nterestingly, EGFP protein was
ter, whimod etrharoame hiIGrALNS expr essi on
fore, we questioned why hGALN® enzyme

promotdPS aBVEGEPIspetcu.h alMseeiltated t o tF
e of the promoter or the physiologica

|l ed investigations should be consider
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physiologically active | ysosomal eaxredy me th
came secreted out of the cells, whereas t he
physiological role within thEBheréformad thhkis:
explains why GALNSI| auavwddrEeGFrPo te xga rersesli atned i r
fibroblThet €EGFP expression confirmed the ef
transgene expression.

The satfhgeegwpeotonstruct i s another critical

absence of CpwmAidcihn uacrlee oitmnduenso st i mul at ory el
associated molecular pat[ft&tjmd t( FAWMBB) at h o mji
DNA sequence and DNA met hyl ati-on at the cy:
met hyl cytosi ne, resulting in a cy@®@%imnfe to
point mutations in genetirceldatsnaoth dpeartsa thiaovnes .
terms of MPS | VA, this|[ #.2a]JtOua &asdaudwn tdeed eframi
GALNS gene ffomr MBBEabVA had eut2a2T»A Om. M
where CpG sites werecladmuddaaoyhpe sdhenldedt | MFS aln
mi ssense (p-AdLggE@d®BYSH 1 and exon 11. The st
met hyl ation of CpG cytosines was abundant

GALNS gene to be suscEeplnitbde urmmenuhyaltatoend . (
cytosines, which correlated WwirRhMethley ladtse d
CpG sites in native hGALMSG amwet aetxiporsse.d Tioer
optimizing the transgene sequence may help

therapy.
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However,

nalfyizberdo bMPaSs tIsVAand ¢ honAMIS/oMSy tteos t h
e GAG levels. The filkevableas GALNS
t e &Trfeod ul coewdi nKgS LIVevel s, supported &L
mass analysis. Additionally, we

yme activity @nd KS | evels under

considered testing the increasing
result in higher enzyme activiti
sulted in €l8/w]dhad,t wansgeserssexpe
d cell ' ine under different MOI s

correlation between VCNs and enzy
d and promoters tues efdaor Htolwe véD1 14 hy
hest VCNs i n HEfKI2®r3g b IHeptG2., Tameln ,M
ed the enzyme act it nkDhlyl ba npdr 0GPoG elre.

our data confirmed thaet asuch a hi

supraphysiological | evel refdultGAlgN & AdGn acma m
to some extent, especially at higher MOI s.
mut agenesis in the case of high doses of t
LVs had relatively |l ower buéenzympaaabilei VICi
Since the viral genome is randomly integra
to a hot spot, which contributes to oncoge
occurred following LV ddmimsiistkrl &t iced |i ™dia e
Researchers found that vi rlailnlOdNA wiatse, nit egl
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ration featuries gni wdite bearcd naliidreireal ft
unwanted coincidences @GhdOwverdével ove
etermine a cl| esandc oernrzeyl naet ire@cnw a lwes trtwi eeesn
asing enzyme activities reduced the s
veflhi ghency by ajrneisnug tfionrg lionwehri gvhGNs e

ssafaemdéed fi ci ent therapy.
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Chapl3er

LENTI VI RAL WEDIORED VIHEMATOPOI ETI C STEM CE

GENE THERAPY FOR MPS | VA MURI NE MODEL

Hematopoietic stem cell transplantation (HSCT) slightlpacts skeletal abnormalities

in MPS IVA patientd19,20] Viral gene therapies following intravenous infusions
increase enzyme activities in multiple tissues,thatofttarget effects anthe immune
responses against viral/nonviral vectors and transgene hinder the therapeutic efficacy
[34,82] Exploring the potential impact of lentivirgene therapyLVGT)-modified

HSCs producing GALNS enzymes at supraphysiological levels is ctibi@aheliorate
skeletal involvements. This aspect of our research is exceptionally intriguing and has the
potential to impact the field significantly. Briefly, HSCs aeenovedfrom donorsand

are modified with LVdn vitro. Recipientsare preconditioned with an applicable method
(busulfan, fludarabine, etc.) to eliminate existing blood cells béfansplantatio,

resulting in better engraftment of HS@dterward,theengineeredHSCs are delivered

into circulation and, thus, into many tissues at different {8&sEx vivoHSCG-GT by

LVs has been demonstrated to achieve stable and curative production of enzymes in
patients with MPS IH, MPS IlIA, and MLD diseasend mice with MPS 1]29,32,90

94]. However, delivering enough therapeutic enzymes to bone and avascular cartilage

remains challenginfp5i 57]. Thereforethe currentesearch aims to address the potential
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of LV-HSCsGT in treating skeletal involvements in MPS IVA patients and holds great
promise for effectively treating this condition

3Published in Human Gene Therapy

Celik, B.; Rintz, E.; Sansanwal, N.; Khan, S.; Bigger, B.; Tomatsu, S. Lentiviral \fector

Mediated Ex Vivo Hematopoietic Stem Cell Gene Therapy for Mucopolysaccharidosis
IVA Murine Model. Hum Gene The2024, doi:10.1089/hum.2024.094.

3. 1MATERI ALS AND METHODS

3. 1M0lr iMoed &ludi es

MPS | VA-0o k(hko@)k cGa |I(nMKCR were aenkewatied (

Lafayégttasm,d Iréported in9DiN6pPrRIFNEOUYATrmclesad
had a | argé3d®bet-5(.@x6oimdsOb2p) at geWemi c coor
designed, generated, and teLtas® oneldl altaerd a
knoekt in C57BL/6J mouse zygotes. Briefly,
of exon 2 and upstream of exon 6 of mouse
MP$ VA muri i@demmoset. potent s¢gBNAgewi plot emnbhi @
assembled into a ribonucleoproteierd dompl e X
zygotes from C57BL/6J mice, f-pregwadtby em
females. Viable progeny was analyzed for t
DNA sequenctimgee Twean ¥ g e nika ofe dhuanvdee rb eneinc e wii
identified to be positive. The ttwopd ominder
to generate F1l het6Gabmygeas poodgeéemnyedobyt P

medi ated genotyping and DNA sequence analy
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were i d@althiss i@adhdqrt breedingmgsemyeprasdrvart
mol ecul ar analyses were made for these mic
femal e mice, we o0 b tGailhnesdVRhTdaneo-maggheo b 8 d mma b e (
(wilydpe and untreated) mice were used as co
pat h-bgea f ac+ihloiurylomgha/ d2rk cycle. Al mo u
procedures were by the rules omfmitthheeel nstit
(I ACUC) of Nemours Childrenbés HeSIP2H, Del a

124@QRIEXVW i gene therapy witoh [ entiviral vect

3.1C@nstructi omMhedBfff i 9 eaarcd Fi br MPaads MAP S

| VMouse HSCs

Based ioomn wwiat @mati onsedeal € €htagpd etrhLé&? sb avntd ewo r k
two different promoters (ubiquitous CBh an
human native GALBSBIB) ke rfeissaloncdrstgructs f or
HSCOse L¥CBin GALNS &£rod 2IANGALNSee ful l construcil
2 FiB.. 2.1

Before moving HSC experiments, we tested o

fibroMPAsit¥dr obl asts were cul.t u'theech,aoveor di |

transduced these cells to the MOI of 20 ac
day 8, transduced cells wer ¢ ocalonédctrendtthro
effectiveness in the intraceildaaVW@Ns and sec

compared to MPS I VA mouse HSCs.
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Q Q transduction Capsid proteins /' R = p
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-' SALNS arzyme 8 1 [owsi omee oo Y v |
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{» P g AP P
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Recipient MPS IVA o Reciplent MPS I
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e Biweekly blood collection 16W
/éis’f’%"‘“\ @ -y and body weight
‘el . | N, i measurement Autopsy
S L4 4 C’ by . Tissue collection and analysis
Recipient MPS IVA Recipient MPS : Enzyme activity, GAG assay,
mouse (n=5) IVA mouse : VCN, Histopathology,
¢ MicroCT, Antibody assays
Infusion of
9x10° cells
WT donor mouse Selected v
(8-12 weeks) WT HSCs -
Bone Marrow Flow cytometry
t t t t >
-1 0 4 6 8 10 12 14 16

Days Weeks

Fi g3 Ex wieme t herapy procedures.

