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Lista de abreviaturas e termos relevantes

AMU - 4-methylumbelliferyl

AMU-I — 4-methylumbelliferyl-alpha-L-iduronide

AAV — vetor adenoassociado agenoassociated virus vector

AAV5-IDUA - adenoassociated vector sorotype 5 containing AU
transgene

Ad - adenovirus

ADA - adenosina deaminase

BS — blasticidin S deaminase gene

CFU — colony formating unit

CMV - citomegalovirus owytomegalovirus

CNS — central nervous system

CTM - Células-tronco mesenquimais

DAL - Doencas de acumulo lisossomal

DS/HS — dermatan and heparan sulfate

DMEM - Dulbecco's Modified Eagle's Medium

ERT —enzyme replacement therapy

Ex vivo — nas células-alvo para posterior reintroducédo dasnres no
organismo alvo

FIV — Feline Immunodeficiency virus

GAGs - glicosaminoglicanos oglycosaminoglicans

Gene exdégenc- ver “Transgene”

GFP - green fluorescent protein

ofp — green fluorescent protein gene

HIV - Human Immunodeficiency Virus

HIV GFP - vetor retroviral baseado etduman Immunodeficiency Virus
contendo o transgengfp ou HIV vector containing gfp transgene

HIV IDUA - vetor retroviral baseado emrduman Immunodeficiency Virus
contendo o transgen®UA ou HIV vector containing IDUA transgene



IDUA — enzima alfa-L-iduronidase calpha-L-iduronidase enzyme

IDUA - gene da alfa-L-iduronidase alpha-L-iduronidase gene

In situ — no local

In vivo — no organismo alvo

IRES - internal ribosomal entry site

iv - intravenous

KO - knockout

KO/GFP — animalknockouttratado com CMT transduzidas com MLV GFP
ou knockout mice treated with MLV GFP transduced MSC

KO/IDUA - animal knockout tratado com CMT transduzidas com MLV
IDUA ou knockout mice treated with MLV IDUA transduced MSC

LSD - lysosomal storage disorders

LTR -long terminal repeates

MLV IDUA - vetor retroviral baseado ndurine Leukemia Virusontendo
o transgendDUA ou Murine Leukemia Virus containing IDUA transgene
MLV - vetor retroviral baseado nMurine Leukemia Virusou Murine
Leukemia Virus

MLV GFP - vetor retroviral baseado ndurine Leukemia Virusontendo o
transgenegfp ou Murine Leukemia Virus containing gfp transgene

MOI — multiplicidade de infeccao omultiplicity of infection

MPS — Mucopolissacaridose oMucopolysaccharidosis

MPSI - Mucopolissacaridose | oMucopolysaccharidosis type |

MPSI MSC — mesenchymal stem cells from MPSI mice

MPSIIIB — Mucopolissacaridose tipo 111B

MPSVII - Mucopolissacaridose tipo VII oMucopolysaccharidosis type
VIl

MSC — mesenchymal stem cells

MSC IDUA - células-tronco mesenquimais geneticamente moddas com
0 gene terapéuticdDUA ou genetic modified mesenchymal stem cells

expressing therapeutic gene IDUA



MSCV BS - vetor retroviral baseado ndurine Stem Cell Virusontendo o
transgeneblasticidin S deaminas®u Murine Stem Cell Virus containing
the blasticidin S deaminase transgene

MSCV IDUA - vetor retroviral baseado ndlurine Stem Cell Virus
contendo o transgenéDUA ou Murine Stem Cell Virus containing the
IDUA transgene

MSCV - vetor retroviral baseado nburine Stem Cell Virusou Murine
Stem Cell Virus

PBS — phosphate buffered saline

PCL - packaging cell line

PCR - polymerase chain reaction

PGK — phosphoglicerate kinase

RE - Reposicdo enzimatica

SCID - imunodeficiéncia severa combinada

SNC - sistema nervoso central

Sindrome de Hurler — forma grave de MPSI, com comprometimento
neurolégico progressivo

Sindrome de Hurler-Scheie e Scheie formas branda de MPSI

Terapia ex vivo com CTM IDUA in situ - terapia baseada na reintroducéo
de células-tronco mesenquimais geneticamente modifas contendo o
gene exogeno/transgene IDUA no local desejado (dorg@d&pecifico) do
organismo alvo

TG - terapia génica

Transgene— gene exdgeno transferido via vetor

TU —transducing unit

Ul - unidade de infeccao ownit of infection

WT — wild type
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Resumo

A mucopolissacaridose tipo | (MPSI) é uma doenca nogénica
autossdbmica recessiva, devido a mutacdes no genalf@al-iduronidase
(IDUA). Seu carater sindrébmico compromete todas as famscoitais do
organismo, inclusive a neurocognicdo. Atualmentepmo formas
disponiveis de tratamento existem apenas os tramips de medula
O0sseal/célula tronco hematopoiética e a reposicapineatica (RE). Os
transplantes dependem da disponibilidade dos doeslerda idade em que o
diagnostico € comprovado. A RE € um procedimentmam®al e continuo
por toda a vida do paciente, invasivo e de altotocusEsse melhora
consideravelmente as doencas visceral e articussga; contudo, nao
apresenta o mesmo efeito sobre a neuropatologimcigralmente na fase
mais avancada. No presente trabalho, células-tronoesenquimais
transduzidas com o vetor MLV contendo o transgéDEA foram injetadas
intraventricularmente no cérebro de camundongos MR&ultos de duas
faixas etarias (12 e 25 semanas). O estudo foi kddo quando os animais
atingiram 20 e 29 semanas, respectivamente. Esdadubgia resultou na
diminuicdo dos niveis de GAGs acumulados no cérelllms animais
afetados. Tendéncia de melhora locomotora foi die®, através de teste
de campo aberto de exposi¢cdo Unica, mesmo nos asitnatados em fase
mais avancada da neuropatologia. A queda de exfpesh transgene,
observada com frequéncia neste tipo de abordageote pter sido um

entrave para que a correcdao cruzaderogs correction fosse mais
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duradoura. Baseando-se nessa experiéncia, nés delvemos um novo
vetor retroviral (MSCV IDUA) para ser avaliado vitro com ferramenta de
transferéncia génica para células-tronco mesengisimaEsse vetor
promoveu expressdo sustentavel do transgene e eapik selecdo das
células geneticamente modificadas, via resisténadiablasticidina. A
administracdoin vivo desse vetor, através de injecdo intraventricular
bilateral no cérebro de camundongos MPSI jovensplea producao local
de niveis detectaveis de IDUA ao término do expemmto (30 dias). Esse
estudoin vivo de terapia génica (TG) para mucopolissacaridosetigdo |
murina também avaliou a potencialidade de outros d®tores virais (HIV

e MLV), nessas mesmas condicbes experimentais. tOrvieaseado em HIV
também foi capaz de promover a express@@itu da enzima, enquanto que
o MLV ndo. Reducdo no conteudo total de GAGs extoai do cérebro dos
animais foi detectada apenas para 0s grupos tratadm os vetores MSCV
e HIV. Intensa reducdo na proporcao de dermatardhap sulfato nessas
amostras também foi detectada. Concluindo, o v48ICV mostrou-se uma
boa ferramenta de transferéncia génioavitro e in vivo, favorecendo a
producdo in situ da enzima de forma sustentavel, o que é altamente
desejavel na realizacdo de Ti® vivo. Devido a possibilidade de selecédo
rapida das células geneticamente modificadas ap6samsducdo com esse
vetor, a realizacdo de um novo protocolo pré clonde TGex vivobaseada
em células-tronco mesenquimais oriundas desse noodulrino de MPSI

também poderéa ser beneficiada.
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Abstract

Mucopolysaccharidosis type | (MPSI) is an autosomedessive disease due
to mutations in the alpha-L-iduronidase genéDWA). MPSI is a
multisystemic disorder, in which all vital functisnare compromised,
including neurocognition. Currently, the only twoptoons of treatment
available are bone marrow/hematopoetic stem ceHns$plantation and
enzyme replacement therapy (ERT). Transplantatiomepend on
availability of compatible donors and the age aaghosis. ER is a weekly
and life-time procedure, invasive and a high costatment. It ameliorates
visceral and joint/bone diseases, however, the samfect on
neuropathology is not achieved, mainly in most atsad stages of the
disease. Mesenchymal stem cells transduced with Mi&¢tor containing
the IDUA transgene were injected intraventriculaily the brain of MPSI
adult mice (12 and 25 weeks). The study was conetudhen animals were
20 and 29 weeks old, respectively. This protooedulted in a reduction of
GAGs accumulated in the brain. Locomotion improverevas observed
through open field analysis, even in animals trelat¢g advanced stages of
neuropathology. The decrease of transgene exprassitich is frequently
observed in this type of approach, may have resgdithe mechanism of
cross-correction. Based on that, we developed a mewoviral vector
(MSCV IDUA) to be analyzedin vitro as a gene transfer tool to

mesenchymal stem cells. This vector demonstratesdistainable expression
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of the transgene and enabled a fast selection ofegeally modified cells
through blasticidin resistancén vivo administration of the vector, through
bilateral intraventricular injection in the braif goung MPSI mice, led to
the production of detectable local levels of IDUAO 3days after the
procedure. Thisin vivo study of gene therapy for murine MPSI also
evaluated the potentiality of two other viral vecdo(HIV and MLV), at the
same experimental conditions. HIV based vector wbs0 able to inducen
situ production of the enzyme, whilst MLV was not. Adnection of total
GAGs extracted from mice brains was detected omythe groups treated
with MSCV and HIV, as well as an intense reductiohdermatan/heparan
sulfate proportion. Therefore, MSCV vector was smow be an efficient
gene transfer toolin vitro and in vivo, enabling in situ sustainable
production of the enzyme, which is highly desirabfer in vivo gene
therapy. Due to the possibility of fast selectioh g@enetically modified
cells after transduction with this vector, the aogdishment of a newex
vivo pre clinical gene therapy protocol based on mdsgnal stem cells from the

murine model of MPSI may also be benefited.



Introducao

“Certainly, an important theme that recurred throlngut the meeting

was analysis of the chromosomal integration sitégene transfer vectors.
The question of how random is retroviral integratibas been addressed
numerous times in prior years, but we are learnith@t the answer depends
on what the meaning of “how random is” is. New tacdues for integration

site recovery and genomic analysis are producingealth of information
on integration patterns of retroviral, lentiviralred AAV-based vectors, as
well as transposons. We are learning about the tieda frequency of vector
integration, the category of preferred integratienes and the interactions
between genetic elements of the vector and juxtagallular sequences.
Understanding these properties of each specificegemansfer vector should

allow more informed estimations of their relativesks and benefits in
clinical applications.”

Don B. Kohn Gene Therapy:Breadth and vigo2003).
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Introducéo

A mucopolissacaridose do tipo |

A perda da fung¢ao lisossomal para o metabolismaleel ocasiona o
acumulo de glicosaminoglicanos (GAGs), o que caggdeth as doencas de
acumulo lisossomal (DAL). O tipo de GAGs acumulaelm decorréncia da
perda parcial ou total da funcdo de uma enzimasls®mica especifica
determina um tipo especifico de DAL. Assim, a mucbgsacaridose do
tipo | (MPSI) € uma DAL decorrente da perda de faangda enzima alfa-L-
iduronidase (IDUA), levando ao acumulo de dermaeaheparan sulfato. E
uma doenca monogénica recessiva, cuja frequéndianada € de 1:100.000
nascidos vivos (Neufeld and Muenzer, 2001). Deviaesua variabilidade
clinica, a progressédo e a idade da manifestacaalgens sintomas, a MPSI
€ atualmente classificada em duas formas: a formave (Sindrome de
Hurler) e a forma atenuada (Sindrome de Hurler-$eleeScheie) (Muenzer
et al.,2009).

Os pacientes MPSI, de uma forma geral, apresentapleaomegalia,
disostoses, mal funcionamento cardiorrespiratorémtre outros sintomas
(Neufeld and Muenzer, 2001). A forma atenuada deSMRpresenta imensa
variabilidade em termos de perda de funcdo neurigkbg morbidade e
outros sintomas. A forma grave (Sindrome de Hurlérassim classificada
devido ao seu intenso comprometimento neuroldgiguwe ocorre de forma
progressiva e leva a morte ainda na infancia. Digpes de tratamento estdo

disponiveis para os pacientes MPSI. Os transplafdesmedula 6ssea ou de
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células tronco hematopoiéticas) sao limitados pelpsucos doadores
compativeis, pela alta mortalidade e pelo alto oudb procedimento. A
segunda alternativa é a reposicdo enzimatica (RE}tante efetiva para as
doencas visceral e articular/6ssea, 0 que contrpgaria a qualidade de vida
do paciente. Nem o transplante nem a reposi¢cdo neética, contudo,
evitam o processo neurodegenerativo (Ponder andkidas 2007). Se a
terapia convencional é iniciada cedo, portanto, glade retardar a
manifestacdo dos sintomas da patologia, mas naondaropatologia.
Infelizmente, o diagnoéstico para MPSI através deagem neonatal ainda
ndo € rotina e a maioria das criancas afetadasagndisticada tardiamente
(Ponder and Haskins, 2007). E importante lembrae gproximadamente
50-80% desses pacientes apresentam a forma grawoweéiaca (Muenzeet
al., 2009); consequentemente, ha necessidade urgenteusea por novas
alternativas terapéuticas para essa patologia,adal$ especialmente para o
cérebro. Um estudo de caso foi publicado recentdmesobre RE via
injecao intratecal por punc¢cédo lumbar (Munoz-Rogtsal.,, 2008); contudo,
a RE seguiria sendo um procedimento semanal de ailteto (Pastores,
2008), o que reforca ainda mais essa necessidadesedhdo-se na
introducao feita acima para a fisiopatologia da MPfica evidente que o
tratamento do sistema nervoso central precisa sea prioridade. A terapia
génica (TG), que se baseia na transferéncia de gdreapéuticos para

obtencdo de um fim terapéutico, se enquadra bermsenesntexto.
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Terapia génica para MPSI: buscando alternativas paa o tratamento em
nivel pré-clinico

A expressdoin situ do genelDUA através da transferéncia génioa
Vivo ou ex vivo podera trazer um grande beneficio clinico, mesmue q
apenas uma pequena populacdo de células locais segalificada
geneticamente. Isso porque a enzima IDUA secretgodas células
modificadas geneticamente é captada por célulasnkies, através de um
processo conhecido por corregcdo cruzada — mesmamemo explorado na
reposicdo enzimatica ou nos transplantes. A camptatzZienzima € realizada
através de um processo mediado por receptores deosea6-fosfato. E
importante ressaltar que a atividade da IDUA ocoapenas em pH acido, o
gue também contribui para que a atividade da enzisteja restrita ao
lisossomo. Esse é o destino final da translocac@dDlUJA apds a captacao
via receptor (Neufeld and Muenzer, 2001).

Os estudos de TG para MPSI tém sido realizados atiferentes
modelos animais (cdo, camundongo ou gato), transgem®lecionados (gene
repOrter ou terapéutico), vetor empregado (viral mdio viral) e desenho

molecular do cassete de expressédo (Ponder and HesRD0O7) (Tabela 1).
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Referéncia Vetor Transgene Modelo animal Especificacdo €émpo de analise Via de administracéo Beneficio clirac
Shull & Lu, 1996 retro MLV cDNA canino canino adulto infusdo de céls transduzidas nao (RI)
Lutzkoet al., 1999 retro MLV cDNA canino canino adulto infuséo de céls transduzidas nao
Lutzkoet al., 1999 retro MLV cDNA canino canino prenatal - intrauterina njeicao intravenosa de céls transduzidas néo
Hartunget al., 2004 AAV cDNA humano murino neonatal 5 meses depois injeg&ravenosa (veia temporal) sim (total)
Camassola&t al., 2005 plasmidial cDNA humano murino adulto injecdo hidrodindmica sim (cérebro também)
Di Domenicoet al., 2005 lenti HIV cDNA humano murino adulto 1 e 6 meses depois injecao intravenosa (veia caudal) sim (figado, b&jdardia)
Kobayashiet al., 2005 lenti HIV cDNA humano murino neonatal e adulto 20 seesade idade injecéo intravenosa (veia temporalidath sim (parcial)
Liu et al., 2005 retro MLV cDNA canino murino neonatal 8 meses depois jec&o intravenosa (veia temporal) sim (total)
Cironet al., 2006 AAV cDNA canino canino adulto 3, 5, 7 meses depois gageintratecal néo (RI)

Di Domenicoet al., 2006 lenti HIV cDNA humano murino adulto 6 meses depois gapeintravenosa (veia caudal) sim (figado, bacdafiia)
Ponderet al., 2006 retro MLV cDNA canino felino neonatal 3 meses depois jegao intravenosa (veia temporal) sim (parcial)
Watsonet al, 2006 AAV cDNA humano murino adulto 6-10 semanas depois ggeiatratecal sim (parcial)

Aranovichet al., 2007  transposon SB  ¢cDNA humano murino adulto injecdo hidrodinamica néo (RI)
Chunget al., 2007 retro MLV cDNA canino murino neonatal 8 meses depois jed&o intravenosa (veia temporal) sim (na alta doseetor)
Maet al., 2007 retro MLV cDNA canino murino adulto 8 meses depois ¢A intravenosa sim (imunomodulagé&o)
Traas et al., 2007 retro MLV cDNA canino canino neahat 1 ano, aprox. injecao intravenosa sim (total)
Heratiet al., 2008 retro MLV cDNA canino murino adulto 6.5 meses depois nje¢ao intravenosa sim (menos aorta)

As referéncias assinaladas referem-se aos proteamtovivoouin vivo envolvendo vetores nao-virais. Legenda: retro —

retrovetor; MLV —Murine Leukemia VirusAAV — Adenoassociated Virudenti — lentivetor; HIV —Human

Immunodeficiency VirusSB —Sleeping BeautyRIl — resposta immune.
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A maioria desses trabalhos focou na administrac&dravenosa,
representando a mesma rota de administracdo atudémempregada na
terapia de resposicdo enzimética. Protocolos denstfieréncia génica
intravenosa em fase neonatasultaram em producdo de niveis de enzima
detectaveis no cérebro de camundongos MPSI, comec¢@o da maioria dos
sintomas da doenca (Liet al., 2005; Chunget al., 2007). Injecbes
sistémicas de vetores plasmidiais, lentivirais otetrovirais com
imunossupressores em animais adultos também prodmzi niveis
detectaveis de enzima no cérebro, com diferentesagade reducdo de
GAGs totais (Camassolat al., 2005; Di Domenicoet al., 2005; Di
Domenico et al., 2006; Maet al., 2007; Heratiet al., 2008). Um estudo
comparativo para fase de administracdo do vetortnoosque a corregao
metabodlica da doencga foi atingida apenas para op@rde camundongos
neonatos tratados (Kobayashet al., 2005). Correcdo metabdlica,
craniofacial e neuroldgica foi reportada em um pxlo de administracao
intravenosa de vetor AAV em fase neonatal (Hartenagl.,2004).

Terapia génican situ voltada ao sistema nervoso central em modelo
animal de MPSI foi pouco explorada. Para cées MP&I injegcbes
intracerebrais foram combinadas a um regime de imsgnpressado -
ineficiente para evitar a encefalite subaguda (@ircet al., 2006). Em
modelo murino adulto, a administracdo intratecalvoe a reducdo da
patologia vacuolar quando altas doses de vetor AAKam empregadas — o

gue levou a uma superproducao de enzima no locatg§whet al.,2006).
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Como o acumulo de GAGs é a consequéncia primariadeanca, sua
dosagem traz informacdo relevante apo0s a interverieéapéutica. Por isso
os trabalhos acima citados buscaram quantificaratigpuma forma esses
GAGs totais. Entretanto, € muito importante lembgare os GAGs de um
tecido podem ser compostos por varios tipos, e msocda MPSI ocorre
acumulo especifico de dermatan e heparan sulfate nhidossomos.
Historicamente, essa reducdo de GAGs totais temo sguantificada
bioguimica ou histologicamente, por método colorim@ ou por contagem
de vacuolos oriundos dos depésitos (Tabela 2). Nierdh dessas técnicas,
contudo, discrimina especificamente o teor de ddeamae heparan sulfato
acumulados dos demais GAGs caracteristicos do tea@d anélise. A
contagem de vacuolos € uma medida relacionada ap®gtos lisossomais
de GAGs e, portanto, uma medida relacionada aos SAGuUmMulados em

cada tipo de MPS.

Tabela 2: Método empregado para avaliacdo de GAG prtocolosin

vivo de terapia génica para MPSI

Referéncia Vetor Modelo animal Fase Avaliacdo de GAG
colorimetria histologia
Hartunget al., 2004 AAV murino neonatal X
Camassolat al., 2005 plasmidial murino adulto X
Di Domenicoet al., 2005 lenti HIV murino adulto X
Kobayashket al., 2005 lenti HIV murino neonatal e adulto X
Liu et al., 2005 retro MLV murino neonatal X
Chunget al., 2007  retro MLV murino neonatal X X
Cironet al., 2006 AAV canino adulto X
Di Domenicoet al., 2006 lenti HIV murino adulto X
Watsonet al., 2006 AAV murino adulto X
Maet al., 2007 retro MLV murino adulto X X
Traaset al., 2007 retro MLV canino neonatal X X

Heratiet al., 2008 retro MLV murino adulto X
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A resposta imune parece ser um outro obstadculo m&cé® por
tratamentos alternativos para MPSI. Para o modedmico de MPSI, a
resposta imune contra a proteina exdégena e/ou &slasé geneticamente
modificadas bloqueou a correcdo cruzada (Slkeualhl., 1996; Lutzkoet al,
1999a). Quando um protocolo similar baseado no v&l@eping Beauty foi
realizado, a produg¢do e manutencdo da enzima dar@mheses foi atingida
somente com o0 uso de imunossupressor. Nessas dvaesli@penas o figado
apresentou reducdo de GAGs totais depositados, e hepatdcitos
apresentaram sinais claros de apoptose 10-14 dids a administracdo do
vetor, como conseqUéncia de resposta inflamatoaoifovich et al,
2007). Foi proposto que o modelo felino é capazndentar uma potente
resposta imune contra o vetor MLV empregado no @coto de terapia
génica em fase neonatal (Pondsral., 2006). E importante ressaltar que o
transgene introduzido no vetor referia-se ao IDUAnmo. Finalmente, a
imunomodulacao favoreceu a terapia génica via veWdrV em modelo
murino adulto de MPSI (Ma&t al., 2007).

Coletivamente, essas informag¢des nos mostram qudificacbes no
design do estudo, alterando varidveis como tipo e quaadid do vetor
administrado ou idade do animal selecionado pawrdizacdo do protocolo,
podem contribuir para a eficacia do tratamento. darando avaliar a
eficiéncia de um protocolo de terapia génica baseaan vetor viral,
camundongos MPSI foram tratados em fase neonataddalta. Niveis
superiores de enzima circulante e expressao sustehido transgene foram

observados apenas quando a intervencéao foi feiexqguemente (Kobayashi
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et al., 2005). Isso estd de acordo com a tendéncia atealamtecipar o
diagnéstico para favorecer a intervencdo precocar¢kewski and Wolfe,
2006); contudo, a maioria dos diagndsticos, aindafeé&a tardiamente
(Ponder and Haskins, 2007).

