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RESUMO 

 

As Mucopolissacaridose tipo I e tipo II são doenças de depósito lisossomal causadas por 

variantes patogênicas em genes que codificam para as enzimas lisossomais IDUA e IDS, 

respectivamente. A ausência ou mau funcionamento dessas enzimas leva a um 

comprometimento da via catabólica dos glicosaminoglicanos Heparan e Dermatan sulfato, 

que resulta em um acúmulo progressivo desses substratos em lisossomas de múltiplos 

tecidos. As manifestações fenotípicas dos pacientes podem variar da forma atenuada à grave, 

sendo malformação esquelética, rigidez articular, doença valvar pulmonar e cardíaca e 

hepatoesplenomegalia as mais comuns. O comprometimento do sistema nervoso central é a 

característica mais preocupante entre os fenótipos graves em ambas as doenças. A falta de 

tratamentos eficazes e seguros que retardem ou previnam os sintomas neurológicos e 

somáticos leva à busca de abordagens inovadoras que superem as limitações das terapias 

existentes. Assim, o objetivo geral desta tese foi propor uma abordagem de edição de genoma 

usando vetor não-viral visando ao tratamento dos sintomas neurológicos em MPS I e II. Neste 

trabalho preparamos, caracterizamos e testamos in vivo um vetor lipossomal capaz de 

transportar e entregar o sistema CRISPR-Cas9 ao cérebro para correção gênica em 

camundongos MPS I e II pela via nasal. Nosso complexo foi capaz de atingir e editar células 

no bulbo olfatório, o coração e pulmões após trinta administrações nasais, e as células 

editadas foram capazes de produzir cerca de 1% dos níveis normais de enzimas, o que levou 

a uma diminuição do acúmulo de substrato em alguns tecidos, urina e soro em camundongos 

MPS I e II. Isso também significou uma melhora nas características motoras e de memória 

em camundongos MPS I e II. Por fim, comprovamos que nosso sistema não foi capaz de 

melhorar sua eficácia com o uso  trinta administrações adicionais, uma vez que não foram 

observadas melhoras metabólicas e fenotípicas maiores após sessenta doses em comparação 

com trinta doses. Assim, esses achados sugerem que uma otimização de todo o sistema 

proposto é necessária para atingir níveis mais elevados de eficácia e eficiência do sistema. 

No entanto, esta abordagem não viral e não invasiva pode ser promissora para o tratamento 

de sintomas neurológicos e somáticos após abordar suas limitações reais. 
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ABSTRACT 

 

Mucopolysaccharidosis type I and Type II are lysosomal storage diseases caused by 

pathogenic variants on genes encoding for lysosomal enzymes IDUA and IDS, respectively.  

The absence or malfunction of these enzymes leads to impaired degradation of 

glycosaminoglycans Heparan and Dermatan sulfate, which causes progressive accumulation 

of these substrates in lysosomes of multiples tissues. The patient's phenotypical 

manifestations can vary from the mild to the severe form, being skeletal malformation, 

stiffened joints, pulmonary and heart valve disease, and hepato-splenomegaly the most 

commons. Central nervous system impairment is the most concerning feature among severe 

phenotypes in both diseases. The lack of effective and safe treatments that delay or prevent 

neurological and somatic symptoms lead to seeking out innovative approaches that may 

overcome the limitations of the existing therapies. Thus, the overall objective of this thesis 

was to propose a non-viral genome editing approach targeting neurological symptoms in 

MPS I and II. In this work we prepared, characterized, and tested in vivo a liposomal vector 

capable of carrying and delivering the CRISPR-Cas9 system to the brain for gene correction 

in MPS I and II mice using the nasal route. Our complex was capable of reaching and editing 

cells in the olfactory bulb, the heart, and lungs after thirty nasal administrations, and edited 

cells were able to produce about 1 % of the normal enzyme levels which led to a decrease in 

of glicosaminoglycan levels in some tissues, urine and serum in MPS I and II mice. This also 

produced an improvement in motor and memory behaviors. Finally, we proved that our 

system was unable to improve its efficacy when sixty administrations were used, since no 

metabolic and phenotypic changes were seen after sixty doses compared to thirty doses. Thus, 

these findings suggest that a major optimization of the whole system proposed is necessary 

to achieve higher levels of efficacy and efficiency. Nevertheless, this non-viral and non-

invasive approach may hold promise for the treatment of neurological and somatic symptoms 

after addressing its actual limitations.   
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1. INTRODUÇÃO  

 

1.1. Mucopolissacaridoses tipo I e II  

1.1.1. Genética e bioquímica 

As Mucopolissacaridoses do tipo I e II são erros inatos do metabolismo pertencentes 

ao grupo de as doenças lisossômicas (Tabela 1). Como o seu nome menciona, nestas doenças 

a organela celular que se encontra afetada é o lisossomo (Poswar et al. 2019).  Ambas são o 

resultado de um desequilíbrio metabólico multissistêmico causado por variantes patogênicas 

em genes que codificam para duas enzimas lisossômicas cruciais no ciclo de reciclagem 

celular (Dʹavanzo et al. 2020; Kubaski et al. 2020).  