Al sol ation and modificati ons.BofL &iStCisv ir eanlo v\
constructtsh@Bodntoai nCcGL 2A1 promoter drCiving
|l sol ation and t-tppepH8Gsaftr om . WTeaiwWwipgide dono
VSVG: Vesicular st€@€meatedsini BusRE&npgeotein,

3.11 80!l at Troam sadnudcMoiuassne oS Cs

Donor bone marrow was har vetsot-wlelzokl do matl ree f
Gal'ms ce for tr eaHSnGe nGT)g raonutpysp e(olsVowiolr ¢ f or

all ogenei eHSKKIQGT c(oanltlr®1) .g r'@animh gwf pg. donor
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HSCs were puri f¥modi sies ihregnaB aopyw$epg i ¢ progeni
(Stem Cell Technol ogi es#18000di fViaggaknutwe r ,  (
recipes to culMedriaubDudldlexztcod sHMOS:i fi ed Eagl
nutri entl2mi(xDMEM HF12, Gi bco#11320033, Gr anc
with 1% insulin/transferrin/selenium (ITS;
(Pen/ St rflpdr iSa g#ka4 3 3 3, Burlciomdpti mma,nt MA)umah. 1
( RHA; SeirfaeCaScei elLn ¢ e dvid IVBAG) G Gl Q1) Gah M2

hydr oxyet hiyl)]pei-tiphear Inakzoi nhi HCE PaEcSi ; d
ThermoScientific#J16924. AE, Wal tham), and
NJ-)J10 ng/ ml murine st enkecperlolTefcahc)t,o rl 0(0S GFy;/ n#
thrombopoietin (TPO; #81%14)0, t Bnd3Filae kghm
#2503Meld)i,.umHamés F12 nutrient-OBdx Maldi ban ( (
suppl emented with 10-smMebkEd@PEYytcam%n enhP sG; |
Gi b#clo0 D71&, Wal it ha#n)y pnssieelreraitnoanol amine (I TS
Gi bco#G36,00WaImgham) pol yvinyl -Alldcdnihoh# RPVAEAL)
100 ng/ml TPO, and 10 ng/ ml SCIF9.Bselnienscri b
HSCs werat szedlens Pd el lof ifnetrdcubetplhe d el ms

and 2 for further LV transducti on.

To modi THSGalmy LVs, we followed the MOI of
[ 29, 986HhHNGs twreamsduced wi t hGALVNS etxrpa nessgsd mey
MOl of 60 and i n¥€ubé& €M hfeori sD0 adtteamit NHSIC swi w el

HSC mac-rkkietr-4 ,Sccaand SLAM. Foll owing selected
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used (BSahe®eeadPAPO@dstkti t (CD117; 0.,2 mg/ ml
Bi ol ggerdl-MGuaerl Sy E; 0.5 md@/nnll ¢ gePAX5 K6 C
Bl ueemanse SLAM (CD150; APG Rwmgtlmli(giGD 5322 4)
Bi ol egend), &I (T£4BRab06gezdgnal yzed t hrough

cytonmfdavwogcyte 3000, Agi ltentcohddhmoltcgei esu,r iU

3. 1Bd4sulCdmai ti omrianngs palnadnt ati on ofMiHSCs i nto

Newborn recipméeece makEé& @Gakrngroup) on day 1
(I'P) i1 njected with busulfan (60 mg/ 10 ml;

Ltd, Ahmedabad, I ndia) in a dosendiftild®nend/
recipients wersafldys eldobmaffiome 26@Fr anspl ant at |
day ;HSIOs a#&Cal were individuall yOcd™1@cted
were individually transpicaomtded iiometdh e efwdboir
Gal’™ms ce (n=5 per group). The health of the

body weight was measured weekly starting f

samples and white blood cells (WBCs) were
Mi ce ewetrheaniilBeweé-ksapeptantati on, and all t
heart, |l ung, liver, kidney, spleen, tibia,
were collected for further analysis.

3. 148et hyl umbe kMU KAsesragyne ( 4

Th@ALNSNnzyme aHSQGsvplgsma, and mteits cwe oaixstl tyac

assessedmeutshynlgunbeMlUr t§seapneéMel ford Laboratc
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Suffol MPSUKYA fibtghplasiapdiWiG@oas HSCs post

transducptriecpmrveedr eas descri bed in Chapter 2
Ti ssweadei ssected and i mmedi ately homogeni zed
( OMNI Il nternati ontahhep mBEgeanegatwj o6Apuf her. H .

centrifugedCfoand80timensapednat ant was tran

celtisssues and pl ashv@d ermampi(eSsae s@hearpwent 24

3.1W6TL Toxicity Assay

The WSTtoxicity assay was a pivot al part of
transduction and further GALNS enzyme expr
fibroblasts at the MOI xafc &l0l.s /Wee lsle eidred1 @ &
medi um and t rhanadQ uacfiedd 5f%wTricé@n8, 10 Ol of cel |
reagenlt (WSbflcam#ab155902, Cambridge, UK) wer
pi pegémanigy i ncubat®©dafdr5%WEOusedolbl anhk ©on
of WST ewgadhded to 100 Ol of culture medium
experimental groups. The absorbance of eac
(FLUOstar Omega plate reader; BMG LABTECH
nm, and the refertencoe 6wav enlne n githhe waess uslet s w
averaging the duplicate reading for -each s
related background from each sample to obt
calcbhkeaperctentage of cytotoxicity wusing fi

%Cyt ot oxi cit ySa(nmpld Oexs()Qad nCtornatlr ol
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3. 1Keératan SsuURAd ad e Likgwh €Mr o mat o-g a a g BIwms s

Spectr omeMS/yMJ)L C

The plasma and tissuestyppetmieae eder-@anamaealay:

MS/ MS according to grhet[ghodelVEliZnsgdl v descri be

3.1V8ctCopNumbéNVNCHNnNal ysi s

Tconfirm the biodistri bpd$Com2a@nd LVS day < up
transduction and -ttrhaen slpilvaenrt alt6i owe, e kDsN Ap onsats e
cultured mouse HSCs and | iver samplamsg with

anal yzed awi ad edsdcR G R € dl aibn eClRa dt)er 2

3.1C6l ony Forming Unit (CFU) Assay

To set up the CFU assay for triplicate cul
ml Met™MBEuMB434 complete media (Va3itnemQelelr , T
Canhpdaver Ad.ghat tatt@Aeldfs/Iml from eaeBhgroup
and-COL2-Ateated groups) was diluted in the
medi um @Gli MBM#1pP24w0D00B32% FBS. Afterward, 40
suspensions were abledet praviéomlsl Met ha@eldt
thoroughly via vortexing. Fol |l oWYmigx truerneo v a
containing cell sy wenr e3 ouied tlrsipboudtt a8 | & Ve 61 c m
Fal ™m3046; Fi s h7e?7rPBc i eNatl it fhiaany) 0 &1%C¢d B Awec COat e
with 095% huOnidayy domcor7ding to the manuf act

were identified and countedMby( Ytiesm@dl li nsp
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Technol ogvea#adamODOverted | ight microscope .
After completing colony counting, HSCs in

confirm the GALNS enzyme activity and VCN

3.1Pad0hol ogy

Mi c e ewetrheawiitzhegd€ ® 16 wtereakrnss pploasanhdtt ben t he F
l'iver, and knee jointsToeagwalcwdtl e cltysdos amall
l i ght microscopy,fitxheedsei n i 3% upar aMfearema lhceenh y
glutaraldehyde-st and@rdt chl whkd isreec thi lomnesB oweer e pr
and heart pathol ogi ebsl imedrreerasizye sgiedi nq sc ar
vacuolization and column structures in rel
( TadBl-&.,2)and then statist.ilToakvahahyei shwasdr
stoyage used I mage J (NIH) software and me
by using a softwaremetoodl o¢fo esadcdih onadikod \nt
proliferative region of the growth plate t

per $Pbdgdéd6]

3. 1MLt€Coomputati onal(d)mogr aphy

AeCT scan was perfor nved gopne ,t" hGea Irridl SgTh¥t e & teendu r
groupsng Sky6STSayns tBePmd Blam,ni n ¢MAPTahrek ,f e mur

samples were eo¢hlBto@atd lon WeOO® s @dosti on, ar
were further wrapped in salinate€d (0. 9% sa

i maging. The scanning was performed with h
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size, 512 projections, exposure time of 23
of ¢eA734i mensi onal reconstrufci0®nl.®0ftWee@&]h b
evaluated bone structure (trabecular and c
parameter s: bone miner al density, total VO

BV/ TM07, 108]

3. 11l fmfhunohi stochemistry

We confirmed the GALNS enzyme expression i |
i mmunohi stochemi sAdgi (1 6l@al by, GW&e N&Snal yzed
[ | evelCol VvViagenHCKS, and GApLrNoSc onelraeg esnt ai n e
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3. 2RESULTS

3.2Slccessful validation of LWsasi prdRs deUdA
strong foundation for our research and rea
findings.

To develop LVHSC GT for patients with MPS IVA, we designed 3rd generation self
inactivating LVs with native human GALNS transgene driven by the ubiquitous CBh
(LV-CBh-hGALNS) or collagerspecific COL2A1 (LMVCOL2A1-hGALNS) promoters.

To confirm whether edcLV has a therapeutic efficacy, we transduced fibroblasts (Galns

" derived from MPS IVA patients #te MOI of 20 according to the company

instructions (Fig3.2A-B) and HSCs derived from MPS IVA mice. We evaluated enzyme
activities before moving texvivo experiments compared to healthy controls (healthy

human skin fibroblasts and witype mice HSCs) (Fig3.2C).