Uma vez que as terapias atuais ndo sao capazes wvitar ea
neuropatologia, seria importante avaliar a potehdeede de um protocolo
in situ de terapia génica visando reducdo de GAGs, reagho da
atividade da IDUA e melhora locomotora e cognitiviastudos anteriores
sdo0 mostram gque nem todos esses aspectos sdo dwslapoés TG em nivel
pré-clinico. Injecdo neonatal de vetores adeno-aigstos em modelo de
MPSVII resultou em niveis detectaveis de enzimacgoebro (Passini and
Wolfe, 2001). Camundongos adultos MPSI tratadosmkém em fase
neonatal com doses menores desse mesmo tipo der,vapresentaram
reducdo parcial dos depédsitos de GAGs e niveis adateis de enzima no
cérebro (Watsoret al., 2006). Em um modelo canino de MSPI, essa mesma
abordagem resultou em reducdo substancial de GAGscérebro dos
animais, mas mesmo com a administracdo de um iman@ESSOr a
resposta imune gerada contra o vetor e contra atepma IDUA
desencadearam encefalite subaguda nos animais r{Ceto al., 2006).
Nenhum desses estudos, entretanto, avaliou a fuhmgéo@motora/cognitiva
dos animais apo6s a TG.

Esse cenario mostra que o protocolo de TG voltadacérebro precisa
atingir niveis locais de enzima suficientes parduzr GAGs depositados

especificamente na MPSI (dermatan e heparan sulfaadravés de uma
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intervencdo ndo muito agressiva, de preferénciac@ané sem ocasionar
efeitos colaterais indesejaveis. Além disso, € dadlamental importancia
gque a avaliacdo da funcdo locomotora/cognitiva fgpgate das analises
posteriores a intervencao terapéutica voltada aelw® — em nivel clinico
e pré-clinico. J4 existe relato de aplicacdo clantbe TG viral voltada ao
cérebro de dez criangcas com lipofuscinose com mmhde funcao
neuroldgica; infelizmente, algumas reacOes advergasam relatadas
(Worgall et al., 2008).

Para os pacientes MPSI de qualquer tipo, a func@armcognitiva
pode variar enormemente, e esse parametro avabta®v incluido no
algoritmo de escolha de tratamento proposto, emjuwmim com a idade
(Muenzeret al., 2009). O objetivo desse algoritmo é auxiliar ndeg@o de
uma abordagem terapéutica que contribua de formis mansistente para a
atenuacdo da neuropatologia, além da doenca sisggmEm nivel pré-
clinico, poucos trabalhos avaliando a funcdo coigaitap6s a execucado de
um protocoloin vivo de TG para DAL foram realizados, a maioria deles
voltados para o cérebro de camundongos adultos éfarehtes faixas
etarias de outros tipos de DAL (Cressattal., 2004; Liuet al., 2005; Fu
et al., 2007). Um estudo comportamental p6s terapia génicdado para
MPSI foi realizado com camundongos tratados em fasenatal e com
reducdo dos GAGs (por contagem de vacuolos) (Haytetnhal., 2004). Os
autores relataram melhora significativa da funcéoogritiva.
Interessantemente, ja existem relatos na literawomprovando que esses

camundongos MPSI de fato possuem problemas cogstiprogressivos
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(Reolonet al., 2006; Panet al., 2008). Essas janelas de déficit, no modelo
murino, sdo de extrema importancia, uma vez que @l@deriam mimetizar
os diferentes niveis de comprometimento mental emtdados nos pacientes
MPSI, simulando algumas situacdes descritas no ralgo de tratamento.
Em conclusdo, a TG para MPSI em modelo animais &do explorada
através do emprego de vetores virais e néo-viraigneitas questdes
relacionadas ao design do vetor, a sua via de astracao, a producédo da
enzima exdégena nas células alvo e as consequUéndéssa reposicao
permanecem em aberto (para uma revisdo sobre osmossconsultar
Ponder and Haskins, 2007).
A TG in vivo e ex vivo para MPSI

A TG para MPSI busca a restauracado da atividadd&A, mesmo
que parcialmente. Foi proposto que um nivel residda5% em relacdo ao
normal) poderia fazer uma transicdo de fendtipo: fdema grave para
branda — ou da forma neuropatica para a nao-neurop.aEsse processo
seria dependente de uma nova tecnologia voltadaeab&pamente para o
sistema nervoso central (loannou 2000; loaneowal., 2003). Tratamentos
sistémicos para MPSI ndo conseguem atingir o cérebconforme
mencionado anteriormente. A ruptura de barreira &wancefalica ndo é
recomendavel a cada RE (Boseh al., 2000). Assim sendo, de fato uma
nova alternativa terapéutica faz-se necessaria parinica.

A TG tem sido proposta como uma terapia alternatpgga a MPSI
(Ponder and Haskins, 2007). A Té&x vivoem nivel clinico voltada a outro

tipo de MPS ja foi iniciada, baseado na transdugbo células tronco
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hematopoiéticas humanas e posterior reinfusdo dasmas ao paciente
(Cheng and Smith, 2003). Esse estudo mostra quegliaaacdao da TGex vivo
para DAL pode ser uma alternativa clinica factivelgnsiderando-se a
expertise acumulada com os protocolos para imunodeficiénmoabinada
(SCID) e genotoxicidade de transferéncia génica @tulas progenitoras
(Havengaet al., 1997; Bushman, 2007). Outra proposta seria a co¢ao
de protocolos — sistémico i@ situ — para obtencdo de correcdo global ou
parcial da patologia. E possivel que essa novapiarpossa ser somada as
convencionais, promovendo uma atenuacdo da doengarohbgica em
concomitancia a doenca sistémica. Tem-se discutttko forma pouco
intensa, ainda, os beneficios que poderiam serdolstiatravés de uma
proposta desse tipo. Para tanto, € necessario queasnferramentas de
transferéncia génica eficientes para as célulassidbema nervoso central

sejam desenvolvidas e bem caracterizadas. Mais ueraa pesquisa pré-

clinica tem um papel de destaque no desenho fuderterapias avancadas.
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Objetivos

O presente projeto de pesquisa teve por objetivoralgeo
estabelecimento de protocolos de terapia génexavivo e in vivo em
modelo murino de Mucopolissacaridose do tipo | (MPS&mpregando

vetores retrovirais. Os objetivos especificos coegmderam:

Terapia génicaex vivo:

e Transducdo de células-tronco mesenquimais oriundake
camundongos MPSI com vetor baseado em MLV (VirusLéacemia
Murina — Moloney Leukemia Virdscontendo o transgeneDUA e
avaliacdo dos niveis enzimaticos obtidos apods ansff@macao
genética.

* Injecdo das células transduzidas através da viaauwntricular em
camundongos MPSI de duas faixas etarias (12 e 2%aBas), com 0
intuito de avaliar a eficiéncia do protocolo parasés distintas da
neuropatologia ja estabelecida, através da corésage parametros

bioquimicos e comportamentais.

Terapia génicain vivo
 Construcdo de um novo vetor retroviral baseado Q¥ (Virus da
Célula Tronco Murina -Murine Stem Cell Viruscomo ferramenta de
transferéncia génica mais adequada as células pitgyas e/ou com

baixa atividade mitética.
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Introdugdo de um gene de resisténcia a blasticidioemo meio de
selecdo rapida para enriquecimento da fracdo de ulagl
geneticamente modificadas.

Caracterizacaon vitro do vetor em células-tronco mesenquimais.
Avaliacdo comparativa de trés vetores retroviraistiitos (baseados
em MLV, HIV e MSCV) sob as mesmas condi¢cfes expembais
como vetores de transferéncia génica para o sisteeraoso central
de camundongos MPSI, através de injecao intraveuntarr bilateral.
Avaliacdo de sustentabilidade da expressao do geams e da reducéao
dos depédsitos de GAGs no cérebro dos animais tosaab término

do experimento.
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Injection of mesenchymal stem cells modified withDUA
in adult MPSI mice brains decreases GAGs depositsna

improves exploratory behavior

Artigo a ser submetido aMolecular Genetics and MetaboliSm

“(...) We have seen the maturation of gene trangderhnology, the design
of excellent clinical research studies, and, of coa, the therapeutic
successes in the X-SCID and ADA-SCID studies, psamgiclinical results
in a broad set of cancer gene therapy studies, engieffects of genetic
correction in animal models of blindness and immnh&uman clinical
studies of genetic forms of blindness, and eveneshopeful findings in
neurodegenerative, orthopaedic, and cardiovascudasease, among others.

(...)"
T. Friedmann, “Happy AnniversaryMol Ther 2007, 15(6).
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Abstract

Mucopolysaccharidosis type | (MPSI) is caused ly deficiency of alpha-L iduronidase
(IDUA), which leads to lysosomal accumulation ofgdsaminoglycans (GAGs) dermatan
and heparan sulfate. Unfortunately, currently add therapies are not able to prevent
neuropathology.In this study we hypothesized that mesenchymal staits (MSC)
transduced with MLV-IDUA vector and injected in K&lult mice brain could reduce brain
GAG deposits and improve mice exploratory activiyfter 1 or 2 months of follow-up, the
presence of transgene in the mice brain tissuesca@med by PCR in almost all treated
mice, in addition to an intense reduction of td&AGs. Despite that, IDUA activity was
undetectable in these samples. These results tedicat the initial level of IDUA was not
sustainable for a month, but they were enoughdaae GAGs content in the treated mice.
An important consequence of this treatment was setre behavioral tests, which showed a
tendency of exploratory behavior improvement. Thessults indicate a significant
improvement in motility of adult KO animals, at &an a part, due to the brain GAGs
reduction. By this study we suggest that the IDUkg therapy associated with MSC and

injected directly in the brain could be an effidi@ray to ameliorate neuropathology.

Keywords: MPSI, gene therapy, retrovectors, lysosomal stordigorder, mesenchymal

stem cell

Abbreviations: GAGs - glycosaminoglycans; LSD - lysosomal sterdgsorders; MPSI -
mucopolysaccharidosis type |; ERT - enzyme replend therapy; CNS - central nervous
system; MSC - mesenchymal stem cells; MOI - milidtiy of infection; IDUA - alpha-L-
iduronidase; CS - chondroitin sulfate; DS - deamagulfate; HS - heparan sulfate; WT -
wild type; KO — knockout; KO/GFP - KO mice injectedth MSC transduced with the
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MLV-GFP construct; KO/IDUA - KO mice injected WitMSC transduced with the MLV-
IDUA construct
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1. Introduction
The disruption of lysosomal competence in cellutetabolism results in accumulation of
glycosaminoglycans (GAGSs), which leads to a groliploerited diseases called lysosomal
storage disorders (LSD). Mucopolysaccharidosis P@V) is a type of LSD in which the
GAGs dermatan and heparan sulfate accumulate ddeficiency of alpha-L iduronidase
(IDUA - EC 3.2.1.76). The frequency of MPS | is @@1000 living births and it presents
itself as a syndrome with three phenotypes: H{@IM #607014), Hurler-Scheie (OMIM
#607015) and Scheie (OMIM # 607016). Recently & baen suggested that MPSI patients
should be classified into two forms: attenuated r(gttScheie and Scheie) and severe
(Hurler) [1]. MPS | patients develop splenomegalgpne/articular diseases and
cardiorespiratory malfunctioning, among other peot$. Hurler syndrome also results in
progressive and irreversible neurodegenerationciwigiads to death in early childhood [2].
Two types of treatment are currently available MPSI. Bone marrow or stem cell
transplantation is efficient, but limited by theasdty of compatible donors, high mortality
due to the procedure and high financial cost. Heoisd alternative is enzyme replacement
therapy (ERT), which is effective for visceral dise, diminishing hepatosplenomegaly and
also improving articular movements. However, neitr@nsplantation nor ERT can avoid the
neurodegenerative process [3]. Although preclingtatiies have shown that infusion of high
levels of enzyme may reach the central nervouesy$CNS) with therapeutic benefits [4],
these levels are not attainable at the clinicatllesince more frequent infusions and higher
amount of enzyme would be necessary. Therefora mteating ERT in early childhood, it
will not bring a significant benefit to the CNS @éde improving visceral disease. In

addition, MPS | syndrome is not routinely diagnogsedtiewborns and most of the affected
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children are diagnosed much later in life [3]. Tdesbservations force to search for
alternative procedures aiming specifically to tréalS.

Intravenous gene transfer of viral vectors to rethehbrain of LSD animals is feasible at
neonatal stage with AAV, lentivector or retrove{6r8]. In adult MPSI mice, systemic
injection of AAV and MLV vectors have been shownpt@duce significant level of enzyme
in blood, but much less activity was detectablerians [6, 8-11]. It is important to note that
the correction of neurological abnormalities, ségnbehavioral tests, was evaluated only
after neonatal AAV viral gene transfer in this nrm&iMPSI model [5]. Brain gene therapy
for MPSI models with viral vectors results in lodBIUA production and GAGs reduction
for mice and dogs [9, 12], but unfortunately theseks have not employed behavior tests.
In the literature, there are no gene therapy ssuclienparing adult mice in different stages of
advanced iliness, which is a more interesting mddeé consider the future implementation
of clinical trials. In MPSI mice, a progressive ameimporal evolution of behavioral
malfunction is detected according to age onset, [8jich should be the consequence of
accumulation of GAGs in the brain. How GAGs deposiffect neurocognition, even in
patients, is still under investigation [1]. Thus,will be of great importance to include
behavioral tests and correlate such results witle&4uantification, especially in brain gene
therapy studies for MPSI. Behavioral tests haveaaly been performed in other types of
MPS [7, 14-17].

Mesenchymal stem cells (MSC) present the potetdidlifferentiate into various cell types
of mesenchymal origin such as osteoblasts, chogth®cand adipocytes [18, 19]. These
cells have shown the ability to respond to guidatiees in the brain, and may be used as

vehicles for the treatment of neurologic disord@@]. This strategy has been exploited in
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the preclinical study of different pathologies [22], and has also shown success in terms of
cognitive gain of function in MPS VII mice [23].

In this paper, based on the characteristics of M8@ the necessity to provide additional
neurotrophic factors in situ, we hypothesized thMEC modified with IDUA delivered
directly into the ventricular brains of MPSI micancbring a synergistic therapeutic effect,
especially in adult MPSI animals. To validate oypdthesis, adult MPSI mice were used

evaluating locomotor and exploratory behavior fioret besides molecular analyses.
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2. Material and methods

2.1.1DUA -/- mice

IDUA -/- (knockout — KO) mice were produced by targetistuption of the IDUA gene
[24]. The colony (kindly provided by Dr Elizabetrelfeld, UCLA, Los Angeles, CA, USA)
was maintained by breeding heterozygous animals.inteleance conditions and
experimental protocols were approved by the RebkeBthics Committee of the Federal
University of S&o Paulo (CEP 1201/07). In our ekpents, 12-week old (12w) and 25-week
old (25w) KO mice were used. At the end of experitagthese mice were 20 (20w) and 29-
week old (29w), respectively.

2.2. MLV vectors and mesenchymal stem cell culturand transduction

Two PT67 PCLs cell lines were used in our experigsienne containing the human IDUA
cDNA (NM_000203.3) (MLV-IDUA) and anothegfp reporter gene (MLV-GFP) in the
same backbone, described by M Camasstlal (unpublished results)Vectors were
collected as described elsewhere [25, 26] and w@neentrated in a Sorvall centrifuge (rotor
SS34) at 16000 rpm for 2 hours. For each 20 mLirall vector, 4 mL of 20% sucrose in
water were added. After centrifugation, the supemawas drained off and the pellet was
ressuspended in the desired volume of serum-fre&€l@Nhedium without antibiotics and
glutamine and incubated overnight 8€4Vectors were titrated using NIH 3T3 cells with 8
png/ml of polybrene [25, 26]. G418 sulfate and celltare reagents were purchased from
Gibco/Invitrogen Canada Inc (Burlington, ON, Canadaotamine sulfate and polybrene
from SIGMA (St Louis, MO, USA).

Mesenchymal stem cell (MSC) cultures were estadtidinom the bone marrow of 8 week-

old IDUA -/- mice as previously described [27]. M3@re transduced in two different MOls
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(multiplicity of infection) as indicated in the Réts section, always using 5 x “16ells
plated on 25 cfdishes. The transduction proceeded for 24 hourthénpresence of 10
pg/mL of protamine sulfate. The medium was thenaegdl with a fresh one and the cells
were cultivated for 7 days at %7 in 5% CQ, when they were screened for IDUA activity.
MSC cultures positive for IDUA activity were therplis and allowed to expand for
additional 3 days in 75 chdishes for the in vivo experiments. Cells with fressage 3/4
were used for in vivo experiments.

For transduction of NIH3T3 mouse fibroblast cetidj the same procedure from MSC
transduction was used. After transduction, thesosltre selected with G418 (1 mg/ml final
concentration) for at least 15 days. To determiaasduction efficiency of MSC withfp
reporter gene, GFP fluorescence positive cells wevated using fluorescence microscope.
2.3. Alpha-L-iduronidase activity

Cells were collected after tripsinization and tledled was ressuspended in homogenization
buffer (10 mM NaP®pH 5.8, 0.1 mM DTT, 0.1% Triton X-100). IDUA dosagrotocol is
described in M Camassoé al (submitted manuscript). Briefly, in a microplaid) uL of
the samples were mixed with 10 of 2.85 mM 4-methylumbelliferyl-alpha-L-iduronide
(4MU-I1, Toronto Research Chemicals Inc., North Y,dB¥N, Canada) and 4L of formate
buffer 0.2 M pH 2.8. The plate was incubated dC3fbr 1 h and the reaction was stopped
by the addition of 17%L of stop buffer (0.5 M glycine-NaOH, pH 10.3). Bhescence of
the 4MU product was determined using a Spectramaxflivorimeter (Molecular Devices
Inc., Sunnyvale, CA, USA) using 365 and 455 nm af@length for excitation and emission,

respectively. Protein concentration was determinid the Bio Rad protein dosage kit (Bio
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Rad Laboratories, Hercules, CA, USA). IDUA activisyexpressed in units (U), representing
nmols/h/mg ptn.

2.4. GAGs measurement

One third of mice brain tissue was cut and grounoled0 volumes of acetone. After
standing overnight at room temperature, acetonecwasged during five days. Afterwards,
acetone was discarded and the sample was comptiiety at 56C. The dry weight was
taken, and the sample incubated twice with maxatasg/mL (Tris HCI 0.05M pH8.0 NaCl
0.15M) for 24 h at 6{C. Trichloroacetic acid was added (10% of finaluok) and allowed
to stand for 20 minutes af@. The precipitate formed was removed by centrifiogaat
5000 g for 20 minutes at room temperature. The GAG® supernatant were precipitated
with two volumes of ethanol. After overnight inctiba at -26C, GAGs were collected by
centrifugation, vacuum dried, and submitted to geibonuclease | treatment (Sigma, Saint
Louis, EUA). The GAGs were analyzed by agaroseetgitrophoresis [28] and quantified
by densitometry with Quick Scan 2000 Software asidgistandard known concentration of
chondroitin sulfate (CS), dermatan sulfate and tepaulfate (DS-HS). Each sample for
electrophoresis represents the minimal of one thirdll GAGs extracted from brain tissue
destined to this analysis. We have not used lesis lhissue to extract GAGs, neither less
sample to load the gel. GAGs are expressed in pfgdyy tissue (total GAG) or percentual
of GAGs composition depicted in eletrophoretic pesf(% DS-HS and CS).

2.5. In vivo injection of transduced MSC

This protocol is a modification of [29]. IDUA KO e were anesthetized as specified in the
mentioned reference and treated witl? MLV-transduced MSCs, previously screened for

IDUA activity, ressuspended in gL PBS. The cells were injected directly in the left
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ventricule of the brain with a 30-gauge needleeRwinutes after injection, the needle was
removed and the incision was sutured. Mice wexaadt to recover on a heating pad before
returned to microisolators. At different times aftecsatment, mice were sacrificed and the
brain was collected. Fractions (1/3) of the tissuere kept at -8 for genomic DNA
extraction and GAGS determination. One third oftihe&in was directly processed in 1mL of
homogenization buffer with the help of a Potterideyfor determination of IDUA activity.
2.6. Behavioral tests

All behavioral tests were conducted in the samemroat controlled temperature and
luminosity. Mice were separated into four cohormugps, based on treatment: wild type -
control mice [DUA +/+, WT), knockout MPSI control micdl{UA -/-, KO), KO mice
injected with MSC transduced with the MLV-GFP coust (KO/GFP) and KO mice
injected with MSC transduced with the MLV-IDUA cdngt (KO/IDUA). Animals were
tested before and after treatment, to evaluateffieet of treatment with transduced MSC on
motor function and anxiety in each group, by twhidegoral tests. The elevated plus maze
test was conducted as previously described [17A@. AUmber of entries in closed/open arms,
fecal pellets and urine foci were counted. The tgpent in closed/open arms was registered,
in seconds. For the open field test, we used alair@arena, and the one trial exposition was
conducted similarly as previously described [3@Lept for the second exposition. The time
of freezing and grooming, and numbers of rearicgsssings (internal, external and total),
fecal pellets and urine foci were counted. Datapaesented as mean and standard deviation
values for the pre trial test, when KO mice weranpared to WT ones through the
nonparametric Mann-Whitney. The threshold foristigfl significance was established at
P< 0.05. Results obtained after MSC treatment e@sgnted as individual scores for each

parameter.
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2.7. Molecular analyses

Genomic DNA (gDNA) was extracted from the brainlwihe QIAamp DNA extraction kit

(QIAGEN GmbH, Hilden, Germany). PCR reactions DU and endogenous control were
performed as previously described [31, 32]. PCRdit@ms for IDUA were also employed
for gfp primers ingfp PCR (5’gag cct ggg gac ttt cca cac cc 3’ and & @@t tgt gat gct att gc

3’). Reagents were purchased from Fermentas Inen(Burnie, MD, USA).
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3. Results

3.1. Transduction of NIH 3T3 and MPSI MSCs cultures

To evaluate the efficiency of the concentratedl vectors, NIH 3T3 cells were
transduced with 5.2 MOI and IDUA activity was avatled (Table 1). These cells were used
as internal control for IDUA activity even if thefibroblasts were not isolated from MPSI
mice, because it was possible to submit these weBglection with G418. The endogenous
activity of IDUA in non-transduced fibroblasts was least 245 times lower than G418-
selected cells (23.8 + 5.8 versus 5849.1 + 851.¢Tdble 1).

MPSI MSC were transduced with 5.2 and 77 MOl gbtneate the transduction rate. After
one week of transduction, cells transduced withMOl presented a similar level of IDUA
activity in relation to NIH3T3 MLV-IDUA transduceaells. After 4 weeks, enzyme
production in these cells was decreased to basal.|©n the other hand, MPSI MSC
transduced with 5.2 MOI had 40 % of activity in th&t week, but in the 4tweek enzyme
production increased to 51%, reaching 3016.5 U. &l@n, this group also lost IDUA
activity at 6th week (around 15.0 U) (Table 1). M8&nsduced with MLV-GFP vector,
which express only the reportgfp gene useful to determine transfection rates, ptede
some level of activity (Table 1). This basal andspecific activity can be explained by the
interference of gfp fluorescence, which emits wsigkal of light at 455 nm.