A Mucopolissacaridose do tipo I (MPS I), também chamada na sua forma grave de 

Síndrome do Hurler (OMIM #607014) é causada por variantes patogênicas em homozigose 

ou heterozigose composta no gene IDUA (4p16.3) que codifica para a produção da enzima 

alfa-L-iduronidase (IDUA).  Dependendo da variante, a enzima pode ser expressa de uma 

forma aberrante (truncada ou com acometimento da sua estrutura terciária) ou no caso 

extremo, não ser expressa. Devido às diferentes alterações genéticas, ocorrem níveis de 

gravidade variados, dentro de um espectro fenotípico contínuo (Parini et al. 2017). Sua 

herança é autossômica recessiva e, portanto, afeta homes e mulheres em igual proporção, 

sendo que indivíduos heterozigotos são favorecidos pelo efeito compensatório do alelo 

normal, e não desenvolvem a doença (Campos et al. 2014). No Brasil, estudos recentes 

estimam uma taxa de incidência de aproximadamente 0,24 por 100.000 recém-nascidos vivos 

(Federhen et al. 2020).  

A Mucopolissacaridose do tipo II ou Síndrome de Hunter                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

(OMIM #309900)  é também causada por variantes patogênicas, mas no gene IDS (Xq28) 

que codifica para a produção da enzima iduronato-2-sulfatase (IDS). Do mesmo modo que a 

MPS I e outras doenças lisossômicas, a MPS II apresenta diferentes fenótipos relacionados 

na maioria dos casos a um genótipo particular. Por ser esta uma doença ligada ao X, a grande 

maioria dos casos afetam homens, com uma taxa de incidência de aproximadamente  0,38 

por 100.000 recém-nascidos vivos no Brasil (Dʹavanzo et al. 2020).  Mulheres afetadas são 
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raras, mas se acredita-se que isso aconteça pela inativação não aleatória do cromossomo X 

(Meikle et al. 2005). 

Tabela 1. Representantes das doenças lisossômicas, divididas em categorias. 

Categoria principal Principais representantes Principais sinais e sintomas * 

Mucopolissacaridoses MPS I a MPS IX 

Face grosseira, 

hepatoesplenomegalia, opacificação 

da córnea, anormalidades 

esqueléticas, limitação articular e 

baixa estatura; retardo mental 

progressivo 

Mucolipidoses Tipo I a  IV 

Face grosseira, 

hepatoesplenomegalia, disostose 

múltipla, contraturas dos dedos, 

escoliose, baixa estatura; retardo 

mental progressivo (casos graves). 

Esfingolipidoses 

Gangliosidoses; Niemann-Pick (tipos 

A, B, e C); doença de Gaucher (tipos 

I, II, e III); doença de Fabry; 

Leucodistrofia metacromática; 

doença de Krabbe; doença de Farber. 

Neurodegeneração, mancha 

“vermelho cereja” na retina, 

hepatoesplenomegalia, 

comprometimento pulmonar, paralisia 

do olhar, ataxia, alterações ósseas, 

parestesias, insuficiência renal. 

Oligossacaridoses 

α-manosidose; β-manosidose; 

fucosidose; aspartilglucosaminúria; 

Síndrome de Schindler; ISSD; 

Síndrome de Salla; Galactosialidose 

Face grosseira, disostose múltipla; 

Mancha “vermelho cereja” na retina, 

hepatoesplenomegalia, retardo 

mental, ataxia, perda auditiva, 

angioqueratoma. 

Lipofuscinoses 

ceróides neuronais 
Tipos 1 a 14 

Neurodegeneração, problemas de 

visão, convulsões, ataxia 

Abreviaturas: MPS-mucopolissacaridose; ISSD: Doença infantil de armazenamento de ácido siálico. 

* Pode não estar presente em todas as doenças da mesma categoria. Adaptado de Poswar (2019). 