Intracellular enzyme activity in MPS IVA fibroblasts 8 days ginahsduction showed a

9-fold increase under LACBh-hGALNS and a 19old increase under LACOL2A1-

hGALNS compared to wikdype (Fig.3.2A). Also, we confirmed the secretion of

produced GALNS enzyme in these culture media, in whickABh-hGALNS showed

2.3-fold, and LM-COL2A1-hGALNS showed 5-fold elevation in the GALNS enzyme

activity compared to wildype (Fig.3.2B). No cytotoxicity regarding LVs and

overexpression of hnGALNS enzyme was detdainder each treatment and cell survivals

were above 87% for both treated groups compared to untreated MPS IVA fibroblasts

(100%) (Fig.3.2C). Moreover, VCN was 4.6 + 0.05 and 3.6 + 0.01 relativedo®
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C MPS IVA Fibroblasts

$55%
$858%

Culture Media of
5§88

MPS IVA Patient Fibroblasts
(8 days post-transduction)

MPS IVA Patient Fibroblasts
(8 days post-transduction)
$8
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control of Tfrc for LV-CBRhGALNS and LMCOL2A1-hGALNS, respectively (Fig.

3.2F).
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A-B GALNS enzyme activity in.CGMlh® Ip\¥A cfeinbtraoghel
ceddr vi8vadaysb-slt\Vans douThtei iGALNS enzyme acti vi i
| VA mouse HSCs 24ht aads d6tcyemey whH a@sd (Lo/wser e x p
experimentstr dms diaptsmbeom sof CFU coel oni es 7
transducFeViC NS CSBISICrss 24 h v st n&n sl dwy attdipoes
HSCs 15 -dagssg@gosti on, and MPS rlavVlAs dQi dotriodrn a ¢
GALNS enzyme activity.MWAN poofo | peodo | CcFdU @&FoU ocna l
originat etHS Co ma Bl pwis|GlB&€asy ANOVA with Tukey
h otce s t* : < 0.05, *ox o < 0.005, *oxox o < 0.001,

3.2E2aluati om LJfn HBadsnsTransduced with LVs

Lineagenegative (Lin) HSCs were isolated from the bone marrow of GAIN®nor

mice and wildtype donor mice via magnetic selection (Bd.). We measured the purity
of lin" HSCs immediately after isolation via flow cytometry by stainifgitc(CD117),

Scal, and SLAM (CD150) surface markers, in which the final population ofdits

was ~21% of all isolated cells. Then, we gateddiKit+/Sca-1+hematopoietic

progenitor cells among [ii20.57%), 95.75% of which were positive for CD150 marker
(Lin"Scal+ekit+CD150+) (Fig.3.3). Here, we transduced the isolated cellmedia 1

and 2 according to our transduction method and analyzed the GALNS enzyme activity
and VCN 24h and 15 days pos$tansduction. In medium 1, transduced or untransduced
HSCs were maintained up to-3@ h; however, they were either differentiated,
aggregated, or primarily dead afterfyposttransduction. Only enzyme activity and

VCN were analyzed in 24 posttransduction in medium 1 (Fi§.2D). In medium 2, we
followed the same transduction method and MOls, in which the stemness of transduced
HSCs vas weltmaintained and cultured for lorigrm to test the enzyme activity of
GALNS, VCN, monesulfated KS levels, and other relevant experiments @2ip-H).

The data showed no statistical differences in GALNS enzyme activity, VCN, or-mono
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sulfated KS levels in both media after l2dhowever, the maintenance of IfiSCs was
well-established without any differentiation in medium 2 during procedures. Therefore,
we continued the rest of the experiments in medium 2 to culture and analyzed these cells
for the long term.

We then evaluated the purity and proliferation of culturedHBCs on 20 days poe&l -
transduction as described above. The data showed that the percentage of untreated Galns
- LV-CBh-hGALNS, and L\\COL2A1-hGALNS treated linHSCs reached 52.39%,
46.62%, and 59.74%, respectively, among which Sc&it+cells accounted for 97.57%,
96.39%, and 97.93%, respectively (D). In all groups, lirScal+ekit+CD150+cells

were found at 97.33%, 96.44%, and 96.28% for untreatedCBRhGALNS, and LV
COL2A1-hGALNS, respectively (Fig3.3D). These lincells were then evaluated for the
production and secretion of the GALNS enzymes, which might result from a possible
engraftment potential. However, we did not perform the engraftment experiment in the
present study. In medium 2 culturing conditions -trte¥nsduced HSCs were cultured for

up to 30to-45 days with no differentiation (Fi§.5C); however, suclohgterm cultures

may have poor engraftment efficiency. Thus, we did not perform further analysis
regarding this process. In murine experiments, all conditioned Gatsborn recipients
received L\ftransduced HSCs 224 h posttransduction. Overall, even though the

culturing conditions and maintenance of HSCs were improved, transduction with our LVs

was not efficient in cultures as expected at the MOI of 60.
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3.2UBiquitous CBh promoter elevated the

ti sspeci fic COL2AL1

HSCs derived from MPS IVA mice were transduced with LVs to verify the GALNS
enzyme activities compared to untreated and-tyift control HSCs. In transduced
Galns" HSCs, we compared the enzyme activity of GALNS alh 241d 15 days post
transduction. Following 24 of transduction, the enzyme activity increased up to 0.9 +
0.04 nmol/h/mg under LACBh-hGALNS as compared to untreated GaliSCs, and

no statistical difference was found betweenCBh-hGALNS-transduced and wittype
HSCs (0.7 £ 0.1 nmol/hig). At the same time, LACOL2A1-hGALNS elevated enzyme
activity by 0.3 = 0.03 nmol/h/mg. The data confirmed thatCBh-hGALNS had ~3

fold more enzyme activity than \COL2A1-hGALNS compared to untreated HSCs.
However, with 15 days of culturing L-¥fansdeed cells, the enzyme activity reduced to
0.5 £ 0.03 and 0.06 £ 0.03 nmol/h/mg underCBh-hGALNS and LVCOL2A1-

hGALNS treatments. No statistical significance was found regarding this reduction
between 24 h and 15 days.

We also evaluated the overexpression of the GALNS enzyme by utilizing HSCs isolated
from wild-type mice. The results showed that the activity of the GALNS enzyme
increased by 86.8% and 88.6% underCBh-hGALNS (6.07 £ 0.1 nmol/h/mg) and
LV-COL2A1-hGALNS (7.02 = 0.3 nmol/h/mg), respectively compared to untransduced

wild-type HSCs (0.8 + 0.06 nmol/h/mg) (F&2D).
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Confirming the GALNS enzyme activity in Gathslonor HSCs under LVs, we
intravenously transplanted the ENNSCs or allehealthy HSCs into busulfan
myeloablated Galrlsnewborn recipients.

After transplantation and autopsies at 16 weeks, we analyzed plasma, WBCs, and tissue
enzyme activities, including brain, trachea, lung, heart, liver, spleen, and bone (tibia)
(Fig. 34A-I). In the brain, the enzyme activity under each treatment was undetectable
compared to that of wiktlype mice (2.7 0.09 nmol/h/mg) (Fig.43). The enzyme
activity was elevated in the trachea underCBh-hGALNS (0.3 £ 0.09 nmol/h/mg)
compared to that of untreated MPS IVA mice. However, it did not reach the enzyme
activity of wild-type mice (4.7 £ 0.6 nmol/h/mg) (Fig.4B). The enzyme activity via
LV-COL2A1-hGALNS treatment was insufficient to detect in the trachea. Similar results
were found in the lungs, bone (tibia), and heart undeOL2A1-hGALNS treatment
(Fig. 34C-D-G). However, LVCBhhGALNS treatment increased the GALNS enzyme
activity in the lungs, bone (tibia), and heart by 0.4 + 0.2, 1.03 #6c¢0.01 £ 0.006
nmol/h/mg, respectively, compared to wiigpe levels (1.6 +0.4,2.6 £+ 0.6 and 0.1 +
0.02 nmol/hig, respectively) (Fig..8C-D-G). In the liver, the GALNS enzyme activity
increased under both vectors. Treatment with@Bh-hGALNS showed an increase by
2.3 £ 0.4 nmol/h/mg, while LMCOL2A1-hGALNS treated group showed a slight
elevation by 0.07 £ 0.05 nmol/h/mg as compared tbdhantreated group (Fig.4E).

The GALNS enzyme activitwasnormalized to the wildype level (4.2 + 0.9

nmol/h/mg) in the liver and bone (tibia). No statistical significance was found between

LV-CBh-hGALNS and wildtype graips (Fig. 34E-G). In the spleen, both LVs drove the
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GALNS expression, increasing enzyme activity. Treatment withBi-hGALNS

showed a significant increase in the GALNS enzyme activity by 5.1 + 1.2, which was
~2.7 times higher than the witglpe level (1.9 + 0.2 nmol/h/mg). Additionally, the
enzyme activig under treatment with LACOL2A1-hGALNS (0.08 + 0.02 nmol/h/mg)

was significant compared to the witgbe level (Fig.3.4F).