Transfection rate determined Ilgyp expression showed a similar profile from cells
transduced with MLV-IDUA vector (Table 1). G418-asetled NIH3T3-GFP cells were 100%
positive for GFP, whereas MPSI MSC transduced Withand 77 MOI had 8.9 and 21.3%

of GFP-positive cells, respectively, in the 1st kwed transduction. After 4 weeks, cells
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transduced with 77 MOI had no signal of GFP, whikdls transduced with 5.2 MOI
maintained the same percentage of GFP-positive deliected on week one. The 5.2 MOI,
however, resulted in undetectable levels of GFRveek 6, indicating that the extension of
gfp expression time is also followed by some kindrahsgene silencing.

3.2. Pre trial behavioral evaluation

Since our research focused on already establidhessg, wild type (WT) and knockout
(KO) mice were submitted to open field test to aaéd exploratory behavior. Thus, this pre
trial test was performed in order to determine tlegree of basal exploratory capacity
(Tables 2 and 3). Results of open field test shiost KO mice were less active than WT
ones. Elevated zero maze did not detect differeacemg phenotypes.

3.3. Pos trial behavioral evaluation

Thirty to 60 days afterex vivo gene therapy, a second round of behavioral test wa
performed, after which brains were collected fozyenatic dosage, PCR analysis and GAGs
guantification. Mice treated at 12 weeks of ageewanalyzed when 20-week old (20w).
Mice treated at 25 weeks were analyzed when 29-wke{@9w).

Open field test showed a tendency of exploratotyak®r improvement after ex vivo gene
therapy for both age groups (Table 4). In the 20oup, treated mice seemed to rear more
than non treated ones. Vertical movement (intereglernal and total squares crossed in
open field test) showed the same tendency, beinGIMIA more alike to normal mice. For
the 29w group, rearings were greatly improved in/IKA mice only, and vertical
movement in this group seemed to be similar to mbmmice. For KO/GFP mice belonging
to 20w group, the injection of new and low passd@Cs may explain the possible

improvement in these two parameters — which waslatgcted for KO/GFP mice from 29w

group.



48

3.4. Quantification of IDUA and PCR analysis

Enzyme activity was undetectable in brain tissuesnfboth study groups. PCR analyses
showed that almost all treated mice were positorelDUA sequence, except in 3 samples
(Figure 1).

3.5. GAGs analysis

GAGs content was reduced in treated mice, as sediables 4 and 5. Results, however,
point to a better outcome in 25 week-old age trbatgce. Representative eletrophoretic
profiles allowed us to depict the proportion of omitin and dermatan-heparan sulfate in

each sample (Figure 2).
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4. Discussion

In gene therapy studies, the characterizaifom vector, in terms of level and time of
gene expression, is the first and fundamental stepsearch, because those terms depend on
the therapeutic gene, target cell and administnatoute. In the case of human MSC, it is
known that the rate of transduction with MLV is 1¢88], consequently high MOI is used to
use to increase transduction efficiency. To eseémanumber of MOI necessary to obtain
high level of IDUA gene expression, two MOI valuesre tested in MSC and compared
with the NIH 3T3 cells transduced with the sametmeand selected with G418 to have
100% of genetic modified cells. Use of 77 MOI readtl21% of transduction efficiency, seen
by GFP positive cells, but, curiously, this expdctefficiency with MLV-IDUA was
sufficient to reach the level of IDUA provided blget NIH3T3 selected cells (Table 1).
Additionally, the use of only 5.2 MOI resulted imettransduction of about 10% of MSC and
produced about 50% of IDUA activity seen with 77 M@ the same cells. These results
indicate that the concentration of virus requirednicrease transduction rate is not linearly
proportional, and the level of IDUA gene expresspen cell is highly variable according to
the cell type. It has been said that in cells lagkiDUA, this heterologous expression may
be adaptative [34].

As in our study the long-term gene expresssodesired to correct permanently IDUA
deficiency, the MLV transduced MSC were followed amgring IDUA activity and also
counting GFP-positive cells. IDUA activity in 77 M@ansduced MSC decreased to the
basal level in 4 weeks, and this result was corddry the absence of GFP-positive cells
detectable in fluorescence microscopy at the same tHowever, the 5.2 MOI transduced
MSC lasted 2 weeks longer than 77 MOI transducdld, c&s seen by IDUA activity and

GFP positive cells. Silencing of gene expressioeraMLV transduction is a known
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phenomenon, especially in the progenitor conte%t33]. Our results indicate that this
silencing phenomenon is accentuated by the augtr@mtaf virus concentration. Even
though the 77 MOI transduced MSC produced doubleelleof gene expression in
comparison to the 5.2 MOI transduced MSC, we dekitte use low MOI in the next
experiments because of the biosafety [38, 39] leegigst the longer term gene expression.

The main goal of our gene therapy study was toaedwrain GAGs deposits after
injection of MSC modified with MLV-IDUA in the lat@l ventricles, expecting exploratory
improvement as a consequence. In our study, we athdtl mice because MPSI pathology is
already established in this phase. To validate siudy, behavior characteristics were
initially analyzed. As neurodegeneration is a pesgive and slow process that affects animal
behavior, there is not a specific age at whichathiemal may be diagnosed as fully affected.
Therefore, it is very important to determine théndogoral state of KO animals before
starting gene therapy experiments. Two behaviestbtwere applied in our study: open field
and elevated plus maze. In this pre-evaluationdtfierence between normal and KO mice
in terms of vertical and horizontal movements (regrand internal crossings) and fecal
pellets parameters, which are indicative of exptogaactivity and anxiety, respectively, was
statistically significant (Tables 1 and 2). Thessults indicate that the movement of KO
mice was clearly affected. A previous study usimg open field test with habituation found
statistical significance only for the number of iegs [30]. In terms of the elevated plus
maze analysis, which is an important indicator rofiaty, we have not detected any evident
distinction among phenotypes, which is in accordanith the literature [13].

To evaluate the therapeutic effect of ex vivo geaasfer, we established 30 and 60
days of observation for mice treated at 25 and &2ks of age, respectively, after gene

therapy because the life expectancy of MPSI mi&}. [A second round of behavioral tests
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was applied after the observation periods, and thenanimals were sacrificed to collect
brain tissue for enzymatic dosage, PCR analysis@G@s quantification. Enzyme activity
was undetectable in both study groups. As showthéyn vitro study, the enzyme activity
of MSC transduced with MLV-IDUA is lost 6 weeks &fttransduction (Table 1), therefore,
these in vivo results are not unexpected. A sind&aline of IDUA levels after in vivo MLV
gene transfer has been observed [8].

Quantitative and qualitative analyses of GA&d monitoring of animal behavioral may
be related to the state of MPSI neuropathologicalugion. In our experiments, IDUA
activity was not detected in treated mice braideodéd at the end of the study. However, the
enzyme supplied by MLV-IDUA-transduced MSC was ®ight to trigger GAGs
degradation and improve exploratory function. Aersén Tables 4 and 5, total GAGs
content was diminished in a great number of treatéme, despite the maintenance of CS,
DS-HS proportion in brain tissue. We have useddgrenatan-heparan sulfate denomination
for GAGs accumulated in the brain (besides chomidjpibecause they are the specific
GAGs that accumulate in MPSI [2]. It is known tliaé heterogeneity of GAGs fragment
sizes may decrease the sensitivity of GAGs dosagmutine assays [40]. The method
employed in our work to quantify GAGs may offer advantage in sensitivity for brain
tissue, but still is not as refined as mass spewtoy [41].

In conclusion, in some IDUA-treated mice (#8-10 atf?), GAGs reduction was more
prominent, which resulted in more exploratory atgivinterestingly, the results point to a
better outcome in mice belonging to the 29w gro#®-10). Since mice of the 20w group
were analyzed 2 months after ex vivo gene tranafet,in vitro follow-up of IDUA activity
from duplicates of injected cells indicated an s decline in transgene expression in 6

weeks, it is possible that in this group GAGs acslation restarted. Such phenomenon is
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seen in urine GAGs from MPSI patients treated vetizyme replacement therapy [42].
Despite that, these results evidence a possibkiageship of accumulated GAGs and
exploratory activity, which importantly occurs redkss of mice age.

Since we have used MSC in ex vivo gene therafii IDUA, injection of MSC
transduced with MLV-GFP vector in some animals wasied out to investigate the effect
of MSC cells alone. In 25-weeks treated mice, tee af MSC alone did not bring any
improvement of exploratory activity. However, in-b2eks animals (#17 and #18) GAGs
deposit were diminished and exploratory activig@gymented. As the MSC injected may
secret factors to modulate the metabolism of naghf cells, these results suggest that they
had a role in the reduction of total GAGs biosysthe This observation could be
corroborated by the maintenance of the relationshipS-HS versus CS in brains, despite
total GAGs reduction (Tables 4 and 5).

The treatment of KO mice with MSC transducedhwWMLV-IDUA vector diminished
significantly total brain GAGs, which resulted metimprovement of exploratory activity. In
mice treated at advanced stages of pathology (2kswveld), this resulted in higher scores of
vertical and horizontal movements. But it is alsgportant to note that those animals were
analyzed after a month of therapy versus two momHhs week-old treated animals. Even
though this may be similar to the already known-phase phenomenon of urine GAGs
decline in patients under enzyme replacement tlgefdR], the improved exploratory
behavior was considered a very surprising outcdmast, as MSC transduced with MLV
vectors presented a transitory transgene expreéasionnd 6 weeks), it is likely that GAGs
deposit accentuated in brain after the first marithreatment, as seen in mice from 20w

group. In these animals, MSC alone brought someaugment in exploratory behavior,
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despite the absence of a therapeutic gene. Addltiexperiments are needed, as discussed

above, to further explore these results.
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Table 1. Transduction efficiency and gene expressianalysis of MPSI MSC and NIH
3T3 cells with MLV-IDUA and MLV-GFP vectors

MPSI-MSC NIH3T3
MOI 5.2 MOI 77 G418 selected
GFP
IDUA (U) GFP (%) IDUA (U) GFP (%) IDUA (U) (%)
Control ND ND 23.8+5.8 0
MLV-
GFP 20.7+£21.6 29.5+29.5 100
1w 2278 +249 8.9+1.3 5340.4 +137.021.3+6.65
3-4w 3016.5+780 9.3+2.2 59.7 £16.8 ND 58491.1 +851.6 100
6W 15+1.41 ND NE ND

MPSI-MSC were transduced with 5.2 and 77 MOI andl@ted for transgene expression
during 6 weeks. NIH 3T3 cells transduced with thens vectors and selected with G418
were used as a positive control cells. All expenteevere performed at least in duplicates.
IDUA is expressed in units of activity (U) and GpBsitive cells are expressed in frequency.
Cells injected in KO mice are indicated in italiambers. ND= non detectable; NE= non-

evaluated.
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Table 2.Pre trial behavioral evaluation of wild type (WT)dknockout (KO) mice in open field.

Open field
Group (n) Freezing Grooming Rearing IS ES TS FP Une
12w
WT (5) 79.0 136.6 215.6
94+05 104+6.6 46.4+10.7 219 +25.2 +44.8 5.0 £1.58 0.8 +0.4
KO (10) 42.5 114.7 157.2
15.1+95 12.1+6.7 35.7+8.8 +14.3 +38.4 +42.6 4.0+2.1 09+1.2
P > 0.05 > 0.05 >005 =000 >005 =0.02 >0.05 >0.05
25w
WT (3) 49.0 74.0 123.0
25.3 +15.8 10.0+4.0 37.3+24.0 +34.6 +15.8 +50.3 4.6+1.1 0.6 £0.5
KO (7) 33.8 70.8 104.7
24.4 £10.0 9.1+6.0 23.7+129 135 +37.9 +46.4 0.8+1.2 0.0+0.0
P > 0.05 > 0.05 >005 >005 >005 >0.05 =001 >0.05

Results (mean £ SD) show freezing and groomingetrosds; rearings and square crossings (internedyre!
and total) in absolute number of events. Fecakfetnd urine foci were counted too. The non patr@eridann-
Whitney test was used to compare the two phenotygtasistically significant p values are presentétly = 12
week-old treated mice; 25w = 25 week-old treatedemiS, ES, TS = internal, external and total sesiar

respectively; FP = fecal pellets.
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Table 3. Pre trial behavioral evaluation of wild type (Warnd knockout (KO) mice in elevated zero maze.

Elevated zero maze

Group

(n) OAE OAS CAE CAS FP Urine
20w

WT (5) 2.8+1.4  29.0+24.8 9.243.2 223.2+23.4 0.6x0.8 0.0+0.0
KO (10) 2.842.7  42.9%47.3  6.4%4.2 194.5+60.2 0.7+0.6 0.4%0.9
p > 0.05 > 0.05 > 0.05 > 0.05 >0.05 >0.05
29w

WT (3) 2.3+0.5 55.3%64.6 8.3#5.6  182.0+113.5 3.0#2.0 0.6+0.5
KO (7) 2.5#3.1  25.84259 4.5#3.0 187.7+46.6 0.5+0.5 0.1+0.3
P >0.05 >0.05 >0.05 >0.05 =0.06 >0.05

Results (mean + SD) show time spent in each arse@onds (S) and the number of entries in eacBynThe

non parametric Mann-Whitney test was used to coenffa two phenotypes. Fecal pellets and urineiere

counted too. Statistically significant p values presented. 12w = 12 week-old treated mice; 25v% week-old

treated mice; OAE, OAS = open arm entries and @pemtime spent in seconds, respectively; FP = feeléts.
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Table 4.Post trial behavioral evaluation of wild type (WEKphockout (KO), knockout mice injected with MLV-

GFP-transduced MPSI MSC (KO/GFP) and knockout nmgected with MLV-IDUA-transduced MPSI MSC

(KO/IDUA).
Open field

# Group Freezing Grooming Rearing FP Urine IS ES TS Total GAG % DS-HS
1 WT 29w 6 8 4 4 021 69 90 NE 23.8
2 WT 29w 5 2 5 5 011 15 26 2057.0 NE
3 WT 29w 15 18 11 6 119 52 71 1757.3 9.8
4 KO 29w 6 0 0 O 02 7 9 4345.0 49.8
5 KO 29w 5 9 0 4 010 28 38 3235.5 47.7
6 KO/GFP 29w 1 2 0 O 0 7 37 44 3819.0 41.8
7 KO/GFP 29w 3 0 0 1 010 22 32 NE NE
8 KO/IDUA 29w 5 3 0 3 0 7 26 33 1656.0 42.6
9 KO/IDUA 29w 8 3 6 2 010 34 44 1778.9 39.8
10 KO/IDUA 29w 4 6 27 4 0 31 108 139 1094.2 55.6
11 WT 20w 5 0 11 3 134 79 113 1140.4 6.2
12 WT 20w 0 10 6 4 016 78 94 1281.2 9.9
13 WT 20w 12 5 12 3 029 68 97 1997.3 32.1
14 WT 20w 18 17 20 4 1 35 121 156 1849.6 29.0
15 KO 20w 5 15 25 1 0 22 46 68 2741.0 40.0
16 KO 20w 9 2 2 3 0 7 31 38 2889.3 48.8
17 KO/GFP 20w 11 4 22 4 1 29 110 139 2224.2 66.5
18 KO/GFP 20w 5 0 14 2 0 9 86 95 1756.3 36.8
19 KO/IDUA 20w 9 14 20 2 0 36 119 155 1220.2 37.3
20 KO/IDUA 20w 2 8 24 0 029 49 78 2323.0 42.1
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21  KO/IDUA 20w 4 8 9 0 0 28 96 124 2404.4 46.1
22  KO/IDUA 20w 25 7 10 2 029 60 89 2296.0 49.2
23  KO/IDUA 20w 3 9 18 1 025 65 90 2083.0 49.4

Results show freezing and grooming in secondsimgsyrfecal pellets, urine foci and square crossifigfernal,
external and total) in absolute number of evel8sEIS, TS = internal, external and total squaesgpectively; FP
= fecal pellets. Total GAG is presented in ug GA@#tissue g. Dermatan-heparan sulfate contentech sample
is presented in percentual (% DS-HS). 20w = 12 wedkreated mice analyzed after treatment; 29vb week-

old treated mice analyzed after treatment; NE =exaluated.
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Table 5.Post trial behavioral evaluation of wild type (WKphockout (KO), knockout mice injected with MLV-

GFP-transduced MPSI MSC (KO/GFP) and knockout nmgected with MLV-IDUA-transduced MPSI MSC

(KO/IDUA).
Elevated zero maze
# Group AOE OAS CAE CAS FP Urine Total GAG % DS-HS
1 WT 29w 0 0 1 290 3 0 NE 23.8
2 WT 29w 1 5 3 284 2 0 2057.0 NE
3 WT 29w 0 0 4 284 1 0 1757.3 9.8
4 KO 29w 0 0 0 0 1 0 4345.0 49.8
5 KO 29w 3 82 3 95 1 0 3235.5 47.7
6 KO/GFP 29w 2 44 4 237 1 0 3819.0 41.8
7 KO/GFP 29w 0 0 0 0 O 0 NE NE
8 KO/IDUA 29w 0 0 1 294 3 0 1656.0 42.6
9 KO/IDUA 29w 0 0 4 288 1 0 1778.9 39.8
10 KO/IDUA 29w 2 12 5 267 1 0 1094.2 55.6
11 WT 20w 2 6 4 265 1 0 1140.4 6.2
12 WT 20w 0 0 2 293 2 0 1281.2 9.9
13 WT 20w 4 147 7 123 O 0 1997.3 32.1
14 WT 20w 0 0 4 0 O 0 1849.6 29.0
15 KO 20w 1 4 4 187 4 0 2741.0 40.0
16 KO 20w 0 0 2 267 1 1 2889.3 48.8
17 KO/GFP 20w 0 0 3 2838 4 1 2224.2 66.5
18 KO/GFP 20w 1 5 4 278 3 0 1756.3 36.8
19 KO/IDUA 20w 2 21 13 238 3 0 1220.2 37.3
20 KO/IDUA 20w 0 0 2 285 2 0 2323.0 42.1
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21 KO/IDUA 20w 1 4 3 285 2 0 2404.4 46.1
22  KO/IDUA 20w 1 16 5 266 1 0 2296.0 49.2
23  KO/IDUA 20w 1 15 3 280 O 0 2083.0 49.4

Results show time spent in each arm in secondar{&)}he number of entries in each arm (E). Fed&tpend
urine foci were counted too. OAE, OAS = open arimiesi and open arm time spent in seconds, respdgtivP
= fecal pellets. Total GAG is presented in ug GA@#tissue g. Dermatan-heparan sulfate contentech sample
is presented in percentual (% DS-HS). 20w = 12 wedkreated mice analyzed after treatment; 29vb week-

old treated mice analyzed after treatment; NE = non evaluated.
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Fig. 1 - Molecular analysis of transduced MSC ardted mice. Molecular markers have
300, 200 and 100-bp bands. Negative control, blRakitive control, plasmid viral vector

pertinent for each analysis.

(A) PCR amplification of IDUA andB-actin in transduced MSC from KO mice. 1,
molecular marker; 2, negative control; 3, MSC tduted with MLV-IDUA; 4, MSC
transduced with MLV-GFP; 5, non-tansduced MSC.

(B) PCR amplification of IDUA an@-actin in brain samples from non-treated KO mige. 1
molecular marker; 2, young KO mouse (#15); 3, old Mouse (#16); 4, positive control,

5, negative control.

(C) PCR amplification of IDUA and-actin in brain samples from normal mice. 1,
molecular marker; 2-5, young normal mice (#11-Fgpectively); 6-8, old normal mice

(#1-3, respectively); 9, positive control; 10, niagg@control.

(D) PCR amplification of GFP an@actin in brain samples from KO mice treated with
MLV-GFP. 1, molecular marker; 2-3, young mice (#d 18, respectively); 4-5, old mice
(#6 and 7, respectively); 6, positive control; gative control.

(E) PCR amplification of IDUA ang-actin in brain samples from KO mice treated with
MLV-IDUA. 1, molecular marker; 2-6, young mice (#23, respectively); 7-9, old mice
(#8-10, respectively); 10, positive control; 11gagve control.
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Figure 2: Eletrophoretic profiles obtained aftensitometry of GAGs samples analyzed
through eletrophoresis. Representative profilemmle from both age groups are used to
show how the proportion of chondroitin (CS) andndigtan (DS)-heparan (HS) sulfate is
determined. Total GAG is expressed in pg/g dryugs$henotype, age group and sample
code (#) are presented below the percentual ofdriedim sulfate (CS). On the left, profile
from a purified know concentration of HS, DS and @&ture of known concentration

used in the process of GAGs quantification.
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Abstract

Mucopolysaccharidosis type | (MPSI) is a type oddgomal storage disease (LSD) in
which undegraded glycosaminoglycans (GAG) dermasand heparan sulfate are
accumulated, compromising the normal function disc&wo therapeutic alternatives are
currently available, bone marrow/ hematopoietiarsteell transplantation and enzyme
replacement, but both do not avoid neuropathol@&ygin in situ MPSI gene therapy is a
good option, but the therapeutic efficacy is prilgadependent on viral transduction
efficiency. In this study, we compared MLV, HIV aMSCV as gene transfer tools fior
situ gene therapy in adult MPSI mice, through evalumaid GAGs quantification and
IDUA dosage.In vitro assays in NIH 3T3 and mesenchymal stem cells (M8@3ined
from wild type and MPSI mice were performed with &% to evaluate transgene
expression levels and time required to select targs based oblasticidin S deaminase
gene. In conclusion, MSCV was very functiomalvitro and in vivg, leading to intense
IDUA production and GAGs reduction. Percentual @&rmdatan and heparan sulfate
accumulated in brain was reduced in MSCV and Heated mice. Additional experiments
will clarify the benefits we could obtain from oMSCV construct foin vivo andex vivo

gene therapy.
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Introduction

Mucopolysaccharidosis type | (MPSI) is a typeysfosomal storage disease (LSD)
in which undegraded glycosaminoglycans (GAG) areuamlated, compromising the
normal cell function. Consequently, bone, visceradl cardiac diseases are present in all
forms of MPSI. The severe form (Hurler phenotypespnts neuropathology, while mild
forms (Hurler/Scheie and Scheie phenotype) doDetmatan and heparan sulfate are the
GAG deposited as consequence of partial or tosal & function of the lysosomal enzyme
alfa-L-iduronidase [1].