 

Ambas enzimas mencionadas, a IDUA e a IDS, pertencem ao grupo das hidrolases 

lisossômicas, envolvidas diretamente no catabolismo de cadeias complexas de açúcares 

chamados glicosaminoglicanos (GAGs), compostas maioritariamente por sulfato de keratan, 

condroitin, dermatan ou heparan (Alroy and Lyons 2014).  Os GAGs são encontrados na 

estrutura de moléculas proteicas maiores, os proteoglicanos, os quais fazem parte dos 

componentes principais da matriz extracelular (Ghatak et al. 2015) (Figura 1).   Estes 

componentes, assim como muitos outros componentes celulares como proteínas, lipídios e 

ácidos nucleicos, são transportados por meio de vesículas e endossomos (rota endossômica) 
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até o lisossomo para inicializar o processo de reciclagem ou degradação dependendo dos 

requerimentos metabólicos da célula (Cullen and Steinberg 2018; Trivedi et al. 2020) .   

Durante o tráfego dos proteoglicanos, os primeiros processos de clivagem iniciam no 

endossomo tardio, onde participam diferentes endo-enzimas que reduzem a estrutura (Meikle 

et al. 2005). Após, no lisossomo, os GAGs culminam o processo de degradação mediado 

pelas exo-enzimas (hidrolases lisossômicas). Neste processo, glicosidases, sulfatases e 

acetiltransferases hidrolisam resíduos não redutores nas cadeias de oligossacarídeos dos 

diferentes GAGs de uma maneira organizada e sequencial, até a sua redução a 

monossacarídeos e sulfato (Meikle et al. 2005).  Estas hidrolases lisossômicas, como a grande 

maioria das enzimas lisossômicas solúveis, sofrem modificações pós-traducionais durante 

sua síntese, que permite que sejam levadas até o lisossomo. As N-glicosilações com resíduos 

de manose 6-fosfato são as principais encarregadas deste processo, pois este resíduo medeia 

a translocação das enzimas na membrana lisossômica, que tem na sua composição receptores 

para manose-6 fosfato (Braulke and Bonifacino 2009). 

  

 

 

 

 

 

 

 

 

 

Figura 1. Componentes da matriz extracelular (MEC), com especial ênfase para os 

glicosaminoglicanos (GAG). Adaptado de Pearson, education Inc. Copyright©. 
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O Sulfato de dermatan e o sulfato de heparan são os principais substratos das enzimas 

IDUA e IDS (Meikle et al. 2005). IDUA pertence ao grupo das glicosidases e hidrolisa as 

ligações N-glicosídicas do ácido idurônico não sulfatado dos substratos, enquanto a  IDS 

pertence ao grupo das sulfatases e realiza a hidrólise dos grupos sulfato do C2 das unidades 

alfa L-idurônicas destes mesmo substratos (Meikle et al. 2005). Ao final, o sulfato de heparan 

e dermatan são degradados por uma série de exo-enzimas além das duas mencionadas 

anteriormente, que agem sequencialmente na extremidade não redutora (Figura 2).   Com 

isto tudo, em ausência de alguma das duas enzimas, não é possível continuar o processo 

natural de degradação dos sulfato de dermatan e heparan o qual leva a o seu acúmulo no 

lisossomo, e eventualmente no espaço extracelular de diferentes tecidos, desenvolvendo 

doença multissistêmica (Ponder 2013).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figura 2. Processo de degradação do Sulfato de dermatan mediado por hidrolases lisossômicas. A 

deficiência em alguma destas enzimas causa diferentes tipos de Mucopolissacaridoses, apontadas nos 

parênteses.  Adaptado de (Wraith 2013). 
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1.1.2. Fisiopatologia 

 

As mucopolissacaridoses (MPSs), como a MPS I e MPS II se caracterizam pelo 

acúmulo principalmente de sulfato de heparan e dermatan em lissosomos e tecidos onde 

estes GAGs se encontram em maior proporção. Por esta razão, estas doenças levam a 

um comprometimento multissistêmico envolvendo tecidos viscerais, conectivos, 

esquelético e neuronal. Também por isso, suas manifestações clinicas são similares 

(tabela 2) (Alroy and Lyons 2014). 

 

As manifestações somáticas das MPS I e II incluem problemas no desenvolvimento 

esquelético e articular. Além disso, há o desenvolvimento de doença cardíaca, com 

espessamento de valvas, hipertensão pulmonar e dilatação do miocárdio. Infecções de 

vias áereas superiores e outras alterações na função pulmonar também são frequentes. 