In plasma, treatment with X€Bh+hGALNS normalized the enzyme activity to wild

type level starting from 6 to 16 weeks, and no statistical difference was found between
LV-CBh-hGALNS and wildtype mice, except for 4 and 6 weeks. The enzyme activity
under LMCOL2A1-hGALNS was not detectable in plasma. Furthermore, theH8iGT
group was found to be ~0.003 in plasma all over the experiment compareeHS8CV

GT (Fig.3.4H).

In WBCs, the GALNS enzyme was highly expressed undeCBWhGALNS over 16
weeks (the highest, 74.6 £ 24.1 nmol/h/mg, and the lowest, 8.4 £ 1.5 nmol/h/mg), which
was found statistically significant compared to wijgbe levels (~0.12 + 0.05

nmol/h/mg). Inaddition, HSGtransplanted mice with L\COL2A1-hGALNS elevated

the GALNS enzyme activity in WBCs by ~0.7 + 0.5 nmol/h/mg. The GALNS enzyme
activity was normalized tthe wild-type level(Fig. 3.41). This expression of the GALNS
enzyme under treatment with EROL2A1-hGALNS was further detected in BMCs (Fig.

3.5A).
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ABr aBdr ac,€dan® HeaELI v,ESpI| eed@mmBdn(@6 weeks

ol)d- PP asma and WBCsOneavaeyr AINGOVhe evk ¢ ihoTCu k ey 0's
t efsdr pl asma abnyde VBC-€EBWGEAW. NSvivitsg pe ; *: < 0
**: < 0.005, ***: < 0-:CBIMIGAL*NS* *vis UnQ.rCllled
0.05, ##: < 0.005, ###: < 0.001, ####: < O
i n-QOL 2-AGALNSvimvisy pe anmydpeHAQT.av 4 ¢ pe.

In the LV-HSC GT group, the enzyme activity of BMCs was analyzed under only LV
COL2A1-hGALNS and alleHSCT groups because we missed the collection of BMCs in

the group treated with LACBh-hGALNS. We detected relatively low enzyme activity

levels in BMCs ad slightly higher levels in WBCs of the same individual mice (Fig.

3.5A).

In conclusion, our findings suggest that most enzymes might have been captbhesd in

spleen due ttheirrole in the local and systemic regulationmmunity [111,112] This

may negatively affect the delivery of the GALNS enzymes to the targeted tissues,

specifically the bone.
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3.2ThAsspecific COL2A1 LVs reduced the accu

expression of hGALNS.

To confirm the effectiveness of LGT in KS reduction, we performed ERS/MS to
analyze the bone (humerus) and plasma nsuti@ated KS levels (FigB.6). In the

plasma, we found statistical significance with a 50.1% reduction in feolf@ted KS

level in mice treated with L\CBh-hGALNS (38.82 + 1.9 ng/ml) and 44.4% reduction
with LV-COL2A1-hGALNS (43.86 + 4.8 ng/ml) treatment compared to untreated MPS
IVA mice (78.9 £ 6.1 ng/ml). There were no statistical differences between the LV
treated and wildype graips (23.79 £ 3.02 ng/ml). Additionall{heallo-HSCT group

had no statistical difference comparedheuntreated, whichesultedn no change in
monao-sulfated KS levels in plasma (Fig.6A). In WBCs, we found that LMCOL2A1-
hGALNS (6.09 £ 0.8 ng/ml) reduced KS level by 56.2% compared to untreated control
(13.93 £ 1.02 ng/ml) and no statistical significance was found betiiegnoup treated
with this vector and wildype (7.40 = 1.07 ng/ml). In contrast, there was no statistical
significance in monufated KS concentrations between the-CBh+hGALNS group
(14.90 £ 3.50 ng/ml) and the untreated group (8i6B). In the bone, we demonstrated
the differences in KS level by 40.7% between untreated G&he5 + 0.003 ng/mg) and
wild-type group (0.03 = 0.003 ng/mg). The group treated witkdBR-hGALNS

showed a 14.1% reduction in mesolfated KS levels (0.04 £ 0.004 ng/mg), but it was
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insignificant compared to the untreated group. On the other hand, KS level decreased by
40.2% under treatment with LCOL2A1-hGALNS (0.03 £ 0.002 ng/mg) compared to
untreated MPS IVA, which was statistically significant. These data showed that LV
COL2A1-hGALNS treatment normalized morgulfated KS level to that of wiltlype

(Fig. 3.6C). Additionally, the monesulfated KS level of WBCs and bone were found to

be similar under each treatment compared to untreated antypdcontrols at 16

weeks. Concerningmoncasulfated KS levels under alldSCT, neither WBCs nor bone
showed a significant reduction (Fi§.6B-C). As a result, LWHSCGT under each

promoter significantly reduced morsollfated KSevelsin plasma and bone. Importantly,
LV-COL2A1-hGALNS significantly reduced monrsulfated KS levels in bone compared

to those in LMVCBh-hGALNS.

8 8



Plasma

§88
| 1 Bone (Humerus)
s$s 5§88
A i B WBCs C g 5§88
_ 100- 88 35383 = 1007 = 0.069
£ £ %
2 801 £ 809 £
2 0 0 0.04-
X 60 X 60 X
° o] kel
£ 2 2
S 40 8 a0 s S
2 S S 0.02+
@ 7 1 7]
2 204 o 204 o
S c c
s 2 =
0= 0- 0.00-
SRS A o L S L o ©
> O F b,c\ SHIROIRC S G R
SOOI F XX & K X K&
SRR S PFC SR IR SN SR
e oW o
VO 7 Qv RO
N Voo (@)
S 3 Q3
v V)

D Liver VCN

1.0

0.8

VCN per diploid cell

I g@6:B®Monoul fated keratan sulfate (KS) conce

F
A.l BsBh®WBCs £mBdne (humer udD))VGN iln6 twheee klsi.ver
po-st ans plCanrataayt iAONNOVA wi t #h oftg kK &y 6 s< plo. sOt5, * *
** ko < 0.001.

89



3.2LYs under ubi gsupietcoiufsi corp rtoinsostueer s wer e

the genome of HSCs.

To determine the VCN, we performed dPCR targetingpigene(LV packaging signal
sequencein HSCs 24 and 15 days postansduction following each treatment. In LV
modified Galng HSCs after 24, LV VCNs were found by 0.75 + 0.02 and 0.70.682
relative to 2copy control of Tfrc under L\CBh-hGALNS and LMVMCOL2A1-hGALNS,
respectively while VCN on day 15 was 0.24 + 0.003 and 0.74 + 0.003 per relative to 2
copy control of Tfrc, respectively. This reduction in the-CBh-hGALNS group on day
15 was significant compared to B4osttransduction. No change was detectethan
LV-COL2A1-HGALNS-HSC group (Fig3.2F). Then, VCN was performed in LV
transduced wildype HSCs on day 15, which was found thatCBh had 0.25 + 0.005
while LV-COL2A1 was 0.3 + 0.003 relative to-2opy control of Tfrc (Fig3.2F).
Furthermore, we analyzed VCN in pooled CFU colowigginatingfrom both LV-

modified Galng and LV-modified wild-type HSCs (Fig3.2H). The results confirmed

that the VCN was 0.36 + 0.001 and 0.7 £ 0.005 relativedo@ control of Tfrc in LV

CBh and L\*COL2A1-modified Galng HSCs, while it was 0.37 + 0.005 and 0.7 + 0.003
relative to 2copy control of Tfrc in LVCBh and LMCOL2A1-modified wild-type HSCs
(Fig. 3.2H). Overall, VCN was similami Galng" HSCs and wiletype HSCs and did not

show significant alterations before and after the CFU assay.

We further analyzed VCN in liver samples at 16 weeks, which was 0.03 = 0.007 and 0.03

+ 0.01 relative to Zopy controls of Tfrc under LACBR-hGALNS and L\VCOL2A1-

hGALNS, respectively (Fig3.6D).
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3.2LGGT di d not affect t he col ony for mat i

increasing the GALNS enzyme activity in

To determine whether transduction of LVs negatively affects the colony formation of
Galns" and wildtype HSCs, we seeded 7 days poshsduced HSCs at the
recommended number and incubated them fb@ days. Following colony counting, we
found CFUGM, CFU-GEMM, and BFUE under each condition. Further evaluations
showed no significance in colpiiormation between untreated and48&6C GT groups
(Fig. 3.2E, Fig.3.5B). Furthermore, we pooled the CFU colonies and analyzed the
GALNS enzyme activity. The redslconfirmed that the enzyme activity of pooled
coloniesoriginated from LVmodified Galn¥ HSCs was determined by 11.4 + 2.8, 4.4 +
0.7, and 8.4 + 2.5 nmol/h/mg for LEBh-hGALNS, LV-COL2A1-hGALNS, and wild
type group, respectively. In contrast, it was found irmddified wild-type HSCs by
19.7 £ 6.3 and 12.8 + 1.8 nmol/h/mg under-CBh-hGALNS and LVCOL2A1-
hGALNS, respectivelyFig. 3.2G). Overall, LVMHSCs continuously produced the

GALNS enzyme before and after differentiation.

3.2CDOL2A1 LVs completely corrected heart

bone pathol ogy.