Two therapeutic alternatives are now available ®PSI. Bone marrow or
hematopoietic stem cell transplantation both relyawailability of compatible donors. Yet,
they both also have high mortality due to the pdoce and high financial cost [2].
Enzyme replacement therapy (ERT) is very effectiveiminishing hepatosplenomegaly
and improving articular movements, which has majopact in the quality of life of
patients. The neurodegenerative process cannot dmedeal by these processes,
unfortunately [2]. Preclinical studies have showatthigh levels of enzyme may reach the
central nervous system (CNS) and be therapeutiedligient [3], but how to make this
procedure compatible with the weekly enzyme replerg regimen remains unclear.
Besides that, the ERT is already a high cost pureedn its conventional form [4].
Interestingly, important contribution from prectial studies can improve ERT [4, 5], but
still CNS remain a challenge.

In resume, since this LSD causes mental retamiaim early death, the ultimate
clinical benefit will be obtained when early diag and treatment can be performed
before the onset of pathology [6]. However, newbsereening for MPSI diagnosis is not

routinely performed and affected children are shidlgnosed much later in life [2]. While
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preclinical neonatal/fetal gene therapy protocoésdesigned to avoid the establishment of
the disease [6-8], later phase intervention i$ itduired for late diagnosis cases. In this
context, brain gene therapy may contribute to dlayneurodegenerative process through
in situ expression of the transgene. The use of adult enousdels may represent an
important research tool to depict questions rel&dalood brain barrier, efficacy @i situ
vector administration and immune responses [9-QRgstions to still be addressed in gene
therapy concern low level and transient proviralegexpression - that would reinforce the
need for a better molecular design of expressiossatte, markers of selection also
transferred to target cells, vector silencing, aghothers [13]. In addition, a proper direct
comparison among vectors may contribute to idemiity and cons of each system and
trigger subsequent investigation including all nnmmtd aspects, in special long term
benefit coming from a sustained transgene expnmessitis should include GAGs
reduction and improvement in cognitive functiongjce MPSI knockout mice (KO)
present cognitive deficits [14, 15].

In this study we investigated the effect of a brgene transfer protocol in adult
MPSI mice, using three different viral vectors: MLMIV and MSCV. The use of MSCV
resulted in higher IDUA levels and more intense GAgduction than other vectors,
including the proportion of dermatan and heparaliatu In vitro, it allowed rapid
selection of transduced cells. Additional experitaesill clarify the benefits that could be
obtained with this MSCV construct far vivo gene therapy, as well as wiglx vivogene

therapy protocols.
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Results
Production of viral vectors: concentration and valdation of batches
HIV vectors and MLV vectors

The final titers of HIV and MLV batches are presehin Table 1. Transduction
with bicistronic vectors (containing IRES sequemnesulted in less GFP positive cells than
the PLL3.7 construct. Despite that, IDUA levels ev@round eight fold the endogenous
level for HEK 293T cells, seven days after transiduc Concentration of MLV vectors
rendered similar titers to HIV vectors, after sétatwith G418. IDUA levels were at least
ten fold above the endogenous ones.
MSCV vectors

Four independent harvestings of MSCV vectors werformed, derived from four
different PCLs, identified as presented in Table D&spite titers variation among
concentrated batches, final titers were considackjuate for our experimental design of
in situ injection of viral vectors, being similar to HIVhd MLV ones. Blasticidin-based
selection was fast and in five days BS resistatdnees could be identified in transduced
NIH 3T3 cells, as demonstrated in our microplags$duction protocol (Figure 1). Each
batch presented a different efficiency of transaugtresulting in different time of culture
until reaching confluence. These observations agidetiters obtained with CFU assay.
Consecutive experiments were performed also in 8BITH in order to validate the batches

through IDUA dosage on transduced and selectes, @dlperformed for MLV vectors.
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For IDUA screening, a protocol similar to that usedtitration was employed. We
kept a sample of unselected cells to evaluate I[2dpression prior to blasticidin selection
(Figure 2). Here we present results relative tcogedous values, to better see the increase
in IDUA production. IDUA activity in seven days wasound 20 fold the endogenous
values for the higher titer batch (33). For batéh@ the other hand, it was only eight fold
the endogenous value. However, 15 days after tuatisth, selected cultures were
proliferating normally, including those transducedth batch 37. These results were
maintened during the course of the study (30 dajlsw up). Selection pressure was
omitted after five days of selection.

MSCYV functionality in MSC from normal mice (IDUA +/+)

Next, we started to evaluate transduction efficyeand blasticidin selection of
MSCV vector in MSC from normal micdQUA +/+). After one day of recovery, 1:5
transduced cells were submitted to blasticidinetiln (8 pg/mL final concentration). We
used a 24-well microplate in order to visualize tbgults in a comparative fashion for one
and 10 pL of concentrated batches. Individual ce®mere visualized for all transduction
experiments (Figure 3, left), after five days des&on. The area occupied by cells seems
to be in correspondence with the volume of virattee used. Non-transduced cells
exposed to selection pressure were eliminated ffedays of selection. In conclusion, it
was possible to transduce and select MSC in fivgs daith blasticidin, in these
experimental conditions. Another interesting aspegarding selection of transduced cells
was the relationship between maintenance of thextset) agent in the culture medium and
transgene expression, after the selection pericdoompleted. Duplicates of selected cells

were kept in culture with the continuous supplybtdsticidin. Figure 4 (upper panel)
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shows that no strong decline in IDUA expression wiaserved when the selecting agent
was removed.
MSCV functionality in MSC from MPSI mice (1DUA -/-)

Since MSCV vectors were capable of transducing M&3 from normal mice and
blasticidin selection was not harmful to cell cuolts, the next step involveish vitro
transduction of MSC from MPSI micéDUA -/-). Repeting the microplate transduction
protocol (Figure 3, right) we observed that indeadsduction efficiency in these cells was
reduced, when compared to MSC fréDlJA +/+ mice. In fact, if we used a split ratio of
1:10 (as employed for NIH 3T3), we obtained fewiviital clones, and only for high titer
batches. In conclusion, the protocol showed efficyein transducing and selecting MSC
from MPSI mice, but the efficiency was lower thaattforIDUA +/+ cells.

Despite these results, we performed a new sataobductions in order to screen
IDUA activity. As seen in Figure 4 (lower panelgspite difficulty in transducing MPSI
MSC (IDUA -/-), IDUA levels were higher than those obtaimedNIH 3T3 or MSC (DUA
+/+). In consequence to lower levels of transdutioultures took longer to achieve
confluence, so that IDUA levels were only evalué@8ddays after transduction. In view of
our previous results with MSAQQOUA +/+), we decided to exclude blasticidin after the
selection period was concluded. In conclusion, MMSIC (DUA -/-) were more difficult
to transduce and took longer periods of time tahezmnfluence after selection than MSC
(IDUA +/+) transduced cultures, in these experimentatlitons. Yet, blasticidin selection
showed no obvious deleterious effects on transdivtle8l MSC (DUA -/-). Higher levels
of IDUA were obtained after cells were normally [feyating even without the continous

supply of a selecting agent.
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In vivo injection of concentrated batches

Next, we evaluated if IDUA would be detectableghe brain from treated mice, 30
days afterin situ injection. As seen in Figure 5A, KO IDUA levelseagxtremely low in
comparison to NL and MSCV treated mice (p=0.00 agome0.01, respectively).
Interestingly, no differences were observed betwéemnd MSCV-treated mice (p=0.06).
HIV-treated mice presented intermediary IDUA levielscomparison to NL and MSCV-
treated animals, differing only from NL ones (p®@. The mock group presented IDUA
levels similar to that of KO mice, but differentofn NL (p=0.00) and MSCV-treated
animals (p=0.01). In summary, the MSCV vector wamerefficient in transducing brain
cells, leading to stable expression IBfFUA. The HIV vector presented intermediary
efficiency, and the MLV vector did not induce theguction of detectable IDUA levels,
with results similar to those of mock and KO expemntal groups.

Finally, we dosed GAG from these brains samplesualuate if there was a
reduction of GAG deposits whithin 30 days. As seekigure 5B, the total GAG content
presented a tendency of reduction (p=0.07), mordeat for MSCV-treated mice. When
analyzing specifically dermatan and heparan sulfaeever (Fig. 5C), it becomes clear
that MSCV-treated mice presented an intense remtucti deposits, which reached levels
similar to NL mice (p=1.00). KO mice were differemmly from NL and MSCV groups
(both p=0.00). Mock and MLV groups rendered simiksults. HIV-treated mice were still
different from NL (p=0.00) and MSCV animals (p=0)0Einally, results for chondroitin
sulfate reflected the results for dermatan and tagpsaulfate, as expected since this is the
characteristical GAG in brain tissue and any inseem the proportion of dermatan and

heparan sulfate would lead to reduction of choruir@roportion (Figure 5D).
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In conclusion, after 30 days of treatment with MS@ectors, the proportion of
dermatan and heparan sulfate accumulated in the tisaue was reduced more markedly
than treatment with the HIV vector. The MLV vectdid no present any benefit in these

experimental conditions.
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Discussion
HIV and MLV vectors

These vectors were characterized previously, bZdmassolat al (manuscript
submitted). Here we focused on evaluating the ieficy of concentrated batches
developed for our experimental protocol. GFP levatained with HIV GFP and HIV
IDUA were very distinct from PLL 3.7, which may le&plained by molecular features of
each construct with reflection on transduction cadficy (Table 1). Different retroviral
constructs have been shown to present differemisdizction efficiency and transgene
expression levels despite being tested on the sathebackground [13]. IDUA levels
detected in HIV and MLV-treated cells (eight foltketendogenous levels) were compatible
with reports from the literature, even for diffetenral vectors [16-18]. Higher IDUA
levels obtained with HIV under the CMV promoter weeported [19]. Another work with
a bicistronic HIV containing IRE§fp detected a huge variationgfp expression levels in
each cell lineage tested, achieving 10-45% of ttaosd cells with MOI of 20 [12]. Since
we fixed our experiments in 10 pL of concentratatch obtained with our experimental
conditions, we have not employed such high MQlitro neitherin vivo.

The MSCV vector containinglasticidin S deamnasand IDUA genes was first
tested in NIH 3T3 (Figure 1). Blasticidin was prepd to be a versatile selection agent for
mammalian cells [20]. In fact, in transduced NIH33Tultures the blasticidin based
selection was efficient and fast. High number dbnges was detected in each transduction
experiment. When transducing NIH 3T3 to analyze ADlevels, we detected low
enzymatic activity when cells were unselected, &fter selection these cells reached a
plateau (Figure 2). It has already been reportatIDUA expression could increase under

selection pressure, as seen for MTX selection iansiuced lymphocytes and
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hematopoietic stem cells and that a steady staikl ce achieved [13]. We believe that
this was our case and further experiments wereyaedlalways at 7 and 30 days post
transduction (unselected and selected cells, rasphg.

Progenitor cell transduction depends on differfagtors. Important reviews are
available for hematopoietic stem cells, discusswertor design, MOI, adjuvants
employed, genotoxicity and stability of expressjah, 22]. Many aspects discussed there
can be used for MSC transduction. Lentivectors gsgyed with RD114 env GP
presented better results at higher MOI (4) whensglacing human MSC [23]. MOI of 140
was required to achieve transduction efficiencygbrgthan 30% (these values changed
according to the HIV construct evaluated) alsoumban MSC [24]. We have worked with
a fixed amount of vector, so we were not considgetine MOl component directly.
Because of these considerations, we decided t@ gpdit ratio of 1.5 rather than 1:10 in
our first evaluation of MSC transduction with MSCXéctor (Figure 3, left). Good
transduction efficiency was detected in those erpamtal conditions, but efficiency
seemed to be lower than with NIH — even with experital differences attributed to
microplate transduction protocol. We had betteulteswith batches with higher titer,
probably a reflexion of MOI variation [12]. Analyry IDUA expression (Figure 4, upper
panel), we once again detected an increase ingeaesexpression after blasticidin based
selection. This agrees with previous findings abblitX selection being beneficial to
improve IDUA levels in a dose-dependent fashior.[RExt, we decided to evaluate if the
continuous supply of blasticidin would result ingher IDUA levels. No obvious
differences were detected in cultures that were W@ blasticidin. This indicates that the
rapid selection of transduced cells is not followsd an obvious silencing mechanism

related to selection pressure. This does not agitbea suggestion that an intense decrease
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in transgene expression is seen when the seleagent is removed [26]. We have not
tested if blasticidin in higher concentrations ebgklect cells with higher IDUA activity
[13], but at PCL level we employed 16 pg/mL (fimaincentration) of selection agent. If
this was helpful to select better virus-producir@LPRve cannot assure. In conclusion, 30
days after selection, we still detected high IDU&Aaty in MSC (DUA +/+) transduced
with MSCV vector. For murine hematopoietic progerst comparisons among HIV and
MLV showed that in progenitors, MLV presented ateise fall of transgene expression
[27]. So, our MSCV construct presented stable esgiom in a progenitor context, which
was interesting for the next set of experimentsimMSC.

Finally, we transduced MSC from MPSI mid®JA -/-). Large differences were
already detected in the microplate assay (FigunegBt) in comparison to MSCIQUA
+/+). With the same amount of vector, fewer colsnigere detected after the 1:5 split. It
was impossible to obtain visible colonies with &itsgf 1:10 - as seen for NIH 3T3 cells.
We speculate that intracellular GAG may be pastisdlsponsible for this, since they could
interfere with the endocytic pathway of internatlzeectors. For lentivectors and airway
epithelial cells, it has already been shown thatGGAterfere with transduction [28In
vitro, different IDUA and GAG levels were detected irotilneages of fibroblasts [29], but
the authors have not proposed a connection amon@ @®Antent and transduction
efficiency. Another factor that may be relevantcaicium imbalance in these cells.
Calcium is required for the proper function of thedocytic pathway and autophagy in
LSD [30]. Collectively, these processes definitglterfere with basic cell functions and
internalization/ transport of viral vector in thesenditions are probably more difficult to

occur. Even enzyme traffic / exocytose may be &b
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Last, IDUA levels in these cultures were higheanhhose detected for NIH 3T3
and MSC [DUA +/+) (Figure 4, lower panel). These increasescarapatible with those
seen in MPSI fibroblasts in relation to normal oaésr transduction with retroviral vector
[29]. Since we kept these cultures for 30 days wedhave not quantified IDUA every
week, we cannot say that splits may be interfeviittp IDUA production, as proposed
previously for human MPSI MSC transduced with rena vector [31]. In that paper,
authors emphasize that the growing rate of cultessablished from different patients
varied. Interesting, batch 37 did not transducks @ efficiently as other batches, but after
the culture achieved confluence, culture 37b waslycing high IDUA levels, in contrast
to culture 37a. Culture 37a took longer to achiewefluence. As mentioned before, it is
possible that transduction efficiency and enzynmadpction are not totally linked. Thus,
the best vector for transduction may not be the bee for inducing enzyme production,
meaning that using a drug selection agent to asssssduction efficiency is different than
guantifying enzyme expression [13]. Location ofynas and promoter interferences may
account for such differences too [32]. We have invéstigated these aspects in greater
detail.

In conclusion, transduced MPSI MSIDUA -/-) presented high IDUA levels right
after selection. We speculate that the high IDUele detected already at seven days post
transduction are a consequence of selective adyamtaIDUA-producing cells, as seen
previously [18], rather than pseudotransductiorianfet cells [25]. Thirty days after the
experiment, no apparent transgene silencing was et
I'n vivo protocol

Considering the background obtained in wuvitro experiments, MSCV would be

an efficient gene transfer tool for situ gene therapy in MPSI mice. Neonatal gene therapy
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rendered detectable levels of IDUA in mice braing,733, 34]. Systemic administration of
plasmidial, lentiviral or retroviral vectors in dtdiviPSI mice resulted in IDUA activity in
the brain too, leading to different total GAG retio values as a consequence [11, 12, 19,
35, 36]. Our MSCV vectom situ injected virtually normalizes IDUA levels in braof
adult treated mice (Figure 5A). The intermedianels obtained with HIV may be also be
consequence of concentrated titer batch, whichdcbeltested by improving initial titers at
transient transfection or testing another concéntrgrotocol [37].

Accumulated GAG is consequence of IDUA malfunctiwrabsence and its dosage
is extremely important after testing a gene tranpfetocol. It is important to remember
that each tissue may present component GAG betfides deposited in MPSI. Therefore,
total GAG dosage includes tissue GAG. HistoricaBAG have been quantified based on
colorimetric methods or histology (counting of vatas, for example) [12, 33, 35]. These
methods, however, do not discriminate accumulaiundtan and heparan sulfate from
GAG tissues. Since there is considerable structouet¢rogeneity in the specific GAG
accumulated in MPSI and considering their differsizes resulting in a low molecular
weight GAG fragments, we used another method tantifyaGAG from brain tissue
(Figure 5B). As seen for IDUA results, GAG reduntiwas more evident in MSCV-treated
mice. In vivo use of MSCV vectors for other diseases had pesitesults in the
biochemical parameters analyzed for each pathologigh different target cells:
hematopoietic progenitor cells for murine galaabdosis [38], murine bone marrow for
X-linked chronic granulomatous disease [39] and GMhgliosidosis [40] and MPSI dog
stem cells [41]. We have performed an initial bechcal evaluation, and further
experiments are required to better understand asvgene transfer tool interacts with

brain cells. Interestingly, a HIV/IMSCV hybrid vectavas described as efficient in
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improving transgene expression [42], which demamss how important vectorology is
for gene therapy by the combination of moleculatdees of each viral vector. Finally,
blasticidin may be an important tool to work withist specific MPSI murine model
because it is impossible to employ G418 as a setesystem. In addition, it is important
to evaluate new drug resistance genes for progecdits coupled to fast selection [43],

preserving their stemness and/or basic functions.
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Material and methods
IDUA -/- mice

IDUA -/- mice (KO) were produced by targeted disruptainthe murine IDUA
gene [44]. The colony, derived from animals kinghpvided by Dr Elizabeth Neufeld
(UCLA, Los Angeles, CA, USA), is maintained by hide® heterozygous animals.
Maintenance conditions and experimental protoc@esevapproved by the Research Ethics
Committee of the Federal University of Sdo PauleRC.201/07).
Experimental groups

Mice of 12-14 week-old were divided randomly imt@xperimental groups. Two
untreated groups were included in the study: wifgetmice [DUA +/+) (WL) (n = 11) and
MPS | mice [DUA -/-) (KO) (n = 4). Treated animals were divided in 5 groupseldaon
viral vectors injected: HIV GFP (MOCKn(= 3), HIV IDUA (HIV) (n = 6), MLV IDUA
(MLV) (n = 4), MSCV blasticidin (MOCK)r{ = 1) and MSCV IDUA blasticidin (MSCV)
(n = 3). MOCK group was represented by the sum of KHWP and MSCV blasticidin
injected mice. The study was followed-up for 30glafter than situ bilateral injection of
viral vectors.
Cell culture

All cell culture reagents were purchased from @Gibwitrogen (Burlington, ON,
Canada). Mesenchymal stem cells (MSC) were eskedalifom the bone marrow GDUA
-/- (KO) and wild type DUA +/+ (WT) mice and maintained as previously desadip15].
The same cell culture condition was applied to ISIFB and HEK 293T. G418 sulfate was
purchased from Gibco/Invitrogen Canada Inc (Butting ON, Canada); protamine sulfate
and polybrene from SIGMA (St Louis, MO, USA); Blasiin S HCI from ICN

Biomedicals Ins (Aurora, Ohio, USA).
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MLV vectors

The MLV vectors used to establish packaging dekd (PCL) were described
previously (M Camassolat al, manuscript submitted). Two different PCLs were
produced: one containing the human IDUA cDNA arel dther one thgfp reporter gene,
in the same vector backbone. Transfection procedamed PCL establishment were
performed as described elsewhere [46]. To colleel vector, 2.6x10E6 cells from each
PCL were plated in 75 cm2 culture dish (final voud® mL). Harvesting was performed
as described previously [46]. To concentrate thse vectors, 4 mL of 20% sucrose (in
water) were added to each 20 mL of harvested ve8atches were concentrated in a
Sorvall centrifuge (rotor SS34), at 16000 rpm fdraurs. The supernatant was drained off
and the pellet was ressuspended in the desiredneotd serum-free DMEM medium, after
a spin 5000 rpm for 10 minutes. After 6 hours, tinees were vortexed and once again
centrifuged 5000 rpm for 10 minutes. Aliquots warenediately frozen at -8C. This
protocol is slightly different from our previous thed (FH Silvaet al, manuscript
submitted). Vectors were titrated using NIH 3T3ls@nd final titers were expressed as
CFU/mL or CFU/ul, based on G418 resistant cell c@s (1 mg/mL, final concentration)
[46].
HIV vectors

The HIV vectors and the protocol of transient sfaction of HEK 293T cells were
described previously (M Camassat al, manuscript submitted). They will be referred
here as HIV IDUA, for the construct containing therapeutic gene and HIV GFP for the
mock construct. Both constructs presentdfegene downstream to the IRES element, so

the HIV IDUA is a bicistronic vector expressinBUA and gfp from its heterologous
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promoter, but independently translated due to IREQuence. Vector PLL3.7 was a kind
gift from Dr. Didier Trono (EPFL SV-DO, Lausanneyi&erland).
Concentration of viral batches were performed asculeed above. Titration was
performed as previously described [47], applyingr5L0 puL of batch. We counted GFP
positive cells in 10 random fields photographedlumrescence microscopy seven days
after transduction. This was possible due to tlestsonic nature of the vectors. Vector
PLL3.7 was used as control of transfection and eotration procedures.
MSCYV vectors

The blasticidin S deaminasdBS) gene was cloned into vector MSCVpac
(Clontech, Palo Alto, EUA) with Hind Il and Sacdites, under promoter activity of PGK.
The resulting MSCV BS vector was digested with BceRzyme (Fermentas Inc, Glen
Burnie, MD, USA), the same enzyme applied to obtBidA cDNA from a vector from
Dr. Melissa Camassola. After phenol-chlorofornmaisilic alcohol purification/ sodium
acetate precipitation (all from SIGMA, St Louis, MOSA) and proper procedures related
to CIAP treatment (Fermentas Inc, Glen Burnie, MIBKA), the IDUA fragment was
cloned into MSCV BS vector with T4 ligase (Invitexg Carlsbd, CA, USA), under
promoter activity of its modified 5’ LTR. After rggction analysis and sequencing on Abi
Prisma 3100 (Applied Biosystems, Foster City, CAA), the vector was purified using a
QIAgen midi prep kit (QIAGEN GmbH, Hilden, Germanghd used to establish PCLs.
Transient transfection of ecotropic virus packagoal line BOSC23 was performed as
described elsewhere [48], with a minor modificatiave allowed transfected cells to
recover one more day than previously describedreefoal harvesting. The ecotropic
viral supernatant was then employed in transductbramphotropic PT67 cells [46],

allowing transduced cells to recover for 24 hs befeeding 1:10 of this culture in 6 cm
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diameter plate dish with cell culture medium supmeated with blasticidin (16 pg/mL
final concentration). When single cell colonies svendividualized, we pooled them
together, for each plate in selection. The besyghmhal PCLs in titers (CFU/mL or
CFU/uL based on blasticidin resistant cell colonasd IDUA activity in transduced cells
were expanded for use in concentration protocolsl Vectors were collected in the same
way as MLV ones. Titer of concentrated vectors watermined in the same fashion as
MLV, always allowing transduced cells to recoveramay before selecting cells with
blasticidin (8 pg/mL final concentration). Thusr®SCV IDUA construct is a bicistronic
vector, with two independent transcription units.
Validation of concentrated batches