Eles também apresentam hérnias e hepatoesplenomegalia, relacionadas aos processos 

inflamatórios causados pelo acúmulo de substratos, além de opacidade da córnea 

(principalmente em pacientes MPS I) e perda auditiva (Dʹavanzo et al. 2020; Hampe et 

al. 2020).  

Os sintomas neurológicos também são característicos destas doenças, com déficit 

cognitivo. No entanto, tanto as manifestações somáticas e neurológicas se apresentam 

em um amplo espectro de gravidade.  Na  MPS I as formas clínicas são subdivididas de 

maneira histórica em três classificações: Síndrome de Hurler (grave), síndrome de 

Hurler-Scheie (intermediário) e síndrome de Scheie (atenuada). Pacientes Scheie 

apresentam sintomas clínicos mais discretos e geralmente têm desenvolvimento 

psicomotor e desenvolvimento neurológico normal em seus primeiros anos de vida, mas 

as dificuldades de aprendizagem podem se tornar aparentes à medida que envelhecem 

(Melbouci et al. 2018). Os pacientes atenuados menos afetados apresentam poucas 

complicações e subsequente expectativa de vida quase normal. Por outro lado, 

complicações esqueléticas, perda auditiva e deficiência intelectual são comuns na MPS 

I grave e a morte ocorre na primeira década de vida, normalmente devido à insuficiência 

cardiorrespiratória (Melbouci et al. 2018).   
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Na MPS II também existem descritos dois fenótipos: atenuado e grave. Similar aos 

pacientes MPS I, pacientes com fenótipo atenuado são normalmente diagnosticados 

entre 4 e 8 anos de idade devido à sintomatologia difusa ou em alguns casos ausente. 

Embora sejam descritos frequentemente como não tendo sintomas neurológicos, os 

pacientes podem desenvolver dificuldades cognitivas em longo prazo, com um déficit 

de atenção significativo (Bigger et al. 2018). Todos os pacientes com fenótipos graves 

têm envolvimento do sistema nervoso central, problemas graves de aprendizagem, 

problemas psicomotores e um estado neurológico deteriorado. A morte para esses 

pacientes normalmente ocorre durante a segunda década de vida por doença cardíaca 

ou respiratória (Melbouci et al. 2018). 

 

Tabela 2. Deficiência enzimática, genética e características clínicas das 

mucopolissacaridoses. 
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Abreviaturas: CAR, doença cardíaca; CNS, retardo mental; DS, sulfato de dermatan; HS, sulfato de 

heparan; KS, sulfato de queratano; HA, ácido hialurônico; SA, ácido siálico; DYS, aparência 

dismórfica; HF, hidropisia fetal; HSM, hepatoesplenomegalia; OPH, sinais dos olhos - opacificação 

da córnea; SD, disostose múltipla; SK, sinais dermatológicos; (+/−), sinal nem sempre presente ou 

leve. Adaptado de (Wraith 2013). 

 

Embora estas doenças sejam principalmente de depósito, uma vez que os substratos 

não degradados se acumulam nos lisossomos, os sintomas e sinais manifestados não são 

exclusivamente consequência deste acúmulo intracelular primário. Os GAGs, além de serem 

constituintes da matriz extracelular e das membranas, também desempenham um papel 

fundamental na sinalização celular e modulam vários processos bioquímicos que são 

fundamentais para a biologia celular (Fecarotta et al. 2020).  O Sulfato de heparan, em locais 

Doença Deficiência 

Enzimática 

Substrato 

armazenado 

Local Gene 

(OMIM) 
Principais Características 

Clínicas 

MPS I 

(Hurler, 

Scheie, 

Hurler/Schei

e) 

Iduronidase 

(EC 3.2.1.76) 

DS, HS 4p16.3 IDUA 

(252800) 

HSM, CNS, SD, DYS, OPH, 

CAR 

MPS II 

(Hunter) 

Iduronato-2-

sulfatase 

(EC 3.1.6.13) 

DS, HS Xq27–28 IDS 

(300823) 

HSM, CNS, SD, DYS, OPH, 

CAR, SK 

IIIA 

(Sanfilippo) 

Heparan-n-

sulfatase 

(EC 3.10.1.1) 

HS 17q25.3 HSS 

(605270) 

CNS, SD (+/−), DYS (+/−) 

IIIB 

(Sanfilippo) 

N-acetil-

glucosaminidase 

(EC 3.2.1.50) 

HS 17q21.1 NAGLU 

(609701) 

CNS, SD (+/−), DYS (+/−) 