To evaluate the effect of expressed GALNS enzyme, we examined the heart and knee
joint by toluidine blue staining. In the bone, both treatments under CBh and COL2A1
promoters driving hGALNS expression showed partial correction in vacuolization and
column sructure of chondrocytes compared to untreated groups. However, they did not

reach normalization (Tabl&1l and Fig.3.7A-C). Furthermore, we measured the size of

91

t

h

P



chondrocytes in the growth plates of the tibia and femur @I@-E) to confirm whether
LV treatment reduces the storage materials. The data showed that the size of
chondrocytes was normalized to the wijghe level with both LVCBh-hGALNS and
LV-COL2A1-hGALNS vectors.

Tab3dlekEx WiTwdme pathology at 16 weeks.

Levels of storage materials and degrees of
or very slighto was 0 (1), Aslight but obyv
Amarkedd was 3 (+++). Each patbHadlndadginmaalnes|
three t-6 meBPat @a=8re presented as Mean N SEM.
. , LV-CBh- | LV-COL2A1-
Bone | Structure Finding Untreated | Wild -type hGALNS hGALNS
Vacuolization | 2.9+0.05 0 3.0+0.0 2.9+0.09
Growth Column
plate 2.7+0.07 0 2.6x0.06 2.610.1
Tibia structure
. Vacuolization | 2.9+0.05 0 2.7+0.08 2.7+0.08
Articular Column
cartilage structure 2.9+0.05 0 2.7+0.08 2.5+0.1
. Vacuolization | 2.9+0.07 0 2.5+0.09 2.610.1
Articular Column
cartilage 2.9+0.03 0 2.8+0.07 2.7+0.1
Femur struc_turg
Vacuolization | 3.0+0.0 0 2.9+0.042 2.9+0.08
Growth Column
plate 2.8+0.06 0 2.5+0.07 2.5+0.1
structure
Ligament Vacuolization | 2.9+0.06 0 2.9+0.07 2.8+0.09
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The average chondrocyte size was shown as
In the heart, the treatment with EROL2A1-hGALNS showed complete correction of

disease progression except for one mouse, with partial correction among all groups,

compared to untreated MPS IVA mice. No statistical differences were found between the

grouptreated with LMCOL2A1-hGALNS and the wiletype control group. Moreover,

the group treated with LACBh-hGALNS showed a partial correction in the vacuolization
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of heart structures, which did not reach that of the-tyiftk level(Table 32 and Fig.
3.8A-B).

Tab3d2eEx WiTwdart pathol ogy at 16 weeks.

Levels oateromédgewere scored. ANoOo storage
obviouso was 1 (+), fAmoderateo was 2 (++),
pat hol ogical sl i deblwansd ansasnensesre-@t. h rDeaen atdiamebs! .
presented Ms Mean N SE
. LV -CBh-

Heart Untreated Wild -type hGALNS LV -COL2A1-hGALNS

Base 3.0£0.0 0 2.0+0.4 0.12+0.1

Valve 3.0£0.0 0 2.0+0.3 0.12+0.1

Muscle 2.9+0.1 0 1.9+0.3 0.12+0.1

Heart Muscle Heart Base Heart Valve
A -

gres i BN

e SN

Untreated ;
(Galng) =

Wildtype « .

LV-CBh-
hGALNS

LV-COL2A1- .
hGALNS
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B Vacuolization in Heart
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Fi g88Heart pathol ogy afCiBénrGALNSIG vilL\Val vect
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A.Tol uidin bl ue setxai@GilTnoe dfi ghuea aer td egpfitcdrs t he
base, and valve at 40 snBaylae folciatawinomwiiim |
celKlrsusWadll i s with Dunnés test; *: < 0.05, *
0.0001.

3.2TBabecul ar and cor @aif teaxlr VoMNIDHE @dr phol ogy

To analyze the trabecular and cortical bone structure following treatments with LV
HSCs micro-CT was performed in the femur of treated and untreated Galms wild-

type control groups at 16 weeks (F39). The representative group of data demonstrated
that the L\Atreated and control groups did not show apparent statistical differences in
trabecular bone volume (BV), trabecular number (Th.N), trabecular separation (Tb.Sp),
trabecular thickness (Th.Th), bmmineral density (BMD) and degree of anisotropy (DA)
(Fig. 3.9A-E). Similarly, no statistical difference was determined betweettreated and
untreated Galrfsgroups regarding the cortical bone parare{Fig.3.9M-R), except for

an increase in the BMD of cortical bone, which was found statistically significant (Fig.
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3.9S). Overall, the treatment with LlCOL2A1-hGALNS showed a slight improvement
in trabecular and cortical bone formation compared to untreated antypédjroups;

however, no statistical significance was found (Bi§l-L andT-W).
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3.2ThAe expression of t he hGALNS enzyme

increasing the expression of procoll agen

To explore the expression of GALNS enzymes and alterations of KS and collagen levels
under each LV, we stained the liver and bone (tibia) samples witGahntiNS (Fig.
3.10A-C), antiKS, and antcollagen antibodies (Fig.11). In the tibia growth plate, we
found that the GALNS positive area was approximately 50% under botGRNY
hGALNS-HSCand LV-COL2A1-hGALNS-HSCcompared to the wiltlype level

(100%) (Fig.3.1(B). However, this expression was not sufficient to fully correct bone
pathology. According tprotein concentration in bone, the t8OL2A1-hGALNS-

treated group had an elevation in the protein concentration compared to the untreated
group, and this slight elevation was found to be significant compared to thtypeld

(Fig. 3.11). In the liver, the expression of the GALNS enzyme significantly increased
under treatment with LACBh-hGALNS (~204%), which was followed by -COL2A1-
hGALNS by ~90% compared to the witgpe level (Fig.3.10C). This increase was
foundto correlatewith the enzyme activitynitheliver, but not with VCN since both

vectors had similar copy numbers per genome.

101

r

e



LV-CBh-hGALNS

LV-COL2A1-hGALNS

Untreated
(GALNS™)

Wild Type

Liver
$888
1
§858
Tibia Growth Plate I 1
§588 §8588
B — ¢ | —
250 250  $885 88 5888
ssss i
I ! (] -
§ 200 §s$ o 200 BE LV-CBh-hGALNS
< f 1 <
9 150- reas 2 150 BN | V-COL2A1-hGALNS
E= — ‘§ B Wild-type
o -
o 1007 o 100 Em Untreated
o ]
8 50+ 8 50
0= 0-
\/é% \/@ \\Se &5 &@ \/efo sz @b
F X & F X &
TSR S
Q,‘(\ N Q)‘(\ ?[»
RN RN
v &P v
v A%
Fi g3x@The GALNS enzyme expression
anGALNS staining.

102

n

bone

(



A40X magni falcoadtm sc a®@@Ch Primary ossificati
Secondary ossification cent erB;C.SaPagt iGytoiwd el |
analysis of the expressand OpweVsANOVAhe t
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3.2A1l00t BIALNSBSt anti body el evati #lB8Cw&3. obser

To investigate the immune reactifmllowing the GALNS transgene expression, ELISA
was performed using plasma samples of sigige, treated, and untreated MPS IVA mice.
Treated groups with L\COL2A1-hGALNS showed significant elevation in the
circulating aniGALNS antibodies overtime stamgy from 6 weeks of age by 3.06 + 0.7
compared to control groups (untreated MPS Ivise: ~0.01 + 0.02 and wHtype mice:
~0.11 + 0.12). However, mice treated with4OBh-hGALNS showed significant up
anddown variations during treatment. Moreover, dBALNS antibodies were

undetectable in the aHSCT group (Figs3.12and3.13. We thought that the
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undetectable/weak production of the GALNS enzyme might not trigger a strong immune

reaction in alleHSCT compared to LAHSC GT groups.

Anti-GALNS Antibodies
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Enzyme Activity vs Anti-GALNS Abs
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3.2Bady weight did not represent the effec

After treatment, the body weight of mice from each group was measured weekly. The
data showed that the -€OL2A1-hGALNS or LV-CBh-hGALNS modified HSCs

treated group significantly increased the body weight from the day of injection to the 3rd
week. This intial increase in body weight could indicate an initial positive response to

the treatment. However, the subsequent decrease in body weight compared to untreated
and wildtype controls from the 4th to the 16th week suggests that the treatment may not
sustain body weight. In addition, no significant difference was found between the LV
COL2A1-hGALNS modified HSCs treated or alldSCT group and an untreated group

from the 4th to the 16th week. LEBRhGALNS modified HSCs treated group remained
under the body wght level of the untreated group (FB15. We assumed that busulfan

administration might have a detrimental effect on the low body weight over 16 weeks.
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3. 3D SCUSSI ON

We haordudteed i r st preexc lLivih®&Ed! ot tthye MPS |V
mouse model . In thyesnesrt atdiyon wél NelsVg nendd 8r
or tspeswaiefic (COL2A1) promoters. To verify
fibroblasts were transduced, in vamidch both
extracell ul ar GALWN®ramhkzysmeolaecgii valt yl evelss.