After titration of the concentrated batch, we pearfed a transduction assay with 10
puL of the viral vector, in order to screen for IDUktivity, to assay the IDUA activity
obtained with the same amount of virus that woddnjected in mice brain. We employed
our standard transduction protocols for each batdtching each transduction condition
with the type of vector. Thus, for MLV vectors wengloyed NIH 3T3 cells, for HIV
vectors we employed HEK 293T cells and for MSCV wged NIH 3T3 and MSC from
wild type and MPSI knockout mice (referred alsd29A +/+ and MPSI MSC olDUA -
/-). This was decided based on the molecular featpresented by MSCV vector backbone
— designed to achieve stable, high-level gene sgpe in hematopoietic and embryonic
stem cells and to enhance transcriptional actimatgwreventing molecular silencing in
progenitors cells [49]. Validation of MSCV batchescame our set of results to evaluate

its in vitro efficiency.
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MLV and NIH 3T3 transduction

1x10E5 cells were plated on 6 cm diameter dishety 4 mL of cell culture
medium, one day before transduction. Ten pL ofareatere used to transduce the cells,
recently fed with fresh medium. Polybrene (8 pg/fimal concentration) was added and
after 20 hours the transduction was stopped bygihgrthe cell culture medium. 1:10 of
cell culture was seeded to perform G418 selectiom@/mL final concentration), until
enough colonies could be pooled together — at lEaslays — and expanded to measure
IDUA activity.
HIV and HEK 293T transduction

We employed the same protocol used in titraticoh @UA activity was quantified
after proper fluorescence microscopy analyses ersdays after transduction.
MSCV and NIH3T3, wild type and MPSI MSC transducion

As this was the first time we were using MSCV westcontaining dlasticidin S
deaminasaesistance gene in MPSI studies, we decided totdudDUA at timepoints
other than just at the end of selection. Cells alection took no more than 5 days to
present individualized colonies in enough numberdd pooled together and expanded.
NIH 3T3 was split 1:10 and MSC 1:5. Experimentseveerformed in duplicates.
NIH 3T3 transduction

In general, the same protocol of MLV was appliedMIH 3T3 cells, but allowing
cells to recover one day before selection withtiakn (8 pg/mL final concentration).
Wild type and MPSI MSC transduction

5x10E4 cells were plated on 6 cm diameter dishes day before transduction,
with 4 mL of cell culture medium. Ten pL of vectaere applied to the culture, recently

fed with fresh medium. Protamine sulfate (10 pg/fimal concentration) was added and
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after 20 hours the transduction was stopped bygihgrthe cell culture medium. 1:5 of
cell culture was seeded to perform blasticidin ctede, until enough colonies could be
pooled together — as fast as five days — and exgohtmwl measure IDUA activity. MPSI
MSC took longer to be pooled together than norm&Qw- a consequence of differences
in transduction efficiency. In order to evaluatehe removal of selection agent in MSC
would interfere in transgene expression, we allowaglicates of transduced wild type
MSC to be cultured always in the presence of ikt (8 pg/mL). Since we detected no
interference on that matter, for MPSI MSC we harmby @valuated IDUA activity at the
end of study (30 days), removing BS after five dafyselection.
Coomassie blue staining of NIH 3T3, wild type and MSI MSC transduced in
microplate

We applied the same transduction protocols desdrdbove (in terms of viral
vector volume and cell density) to transduce della microplate condition. For NIH 3T3
we used 12-well plates and for MSC 24-well plategirder to obtain visible colonies after
the desired 5 days of selection. The individualnek obtained were stained with
Coomassie Blue solution. Briefly, after 5 days ddlestion, we fixed cells with
glutaraldehyde 2.5% (in water), for 1 minute. Thwe® washed the plate two times with
PBS and Coomassie brilliant G solution (0.5% w/epared in ethanol 35%, glacial acetic
acid 10%) (all from SIGMA, St Louis, MO, USA) wadded. After 2 minutes, cells were
washed with water and allowed to air dry.
Alpha-L-iduronidase activity

Cells were collected after tripsinization and tpellet was ressuspended in
homogenization buffer (10 mM NaR@H 5.8, 0.1 mM DTT, 0.1% Triton X-100). IDUA

dosage protocol is described in M Camasslal (manuscript submitted). Briefly, in a
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microplate, 1QuL of the samples were mixed with i of 2.85 mM 4-methylumbelliferyl-
alpha-L-iduronide (4MU-I, Toronto Research Chensdalk., North York, ON, Canada) and
40 L of formate buffer 0.2 M pH 2.8. The plate wastibated at 3°C for 1 hour and the
reaction was stopped by the addition of Ji5o0f stop buffer (0.5 M glycine-NaOH, pH
10.3). Fluorescence of the 4MU product was detegthunsing a Spectramax M2 fluorimeter
(Molecular Devices Inc., Sunnyvale, CA, USA) usiBgb and 455 nm of wavelength for
excitation and emission, respectively. Protein eotr@tion was determined with the Bio
Rad protein dosage kit (Bio Rad Laboratories, HessuCA, USA). IDUA is expressed in
nmol/ptn mg/h or relative values to endogenous er@zgoncentrations.
GAGs measurement

One third of mice brain tissue was cut and grodndel0 volumes of acetone. After
standing overnight at room temperature, acetone clasged everyday during five days.
Afterwards, acetone was discarded and the sampdecauampletely dried at 5G. The dry
weight was taken, and the sample incubated withg8&fmaxatase (4 mg/mL in Tris HCI
0.05M pH8.0 NaCl 0.15M) for 24 hours at°60 Trichloroacetic acid was added (10% of
final volume) and allowed to stand for 20 minutés42C. The precipitate formed was
removed by centrifugation at 5,000 g for 20 minwgesoom temperature. The GAGs from
supernatant were precipitated with two volumestbameol. After overnight incubation at -
20°C, GAGs were collected by centrifugation, vacuumiedlr and submitted to
deoxyribonuclease | treatment (Sigma, Saint LoHISA). The GAGs were analyzed by
agarose gel electrophoresis [50] and quantifieddbgsitometry with Quick Scan 2000
Software and using standard known concentratiorthmindroitin, dermatan sulfate and

heparan sulfate. Each sample for electrophorepresented the minimal of one third of all
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GAG extracted from brain tissue destined to thedysis. We have not used less brain tissue
to extract GAG, neither less sample to load the @AIGs are expressed as ug / g dry tissue.
In vivo injection of viral batches

This protocol is a modification of [51]. Mice weamesthetized as specified in the
mentioned reference and injected with 10 ul totali@l vector (5 pL per injection) [52],
bilaterally with a 30-gauge needle (5 minutes wvakbetween each injection). 200 ng of
protamine sulfate were mixed to each viral vect@pgnsion. Five minutes after the last
injection, the needle was removed and the incisias sutured. Mice were allowed to
recover on a heating pad before returning to misotators. At 30 days after treatment,
mice were sacrificed and the brain was collecteactions of the tissue were kept at*80
for GAG quantification. One third of the brain walrectly processed in 1mL of
homogenization buffer with the help of a Potter idey for determination of IDUA
activity.
Statistical analyses

Data are presented as mean and standard dewatioes. One way ANOVA plus
Bonferroni test was employed to compare data fadADactivity in brain tissue and GAG
scores, with the Statistica 6.0 software. The tholkes for statistical significance was

established at P< 0.05.
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Table 1: Titers and efficiency of transduction ohcentrated HIV and MLV vectors.

CONCENTRATION OF RETROVECTORS

HIV VECTORS
HIV GFP HIV IDUA PLL 3.7 HEK 293T
Start volume (mL) 52 152 20
Ressuspension volume (uL) 80 378 40
Titer (Ul /10uL/Hek)  4x10E5 4x10E5 2x10E6

IDUA (GFP)
experiment 1 4.31 (40%) 32.02(40%) 4.81(70%) 4.77
experiment 2 2.87 (35%) 30.03(42%) 4.04(80%) 5.30

MLV VECTORS
MLV GFP MLV IDUA 3T3
Titer (CFU/mL/3T3) 4x10E6 3x10E5
Start volume (mL) 40 80
Ressuspension volume (uL) 40 100
Titer (CFU /10 pL/3T3) 4x10E5 5x10E5
IDUA
Experiment 1 0.34 10.25 1.18
Experiment 2 0.41 16.56 2.38
Experiment 3 1.72

HIV vectors were tested in HEK 293T cells (two rafeel experiments). The proportion
(%) of GFP positive cells was analyzed throughrissence microscopy 7seven days after
transduction. IDUA activity was also evaluated Ime tsame period. MLV vectors were
tested in NIH 3T3 cells (three experiments). Onlgnetically modified cells were
evaluated, since they were selected with G418 iatittb IDUA is expressed as nmol/mg

protein/h.



Table 2: Titers obtained for four concentrated bescof MSCV vectors in NIH 3T3 cells after seleotwith blasticidin.

MSCV VECTORS

Titer (CFU/mL/3T3) 2x10E5 3x10E5 5x10E5 3x10E5

Start volume (mL) 80 80 80 80

Ressuspension volumpl() 100 100 100 100
Titer (CFU /10 pL/3T3) 10E6 2x10E5 10E6 6x10E4

STOCK IDENTIFICATION

|d number 32 33 36 37

Transgene BS IDUA BS BS IDUA BS

Legend: BS — blasticidin
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Figure 1: Efficiency of transduction of concentthdSCV vectors in NIH 3T3 cells. After
transducing NIH 3T3 cells with 1 pL of vector wite same titration protocol, cells were
split 1:10 and submitted to blasticidin selectibive days after the antibiotic was added,
non-transduced cells were eliminated. Some batghvesented more efficiency of
transduction, as shown by the higher number ofviddal colonies. This agrees with
titration results. Experiments were performed implahates, twice Legend: 32 and 36 —
MSCV BS; 33 and 37 — MSCV IDUA BS; BS - blasticidMEG refers to non-transduced

cells submitted to selection pressure.
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Fig. 2: Validation of concentrated MSCV batchesNhmH 3T3 cells (IDUA
activity). Ten pL of each viral batch was used tansduce 1X10E5 NIH
3T3 cells. 1:10 of transduced cells were cultured the presence of
blasticidin (8 pg/mL final concentration) and 1:1i@ blasticidin free
medium (unselected cells). Unselected cells werptkie culture for seven
days in order to evaluate initially IDUA levels. I®eted cells were
evaluated for IDUA levels 15 and 30 days after sduction. Experiments
were performed in duplicates for each batch (a d)dIDUA activity is
expressed relative to endogenous levels (2.67 #8;118=6). Legend: dpt —
days post transduction; 32 and 36 — MSCV BS; 33 &8id- MSCV IDUA

BS: BS - blasticidin
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Figure 3: Efficiency of transduction of concentrdt®SCV vectors in MSC from
wild type mice (IDUA +/+) (left) and MPSI MSC (IDUA/-) (right). 48 hs after
transducing MSC cells with 1 and 10 pL of vectorlls were splited 1:5 and
submitted to blasticidin selection (8 pg/mL finadrecentration). Five days after the
antibiotic was added, non-transduced cells weremalated. Experiments were
performed in duplicates, twice. Legend: 32 and 3MSCV BS; 33 and 37 — MSCV
IDUA BS; BS - blasticidin; B+ - non-transduced cellexposed to selection

pressure; B- non-transduced cells not exposed tecs®mn culture medium.
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Figure 4: Validation of concentrated MSCV batches MSC cells (IDUA
activity). Upper panel: Effect of maintenance ofabticidine selection
agent in transduced MSC from wild type mice (IDUA+}. Ten pL of each
viral batch was employed to transduce 5X10E4 MSC QVIRells. 1:5 of
transduced cells were cultured in the presencelasticidin (8 pg/mL final
concentration) and 1:5 in blasticidin free mediumingelected cells).
Unselected cells were kept in culture for seven day order to evaluate
initially IDUA levels. Duplicates of selected cultes (1:5) were cultured in
continuos supply of selection agent and dosed a& émd of the study.
Experiments were performed in duplicate (as indechby a and b). IDUA
activity is expressed relative to endogenous enzymeels (1.46+0.67;
n=7). Lower panel: IDUA levels in transduced andles¢ed cultures of
MPSI MSC (IDUA -/-). The same transduction protocdéscribed above
was applied to these cells. Unselected cells weraleated in seven days
post transduction and selected cultures 30 dayst ptransduction.
Experiments were performed in duplicate (as indechby a and b). IDUA
activity is expressed relative to endogenous levé(s25+0.27, n=8).
Legend: 32 and 36 — MSCV BS; 33 and 37 — MSCV IDWB&S; * signs
selected cultures that were kept with the continsupply of blasticidine;

dpt — days post transduction
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Figure 5: IDUA and GAG evaluation in brain tissueom in situ injected
mice. A) Ten pL of viral vectors were injected hiémally in mice brain,
with 200 ng of protamine sulfate. Thirty days afteamples were evaluated
for IDUA activity (nmol/ptn mg/h). Groups were drsbhuted: KO (n= 4),
NL (n=11), mock (n=4), HIV(n=6), MLV (n=4) and MSC\Y{n=3). HIV,
MLV and MSCV carry IDUA transgene. B-D) Total GAGd percentual of
dermatan, heparan and chondroitin sulfate in bréissue from in situ
injected mice. 30 days after experiment, brain hgemwates were evaluated
for total GAG (nug/g dry tissue) or percentage ofesgic GAG (% of DS-
HS and CS). Groups were distributed: KO (n= 2), f=8), mock (n=4),
HIV (n=5), MLV (n=3) and MSCV (n=3). HIV, MLV and MCV carry
IDUA transgene. The graphic in D shows the resuttsy chondroitin
sulfate. Its percentual tends to increase if dem@natind heparan sulfate
deposits are diminished. Legend: DS;HS - dermatad heparan sulfate;

CS — chondroitin sulfate



Discussa

“(...) both reports present cautiously optimistioterpretation of the data
and propose that the studies provide the basisdoditional clinical
studies in these and other retinal degenerativeedses. Indeed, the

expectation is that younger patients who may havegher number of
preserved retinal cells may possess greater chafmcebenefit from the
procedure. (...) These studies highlight the con&@d and important
diversification of gene transfer technology fronetariginal focus on
hematopoetic stem cells to other cell targets amadhplogic conditions.(...)
Given the trial details, noted above, the modesulés and the
understandable lack of controls (e.g., placebo wotjens in the
contralateral eye), a cautious outlook is warrantdzut the trial clearly
represents another step forward for the field”

D. A. Williams “Progress reported in two studies dfnical gene transfer

into the retina’Mol Ther 16(7) 2008.
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Discussao

1.Terapia génica para MPSI

A TG in vivo caracteriza-se pela administragdo dos vetoredatiente ao
organismo alvo, enquanto que a €& vivocaracteriza-se pela administracdo de células-
alvo previamente transduzidas ao organismo-alvobasmabordagens foram exploradas
para MPSI no passado (Tabela 1, p. @9nder and Haskins, 2007). A vetorologia viral
parece predominar nos estudos, muito provavelneaalo ao fato de a MPSI ser uma
doenca monogénica recessiva, 0 que leva a umasige@ds continua da producdo da

enzima exogena.

1.1 Expressao transienteersus expressao permanente

Para atender a essa necessidade constante doopt@@yeutico, € importante que
o vetor de transferéncia génica apresente expressdentavel do transgene, evitando a
necessidade de intervencdes repetidas. Para gsistemas plasmidiais possam fornecer
tal sustentabilidade, eles precisam ser modificatkodorma a se tornarem integrativos
(Aronovich et al., 2007). Os vetores virais integrativos sdo conadies ferramentas de
transferéncia génica permanentes, 0 que nao sigmécessariamente que a expressao do
transgene serd duradoura. Uma breve revisdo dosesaetirais integrativos é apresentada
na Tabela | (p.158). Mecanismos descritos com @aitao ativa na sustentabilidade de
expressdo do gene exogeno incluem fatores epigesétiomo cromatina repressiva
levando a silenciamento, efeito de posicdo apd@giatdo com subseqiente variegacao

elou silenciamento de expressdo génica, metilagdseduéncias promotoras levando a
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reducdo e/ou perda de expressao do transgene, aritos (Chen and Townes, 2000;
Emeryet al., 2000; Zentilinet al., 2000; Li and Emery, 2008). Tais problemas devem se
investigados para qualquer tipo de vetor viralgrdévo, portanto. Existe, contudo, uma
tendéncia evidente de valorizag&o de certos sistemras em detrimento de outros, apesar
da riqueza dos estudos moleculares ja disponiddizanostrando que a eficiéncia do vetor
em termos de expressao génica depende tambénmutiaaéb.

Expressao nao-sustentavel em contexto de progesitmmatopoiéticos através de
vetor baseado em MLV devido a metilacdo de seqaénpromotoras ja foi descrita
(Mostoslavskyet al., 2005). Anteriormente, vetores lentivirais eramssiicados como
nao-sujeitos ao silenciamento em células progexstoinclusive em células-tronco
embrionérias (Caset al.,1999; Barrettet al.,2000; Pfeiferet al.,2002; Maet al.,2003).
Recentemente, entretanto, foram detectados cassfiedeiamento pds transcricional e
também de metilagdo de sequéncia proviral de Ietaotigs em células-tronco
hematopoiéticas (revisado em Chang and Sadelad?)20 que questiona a imposicao de
estabilidade sempre associada aos mesmos. Inclosivetores adenoassociados (AAV),
ultimamente propostos como alternativa ndo-retabde transferéncia génica permanente,
podem permanecer epissomais quando empregadogo em modelo primata (Penaud-
Budlooet al.,2008). Isso mostra como cada elemento participdmtiesigndo vetor viral

selecionado deve ser analisado dentro do contegpmgto para seu emprego, Sej&ivo

versus in vitroou célula progenitoraersusndo-progenitora.

1.2 Vetores baseados em HIV, MLV e MSCV
Os protocolosn vivo de TG para MPSI murina compilados na Tabela 111§8)

apresentam maior ocorréncia de uso de vetor bassadbLV, seguida pelos vetores
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baseados em HIV. OS vetores MSCV néao foram testaithola nessa patologia especifica
— apenas para outros tipos de DALs (Tabela Il1G8). Existe uma imensa variagdo em
termos de fase de intervencao e dose viral admadstnesses protocolos, o que dificulta
enormemente a discussdo dos resultados de formpacativa. Faltam estudos mais
homogéneos nesse sentido, analisando vetores sobsasas condi¢bes experimentais, e
guantificados dentro dos mesmos sistemas validasgea grupo de origem. N0SS0 projeto
de pesquisa desenvolveu dois protocolos pré-cBnpema o modelo murino de MPSI. No
protocolo ex vivg foram empregadas células-tronco mesenquimaisduaidas com o
vetor MLV em camundongos MPSI adulto de 12 e 25 asm®, simulando
experimentalmente os déficits cognitivos detectados pacientes — e incluidos no
algoritmo que auxilia na selecao de tratamento agratologia (Muenzest al.,2009). No
protocoloin vivo avaliou-se comparativamente o emprego de vetdras \baseados no
MLV, HIV e MSCV sob as mesmas condi¢bes experimgngdraves da injecao bilateral
intraventricular no cérebro dos mesmos. A discussiferente a cada protocolo é

apresentada na sequéncia.

2. TG ex vivo para MPSI
2.1 Transdug&oin vitro de células-tronco mesenquimais

Para inicialmente validar um protocolo de transdud célula tronco mesenquimal
com vetor MLV contendo o gern®UA, fibroblastos NIH 3T3 foram empregados como
controle de MOI e de nivel de expressdo obtida ag®ecdo. Os niveis de IDUA
detectados nesse experimento (com baixa MOI) ellamente desejaveis para a execucao
do protocoloex vivocom células oriundas do préprio animal MPSI. Condm seria

possivel selecionar essas culturas de MSC do caangodPSI transduzidas com o vetor
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MLV, nés decidimos trabalhar com uma alta MOI (Tlab&, p. 60) Esse racional
experimental procurava garantir um maior nimereodelas transduzidas, diminuindo um
pouco a razdo de células ndo-transformadas/céelasticamente modificadas. Dados da
literatura mostram que para transducéo de céltdasd mesenquimais humanas isoladas
de medula 6ssea altas MOI séo desejaveis (Van Danhaie2006).

Apesar dos baixos niveis de transducéo obtidosa@eetor MLV GFP (Tabela 1,
p. 60), altos niveis de IDUA foram detectados ndtim@s transduzidas com MLV IDUA,
inicialmente. A expresséo do transgene, contuda, drasticamente, para os dois vetores.
No caso do MLV GFP, ndo era mais possivel detecéwmlas GFP positivas na
microscopia de fluorescéncia 3-4 semanas apéssdirgdo, enquanto que para o MLV
IDUA a atividade enzimatica detectada foi muitoendr & inicial. Dados da literatura
mostram que quando o MLV é empregado na transdiggmogenitores hematopoiéticos,
uma queda similar na expressao do GFP éi dete¢hdstoslavskyet al., 2005). Isso
representou uma reducéo de 40 a 0% de células Gdtfvas, em 56 dias, quando o gene
estava sob atividade promotora do CMV. Em célultasdnas, MOI de 140 resultaram em
5,2% de células GFP positivas (Van Damebeal., 2006). A administracdo sistémica de
um construto também baseado em MLV em modelo mutsmdPSI apresentou uma
similar queda de expresséao (Hesdtal.,2008).

Ainda gue esses niveis iniciais de IDUA fossemitd®@nsos a ponto de disparar a
cascata de degradacdo de GAG, questdes remansseentelacao a genotoxicidade desse
processo baseado em alta MOI levaram ao deseninm degundo protocolo experimental.
Considerando que a manutencdo das caracteristasmscélulas progenitoras pudesse
depender de transducdo com baixas MOI (Yoshimésual., 2007), um protocolo

alternativo de transducéo foi proposto, combinahdixa densidade celular, sulfato de
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protamina como adjuvante e baixa MOI. Altos nivagsIDUA por um periodo maior de
tempo antes da queda de expressao do transgene detactados. Foram essas células,
transduzidas com baixa MOI e produtoras de altogisiide IDUA sete dias apOs
transducdo que nos injetamos nos camundongos MRBeéla 1, p. 60). Os experimentos
com MLV GFP refletiram diretamente essa queda dd,Mfa vez que o percentual de
células GFP positivas foi inferior ao observado cattas MOI. Conforme dito
anteriormente, os niveis de IDUA néo foram taoyttiepdos — eram inferiores, mas ainda
dentro da faixa desejavel de trabalho. Interessaarite, talvez questdes adaptativas
relacionadas a producdo da enzima nessas céluleslas do modelo murino de MPSI
tenham contribuido para essa intensidade de e&orelssIDUA apesar dos niveis baixos
de transducéo sugeridos pelos experimentos com BEW ou da auséncia de sele¢édo das

células geneticamente modificadas (Di Natdlal.,2002).