IIIC 

(Sanfilippo) 

Acetil CoA 

glucosamina n-

acetil 

transferase 

(EC 2.3.1.3) 

HS 8p11.1 HGSNAT 

(610453) 

CNS, SD (+/−) DYS (+/−) 

IIID 

(Sanfilippo) 

N-acetil-

glucosamina-6-

sulfatase 

(EC 3.1.6.14) 

HS 12q14 GNS 

(607664) 

CNS, SD(+/−), DYS (+/−) 

IVA 

(Morquio) 

Galactose-6-

sulfatase 

(EC 3.1.6.4) 

KS 16q24 GALNS 

(612222) 

SD, CAR, OPH (+/−) 

IVB 

(Morquio) 

β-Galactosidase 

(EC 3.2.1.23) 

KS 3p21-pter GLB1 

(611458) 

SD, CAR 

MPS VI 

(Maroteaux–

Lamy) 

Galactosamina-

4-sulfatase 

(EC 3.1.6.12) 

DS 5q13–q14 ARSB 

(611542) 

HSM, SD, DYS, OPH, CAR 

MPS VII 

(Sly) 

β-Glicuronidase 

(EC 3.2.1.31) 

HS, DS 7q21.1–

q22 

GUSB 

(611499) 

HF, HSM, CNS, SD, DYS, 

OPH, CAR 

MPS IX Hialuronidase 

(EC 3.2.1.35) 

HA 3p21.3 HYAL1 

(607071) 

U/K 
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fora do lisossomo, como a superfície celular ou na matriz extracelular, desempenha um papel 

essencial na sinalização celular, distribuição de fatores de crescimento e citocinas, além de 

influenciar a motilidade e adesão celular. Níveis excessivos de heparan e sulfatação anormal 

deste no sistema nervoso central de pacientes com MPS I e II  podem alterar a sinalização 

dependente de HS e desencadear inflamação; isso pode alterar os processos intracelulares e 

a neurotransmissão, que por sua vez afetam o funcionamento neurológico (Bigger et al. 

2018).  Em articulações e tecido sinovial o sulfato de dermatan acumulado é um mediador 

direto da ativação de uma cascata complexa (principalmente macrófagos e citocinas pro-

inflamatórias) que leva à apoptose dos condrócitos, hiperplasia sinovial e destruição 

progressiva da articulação na MPS I e II (Clarke 2011). No tecido cardíaco, a patogênese se 

apresenta com hipertrofia do miocárdio, anormalidades na elastina dos vasos cardíacos e 

aórticos.  Estes eventos parecem ser causados pelo aumento da expressão de proteínas de 

degradação da elastina, como metaloproteinases e catepsinas, secundários ao acúmulo do 

sulfato de dermatan (Clarke 2011; Hampe et al. 2020). 

Além disso, o lisossomo desempenha um papel central em muitas funções celulares, 

e o desequilíbrio na homeostase lisossômica que ocorre pelo acúmulo dos substratos 

desencadeia uma série de eventos secundários que são atores importantes na patogênese das 

MPS. Estes eventos incluem armazenamento de substratos secundários não relacionados à 

enzima defeituosa, composição anormal de membranas, fusão aberrante e tráfego intracelular 

de vesículas, comprometimento da autofagia, disfunção mitocondrial e estresse oxidativo, 

desregulação das vias de sinalização e ativação da inflamação, anormalidades da homeostase 

e sinalização do cálcio, que leva a apoptose (Figura 3) (Fecarotta et al. 2020).  
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Figura 3. Cascata de eventos patogênicos das mucopolissacaridoses. Eventos patogênicos múltiplos: 

armazenamento primário de glicosaminoglicanos (GAGs) e vias secundárias interrompidas. 

Adaptado de Fecarotta 2020. 

 

1.1.3. Diagnóstico e terapias  

 

As manifestações clínicas das MPS são muito semelhantes em alguns casos, e muitas 

vezes, também semelhantes a outros distúrbios do desenvolvimento e neurológicos. Portanto, 

para o diagnóstico da MPS I e II se requer uma combinação de técnicas clínicas, avaliações 

físicas, bioquímicas e moleculares (Alroy and Lyons 2014) .  