LVCOL2-AGALNS was the best LY to drive the C
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fibroblasts. However, these increases were
CBim GALNS had significa@@U2rNBAIlgMS,r aICitNh d thgm
GALNS enzyme activity was the opposite. Th
mi ght mootte phriogher gene expression. Another
GALNS expression resulted in cytotoxicity
GALNS enzyme did not trigger any cytotoxic
Previous studies assessed thesmpddiefcitd veernemas
under retroviral vec#®rs Jiumkaiff Hecmt aeldl
indicating high expression of transgenes d

MoMuLV LTR, SV40, or PGK) rather than myel c

CD3@B4)]63]s crucial to consider the natur a
For example, ubiquitous promoter CMV and M
transgene | evels, are |l ineage nonspecific.

efficient HopwevamsdapedilineagBllb promoter
promising outcomes. usmi ¢ hienfdersmatni ¢ nesn glag
[ 93, 98]

To set an appropriate culture condition an:

cultures during analysis, we tried several
mai ntain HSCs and better proliferate with
potenti al pitfalls during the period requi
Upgraded medi unrt €r m ncculetawsreidn d oenfgf i ci ency i r

HSC yield tao pamipgism|dadtl not a high expr ess
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enzyme after LV “tHSaOnss. d uEcntcioounn tienr iGagl ntshi s ob
assessing LVs in H8$Pe deéercievedVef sampect dd t
fully thHeSats Gealcmmigeeni on in the GALNS gene
this mouse model . Under theypamélSCsawsdect
transduced with each LV, and we confirmed :
enzyme under both LVswiciognpariddCgd ot SueMt prainsidr
COL2-AGALNS was signi ftihesw Bi#lGA LINISg hteyrpwti H an
HSCs, while the tHPOsi tOvemas|l fortlGal act i vi
enzyme was detected in &@HISCeax hawilmengseschea
del eti on.

We found simil7TfamdV-ayg ei SGal @84 hours and 1
transduction with both LVs. However, on da:
VCN uneeBrn GA/L NS, whi |l e no ech@GlLn2gheGAMaNsS.seen i
Detecting VCN a f ew diacyasl atfot eerl itmiannastdeu cftailos
det ect edt r2ad4n shd wcotsiton may not aclber aesluVtsef
widtgpe aHSs@snf i r med-CBimaGtALINIBe hladd a | ow VCN c
with the r'¢diSCIlst ThmeGalucyi oma did not affec
of CGalnds-wype HSCs. The results of enzyme a
col onies were pr omirsinighldtad opuugrhs ueh eo USA LaNiSmse
activity increased under both treatments i
|l evel s as those in HSCs. This | ed us to co

be associ athAedcent hsVGNy analyzed GCD34+ HSC
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CD11b, showing the effect of[ hiHgweWe&N ,bon hte
guestion of how high VCN can trigger high
context of LVs, as they threaten insertion
need for further research andi ¢thhe potenti a
After confirming the effectiveness of LVs,
studies conduct €di cr mbsed.ilfdbghi6milsthesdd ya s e\
pat hol ogi cal consdiimiiloanr atto at hloastee ro fs tpaagtei,e nt
[ 11Bye torehataget herapeutic response and t
mice, we i-eanhgiodeerddCLBail mscomads ali mamd Gal n
mi ce mdonsditeade. Early treatment in this mou

reaching targeted o,r gramisc h pias ta ckudyardiyt & hoef

I VA.
LVCBh GT increased enzyme activity, but it
deficient enzyme, as it remai-hgdel mwee. t ha

al-H8CT group, we could only detect GALNS ei
at traceable | evels and not in other tissu
monsoul fated KS in plasma, | eukocytes, and &
monsoul fated KS | evels in plasmaCQiLn2dAlr bot h
groMpi bited a significant decrease in | euk
controls, and no significsantf adiefdf KrSenecas | w8

t heCOU2A1l atnydpevigrdoups.
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It was crucial toulihatetsdi &8tleewdlys moaaoe

r

COL2A1 group -GBS C ignr dthe, L&/ven t hough the

activity w&OLRLAWe GTi nOhVt e Colt hmd rc eh adn d,
signifngasti-whlafosmtoed KS | evels inltlias ma
i mportant to note that our anglivdiaFodwas

i nst,ameaeolndapaltjhze VCN in the |liver after

t

the W&N | ow incohledhabppze WEN in the bone

' imited amoumhes®gall mbtetions should be
resul ts-HSfCTt lge oallpl o

In summary, LVHSC GT demonstrated better outcomes tharld8&T but did not

reach the normal physiological level of the GALNS enzyme. Current therapies such as
ERT and HSCT have shown some improvement in disease progression but are limited in
their abilty to improve bone growtf#,117% 119]. Considering all these factors, our
experimental design may still require improved LVs or busulfan conditioning to achieve
supraphysiological level3his study has unveiled a promising potential for the treatment
of MPS IVA. We observed a partial correction of bone pathology and a complete
correction in heart pathology (heart valves and muscle) in the MPS IVA mouse model.
The determined number of HS@®dified by the LMCOL2A1-hGALNS showed

significant improvements, while slight enhancements were noteer treatment with
LV-CBh-hGALNS. The lifethreatening condition of impaired cardiac function in

patients with MPS IVA, causing high morbidity and mortality, is a significant challenge

[25,120] However, our heart pathology data provides a ray of hope, encouraging us to
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enhance viral constructs to achieve better results in correcting bone pathology. The

sustained and persistent GALNS enzyme expression, via modified HSCs with LVs, into

the blood circulation could improve both sadhd hareto-reach tissues by directly

targeting and croseorrecting.

To assesontdhe i pmeng with busulfan on | mmun
analyzed tot al antibody | evels to the GALN
anGALNS anti body t ittrearnss palta s136a-1vileoenkRs¢ dpeomst t
reports suggest busulfan as a potenti al my
routes, and administration jn2Ie obds!|l depe ndin
busul fan conditioning was insufficient to
el evati onGAbbN$Sodmtli mody | evel s may affect

enzyme3(-E¥g

Liver

Bone (Tibia)
3
1
A 5558 5388 B

11 T 15+
£ 901 §888 5888 £ BN |V-CBh-hGALNS
2 I £ 10- §585 8588 BE |V-COL2A1-hGALNS
= 5 I I
5 2 5 s555 5558 Bl Allo-HSCT
g = 209 [ 1 Em Untreated
< [0 B N
@ Q ild-
§ £ 15 mm Wild-type

O |
o 210
T 9 0.54
S S
& a 0.0-
O © A > 4
v\ﬁ ?ye \2@0 Q,'Z}QI ;\*Q
RO & N sx\b

& & & v
X e
Q &
N N

Fig@xr@eProtein concentrations.
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ALi verBBome at

1 6t rwereks| Cpretadyt iIAONNOVA wi t h Tuk
po-Bbtcegst*: < 0.05

, ****: < 0.0001) .

Antiransgene antibodies are an unmet <chall e
Sawamoto et &lAL N&Sn alnytz ébocb daGatsimmmd MR3nuln\eA

tolerant (MTOL) mice folGalWwmsnge dhiadkcgsi g miffui
higher cihGALNSI mgptamtoidi es, while no antib
mi ¢ .5 mi | ar | st,r atnbseggeenea mteiut r al i zi ng anti boc
mi ce, detrimental to engraftmemodand edect oo
allogeneic stemUglkltssicdpsescGAPY) awede tr al
subt heirapleav el in Pompe mice conditioned wi
before high doses of ERGTadml owsetdr BRToho Aj
reduce glycogen storage and restore skelet
Pompe [mhi2&W& assumed that the el ev&®@ALINOSh of t |
antibodies might have eliminated the secre
required to confciommditthe nnege siIoarey widmdér busu
our study, wetheutHi mbei amgbfihtzement after

which is a |imitation of the st-turdggns chhwooved e
HSCs compared to I|Iiterature indicates that
facitnort he el evati ¢ 8 20oTBh3e¢rnezfyommee ,a cotuirv iftuyt ur e
bettMectors to increase transduction effic
revealHSdCcsbhat i tuti vely extpirmslsatiinig@grdemeon

eliminate viral i nfeanitonvasriashitiha mdaixe svei IS Gs
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sett itrmgs [adf2I8HNi ndi ng transmembrane protein
i n HSCs, IsRIaltM3n git ahhialintt e d/ o fT hleV sd eignrtaod aH 9 Gosn

t his membrane protein signifediaht@, 2hlanc

Further mor e, clinically relevant VCNs were
i nnat e-aismmocneated | FI TM3 was degraded by <cy
were suppl emented with deoxynucleotides. W

t r ansnd uvecftfiioci ency and engraftment potenti al
gui escence and sHSOsl2&l7]] properties of

The current data has not only encouraged us but also reinforced our unwavering

commitment to investigating and improving our approach. With this determination, we

have taken further steps to modify our LVs by replacing an appropriate mammalian

promoter. Tis will be followed by the transduction of HSCs and the transplantation of

modified HSCs into preclinical models, including MPS IVA mice and rats. This research
suggests that further development of-B5C GTs as a treatment for MPS IVA patients

in a clinical setting is warranted.
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Chapd4er