2.1.1 Sulfato de protamina

O uso de sulfato de protamina para transducdo ldéasdronco mesenquimais
baseou-se em dois aspectos: o uso de polybrena siga deletério para a expanséo de
células progenitoras, ao contrario da protaminas@Hoveet al., 1995) e boas taxas de
transducdo em células progenitoras hematopoiétigagmnas de pacientes MPSI haviam
sido detectadas na presenca desse adjuvante, dpesao terem sido feitas comparacoes
diretas com o polybrene (Pa al., 2004). NOs acreditamos que essa escolha favoreceu
também a execucdo do protocatovivo (préxima segdo) e esse adjuvante foi mantido
como condigdo padrdo para nossas transducbes ulasc@rogenitoras. E importante

ressaltar que o vetor baseado em MLV depende desasitcelulares para a efetiva
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transducédo de células-alvo, o que reforca a obs&ovieita acima em relagdo a expanséo

das células (Biffi and Naldini, 2005; Baughal.,2006).

2.2 Protocoloex vivo

A selecédo da faixa de idade dos animais MPSI emadaegno trabalho baseou-se
na comprovacao de déficit ja estabelecido e preyesconforme mostrado na literatura
(Reolonet al., 2006; Paret al., 2008). Nosso foco experimental eram os animaisiegu
com pelo menos dois niveis claros de neuropatolegiar isso 12/ersus25 semanas de
idade. A injec&o intraventricular de CTM MPSI trduzidas com MLV IDUA nesses
animais levou a uma tendéncia de melhora locometoi@reducdo de GAGs totais (artigo
1, p. 34). A reducao intensa dos GAGs acumuladosénebro corroborou nossa idéia de
gue os altos niveis de IDUA produzidos pelas célingetadas foram suficientes para o
disparo da cascata de degradacdo dos mesmos. Aesim no caso das CTM MPSI
transduzidas, € melhora de funcdo locomotora fali@ia através de teste comportamental
de campo aberto de exposicdo Unica. Nos animdedts, os deslocamentos vertical e
horizontal (avaliados através do numeroréarings e decrossingsinternos e externos)
estavam aumentados, aproximando-se mais do fermipeal do que do animal MPSI.

O protocolo pré-clinico proposto, portanto, aprésenresultados positivos em
termos de reducdo de GAGs e de melhora da neulogiatoque foi mais evidente nos
animais em fase mais avancada da doenca. Essavagiernos levou a considerar a
hipotese de que talvez em fases mais iniciais tdquga um protocolan vivo fosse mais
adequado, em vista da maior facilidade de transdagi células-alvo e da menor
sinalizacdo para retencdo de células-tronco. A daeéim que a doenca progride, as

condicbes de deterioracao tecidual favoreceriaptemcéo de células-tronco no ambiente,
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concomitante a uma maior dificuldade de transdulgiocélulas-alvo. Nessas condi¢des, o
fornecimento de IDUA é altamente adaptativo, podeddsencadear a degradagdo dos
GAGs. Um esquema representativo dessa hipoteseedeapado na Figura | (p. 163).
Interessante, foi proposto que a inflamacdo aumestaniveis de fusdo das células
progenitoras de medula 0ssea injetadasitu com as células de Purkinje no cérebro de
camundongos com dermatite ulcerativa e encefalibanssoret al., 2008; Singec and
Snyder, 2008). Talvez um processo semelhante padessrer nos camundongos MPSI,
em funcdo da ativacdo de microglia e inflamacadegcritas (Ohmet al., 2003). Apesar

de experimentos especificos relacionados a esseriémterem sido feitos, sugere-se que
nos animais em fase avangada da neuropatologianéissaacdo poderia estar acentuada —
favorecendo o procedimenex vivobaseado em CTM. Uma ferramenta de transferéncia
génica que fornecesse expressdao mais sustent& €T e que permitisse enriquecer a
fracdo de células geneticamente modificadas seuastiamente desejavel para que esses

aspectos pudessem ser investigados mais detalhatdanefuturo.

3. TGin vivo para MPSI
Nosso protocolon vivo de TG para MPSI objetivava a comparacéo diretee éht

tipos de vetores (baseados em MLV, HIV e MSCV), sb mesmas condi¢coes
experimentais. Os vetores baseados em HIV e MLVhg&iam sido caracterizados
previamente (Camassola bt al, manuscrito submetido); a discussdo aqui apredenta
refere-se, portanto, a aspectos relacionados a@ocpio de concentracdo dos estoques
virais e sua validagao para uso nos animais (se¢joara HIV e MLV e 3.2 para MSCV).
A discusséo referente ao vetor MSCV aborda tamh&ntaracterizacao de funcionalidade

in vitro, em vista do seu emprego inédito nesse modelo.
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3.1 A concentracao dos vetores baseados em HIV e Mle sua validagao

Os lentivetores foram concentrados conforme umopadd padrdo recomendado
pelo Dr. Didier Trono (revisado em Tiscorm@gal.,2006). A maior dificuldade em adaptar
o referido protocolo ocorreu no momento da ressuse do estoque viral, uma vez que
pequenos volumes deveriam ser empregados devigge¢ddin situ dos mesmos no
ventriculo dos camundongos, posteriormente. Issde per afetado a qualidade de
recuperacdo do sobrenadante viral. De qualquerimans titulos obtidos estavam dentro
do desejavel para nossas condi¢cfes laboratoriamoCritérios de validacdo dos estoques
foram aplicados microscopia de fluorescéncia (jpl@taccdo e contagem de células GFP
positivas) e producéo de IDUA (Tabela IV, p. 16igufa I, p. 164).

A maior diferenca notada entre os estoques PLLe3dTV IDUA provavelmente
deve-se a um conjunto de caracteristicas moleautat@cionadas a construgdo de cada um
dos vetores, com reflexo direto na eficiéncia dmdducéo e na intensidade de GFP
detectada. Os niveis de GFP obtidos com o cond®uto3.7 pareceram ser maiores do
gue para os construtos HIV IDUA e HIV GFP. Uma feuepresentativa mostra a
comparacao entre células HEK 293T transduzidas cowetor PLL 3.7 e com o HIV
IDUA (Figura Il, p. 164). A natureza bicistrOnica&sses vetores poderia justificar tais
variacdes, uma vez que o gegfp esta localizado a jusante da sequéncia IRES. &gmws
dos genes em relacdo a sequéncia IRES pode teraeflireto na sua intensidade de
expressdo (Kaufmaet al., 2008). O PLL 3.7 ndo € um vetor bicistronico caqu£ncia
IRES; ele apresenta unidades de transcricdo indep&es (cada uma com um promotor

heter6logo). Ainda assim, os estoques concentrgdwa HIV GFP e HIV IDUA
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mostraram uma boa eficiéncia de transducéo e biho ®pos a concentracdo, de uma
forma geral.

O emprego desse mesmo protocolo para vetores lossead MLV mostrou
resultados similares, o que indicou uma boa repitntidade da técnica. Os titulos foram
coletados pelo menos 15 dias apés a sele¢éo, pai@ixacdo das colbnias individuais e
contagem das mesmas. A dosagem de IDUA deu-sea8@pos transducdo para que essas
colénias pudessem confluir, levando a obtenc&ond@ mmonocamada celular a partir de
células geneticamente modificadas. Os niveis deAlDbtidos com ambos vetores foram
considerados compativeis com dados descritoseratlira, considerando-se os titulos e a
MOI estimada empregada naquelas condigcOes expedrse(fFairbairnet al., 1996;
Hartunget al., 1999; Di Nataleet al.,2002). Valores mais altos do que os reportadas pel
nosso grupo de pesquisa foram descritos tambénupakeetor baseado em HIV contendo
promotor CMV (Di Domenicoet al., 2005). Um construto bicistrbnico contendo uma
sequéncia IRES a montante do ggfeapresentou variacao intensa nos niveis detectaveis
dessa proteina nas linhagens celulares testadeands de 10 a 45% nas células
transduzidas com MOI de 20 (Kobayashat al., 2005). Nossos experimentos foram
realizados com um volume fixo de vetor, em vistalidatacdo do volume de injecao

permitido no cérebro dos animais, o que nos impeédianalisar variacées de MOI.

3.2 A concentracao dos vetores baseados em MSCV

A primeira alteracdo realizada na producdo desst¢sres foi em relagdo ao
protocolo de concentragdo — descrito no manusaiiotrodugcéo de etapas adicionais no
protocolo deu-se devido a dificuldade de ressusizersidenciada na etapa do trabalho

com os vetores HIV e MLV. Aqui também foi reduziddéempo de incubacéo dos estoques
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a £C, com a finalidade de otimizar a ressuspensioedtsgues, conforme sugerido
especificamente para a concentracdo de MSCV (Kanth&hang, 2004). NOs acreditamos
gue essas modificacdes levaram a uma melhor reagfmerde particulas que poderiam
estar presas as paredes dos tubos SS34 empredadon. sendo, o volume final de
ressuspensao deveria incluir o volume de liquidoiperado apés essspins Os titulos
finais obtidos foram considerados satisfatorios Bowo protocolo foi definido como o
padréo para concentracao de estoques retrovieaignd forma geral (inclusive o MLV).
Conforme mencionado anteriormente, protocolos éfpaes para concentracédo de
cada tipo de vetor viral estdo disponiveis naditem - basicamente dependentes de
centrifugacdes, podendo utilizar filtros especHi¢ganbe and Zhang, 2004; Tiscoreia
al., 2006). OtimizacBes da concentracdo dos vet@dsram propostas. Para HIV, por
exemplo, é possivel uma metodologia especifica pampregadn vivo desses estoques
(Colemanet al., 2003). Quando pseudotipados com envelope ecotrdogientudo, o
processamento sugerido € outro (Schamleaeth, 2006). Para vetores baseados em MLV
havia sido sugerido o emprego de polimeros aniérécoatibnicos como otimizadores de
transducdo (Le Douxet al., 2001) e posteriormente o emprego dos mesmos na
concentracdo desses vetores (via floculacdo) (lzamdet al., 2006). Isso mostra que
varias técnicas permitem a concentracdo dos estpgaela uma, contudo, com sua
especifica taxa de rendimento — o que deve seridavado em funcdo da intencdo de

aplicacado dos mesmos.
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3.3 Linhagens empacotadoras dos vetores virais enggados no protocolon vivo

Uma otimizagéo da transfeccéo transiente para ofitede vetores lentivirais nao
foi buscada durante a execucdo desse projetoptsderia ter contribuido para os titulos
obtidos apés a concentragdo serem maiores devidoraaiorinput de particulas virais no
estoque ndo-processado. Para HIV essas otimizdgddsm podem se relacionar as
caracteristicas moleculares dos construtos emposgedtransfeccao transiente (Moréa
al., 2000; Hughest al.,2001; Kohncet al.,2002).

Para os retrovetores (MLV e MSCV) as linhagens @wmiaaloras eram estaveis, o
que significa que alguns critérios foram aplicadasselecdo das mesmas. A relagédo entre
0s elementos necessarios a producdo da particidh evisua liberacdo para o meio
extracelular depende de uma estequiometria rigomsdo background das células
selecionadas para o processo (¥apl.,2000). Para a obtencdo de estoques pseudotipados
com envelopes ecotrépico e anfotropico existemalijems diferentes disponiveis (Miller
and Rosman, 1989; Miller 1990; Pesral., 1993; Miller, 1996; Miller and Chen, 1996).
As linhagens produtoras de MLV foram obtidas atsa¢ uma combinacg&o de linhagem
eco e anfotrépica diferente das de MSCV, o que éamlpode ter contribuido para
diferencas observadas entre esses estoques (eas t@erntitulo).

A relacéo observada entre o titulo obtido paraet®vetores (MLV e MSCV) e a
expressdo do transgene também deve ser analispdatiada perspectiva ddesign
molecular. O promotor heter6logo empregado na esaedo transgene terapéutico e do
gene de resisténcia desejado pode refletir nootieulna infectividade dos estoques,
dificultando o empacotamento do vetor (Loganal., 2004). Essas interferéncias podem
ser oriundas da competicdo entre esses promotdeeslisponibilidade das proteinas

empacotadoras e dos transcritos a serem encapsidéestequiometria) e da



127

autotransducao da propria linhagem empacotadosdetéda para a producdo dos vetores
(Schambaclet al., 2006; Brandtneet al., 2007; Carrondet al., 2008). Finalmente, nem
sempre a expressdo do transgene nas linhagens aagmas € correlacionada
diretamente ao maior titulo e nem sempre o maiaiot{medida em geral dependente do
gene de resisténcia e das unidades formadorasldeias) indica maior expressdo do
transgene nas células alvo (Huasigal., 1997; Panet al., 2000). No caso do nosso
transgene IDUA, a enzima precisa ser adequadanpmptessada apos traducdo e a
glicosilacéo final da mesma é indispenséavel a suamlade (Neufeld and Muenzer, 2001).
Esse processo parece ser mais complexo do quericamfgEisténcia a um antibiotico.
Nossas avaliagdes referentes as linhagens emparagados retrovetores ndo incluiram
metodologias mais refinadas relacionas a esteqtii@noel aos rearranjos. Nenhuma delas,
contudo, apresentou problemas relacionados a cordgéo dos estoques com vetor
replicagdo competente quando testes especificasifexecutados (Miller and Chen, 1996)
(dados ndo mostrados). Conclui-se, portanto, qetpa de producdo de vetores virais

concentrados para ugovivo em modelo murino de MPSI foi bem sucedida e adiajaa

nossas instalagdes laboratoriais e necessidadesragptais.

3.4 A caracterizagaan vitro dos estoques virais baseados em MSCV

O teste inicial do vetor MSCV nos fibroblastos N3A3 analisou a eficiéncia da
selecdo baseada na blasticidina (Kimetral.,1994). Ja havia sido chamada atenc¢éo para a
necessidade de utilizacado de novos genes de resstfie ndo fossem o da neomicina em
vetores de transferéncia génica— pela dificuldaglsuh utilizagcaan vivo (Huanget al.,
1997). Para a selecao de células progenitorasigameinte modificadas, foi proposta uma

selecdo rapida e livre de interferéncias nas aanigtitas tronco das mesmas, evitando
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longos periodos de cultura (Treschetval., 2007; Yoshimitsuet al., 2007). Por fim, é
importante enriquecer a fracdo de células genetintenmodificadas para aumentar a
possibilidade de sucesso da terapia, o que refesgas dois conceitos apresentados
anteriormente (Ohaslat al., 1992). As células NIH 3T3 foram facilmente tramadas
com uma quantidade minima de vetor, evidenciadovésr do ensaio de transducdo em
microplaca corado com solucdo de Coomassie (Figysal05).

A transducao de células progenitoras envolve uma dé aspectos relacionados a
vetorologia viral: design do vetor, MOI, adjuvantes selecionados, genotdame e
expressédo sustentavel (Nienhatsal.,2006; Chang and Sadelain, 2007). Alguns dados da
literatura apontavam para o emprego de altas M@amsducdo de CTM humanas (Zhang
et al., 2004; Van Dammeet al.,, 2006), indicando uma maior dificuldade para a
transformacéo genética desse tipo celular. Comsoniogeresse estava voltado para CTM
murinas e nao havia possibilidade de testar difeseROI, optamos por inferir que uma
menor eficiéncia de transducéo seria obtida ngsseelular. De fato, a selecdo das CTM
transduzidas com o vetor MSCV mostrou que essagasétepresentavam um desafio
maior a transducdo do que os fibroblastos NIH 3F@ufa 3, p. 109). Os melhores
resultados foram obtidos com o estoque de maidotiindicando que uma maior MOI de
fato renderia uma melhor taxa de transducéo (Kabaga al.,2005). Isso, contudo, é uma
medida de avaliacdo atrelada ao gene de selegiiera@ego de blasticidina como agente
seletivo.

Os niveis de IDUA nas culturas nao-selecionadaanfomenores do que apos a
adicao de blasticidina, indicando que de algumm#oa pressao seletiva estava associada
ao aumento da expressao do transgene (FiguraML1p. No caso do protocolo clinico

para ADA-SCID, inferiu-se que os linfocitos tranzilos possuidores de insercdes
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permissivas a expressdo sustentavel do transgahante apresentado uma vantagem
seletiva em termos de expanséao (Aiuti and Cas2@i/). No caso da MPSI, foi reportado
gue a pressado de selecdo via agente MTX em lioBe@tcélulas-tronco hematopoiéticas
selecionava os clones com mais produgéo de enzon® se os padroes de expresséo do
gene terapéutico e de resisténcia estivessem acoehdos, nesse vetor (Panal.,
2000).

NOs nossos experimentos, a expressao do IDUA aomeonsideravelmente apds
a selecdo, corroborando dados prévios da litergRaa, 2004). A davida remanescente
referia-se a manutencdo desses niveis de expressammpleta auséncia do agente
seletivo, ou seja, apos a selecdo ser concluideavla sido demonstrado na literatura que
a remocdo do agente seletivo levava a variacaonhass de expressdo do transgene,
alcancando inclusive o silenciamento (Kauffman,800I6s ndo realizamos uma analise
dose-dependente para a concentracdo de blastieidipeegada na selecdo e para os niveis
de expressdo do transgene obtidos, o que podesidewar a inferir que concentragdes
mais altas desse agente seletivo isolariam os<loés produtores de enzima (Raml.,
2000). Interessante, no momento da selecdo dasagkms empacotadoras, nos
empregamos concentragcfes bastante altas dessétatjlb que poderia ter influenciado
na coleta de estoques virais com mais potenciaigeda a producdo de IDUA. Essa
hipotese néo foi testada diretamente, entretanto.

As conclus@es finais relacionadas a transduca&d@dsindicaram que uma menor
eficiéncia de transducgdo foi obtida nessas céldéague em NIH 3T3; contudo, apds a
selecdo, as células geneticamente modificadasesppaeam sustentabilidade de expressao
até ao término do estudo (30 dias) nédo se deteetohuma queda intensa de producao de

IDUA. O construto baseado em MSCV, portanto, aprieseas caracteristicas necessarias
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para que se pudesse elaborar um protocolo de trgdiscde CTM MPSI com selegéo
rapida e permissiva ao enriqguecimento da fracacétldas geneticamente modificadas em
cultura.

As diferengcas percebidas entre as linhagens de @dNhal e MPSI foram
marcantes. Mesmo com mais vetor (e por consequé maior), o nimero de clones
isolados no ensaio de transdugdo em microplacan®dmu® que para as CTM normais
transduzidas nas mesmas condi¢des (Figura 3, p. B@@res que estariam dificultando a
transducdo dessas células poderiam incluir compesete matriz extracelular/GAG (Le
Doux et al., 1996; Coprenkt al., 2008). Adicionalmente, GAG intracelulares também
poderiam contribuir nesse sentido, dificultandatarnalizacdo do vetor e seu acesso até o
nacleo da célula. N&o foi testada diretamente uonelacdo entre os niveis intracelulares
de GAG e a eficiéncia de transdugdo em fibrobladtéSI, apesar de variacdes na
expresséo do IDUA terem sido detectadas nessascoesdAnsoret al., 1992). Fatores
adicionais como funcionalidade das proteinas aesifueleto, desequilibrio nos niveis de
céalcio e de autofagia poderiam atuar sinergisticaeesse contexto (Settemiateal.,
2008). Assim, processos dependentes de trafegoacéhtlar deveriam ficar
comprometidos: transducao, producao e secrecaonzilma etc. As vantagens adaptativas
relacionadas a producéo da enzima nas célulasiedgéis ficam mais evidentes nesse
contexto.

Devido aos resultados anteriores com CTM normass teoem mostrado uma
estabilidade de expressdo, as CTM MPSI transdufidlas) avaliadas apenas ao término
do experimento (Figura 4, p. 111) — o que nos imped avaliar se os repiques nessas
culturas poderiam ter interferido nos niveis de Mdonforme proposto para CTM

humanas transduzidas com MLV (Baxtdral., 2002). Trinta dias apés transducédo, as
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CTM MPSI produziam niveis bastante altos de enzimesmo apés a selec¢do, 0 que era
altamente promissor para a aplicagcdo desses vdtorgso. Isso excluiu totalmente a

possibilidade de pseudotransdu¢ao nessas culkaast(al.,2004).

3.5 Aplicacéoin situ dos estoques

A producéo de IDUA no cérebro de animais neonatiados via TG foi relatada
para uma série de vetores de transferéncia gédeduhget al., 2004; Liuet al., 2005;
Chunget al.,2007; Traa®t al.,2007). A administracao sistémica de vetores tanbgou
a deteccdo de IDUA no cérebro de animais adultbayés de sistemas plasmidiais,
lentivirais ou retrovirais, com diferentes taxasrdducdo de GAG como consequéncia
(Camassolat al.,2005; Di Domenicet al.,2005; Kobayashet al.,2005; Di Domenicet
al., 2006; Maet al.,2007). O vetor baseado em MSCV praticamente n@@mabs niveis
de enzima nos animais tratados, enquanto que o vaseado em HIV apresentou niveis
intermediarios. O vetor baseado em MLV néo levopr@ucédo de IDUA — o que era
esperado uma vez que ele é dependente de ativiciadtica para eficiente transducéo e

esse ndo € o caso da maioria das células do sistawso central (Figura 5, p. 113).

3.6 Analise quantitativa dos GAGs

Os GAGs acumulados no tecido cerebral apresentanama tendéncia a
diminuicdo, mesmo para o grupo tratado com o vet8CV (Figura 5, p. 113). Quando
analisamos o percentual de dermatan e heparariosdégositado, contudo, as taxas de
reducdo foram extremamente significantes (Figura p5, 113). A dosagem de
dermatan/heparan e condroitin sulfato no tecidelrat € complementar, de forma que a

reducdo do teor de dermatan/heparan sulfato nosa@iratadas € acompanhada de um
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aumento no percentual de condroitin sulfato (Figbirgp. 113). Nés optamos por um
sistema de quantificacdo de sque pudesse fornetarinformacdo referente aos GAGs
totais — o que incluiria também os GAGs caraciedstdo tecido em anélise — e também
aos tipos de GAGs possiveis de serem discrimina@osletroforese — 0 que permitiria
guantificar o percentual de dermatan e heparaatsuifesses tecidos. Essas informacdes
sdo de extrema relevancia para a avaliacdo finafudeionalidade do protocolo de
transferéncia génica. Os niveis de enzima prodezida TG deveriam permitir a
degradacédo de material j& acumulado no interioidossomos e ao mesmo tempo evitar
novos depasitos. A intensidade com que esses tesgssos ocorrem definiria a correcéo
parcial ou total da patologia, ou a correg@osusa atenuacao de fenotipo. Interessante, a
atenuacao de fenotipo no contexto do comprometionamgrologico da MPSI envolveria a
transicdo da forma grave (neuropdtica) para a fdyraada (ndo—neuropética), o que ja
conferiria mais qualidade de vida ao paciente.