O diagnóstico das MPS pode ser determinado por: 1) análise de oligossacarídeos em 

urina e sangue. Devido à deficiência enzimática, os GAGs se acumulam em vários tecidos, 

são parcialmente eliminados na urina e se encontram em altas concertações na circulação 

(Zhou et al. 2020). Determinar o tipo de GAG pode dar pistas sobre a qual a enzima 

deficiente. A quantificação/ tipificação dos GAGs nos fluidos pode ser feita por meio de 

eletroforese em gel de poliacrilamida ou por espectrometria de massas em tandem, sendo este 

último o mais utilizado nos últimos anos para a triagem neonatal (Kubaski et al. 2017b).  2) 

Ensaio enzimático das hidrolases lisossômicas em leucócitos, fibroblastos ou plasma, para 

avaliar o nível de atividade da enzima envolvida, sendo este considerado o padrão-ouro e  3) 
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a determinação da variante patogênica por técnicas moleculares (Alroy and Lyons 2014; 

Zhou et al. 2020). O diagnóstico precoce representa uma oportunidade para tratamentos 

precoces, para prevenir a progressão da doença.  

O transplante de células-tronco hematopoiéticas (TCTH) foi a primeira terapia utilizada 

para o tratamento das doenças lisossômicas. As CTH são as únicas células do organismo com 

a capacidade de se autorenovar (se dividir) e diferenciar em células do sistema sanguíneo 

(Drize and Petinati 2015). Esta terapia consiste no transplante de medula óssea de uma pessoa 

com genótipo normal para o paciente com a finalidade de substituir uma grande parte das 

células sanguíneas do paciente por células-tronco de um doador saudável, cujas células são 

capazes de sintetizar e secretar a enzima deficiente.  O transplante alogênico se encontra 

aprovado pela FDA (Food and Drug Administration) para o tratamento de pacientes com 

MPS I (síndrome de Hurler), pois quando bem-sucedido, o TCTH tem resultados satisfatórios 

em nível sistêmico com ação, inclusive, no sistema nervoso central (Beck 2018). Embora 

esteja aprovado para uso em pacientes MPS I, estes devem atingir alguns critérios de seleção 

baseado na chance de prevenir as manifestações neurológicas, pois, mesmo com resultados 

muito favoráveis, a terapia não consegue reverter a patologia já estabelecida (Vera and Baldo 

2020). Nestes casos, o diagnóstico molecular precoce contribui na correlação fenótipo 

genótipo e possibilita estabelecer o prognóstico (Clarke et al. 2019). Esta terapia tem sido 

testada em pacientes com MPS II, apresentando alguns resultados promissores, mas ainda 

não se encontra aprovada (Poswar et al. 2019). No caso da MPS II ainda é difícil prever o 

prognóstico somático e neurológico em pacientes com base na relação genótipo-fenótipo, e 

as decisões de transplante podem ser  difíceis (Chiesa et al. 2016).  

O segundo tratamento disponível para estas doenças é a terapia de reposição enzimática 

(TRE). A TRE fornece ao paciente por via sistêmica a enzima funcional. Isso aumenta a 

atividade enzimática por um período de tempo e leva à melhora ou prevenção da progressão 

de vários sintomas clínicos (Li 2018). A Laronidase (Aldurazyme®; Genzyme Europe B.V., 

Gooimeer 10, NL-1411 DD Naarden, The Netherlands) para a MPS I e a Idursulfase 

(Elaprase®; Shire Human Genetic Therapies, Inc., Cambridge, MA, USA) para MPS II 

foram aprovadas pelo FDA desde 2003 e 2006 respectivamente. Estas enzimas são 

produzidas em células de mamífero, garantindo que ela possua N-glicosilações com resíduos 
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de manose-6 fosfato, que permitem seu transporte intracelular (Concolino et al. 2018).  A 

TRE é uma terapia que requer infusões intravenosas semanais ou quinzenais. Ela tem 

apresentado eficácia revertendo sintomas como a redução do GAG urinário a valores 

aproximadamente normais, e melhora do tamanho do fígado e do baço (Concolino et al. 

2018). No entanto, algumas alterações cardiovasculares e a motilidade articular apresentam 

apenas melhora limitada, e as anormalidades cerebrais não são corrigidas devido à 

incapacidade da enzima de atingir o sistema nervoso central (Vera and Baldo 2020). Assim 

como para o TCTH, existem riscos associados ao tratamento, que incluem reação 

imunogênica à enzima, além de resultados muitas vezes insatisfatórios (Vera and Baldo 

2020). A TRE ainda possui o agravante de ter um custo muito elevado, onerando o sistema 

público de saúde.  