IN VIDMAREQENTI VI RAL GENE THERAPY | MPROVES

PATHOLOGYMUGOROLYSACCHARIVAQUIISWMODEL

Hemat opoietic stem cell transplantation (H
treat mentVAmpr &MPiSng pul monary function, cal
activity popfbdael mi hevahgdensity, and | axi t:
surgical | 8t &9 vl2ddyeivoenrs, it i s not feasible
of evidence in bone and cartil aggelt-ssbons,
ho-dt seasel ( GEMHER)YX,0f transpl anmattd¢lbend donmdorfs
[ 11, 20OV el6&€MI1 | s ¢omi eséxtedil e al compliitcati ons,
i mprsaADblE 3JV gene therapy (LVGT)n Wasvelceden as s
i nfusiexn garedmeedil &t ed applicatBExnsNM3ffmr many
has been succegdxnf ulhley cddmiirciadt dmrmedl s of MP
NCTO0348B33MRS |1 ( NCTO56 6NCI06462)0,1i4eDb) h &MPSa st |
decade. ekl ttivdooGhhas been demonstrated to ac
and curative production in MPS I H (Hurler

Syndrome), Gaucher, [F2a®2]y)j sahds®bmpemdt atn
of clonal expansions assorceladteadd wgdrmhes ntpar

i n HSX*k, 38daresumi ng and requi riimgvictormpl i cat
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preparation off3,5%5mans apped cadlllest o al l pat.i
therapy in identified affected newborns re
t rans[due,exd@hal |l enging to targett aregfeftencals or
and i mmunol og8&8@]l obstacl es

Despite t heexl igneintea ttihoenrsa poyf, we belLVeve that
could be a promising solution for treating
LVesurrleinmilted in both preclintaradetanaf fcdadtr
and potenti al i mmune [Ba4dctHpPpwsvagai medi iinc.
viral capsid and gene expression cassettes
[ 42h divect inhasi bereocfastiieesstfelég for me
|l eukodystrophy (MLD) in a clinical trial (
ot her preclinical applications of sickle c
examined i n micehunaant spijirndiagfsd4@ded berbdbneve
that directcouplfrdosiiare afheL\potenti al to medi
efficiency and production of enzymes at hi
withouth weytocul Werai medcéwsl) systemicall
produce and secrete hGALNSap3M)z yeorecssrsent f t o m

bone al ongt heonhk. LVs in
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4. 1MATERI ALS AND METHODS

4. 1Mbudai ntenance

MPS | VA K rKddiko@ati({ns MKC2ve rret erde pibprevaworus r esea
(See Ch[a%pst,exd)j2))2 &qpuse care and handling prc
the I nstitutional Ani mal Care and Use Comm
Heal t h, Del aware VREP2Q 48@iBAdGern et hdee | pi rvoetroyc of |

MorquilobeAt byi .ral vectors

4. 1C@8nstruction of Lentiviral Vectors (LVs)

The final constructs f owe B MtGAdLaNtSMe .tV o f
CBin GALNSCOOL2-NGALNSCDLMBGALNS, -GDnldl bL V

D8* hGALSI&Se Chapi)gArdd2 .t onsaée Wy, e wptghees s
enhanced green fluorescent,iapdoCOL2AL EGEHEPD) r

expression otfi ®;acehs LV i n t he

4. 1DBrect |l nfusi on of Lentiviral Vectors ul

The effects of LVGEvian uMR® dlhAr anp € et iwe ref f i
(enzyme activity, GAG |l evels, pathology),

depenadaadtdcyi mmune responMKL?2a gna ictersevaettreeda nvsigteh
ei t hePT W kxg-dl(0k e wfewokl d -2-da@ylld newborlns) or 1
TU/ kg-dolksieghf or newborns onltylaGARIINSWI & sa.v eMio
asupertfeincpioarlal vei n ( n-eeeokrdn)4 (okri gd.eaas d d ven nt |

hGALNS enzyme activity imrefifnicMevm@nionfsuseafu
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intraarticul ar.Ay oontnoramuesoutppée gohi MKCQf
t he samegiawgeanl waee At 16 weekseaol ¢hgnbamaidc e
tissuesl wemeeéddi ng brain, heart, [ ung, |iwv

ti bia, ar nBl oaondd starnmgpclheesa .wer e bcioMeleekcl.tye dp oatn th

A Male MPS IVA knockout mice
Q (C57BL/6 background)

! Q ) 4-week-old

5x10° TU/kg

Newbom; Day 1-2

5x10° TU/kg 4 —> Autopsy at 16. week
Collect the tissues;
Brain, Heart, Lung, Liver, Kidney,
Spleen, Muscle, Bone, Arms,
Spine, Trachea, Eye, Gonads,
Thymus, Lymph Nodes
. hicwoi: Day:2 Biweekly blood collection
- :;f/;;-‘ﬁﬂ starting from 4-week-old
5x101 TU, i i i
via facial vein Al tissues and plasma samples
GALNS Histo-
enzyme Sszg Vector  vricroCT Pathological
assay Y copy analysis
number

4 weeks old mouse

4 weeks old mouse
1-2 day old mouse

Femur

| Patella
Knee Joint E W
P \
Fibula
s Medial
Tibia cavity

Figdlen ekperi ment settings.
Al ntravenous admini stBanitomaoft i cwvwd aand dwo m
LVL. Il ntramuscul ar admi niBsiRernadteroon of LVs. Cr
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4. 14Met hyl umbeMU)f earscsmaey ( 4

Th@BALNSNnzy me acatniaviiytpyeawansas and usisrsgiea eXtr ac

met hyl umb(edMMUp Esaespdeescri bed in Chapter 3.

4. 1KBr at an sul fate (KS) assa-y anbdye ml ingauwsisd

spectrombsr MSYLC

The eduofiancumul ated GAGs in the plasma ant
WT mice by | igutiandcddmomad 0 gs-phEgpsmet ry ( L
assessed as described in Chapters 2 and 3.

4. 1Véctor Copy Number

The biodistribution of LVs in MKC2 -mice wa:
i nf usSeoen Chapters 2 and 3)

4. 1Edz ylmenked | mmunosorbent Assay (ELI SA)

The -@GALULNS anti body responses were analyzed
indirect EL13R]gpagma oconlc eiGALNISI ams i bodaresi
derived by extrapolating the absorbance va
monocl cGALNSnan{ Costdaodes cl one 2F5F2, Creati

USA)

4. 1P8t hol ogy

Fol | dvwwenegyk si pfossi on i,n tMKeC 2h enaircte, ' i ver, ani

coll ected iand Oa2n dloyrzmad ians [d&28fy i bed i n Che
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4. 11 Amunohi stochemistry

The expreBGAbODNSoénz hZwme watsi bsicar eaennde dl iivne rt hbey

i mmunohi stochemi st®ge (CHLPt @ef FHALNS

4. 1MLOro Computati onal Tomography

A micro comput atdTo)n aslc atno nmwoagsr appehryf o(r med on t
widdgpe, MKC2, aundi by G®k gml oddCptS i 2 tB&mu k(e r

Manni ngMAPaak,descri bed (iSe eo uGh[afp2t8elri o3u)s st u

4. 1S¢g8temic Toxicity Analysis

Peripheral bl ood samples were used to asse
|l evel s of alanine aminotran$06rabaygwAatLd, Ei
USA) and aspartate aminotransfl@fDaselayyws8Td,
CA, UsSiax]jcor di ng to the mAhufabeureatsti ons:
conduct-edl bnpbé&tes and read in a FLUOstar

LabTech, Weston Par kway, NC, USA) at the wz¢

4. 1EGEPranscripts in Liver under LVGT

Lentiviral vectors expressing EGFP protein
three newborn mabexX®fil0@& gt hmom@endwbdrnof mal e
the dlboseTwd kg, respectively

To detect EGFP itwern sica-ii wé esk § o\p gt shteo t a | RNA w
frommdithee | i v@iraAmp nBNA hleit according to th

tot al RNA was used in revergeotfr amec ciDINIAI ov
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assayée¢l iguanti tative PCR (gqgPCR) reaction.
i nput. Each expterriipmeincta twea.s DQlaotnae ovrags a raantail we e
Ct method (ddCT).