Os diferentes métodos empregados na deteccdo des GpBsentam suas
limitacbes técnicas e essas distingdes poderiarticaxmlguns resultados conflitantes
detectados na literatura. Conforme explicitado rabela V (p. 162), nem todos os
trabalhos conseguiram detectar diferenca no teoGAGs total do tecido cerebral de
animais MPSI quando comparados aos normais (Di Daoet al., 2005; Heratiet al.,
2008). Interessante, em alguns desses trabalhoanasses histolégicas mostraram
diferencas significantes na patologia vacuolarsapdisso (Chungt al, 2007; Maet al.,
2007). Parece inconsistente, portanto, que umdoggéocom um forte componente de
deterioracdo cerebral progressiva ndo apresentredfas no teor de GAGs total
acumulado nos cérebros dos animais normais e afetée alguma forma os limites de

deteccdo ou as questbes metodologicas relaciodadsisacdo e analise dos GAGs estao
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contribuindo para isso. Por fim, recentemente umonmodelo murino de MPSI foi
descrito (Garcia-Riverat al., 2007). Nesse artigo os autores reforcam a questao
método de dosagem de GAGs selecionado por elsgltecapaz de demonstrar o depdsito
diferencial nos cérebros dos animais afetados.u@ses declararam que a modificacédo de
técnica proposta € menos sujeita a interferéngi@@ataminantes como 4cidos nucleicos e
a perda dos oligosacarideos de cadeias mais oatastapas de precipitacdo. O protocolo
selecionado no nosso trabalho também elimina conéentes de &cidos nucleicos e
captura oligosacarideos de cadeias curtas, devieiapa de eletroforese (Nadetr al.,
1984; de Sousa Juniat al., 1990). Um refinamento no sistema de dosagem seria
emprego de espectometria de massa, capaz de qaaniifecisamente oligos de tamanho
bem diminutos (Fulleret al., 2004). Esse método extremamente preciso, cont@do,
trabalhoso e custoso demais para as técnicas o nod diagndstico e na pesquisa
préclinica, infelizmente. Em conclusdo, o vetor MSIEvou a producdo sustentavel da
enzima e a intensa reducdo dos niveis de dermdtepagan acumuladas vivo— 0 que so

foi possivel de ser evidenciado através de umacieatternativa de dosagem de GAGs.
vitro, esse vetor mostrou-se uma excelente ferramentaratsfdréncia génica para
fibroblastos e CTM murinas, permitindo a ripidees@éb dessas células-alvo. Essa foi
apenas uma caracterizacéo inicial da potencialidadse vetor na TG para MPSI. Estudos
futuros sdo necessarios para o melhor entendintes®a ferramenta em nivel molecular.

Interessante, hibridos de HIV e MSCV ja foram déss(Choiet al.,2001).

4. Conclusdes finais e perspectivas
A TG para MPSI comeca a refletir o tipo de abordageentifica ja evidenciada

para outros tipos de DAL: a transferéncia gémcsitu voltada ao sistema nervoso central
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em modelo animal de grande e pequeno porte (@irah, 2006; Watson, Bastaclet al.,
2006). A comparacgao da eficiéncia desses protosaEdsrna complicada nesse contexto,
uma vez que os demais trabalhos de injecédo intlarde vetores referem-se a outros
tipos de DAL. A producgéddn situ de enzima recombinante foi obtida através de Gejec
intracerebrais de vetores virais realizadas em fesmatal ou intrauterina para modelo
murino de MPS VIl (Dalyet al., 1999; Passini and Wolfe, 2001; Passhial., 2003;
Karolewski and Wolfe, 2006). Em fase adulta, essssma abordagem permitiu a
restauracdo de niveis enzimaticos para MPS Vllif&eal., 1999; Cearley and Wolfe,
2007) e melhora de fungdo comportamental foi datlechesses animais adultos tratados
(Liu et al.,2005; Liuet al.,2007). No caso de MPSIIIB, a administracdo intrapguimal

ou intracisternal de vetores AAV também resultou erelhora de funcdo cognitiva
(Cressantet al., 2004; Fuet al., 2007). Para MPSI, contudo, a exce¢do dos trabalhos
relacionados a avaliacdo comportamental do modeianm (Reolonet al., 2006; Paret

al., 2008), a funcéo cognitiva apdés TG somente foliada para o protocolo aplicado em
fase neonatal (Hartureg al.,2004).

Em relagdo a TGex vivq a introducdo de ceélulas-tronco de medula 6ssea em
modelo murino de Niemann Pick levou a producéoesigvel de enzima e normalizacao
de funcéo cerebral transitoriamente (Jin and Sahaah 2003; Shihabuddiet al.,2004).

A expressao transiente do transgene também faitdeieem modelo canino de MPSI com
células progenitoras hematopoiéticas, devido aostagmune (Shulkt al., 1996; Lutzko
et al, 1999a; Lutzkoet al, 1999b) e para MPS VII (Sakurat al., 2004). No caso do
modelo murino da doenca de Fabry, a injecdo de epittges hematopoiéticos
modificados via lentivetor restaurou os niveis ev@icos sistémicos (Yoshimitst al.,

2007). Atualmente, esse mesmo racional experimdntabplicado em um protocolo



135

clinico para MPSIIIB (Cheng and Smith, 2003), mastio que a translagdo da pesquisa
pré clinica para a clinica é possivel. Recentementeestudo pré clinico sobre reposi¢ao
enzimatica em modelo canino de MPSI prop6s um megane de imunossupressao que
reduziu enormemente o titulo de anticorpos neatrates contra IDUA — uma dificuldade
enfrentada rotineiramente na clinica, durante asigfo enzimatica (Dicksaet al.,2008).

Jé& foi sugerida a adogéo desse protocolo como meadigncializadora da terapia (Ponder,
2008), o que reforca a importancia da pesquisa®@sira a medicina translacional.

Nos ultimos anos, relatos de incidentes relaciosatis protocolos de TG tém
recrutado a atencdo da midia, mais do que os fscedsciéncia tem discutido esses
resultados adversos e proposto solu¢des para umalsélilemas éticos. Entre os maiores
topicos controversos relacionados a TG estdo aedumanca, a transferéncia génina
uterg, a regulagéo da pesquisa envolvendo linhagem gativa e a transferéncia génica
em modelo animal (Wilson, 2007; Kimmelman, 2008)sNiltimos anos temos vivenciado
a questéo das leucemias induzidas envolvendo ettn@s, dos protocolos bem sucedidos
para imunodeficiéncia severa, amaurose congénitaeter (entre outros), da aprovacao
do primeiro produto clinico de TG (Gendicine), dlms casos fatais envolvendo vetores
Ad e AAV, da genotoxicidade dos vetores integrajventre outros (Wilson, 2007;
Bainbridge et al., 2008; Friedmann, 2008; Kimmelman, 2008; Maguwteal., 2008).
Como resposta pratica, tem-se estruturado centm@sgproducdo de vetores virais AAV
com certificacdo de qualidade para o uso clinicoyllifer and Snyder, 2008). Para retro e
lentivetores, testes de bioseguranca padronizesdas sendo desenvolvidos, com o intuito
de facilitar a qualificacdo dos estoques para eggpen estudos vivo (Manilla et al.,
2005; Schambaclet al., 2006; Schambaclet al., 2007; Baueret al., 2008). Essas

importantes contribuicbes auxiliardo na execucagmbocolos clinicos futuros, talvez
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avaliando novos farmacos baseados nessa terapigaala Atualmente, varios protocolos
clinicos em andamento para uma ampla gama de pasl@ de vetores ja avaliam
seguranca e eficacia da TG na clinica, inclusivea pboencas pediatricas (Aiuti and

Bachoud-Levj 2007; Alexandeet al.,2007; Worgalkt al.,2008).



Bibliografia

6110 d,
O e 2,
’ N Q')o

"... fechou o livro (sinal de identificacdo de uimaandade secreta) e ela teve vontade de
saber o que ele estava lendo”.

Milan Kundera A insustentavel leveza do ser



138

Bibliografia

Aiuti A, Bachoud-Levi AC, Blesch A, Brenner MK, C@neo F, Chiocca
EA, Gao G, High KA, Leen AM, Lemoine NR, et al. (@D) Progress

and prospects: gene therapy clinical trials (pajt &ene Ther 14:

1555-63.

Aiuti A, Cassani B, Andolfi G, Mirolo M, Biasco LRecchia A, Urbinati F,
Valacca C, Scaramuzza S, Aker M, et al. (2007) Mirdeage
hematopoietic reconstitution without clonal seleatiin ADA-SCID

patients treated with stem cell gene therapy. JhGhivest 117: 2233-
40.

Alexander BL, Ali RR, Alton EW, Bainbridge JW, BrauS, Cheng SH,
Flotte TR, Gaspar HB, Grez M, Griesenbach U, et(@2007) Progress
and prospects: gene therapy clinical trials (pajt Gene Ther 14:
1439-47.

Anson DS, Bielicki J and Hopwood JJ (1992) Correati of
mucopolysaccharidosis type | fibroblasts by retmaimediated
transfer of the human alpha-L-iduronidase gene. HGmne Ther 3:
371-9.

Aronovich EL, Bell JB, Belur LR, Gunther R, KoniaB, Erickson DC,
Schachern PA, Matise I, Mclvor RS, Whitley CB, et. 2007)
Prolonged expression of a lysosomal enzyme in moliser after
Sleeping Beauty transposon-mediated gene delivémplications for

non-viral gene therapy of mucopolysaccharidose§&ehe Med 9: 403-



139

15.

Bainbridge JW, Smith AJ, Barker SS, Robbie S, Hesde R, Balaggan K,
Viswanathan A, Holder GE, Stockman A, Tyler N, dt €2008) Effect
of gene therapy on visual function in Leber's conigal amaurosis. N
Engl J Med 358: 2231-9.

Barrette S, Douglas JL, Seidel NE and Bodine DM @)Y Lentivirus-based
vectors transduce mouse hematopoietic stem cellgh wsimilar
efficiency to moloney murine leukemia virus-baseelctors. Blood 96:
3385-91.

Bauer G, Dao MA, Case SS, Meyerrose T, Wirthlin Zhou P, Wang X,
Herrbrich P, Arevalo J, Csik S, et al. (2008) Inveibiosafety model
to assess the risk of adverse events from retrédvaad lentiviral
vectors. Mol Ther 16: 1308-15.

Baum C, Schambach A, Bohne J and Galla M (2006)r&®atus vectors:
toward the plentivirus? Mol Ther 13: 1050-63.

Baxter MA, Wynn RF, Deakin JA, Bellantuono |, Editogn KG, Cooper A,
Besley GT, Church HJ, Wraith JE, Carr TF, et al0@2) Retrovirally
mediated correction of bone marrow-derived mesemchlystem cells
from patients with mucopolysaccharidosis type lo8d 99: 1857-9.

Biffi A and Naldini L (2005) Gene therapy of storagdisorders by
retroviral and lentiviral vectors. Hum Gene Ther: 116.33-42.

Bosch A, Perret E, Desmaris N, Trono D and Heard (®d00) Reversal of
pathology in the entire brain of mucopolysacchaddotype VII mice

after lentivirus-mediated gene transfer. Hum GereeiT11: 1139-50.



140

Brandtner EM, Kodajova P, Knapp E, Ertl R, Tabot¥d, Salmons B,
Gunzburg WH and Hohenadl C (2007) Quantification dan
Characterization of Autotransduction in Retrovirdlector Producer
Cells. Hum Gene Ther.

Bushman FD (2007) Retroviral integration and hungane therapy. J Clin
Invest 117: 2083-6.

Camassola M, Braga LM, Delgado-Canedo A, Dalber®, Matte U, Burin
M, Giugliani R and Nardi NB (2005) Nonviral in vivgene transfer in
the mucopolysaccharidosis | murine model. J Inhavietab Dis 28:
1035-43.

Carrondo MJ, Merten OW, Haury M, Alves PM and Codosha AS (2008)
Impact of retroviral vector components stoichiometon packaging
cell lines: effects on productivity and vector gigl Hum Gene Ther
19: 199-210.

Case SS, Price MA, Jordan CT, Yu XJ, Wang L, BaGerHaas DL, Xu D,
Stripecke R, Naldini L, et al. (1999) Stable transtion of quiescent
CD34(+)CD38(-) human hematopoietic cells by HIV-aded lentiviral
vectors. Proc Natl Acad Sci U S A 96: 2988-93.

Cearley CN and Wolfe JH (2007) A single injectioh an adeno-associated
virus vector into nuclei with divergent connectionsesults in
widespread vector distribution in the brain and lgdb correction of a
neurogenetic disease. J Neurosci 27: 9928-40.

Chang AH and Sadelain M (2007) The Genetic Engimegr of

Hematopoietic Stem Cells: the Rise of Lentiviral dfers, the



141

Conundrum of the LTR, and the Promise of Lineagstrieted
Vectors. Mol Ther 15: 445-56.

Chen WY and Townes TM (2000) Molecular mechanisnmr feilencing
virally transduced genes involves histone deacdtglaand chromatin
condensation. Proc Natl Acad Sci U S A 97: 377-82.

Cheng SH and Smith AE (2003) Gene therapy prograss prospects: gene
therapy of lysosomal storage disorders. Gene TherlR75-81.

Choi JK, Hoang N, Vilardi AM, Conrad P, Emerson S&d Gewirtz AM
(2001) Hybrid HIV/IMSCV LTR enhances transgene exgmi®n of
lentiviral vectors in human CD34(+) hematopoietiells. Stem Cells
19: 236-46.

Chung S, Ma X, Liu Y, Lee D, Tittiger M and PondKP (2007) Effect of
neonatal administration of a retroviral vector ee&psing alpha-L-
iduronidase upon lysosomal storage in brain andeotlobrgans in
mucopolysaccharidosis | mice. Mol Genet Metab 9814192.

Ciron C, Desmaris N, Colle MA, Raoul S, JoussemetVigrot L, Ausseil J,
Froissart R, Roux F, Cherel Y, et al. (2006) Geherapy of the brain
in the dog model of Hurler's syndrome. Ann Neur@: 04-13.

Coleman JE, Huentelman MJ, Kasparov S, Metcalfe Baton JF, Katovich
MJ, Semple-Rowland SL and Raizada MK (2003) Effitidarge-scale
production and concentration of HIV-1-based lentalivectors for use
in vivo. Physiol Genomics 12: 221-8.

Copreni E, Castellani S, Palmieri L, Penzo M andn€se M (2008)

Involvement of glycosaminoglycans in vesicular s@atmis virus G



142

glycoprotein pseudotyped lentiviral vector-mediatgelne transfer into
airway epithelial cells. J Gene Med 10: 1294-302.

Cressant A, Desmaris N, Verot L, Brejot T, FroistsRr Vanier MT, Maire |
and Heard JM (2004) Improved behavior and neurophbify in the
mouse model of Sanfilippo type I1IB disease aftedteao-associated
virus-mediated gene transfer in the striatum. J Msgi 24: 10229-39.

Daly TM, Vogler C, Levy B, Haskins ME and Sands M$999) Neonatal
gene transfer leads to widespread correction ohphbitgy in a murine
model of lysosomal storage disease. Proc Natl AGd U S A 96:
2296-300.

de Sousa Junior JF, Nader HB and Dietrich CP (19%9quential
degradation of chondroitin sulfate in molluscs. DHation of
chondroitin sulfate without prior depolymerizatiomy a novel
sulfatase from Anomalocardia brasiliana. J Biol @h265: 20150-5.

Di Domenico C, Villani GR, Di Napoli D, Reyero EGombardo A, Naldini
L and Di Natale P (2005) Gene therapy for a mucggakcharidosis
type | murine model with lentiviral-IDUA vector. Ho Gene Ther 16:
81-90.

Di Domenico C, Di Napoli D, Gonzalez YRE, Lombardg Naldini L and
Di Natale P (2006) Limited transgene immune respoasd long-term
expression of human alpha-L-iduronidase in younguladnice with
mucopolysaccharidosis type | by liver-directed getteerapy. Hum
Gene Ther 17: 1112-21.

Di Natale P, Di Domenico C, Villani GR, Lombardo Aollenzi A and



143

Naldini L (2002) In vitro gene therapy of mucopo&ccharidosis type
| by lentiviral vectors. Eur J Biochem 269: 2764-71

Dickson P, Peinovich M, McEntee M, Lester T, LelSjeger A, Manuel H,
Jabagat C, Passage M and Kakkis ED (2008) Immunkeraoce
improves the efficacy of enzyme replacement therajpy canine
mucopolysaccharidosis I. J Clin Invest 118: 2868-76

Dinauer MC, Li LL, Bjorgvinsdottir H, Ding C and & N (1999) Long-
term correction of phagocyte NADPH oxidase activity retroviral-
mediated gene transfer in murine X-linked chronicamgulomatous
disease. Blood 94: 914-22.

Emery DW, Yannaki E, Tubb J and Stamatoyannopoul®s(2000) A
chromatin insulator protects retrovirus vectors mMmrochromosomal
position effects. Proc Natl Acad Sci U S A 97: 9150

Fairbairn LJ, Lashford LS, Spooncer E, McDermott Rikebens G, Arrand
JE, Arrand JR, Bellantuono I, Holt R, Hatton CE, &t (1996) Long-
term in vitro correction of alpha-L-iduronidase datncy (Hurler
syndrome) in human bone marrow. Proc Natl Acad 8ciS A 93:
2025-30.

Flasshove M, Banerjee D, Mineishi S, Li MX, BertinkR and Moore MA
(1995) Ex vivo expansion and selection of human @b3peripheral
blood progenitor cells after introduction of a mtdd dihydrofolate
reductase cDNA via retroviral gene transfer. Blo®%l 566-74.

Friedmann T (2008) The ASGT and ethical codes flonical research. Mol

Ther 16: 1643-4.



144

Fu H, Kang L, Jennings JS, Moy SS, Perez A, Dirosar, McCarty DM and
Muenzer J (2007) Significantly increased lifespamdaimproved
behavioral performances by TrAAV gene delivery in uéd
mucopolysaccharidosis IIIB mice. Gene Ther 14: 106Ah

Fuller M, Meikle PJ and Hopwood JJ (2004) Glycosaoglycan
degradation fragments in mucopolysaccharidosis lyc@Gbiology 14:
443-50.

Garcia-Rivera MF, Colvin-Wanshura LE, Nelson MS, N&, Khan SA,
Rogers TB, Maitra I, Low WC and Gupta P (2007) Cheterization of
an immunodeficient mouse model of mucopolysacchasid type |
suitable for preclinical testing of human stem cahd gene therapy.
Brain Res Bull 74: 429-38.

Hartung SD, Reddy RG, Whitley CB and Mclvor RS (B99Enzymatic
correction and cross-correction of mucopolysaccHasis type |
fibroblasts by adeno-associated virus-mediated ddarction of the
alpha-L-iduronidase gene. Hum Gene Ther 10: 2163-72

Hartung SD, Frandsen JL, Pan D, Koniar BL, GraupnfarGunther R, Low
WC, Whitley CB and Mclvor RS (2004) Correction ofetabolic,
craniofacial, and neurologic abnormalities in MPSmice treated at
birth with adeno-associated virus vector transdgcthe human alpha-
L-iduronidase gene. Mol Ther 9: 866-75.

Havenga M, Hoogerbrugge P, Valerio D and van Es H1997) Retroviral
stem cell gene therapy. Stem Cells 15: 162-79.

Herati RS, Ma X, Tittiger M, Ohlemiller KK, Kovac#® and Ponder KP



145

(2008) Improved retroviral vector design results isustained
expression after adult gene therapy in mucopolybacidosis | mice. J
Gene Med 10: 972-82.

Huang MM, Wong A, Yu X, Kakkis E and Kohn DB (199Retrovirus-
mediated transfer of the human alpha-L-iduronida®dNA into human
hematopoietic progenitor cells leads to correctimntrans of Hurler
fibroblasts. Gene Ther 4: 1150-9.

Hughes C, Galea-Lauri J, Farzaneh F and Darling2D0@) Streptavidin
paramagnetic particles provide a choice of threkenatfy-based capture
and magnetic concentration strategies for retrovwactors. Mol Ther
3: 623-30.

loannou YA (2000) Gene therapy for lysosomal staradisorders with
neuropathology. J Am Soc Nephrol 11: 1542-7.

loannou YA, Enriqguez A and Benjamin C (2003) Genbkerapy for
lysosomal storage disorders. Expert Opin Biol TBer789-801.

Jin HK and Schuchman EH (2003) Ex vivo gene therapsing bone
marrow-derived cells: combined effects of intradera and
intravenous transplantation in a mouse model of maan-Pick
disease. Mol Ther 8: 876-85.

Johansson CB, Youssef S, Koleckar K, Holbrook C,ybomnas R, Corbel
SY, Steinman L, Rossi FM and Blau HM (2008) Extesesifusion of
haematopoietic cells with Purkinje neurons in resp® to chronic
inflammation. Nat Cell Biol 10: 575-83.

Kanbe E and Zhang DE (2004) A simple and quick nogtho concentrate



146

MSCYV retrovirus. Blood Cells Mol Dis 33: 64-7.

Karolewski BA and Wolfe JH (2006) Genetic correatiof the fetal brain
increases the lifespan of mice with the severe msyHtemic disease
mucopolysaccharidosis type VII. Mol Ther 14: 14-24.

Kaufman WL, Kocman |, Agrawal V, Rahn HP, Besserabd Gossen M
(2008) Homogeneity and persistence of transgeneresgion by
omitting antibiotic selection in cell line isolamo Nucleic Acids Res

36: elll.

Kimmelman J (2008) The ethics of human gene transikat Rev Genet 9:
239-44.

Kimura M, Takatsuki A and Yamaguchi | (1994) Blastdin S deaminase
gene from Aspergillus terreus (BSD): a new drugisesnce gene for
transfection of mammalian cells. Biochim BiophystAcl219: 653-9.

Kobayashi H, Carbonaro D, Pepper K, Petersen D, &eJackson H,
Shimada H, Moats R and Kohn DB (2005) Neonatal ge¢merapy of
MPS | mice by intravenous injection of a lentiviraector. Mol Ther
11: 776-89.

Kohno T, Mohan S, Goto T, Morita C, Nakano T, Hofhyg, Sangco JC,
Morimatsu S and Sano K (2002) A new improved methimd the
concentration of HIV-1 infective particles. J VirdMethods 106: 167-
73.

Landazuri N, Gupta M and Le Doux JM (2006) Rapidncentration and

purification of retrovirus by flocculation with Pgbrene. J Biotechnol

125: 529-39.



147

Le Doux JM, Morgan JR, Snow RG and Yarmush ML (1p%6oteoglycans
secreted by packaging cell lines inhibit retrovirugection. J Virol
70: 6468-73.

Le Doux JM, Landazuri N, Yarmush ML and Morgan JR0Q1)
Complexation of retrovirus with cationic and anicnipolymers
increases the efficiency of gene transfer. Hum G&her 12: 1611-21.

Leimig T, Mann L, Martin Mdel P, Bonten E, PersobBs Knowles J, Allay
JA, Cunningham J, Nienhuis AW, Smeyne R, et al.Q20 Functional
amelioration of murine galactosialidosis by genatlg modified bone
marrow hematopoietic progenitor cells. Blood 99:63178.

Li CL and Emery DW (2008) The cHS4 chromatin inswla reduces
gammaretroviral vector silencing by epigenetic mfochtions of
integrated provirus. Gene Ther 15: 49-53.