 

1.2. Terapia Gênica 

 

A terapia gênica tornou-se uma opção para o tratamento de diferentes enfermidades. É 

baseada na entrega de um material genético exógeno (transgene) em células, que mais tarde 

será transcrito e traduzido em uma proteína funcional. Para doenças monogênicas, como as 

doenças lisossômicas de depósito, esse material genético seria a “versão normal” do gene 

mutado, que leva à produção da enzima/proteína não funcional, a qual, na maioria dos casos, 

é a causa da doença. A terapia gênica clássica tem utilizado principalmente vírus modificados 

para entregar este  gene ao paciente (Vera and Baldo 2020). São utilizados majoritariamente 

vírus integrativos de RNA como os retrovírus ou lentivírus que, após transduzir as células, 

se integram em uma região aleatória do genoma, e consequentemente irão transcrever o 

transgene; e vírus de DNA não integrativos, como os adenovírus ou vírus adenoassociados, 

que permanecem em as células de forma epissomal (sem se integrarem), podendo, no caso 

dos AAV, expressar o transgene por longos períodos de tempo (Ørstavik and Apold 2001). 

Os vetores não-virais são uma importante alternativa ao uso de vetores virais, conforme será 

relatado a seguir. 

 

1.2.1. Vetores de entrega  
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A terapia gênica se tornou possível por meio de avanços da genética e da bioengenharia 

que possibilitaram a manipulação de vetores para entrega de material extracromossômico às 

células alvo, pois grande parte da eficácia deste tipo de terapia depende das características e 

qualidades destes (Yi et al. 2021). Os vetores estão classificados em duas grandes categorias, 

virais e não virais (Figura 4), sendo a primeira a mais comum no desenvolvimento de 

terapias para as MPS (Baldo et al. 2014).  

O vetor viral tem sido amplamente utilizado desde o início da terapia gênica, devido à 

excelente capacidade de adentrar em células e inserir seu material genético, assim como 

alcançar expressão de longo prazo de genes desejados para efeitos terapêuticos sustentados 

(Yi et al. 2021). Os retrovírus e lentivírus são vírus de RNA. Sua replicação é baseada na 

cópia do RNA em DNA (transcrição reversa) e integração no genoma de uma célula 

hospedeira. Antes da descoberta dos sistemas CRISPR-Cas9, os retrovírus eram a principal 

maneira utilizada para modificar o genoma de um paciente (Lukashev and Zamyatnin 2016). 

Esses vetores têm uma capacidade de empacotamento de quase 10 kb, o que permite 

transportar genes grandes. Enquanto os retrovírus transduzem apenas células em divisão, 

lentivírus podem transduzir células quiescentes (Lukashev and Zamyatnin 2016). Ambos 

apresentam efeitos colaterais como genotoxicidade, causada pela sua integração no genoma. 

Mas os lentivírus não apresentam uma integração preferencial próximo ao início das unidades 

de transcrição e assim a indução de oncogênese é significativamente menos frequentemente 

do que vetores retrovirais (Lukashev and Zamyatnin 2016).  

Na categoria não integrativa, o tipo de vetor viral mais amplamente utilizado em 

enfermidades monogênicas são os vírus adenoassociados (AAVs). Esses são vetores 

baseados em DNA fita simples, que não se integram ao genoma do hospedeiro, mas ainda 

fornecem expressão de longa duração. Seu genoma tem cerca de 4,5 kb, então sua capacidade 

de empacotamento é menor. Esses vetores tem sido amplamente estudados devido à 

possibilidade de manipular sua estrutura do capsídeo para tornar o vetor sitio-especifico, 

possibilitando a transdução de diferentes tipos celulares (Vera and Baldo 2020).  

Os lentivirus e AAVs são os vetores mais comuns empregados em ensaios clínicos. Os 

lentivirus são vetores de integração com expressão geralmente mais alta com uma 

multiplicidade de infecção inferior (MOI), enquanto os AAVs normalmente resultam em uma 
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propagação in vivo superior devido ao tamanho relativamente pequeno das partículas virais 

(Yi et al. 2021). No entanto existe uma grande preocupação em relação ao fato de que parte 

da população possui anticorpos contra esses vírus, o que geralmente leva a uma ineficácia da 

terapia.  

Embora a terapia gênica com vetores virais tenha mostrado a capacidade de atingir 

alto nível de entrega do transgene em vários modelos de doenças in vivo e ensaios clínicos, 

a incerteza de desencadear respostas imunogênicas, riscos de ativação de oncogênese e a 

dificuldade de empacotar grandes ácidos nucléicos são questões que permanecem sem 

solução (Foldvari et al. 2016). Os vetores não virais podem fornecer várias vantagens em 

relação à segurança pois podem ser administrados repetidamente sem induzir uma resposta 

imune detectável além de poder fornecer uma expressão gênica localizada e capacidade de 

transportar grandes genes terapêuticos (Foldvari et al. 2016).  