The biodistribution o#fi ng @R evdi sadp dovisp ¢i mw a shgh

t hheVlI S Lumina LT imaging system according t
4. 2RESULTS

4. 2LYGT el evated hGALNS enzyme in MKC2 mic:

To confirm the therapeutic efficaxlyp of LVs,
TU/ kg)we ekl d 4nai2e daryd s) ol d newborn mal e MK
showed no hGAL NS aascntai vaintdy tii mseséuteesd ogfr oaulpls L(V
shown). To confirm the efficiencyCBif the p

EGFP 2ntdmy)s) old newborn male MKC2 mice.

promoter, we eXxpecatte dnaay hhied hp euxsp rbeeststieorn utnhd
expressiospebanici 9nes. For that, we explo
CBh promoter in total | i velrVss awmptlhe se.v efnh el orv

could proceed winh bhutantslye nleeeeaxlpr@fssexpr es:
undet ectda)p2l eRgWwidgat a pl ot s showed an incre:
during the exponenti al phase. The | ower <cy
(F4gAB) . Overall, we confirmed that the und
related to the promoter since we confirmed

even | ow doses. Low transgene expression w
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enzyme activity or correct disease patholo

accumul ation of GALaA&E)DO some extent (Fig.

icati Amplification Plot
AL Amplification Plot B P

A e AIOSTRS
N AN

Cycle

‘ I-lwev 22 Wvers0 [l vers1 [l ver42 [l Lvers4 ENTC [RTControl ‘

1
858
c GFP Transcripts D —
o 5558
40— x 8-
= o
g 3
» 30+ < 6
< c
= S
O 2]
2 20 g 4-
5 3
o . w5
2 10 V2
E] =
s —
©
0- : © 01—
L40 L4l L42 L44 L22 o

L40 L41 L42 L44
Liver Liver

Fi gd22EGFP transcri pt s-CiBAE GFoPt aalt [1i6v ewe euknsd epro
treat ment .

Al mi ce wer e tArFelau cerde sacse mte wshiogniEsIFiPng f or (
tar deAtmyp.l i fication plot of samples. L22 was
L41, L42, and L44CBAEGFRP.treated with LV

Afterward, only MKC2 newborn malxda ®mi ce wer
TU/ kg) of LVs. We found an el evation in the
pl asma of all 4.A4€kt eldngtribeplsedFi g.each LV j
enzyme to some extent, but the highest |1 mp

CBi#in GALNS compar-edpeol enel wi Mi€Bdn GArLeNsSt ed wii
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showed the highest activity, whichtywae st a
and untre8dedThEIi i ghest enzymkiaetioftmi w

treatedCBai GALNY, fol-CBWW&SALDHCOVOLR-ALV

=y

GALNS 4(D3i.g . Among all LVs -G BiuGAWNS nitmavead
the enzyme laicdrvibby 25, lteheN 2.9 nmol / h/ mg &
nmol / h/ mg. I n t he | {C\BdirGAoLfN Smi cteh et reenaztyende waic
5.f60o0l d haghen-ttylpe wirlodup. Al though we det ecHt
enzyme activity of bone (tibia) by 0.2 N O
nmol / h/ mg, It could not reach the physiolo
respectgaldd y) EiFnce the | iver has comparab]
evaluated the efficiency of LVsvedédpet aach
organ. Hepei mcoddnl|l enCB#ivGAANS v @ gCtGaLn2dA(1L V

hGALNS shewade@ enzyme activity compared t
statistical signi fi etaynpcee gbreotunwpese nr etgraeradti endg at
enzyme ac4 D¥i CDYMOBIAGCNS L£Dd DB h GALNS had t}
| owest enzyme activity in all tdpdsues, par

Additionally, we analyzed the hGALNS enzym

and thymus, which emphasized an increase |
4 K4L). This sulggesdisctehhen ti nLnVast e I mmune sSyst
creating an i mmun@ALNSponse against anti

We could not detect enzymeweaeokt dvahyg newpbal

mice treated with | ow doseslilosfe LVsa(tdcecat grmn
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unde-CBhVa+f{dLR2W1 gradually increased the GA
weeks. There was no staCBE GACLCABCcOGOIgDAAT i can
hGALNS, awygewi whhereas we found-GBhat t he en
hGALNSswgaehnflg higher starting fypen (QRi gue e
4 M) . Overall, the secreted enzyme activity
Foll owing our results in hGALNS expression
mi ce with hi gk BdoGFePs aasBf@LREIGFPLM o confirm

bi odi str i btdtoidoyn ivmaa iRIQEIGHORIT e¢yatLd/d mi ce show
clear fluosesgenompaned to the untreated g
protein, which appears only within the cel
Therefore, the intensity o#)&BFHhieset mesluil ¥

al so cloenpwirtaib hGALNS expression under the
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LV-CBh- LV-COL2A1- LV-CBh- LV-COL2A1-
A Untreated  hGALNS hGALNS B  Untreated hGALNS hGALNS

Epi-fluorescence

Kidney

Heart and Spleen

Lung

Brain

Right and Left Legs ¢

Right and Left Arms

Figd3kentensity of GFdPo e pbifVeis®ido mi efe Hi6glwe e
treat ment .

AWho-bedy f | uor e $BcFelnucoer eisntaegnicneg.screening of
were treated as neon@bDeHhIGAWNSdiddenadato & hael u;
absence/undetectable enzyme activity in th

Further mor e,l otcoalc dorefnierfm tt hoef-CBIWGAL NBei ael ec
further experiments due to the higher pote
admini s-CBIM&ALNY i ntr aarttriacnwlsecrull yaviedeokl d nt o b
and newborn male mice. However, none of t

hGALNS activity locally (in bone or muscl e
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LVYCBi GALNS gwodi gy pes

gfta group
0. 05, * x o < 0.005, R OO0 oywpk* VY oWrpl: 0
#: < 0.05, #HH#: < 0.005, #H##: <0. 001, HHHH:
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4. 2LYGT induced no liver toxicity

The | evels of ALT and AST were measured to
LVGT. No significant differences between gt
chronic hepa4BE€)toAddityooBRi gy, we measure
newbtboreat-@éadsé oger oups (data not shown), in v

bet ween groups.

4. 2EbevattotoanlthoGAL M5t | b efdtieers LVGT

To explore the immune reaction following the GALNS transgene expression, we
analyzed 4and 16week postinfused plasma samples. In all groups, we detected total
antrthGALNS antibodies at levels like enzyme activity levels. However, treatment with
LV-COL2A1-hGALNS showed significant elevation in the circulating €BSLNS

antibodies at 16 weeks by 8.7 £ 1.3 ug/ml (Fi§A4B).
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APl asm&ABNSIi anti body | evelwaytANOWA dwiltbéh we
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4. 2Hbgh doses of LVGT fully <corrected hes

vacuolization and hkeohemgrewt hbcplbaeein

To evaluate the pathologic impact of LVGT, toluidine biiained heart and knee joint
samples were examined in detail. In the heart, valvular areas, endocardial membrane
(base), and heart muscles were screened for the presence/absence of vacuolated cells.
Except for LMCD11bhGALNS with partial correction, all LVs driving hGALNS

expression fully corrected heart pathology, among which no statistical differences existed
compared to the wildype control group (Figd.9A-B). The group treated with LV
CD11bD8*hGALNS showed a partial correctiorgarding the vacuolization of heart
structures, which did not reach that of the wiitge level. We also tested low doses of

LVGT in newborns and-#veekolds, but no clear pathological correction was detected in
the knee joint, while heart samples weiglgly correct (data not shown).

Tabd4lel n GirebBrt pathology at 16 weeks.

Levels of storage materials were scored. i
obviouso was 1 (+), fAmoderateodo was 2 (++),
pat hol ogi cal sl i deblwansd ansasnensesre-@t. h rDeaen atdiamebs! .
prerst eMe abhS E M.
. LV- LV -

wild | LV-CBh- | LV-CD11b- LV -CBh-
Heart | Untreated | 1ype | hGALNS | DE*NGALNS | Foailr | COZAL | hGALNSCo
Base [1.9+0.2 |00 [0. 0.0 1.2¢0.4 [ 0.0 0.0
Valve [1.9t02 [0.0 [0.0 0.0 15206 | 0.0 0.0
Muscle | 1.6¢0.3 [ 0.0 [0.0 0.0 0.2¢0.2 | 0.0 0.0
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Fi gd49ken GiIlrehbhrt pathology after LVGT.

AThe figure depicts the heart muscl e, base

Om sBadlaewuvolization i-Wahkiastwiceh!|l PuniKdésskats

vs an untreated group: *: < 0.05, **: < 0.
0

groups-twoewi 4d < 0.05, ####: < 0.0001.
In the bone, we analyzed articular cartilage and growth plate of both femur and tibia,
ligament, and meniscus to confirm the degree of pathological correction. Vacuolization
and column structure disturbances are the key parameters to evaluate pathological
correction. Therefore, each tissue part of the bone was assessed based on these two
parameters (Figl.10A-C). All LV treatments showed partial correction in varying levels.

Particularly, CBh and CD11b LVs revealed a correctiovaicuolization compared to the

untreated group; however, none reached the-tyjpe level.
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Additionally, the column structure of chondrocytes in the growth plate was significantly
corrected at the different levels following each LV treatment 4E1§A-C). Furthermore,
we measured the chondrocyte size in the growth plate of the tibia to confirm the
reduction of storage materials by LVs. Although the chondrocyte size was significantly
reduced compared to the untreated control group, it did not reaulhidhgpe level with

all LVs (Fig.4.1M).

In addition, we analyzed the bone pathology of intraarticularly injected mice. The
intraarticular injection was conducted in the exterior side of the right leg medial cavity.
The results revealed no correctiorvacuolization or columnar structure of the growth

plates (data not shown).
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