Liu G, Martins I, Wemmie JA, Chiorini JA and Davids BL (2005)
Functional correction of CNS phenotypes in a lysosab storage
disease model using adeno-associated virus typectors. J Neurosci
25: 9321-7.

Liu G, Chen YH, He X, Martins I, Heth JA, ChioririA and Davidson BL
(2007) Adeno-associated virus type 5 reduces leagndeficits and
restores glutamate receptor subunit levels in MPI$ Wwice CNS. Mol
Ther 15: 242-7.

Liu Y, Xu L, Hennig AK, Kovacs A, Fu A, Chung S, keD, Wang B, Herati
RS, Mosinger Ogilvie J, et al. (2005) Liver-diredteneonatal gene

therapy prevents cardiac, bone, ear, and eye déeseas



148

mucopolysaccharidosis | mice. Mol Ther 11: 35-47.

Logan AC, Nightingale SJ, Haas DL, Cho GJ, Peppex &nd Kohn DB
(2004) Factors influencing the titer and infectiwitof lentiviral
vectors. Hum Gene Ther 15: 976-88.

Lutzko C, Kruth S, Abrams-Ogg AC, Lau K, Li L, ClarBR, Ruedy C,
Nanji S, Foster R, Kohn D, et al. (1999) Genetigaltorrected
autologous stem cells engraft, but host immune oasgs limit their
utility in canine alpha-L-iduronidase deficiencylddd 93: 1895-905.

Lutzko C, Omori F, Abrams-Ogg AC, Shull R, Li L, uaK, Ruedy C, Nanji
S, Gartley C, Dobson H, et al. (1999) Gene ther&py canine alpha-
L-iduronidase deficiency: in utero adoptive transfef genetically
corrected hematopoietic progenitors results in eafgnent but not
amelioration of disease. Hum Gene Ther 10: 1521-32.

Ma X, Liu Y, Tittiger M, Hennig A, Kovacs A, Pope&kS, Wang B, Herati
R, Bigg ™M and Ponder KP (2007) Improvements in
mucopolysaccharidosis | mice after adult retrovinsdctor-mediated
gene therapy with immunomodulation. Mol Ther 15:98802.

Ma Y, Ramezani A, Lewis R, Hawley RG and Thomson (2003) High-
level sustained transgene expression in human earicy stem cells
using lentiviral vectors. Stem Cells 21: 111-7.

Maguire AM, Simonelli F, Pierce EA, Pugh EN, Jr.jifgozzi F, Bennicelli
J, Banfi S, Marshall KA, Testa F, Surace EM, et @008) Safety and
efficacy of gene transfer for Leber's congenitalaamosis. N Engl J

Med 358: 2240-8.



149

Manilla P, Rebello T, Afable C, Lu X, Slepushkin VHumeau LM,
Schonely K, Ni Y, Binder GK, Levine BL, et al. (26D Regulatory
considerations for novel gene therapy products: eview of the
process leading to the first clinical lentiviral st®@r. Hum Gene Ther
16: 17-25.

Miller AD and Rosman GJ (1989) Improved retrovirakéctors for gene
transfer and expression. Biotechniques 7: 980-2-88989-90.

Miller AD (1990) Retrovirus packaging cells. Hum & Ther 1: 5-14.

Miller AD (1996) Cell-surface receptors for retrouses and implications
for gene transfer. Proc Natl Acad Sci U S A 93: 0T413.

Miller AD and Chen F (1996) Retrovirus packagingllsebased on 10A1l
murine leukemia virus for production of vectors thase multiple
receptors for cell entry. J Virol 70: 5564-71.

Morita S, Kojima T and Kitamura T (2000) Plat-E: @&fficient and stable
system for transient packaging of retroviruses. &dier 7: 1063-6.

Mostoslavsky G, Kotton DN, Fabian AJ, Gray JT, L&8& and Mulligan RC
(2005) Efficiency of transduction of highly purifie murine
hematopoietic stem cells by lentiviral and oncooetral vectors under
conditions of minimal in vitro manipulation. Mol Bt 11: 932-40.

Moullier P and Snyder RO (2008) International eft®rfor recombinant
adeno-associated viral vector reference standaktd. Ther 16: 1185-
8.

Muenzer J, Wraith JE and Clarke LA (2009) Mucopdgsharidosis I:

management and treatment guidelines. Pediatrics 12329.



150

Munoz-Rojas MV, Vieira T, Costa R, Fagondes S, JoAn Jardim LB,
Vedolin LM, Raymundo M, Dickson PI, Kakkis E, et .al(2008)
Intrathecal enzyme replacement therapy in a patiemtth
mucopolysaccharidosis type | and symptomatic spina&lord
compression. Am J Med Genet A 146A: 2538-44.

Nader HB, Ferreira TM, Paiva JF, Medeiros MG, Janom SM, Paiva VM
and Dietrich CP (1984) Isolation and structural ddies of heparan
sulfates and chondroitin sulfates from three sps®@é molluscs. J Biol
Chem 259: 1431-5.

Neufeld EF and Muenzer J (2001) The mucopolisacidmsesin  The
metabolic and molecular bases of inherited disea®&.edition. Eds
C. R. Scriver, A. L. Beaudt, W. S. Sly and D. M. M&a McGraw-Hill,
New York, 3421-3452.

Nienhuis AW, Dunbar CE and Sorrentino BP (2006) Gwxicity of
retroviral integration in hematopoietic cells. Mdher 13: 1031-49.

Ohashi T, Boggs S, Robbins P, Bahnson A, Patren&Viej FS, Wei JF, Li
J, Lucht L, Fei Y, et al. (1992) Efficient transfend sustained high
expression of the human glucocerebrosidase genenice and their
functional macrophages following transplantation bbne marrow
transduced by a retroviral vector. Proc Natl Acadi &) S A 89:
11332-6.

Ohmi K, Greenberg DS, Rajavel KS, Ryazantsev SHH and Neufeld EF
(2003) Activated microglia in cortex of mouse moselof

mucopolysaccharidoses | and IlIB. Proc Natl Acadi & S A 100:



Pan

Pan

Pan

151

1902-7.

D, Aronovich E, Mclvor RS and Whitley CB (200BRgtroviral vector
design studies toward hematopoietic stem cell geherapy for
mucopolysaccharidosis type I. Gene Ther 7: 1875-83.

D, Stroncek DF and Whitley CB (2004) Improvedng transfer and
normalized enzyme levels in primitive hematopoiepimgenitors from
patients with mucopolysaccharidosis type | usingpiareactor. J Gene
Med 6: 1293-303.

D, Sciascia A, 2nd, Vorhees CV and Williams NPO08) Progression
of multiple behavioral deficits with various age$ @nset in a murine

model of Hurler syndrome. Brain Res 1188: 241-53.

Passini MA and Wolfe JH (2001) Widespread gene de&ly and structure-

specific patterns of expression in the brain aft@traventricular
injections of neonatal mice with an adeno-assodaverus vector. J

Virol 75: 12382-92.

Passini MA, Watson DJ, Vite CH, Landsburg DJ, Feigaum AL and

Wolfe JH (2003) Intraventricular brain injection @deno-associated
virus type 1 (AAV1) in neonatal mice results in cplamentary
patterns of neuronal transduction to AAV2 and tothdng-term
correction of storage lesions in the brains of bgtacuronidase-

deficient mice. J Virol 77: 7034-40.

Pastores GM (2008) Laronidase (Aldurazyme): enzymglacement therapy

for mucopolysaccharidosis type |. Expert Opin Bidier 8: 1003-9.

Pear WS, Nolan GP, Scott ML and Baltimore D (19%3pduction of high-



152

titer helper-free retroviruses by transient trarcdfen. Proc Natl Acad
Sci U S A 90: 8392-6.

Penaud-Budloo M, Le Guiner C, Nowrouzi A, Toromahdf, Cherel Y,
Chenuaud P, Schmidt M, Von Kalle C, Rolling F, M&al P, et al.
(2008) Adeno-associated Viral Vector Genomes Pérsis Episomal
Chromatin in Primate Muscle. J Virol.

Pfeifer A, lkawa M, Dayn Y and Verma IM (2002) Tragenesis by
lentiviral vectors: lack of gene silencing in mamli@a embryonic
stem cells and preimplantation embryos. Proc Nathd& Sci U S A 99:
2140-5.

Ponder KP, Wang B, Wang P, Ma X, Herati R, Wang Bullen K,
O'Donnell P, Ellinwood NM, Traas A, et al. (2006)
Mucopolysaccharidosis | cats mount a cytotoxic Tmphocyte
response after neonatal gene therapy that can bekbd with CTLA4-
lg. Mol Ther 14: 5-13.

Ponder KP and Haskins ME (2007) Gene therapy for
mucopolysaccharidosis. Expert Opin Biol Ther 7: B385.

Ponder KP (2008) Immune response hinders therapylysosomal storage
diseases. J Clin Invest 118: 2686-9.

Reolon GK, Braga LM, Camassola M, Luft T, Henriqu&A, Nardi NB and
Roesler R (2006) Long-term memory for aversive niag is impaired
in Idua(-/-) mice, a genetic model of mucopolysaaddosis type |I.
Brain Res 1076: 225-30.

Sakurai K, lizuka S, Shen JS, Meng XL, Mori T, Unaewa A, Ohashi T and



153

Eto Y (2004) Brain transplantation of geneticallyodified bone
marrow stromal cells corrects CNS pathology and rabige function
in MPS VII mice. Gene Ther 11: 1475-81.

Sano R, Tessitore A, Ingrassia A and d'Azzo A (20CHhemokine-induced
recruitment of genetically modified bone marrow Iseinto the CNS of
GM1-gangliosidosis mice corrects neuronal pathologdlood 106:
2259-68.

Schambach A, Galla M, Modlich U, Will E, Chandra Reeves L, Colbert
M, Williams DA, von Kalle C and Baum C (2006) Lemniral vectors
pseudotyped with murine ecotropic envelope: incexadiosafety and
convenience in preclinical research. Exp Hematol 388-92.

Schambach A, Mueller D, Galla M, Verstegen MM, Watgker G, Loew R,
Baum C and Bohne J (2006) Overcoming promoter cotmime in
packaging cells improves production of self-ina@tng retroviral
vectors. Gene Ther 13: 1524-33.

Schambach A, Galla M, Maetzig T, Loew R and Baun(2007) Improving
transcriptional termination of self-inactivating mana-retroviral and
lentiviral vectors. Mol Ther 15: 1167-73.

Sedaghat Herati R, Ma X, Tittiger M, Ohlemiller KKKovacs A and Ponder
KP (2008) Improved retroviral vector design resuli's sustained
expression after adult gene therapy in mucopolybacidosis | mice. J
Gene Med.

Settembre C, Fraldi A, Jahreiss L, Spampanato CptWe C, Medina D, de

Pablo R, Tacchetti C, Rubinsztein DC and Ballabio(2008) A block



154

of autophagy in lysosomal storage disorders. Huml Benet 17: 119-
29.

Shihabuddin LS, Numan S, Huff MR, Dodge JC, ClarkeMacauley SL,
Yang W, Taksir TV, Parsons G, Passini MA, et al0Q2) Intracerebral
transplantation of adult mouse neural progenitorlleinto the
Niemann-Pick-A mouse leads to a marked decreaselysposomal
storage pathology. J Neurosci 24: 10642-51.

Shull R, Lu X, Dube I, Lutzko C, Kruth S, Abrams-@gA, Kiem HP,
Goehle S, Schuening F, Millan C, et al. (1996) Huamloimmune
response limits gene therapy in canine MPS |. BI&®&d 377-9.

Singec | and Snyder EY (2008) Inflammation as a eohataker: revisiting
cell fusion. Nat Cell Biol 10: 503-5.

Stein CS, Ghodsi A, Derksen T and Davidson BL (1p%ystemic and
central nervous system correction of Ilysosomal ag® in
mucopolysaccharidosis type VII mice. J Virol 73:2349.

Tiscornia G, Singer O and Verma IM (2006) Produatiand purification of
lentiviral vectors. Nat Protoc 1: 241-5.

Traas AM, Wang P, Ma X, Tittiger M, Schaller L, GdéBnell P, Sleeper
MM, Vite C, Herati R, Aguirre GD, et al. (2007) Cmarction of clinical
manifestations of canine mucopolysaccharidosis Ithwineonatal
retroviral vector gene therapy. Mol Ther 15: 1428-3

Treschow A, Unger C, Aints A, Felldin U, Aschan ddaDilber MS (2007)
OuaSelect, a novel ouabain-resistant human marlaregthat allows

efficient cell selection within 48 h. Gene Ther 14564-72.



155

Van Damme A, Thorrez L, Ma L, Vandenburgh H, Eyckmal, Dell'Accio
F, De Bari C, Luyten F, Lillicrap D, Collen D, et.a(2006) Efficient
lentiviral transduction and improved engraftment &uman bone
marrow mesenchymal cells. Stem Cells 24: 896-907.

Watson G, Bastacky J, Belichenko P, Buddhikot Mngdkes S, Vellard M,
Mobley WC and Kakkis E (2006) Intrathecal admingdion of AAV
vectors for the treatment of lysosomal storage he brains of MPS |
mice. Gene Ther 13: 917-25.

Wilson J (2007) Humility and clinical trials. Molhler 15: 1571-2.

Worgall S, Sondhi D, Hackett NR, Kosofsky B, Kekatp MV, Neyzi N,
Dyke JP, Ballon D, Heier L, Greenwald BM, et al.O@) Treatment of
late infantile neuronal ceroid lipofuscinosis by 6ENadministration of
a serotype 2 adeno-associated virus expressing CEBAA. Hum
Gene Ther 19: 463-74.

Yap MW, Kingsman SM and Kingsman AJ (2000) Effeafsstoichiometry
of retroviral components on virus production. J G¥irol 81: 2195-
202.

Yoshimitsu M, Higuchi K, Ramsubir S, Nonaka T, Re&sda VI, Siatskas C,
Liang SB, Murray GJ, Brady RO and Medin JA (2007ffi&ient
correction of Fabry mice and patient cells mediateyg lentiviral
transduction of hematopoietic stem/progenitor celZene Ther 14:
256-65.

Zentilin L, Qin G, Tafuro S, Dinauer MC, Baum C ar@iacca M (2000)

Variegation of retroviral vector gene expression mmyeloid cells.



156

Gene Ther 7: 153-66.

Zhang XY, La Russa VF and Reiser J (2004) Transaucbf bone-marrow-
derived mesenchymal stem cells by using Ilentivirngectors
pseudotyped with modified RD114 envelope glycopinse J Virol 78:

1219-29.



Anexos

“(...) In assessing the state of in vivo gene thgy with AAV vectors

we have entered into the face of translational r@sd referred to as
“bench to bedside and back”. The clinical phenometescribed above
have stimulated novel hypotheses and additionalibassearch. However,
substantial gaps remain in our understanding of toedbiology and host-
vector interactions. (...) Potential considerationsciude increasing vector

potency, decreasing immunogenicity of the capsid aactor preparations”

J. WILSON “Humility and clinical trials"Mol Ther 15 (9) 2007.
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Tabela I: Resumo das caracteristicas principaivetmses virais empregados na terapia génica

E dependente do ciclo celular para

Sigla do vetor viral Virus de origem E integrativo? transducao?
MLV Murine Leukemia Virus sim sim
MSCV Murine Stem Cell Virus sim nao
Human Immunodeficiency
HIV Virus sim nao
Feline Immunodeficency
FIV Virus sim nao
AAV Adenoassociated Virus sim nao

Ad Adenovirus nao nao
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Tabela II: Compilacdo de protocolos de terapiaggpara MPSI

Terapia génicain vivo para MPSI

Referéncia Vetor Transgene Modelo animal Especific@io Carga viral
Shull & Lu, 1996 retro MLV cDNA canino canino adulto
Lutzkoet al, 1999 retro MLV cDNA canino canino adulto
Lutzkoet al,, 1999 retro MLV cDNA canino canino prenatal - intrautexi
Hartunget al, 2004 AAV cDNA humano murino neonatal 1X10E10
Camassoleat al, 2005 plasmidial cDNA humano murino adulto
Di Domenicoet al., 2005 lenti HIV cDNA humano murino adulto 5, 13, ug de p24
Kobayashiet al, 2005 lenti HIV cDNA humano murino neonatal eléal 1.65X10E11 TU/Kg
Liu et al, 2005 retro MLV cDNA canino murino neonatal 10£80E9 TU/Kg
Cironet al, 2006 AAV cDNA canino canino adulto 4.8X10E10 VG
Di Domenicoet al., 2006 lenti HIV cDNA humano murino adulto 0.6>dEDTU/Kg
Ponderet al,, 2006 retro MLV cDNA canino felino neonatal 5X8®e 1X10E10 TU/Kg
Watsonet al, 2006 AAV cDNA humano murino adulto 2X10E9 e 4X10 TU/Kg
Aranovichet al, 2007  transposon SB cDNA humano murino adulto
Chunget al, 2007 retro MLV cDNA canino murino neonatal 10&80E9 TU/Kg
Ma et al, 2007 retro MLV cDNA canino murino adulto 5X10EQ/Kg
Traaset al, 2007 retro MLV cDNA canino canino neonatal 4.3.4X10E9 TU/Kg
Heratiet al, 2008 retro MLV cDNA canino murino adulto 0.5-XI0E10 TU/Kkg

Os protocolos assinalados referem-se &X@ivoou ao emprego de sistemas nao-virais, como évebsts se observar na coluna “Vetor”.
“Especificacdo” refere-se a fase da intervengcdgehda: TG — terapia génica; MPSI — mucopolissagseidio tipo I; retro — retrovetor; lenti

— lentivetor; TU -transducing uni{unidade transdutora).
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Tabela Ill: Compilacdo de protocolos de TG em modelirino para DAL envolvendo o vetor MSCV

Emprego de vetores MSCV em TG em modelo murino deAb

Referéncia Patologia Transgene TG - tipo Células-alvo Raltado obtido

Dinaueret al., 1999 Doenca granulomatosa cronica ligada ao X NADPH meadaex vivo células de medula 6ssea atividade enzimatica detectada em células
20-25% (em relagdo ao normal)

Leimig et al., 2002 Galactosialidose PPCA ex vivo célula tronco hematopoiética mui  correcdo completa da patologia sistémica
correcdo cruzada de células ndo-transduzidas

correcgao parcial no cérebro - area perivascular

Sanoet al., 2005 GM1-gangliosidase Beta galactosidasex vivo células de medula 6ssea corre¢do parcial no cérebro

Apenas protocolosx vivoforam descritos empregando o vetor MSCV em monheiono de DAL. Legenda: TG — terapia génica; DAdoencas de
acumulo lisossomal.
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Tabela 1V: Dados representativos referentes a agdid dos estoques concentrados

(baseados em HIV)

VETORES BASEADOS EM HIV

HEK

HIVGFP  HIVIDUA  PLL3.7 293T
Volume inicial (mL) 52 152 20
Volume de ressuspenséao (uL) 80 378 40

Titulo (Ul /10 uL/Hek) 4x10E5 4x10E5 2x10E6
IDUA (GFP) 4.31 (40%) 32.02(40%) 4.81(70%) 4.77
2.87 (35%) 30.03(42%) 4.04(80%) 5.30
n 2 2 2 2

Volume inicial refere-se ao sobrenadante viral teole apos a transfeccdo transiente e
submetido ao protocolo de concentracdo. Volumel firelere-se ao volume de
ressuspensdo dos estoques. O titulo foi medidoattaseo numero de células GFP
positivas (unidades infectantes — Ul) nos voluméshagem celular especificados. IDUA
foi medida em nmol/mg ptn/h e o valor entre pargggeefere-se ao percentual de células
GFP positivas contadas nas fotomicroscopias deefbaéncia. Dados coletados apos sete

dias de transducao.
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Tabela V: Compilacéo de protocolos de dosagem d&s5ém modelo animal de MPSI,

agrupados por tipo de metodologia e capacidadeigtiegiio entre o fendtipo normal e

afetado
Referéncia Vetor Modelo animal Fase Avaliagcdo de GAG
colorimetria histologia Distin¢cdo entre fendtipos?
Hartunget al., 2004 AAV murino neonatal X sim
Camassolat al., 2005 plasmidial murino adulto X sim, cérebro inclusive
Di Domenicoet al., 2005 lenti HIV murino adulto X sim, exceto cérebro
Kobayashkt al., 2005 lenti HIV murino leonatal e adul X sim
Liu et al., 2005 retro MLV murino neonatal X sim
Chunget al., 2007 retro MLV murino neonatal X X sim; cérebro apenas redidgia
Cironet al., 2006 AAV canino adulto X sim
Di Domenicoet al., 2006 lenti HIV murino adulto X sim, ndo avaliou cérebro
Watsonet al., 2006 AAV murino adulto X sim, focado no cérebro
Maet al., 2007 retro MLV murino adulto X X sim; cérebro apenas nadisgia
Traaset al., 2007 retro MLV canino neonatal X X sim, cérebro inclusive
Heratiet al., 2008 retro MLV murino adulto X sim, exceto cérebro

Os protocolos assinalados nao relataram diferesgasor de GAGs total no tecido cerebral
entre animais normais e afetados ou detectaragnedifa apenas no niumero de vacuolos

presentes nas amostras de tecidos analisada®gistwhente.
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NEUROPATOLOGIA

Camundongos MPSI / Camundongos
MPSI 12 semanas

25 semanas

=TG exvivo =TG in vivo
GAG +++ GAG+
Inflamacio e perda tecidual Inflamacio e perda tecidual
++ +
l 1. Sinais
. 3.IDUAétio0 [ 2 Sinais ambientais nio
adaptativa favo-recen doi refo%’r;a_m a
naquele retencio de necesildade de
microambiente células: secrecio retengio celular;
-< que é d IDU;’-& ¢ funcionalidade das
rapidamente -< i al dau.r;l:pta células favorecea 2. Expressio génica e
endocitada; or ;r a'ﬂl]f avo transdugio secrecio de IDUA
L N e células - o
ativagdo imediata mesenquimais 1. GAGs acumulados + problemas Ifla;li.};aila;;;t?::a :;1 \
da degradagio de transduzidas na via endocitica (citoesqueleto, reduzir GAGP
GAG acumulados \_ cdlcio e autofagiando funcionais) =

}O bloqueio/dificuldade de transdugio fa:unulados
e _2e, e
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/ -
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..
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Figura I: Diagrama esquematico da hipdtese de adefo do tipo de terapia
génica a fase da patologia. Problemas relacionadosuncionalidade das
proteinas de citoesqueleto, ao balanco de calcia@a eegulacdo da autofagia
estdo resumidos entre parénteses. Legenda: TG apiergénica; GAG -

glicosaminoglicanos.
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Figura Il: Imagens representativas dos estoquesectrados HIV IDUA e PLL 3.7 em

microscopia de fluorescéncia. HIV IDUA parece aprnear mais variacdo do que o PLL
3.7. Também é possivel evidenciar um maior numergéiulas GFP positivas no painel
referente ao estoque PLL 3.7, que também apresen&ior titulo pds- concentragéo.

Dados coletados 7 dias apos transducao. Aumen®X. 10