A entrega do plasmidio nu é a estratégia não viral menos recomendável, uma vez que 

um ácido nucléico desprotegido (RNA ou DNA) não é estável por muito tempo em um 

ambiente biológico. Além disso, o ácido nucleico não é capaz de entrar sem auxílio no 

citoplasma (onde o RNA pode realizar sua função) ou no núcleo, onde o DNA é transcrito e 

o genoma celular pode ser modificado (Lukashev and Zamyatnin 2016).  O uso de 

nanomateriais como as partículas de ouro, e nanoparticulas lipídicas, tem sido estudado e 

proposto como uma alternativa a vetores virais, que também protegem o material gênico e 

facilitam a entrega às células (Keles et al. 2016; Liu et al. 2017).  

As nanopartículas de ouro são um novo método de entrega para o sistema CRISPR-

Cas9, formando um complexo com a proteína Cas9 e sgRNA. Este sistema de entrega atinge 

mais de 90% de eficiência de entrega e 30% de eficiência de edição de genes em uma ampla 

variedade de tipos de células. A entrega mediada por nanopartículas é obtida por meio de um 

processo de fusão de membrana dependente do colesterol que é distinto da endocitose celular, 

o que pode enfatizar a notável eficiência de entrega desse sistema. Este método fornece uma 

nova plataforma para edição in vitro (Liu et al. 2017).  As nanopartículas lipídicas como os 

lipossomos, estão entre os principais veículos de entrega de genes. São compostos por um 

grupo de cabeça polar catiônica, um domínio hidrofóbico e um ligante. O grupo principal 

catiônico atrai os grupos fosfato carregados negativamente da molécula de DNA para assim 



25 
 

formar um complexo chamado lipoplex. A porção hidrofóbica é composta na maior parte do 

tempo por esteroides, e seu comprimento e tipo afetam sua eficiência de transfecção. O grupo 

de ligação conecta o grupo de cabeça polar com a porção hidrofóbica e determina a 

estabilidade química, biodegradabilidade e também eficiência de transfecção  (Keles et al. 

2016). Os lipossomos catiônicos e as moléculas de DNA / RNA formam um complexo 

protegendo o material genético da degradação enzimática.  Este tipo de vetor interage com a 

célula por meio de interações eletrostáticas com a membrana celular carregada negativamente 

promovida por a sua natureza lipídica. A internalização destes complexos na célula é 

realizada por diferentes vias endocíticas. A escolha da via para o processo de internalização 

depende principalmente do diâmetro do complexo e da eficiência de transfecção, que varia 

entre as diferentes rotas de entrega (Keles et al. 2016). Além de sua composição básica, os 

lipossomas são comumente protegidos com um revestimento de polietilenoglicol (PEG) o 

qual pode fornecer um tempo de circulação prolongado, com meia-vida de 1–10 h, evitando 

o sistema reticuloendotelial e permitindo melhor estabilidade e maior entrega de genes 

direcionados, além de promover melhor a biocompatibilidade (Pan et al. 2003). 

 

 

 

 

 

 

 

 

 

 

 

Figura 4. Principais vetores de entrega em terapia gênica e edição genômica. 
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1.2.2.  Vias de administração  

 

Um dos maiores desafios para a terapia gênica é a entrega do transgene terapêutico nos 

tecidos diretamente afetados, uma vez que a aplicação terapêutica dos vetores de entrega é 

limitada, em grande parte, devido a várias barreiras fisiológicas extracelulares e intracelulares 

(Wang et al. 2012). Contudo, junto com o desenvolvimento de novos vetores de entrega, 

diferentes vias de administração têm sido estudadas visando superar estes obstáculos e 

garantir a eficiência e eficácia da terapia.  

Além da terapia genica ex vivo (Figura 5), onde as células do paciente são modificadas 

em laboratório para posterior infusão (Anguela and High 2019)  (Naldini 2011) (Wang and 

Gao 2014) uma das principais formas de terapia gênica testada para as MPS é a terapia in 

vivo. 

 

Figura 5. Tipos de terapia gênica na prática clínica. Ex vivo e In vivo 

. 
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Na terapia in vivo, a transferência de genes é feita diretamente no paciente, mediante 

administração do vetor terapêutico ao órgão alvo (administração in situ) ou por meio do 

sistema vascular aos vasos sanguíneos que alimentam os órgãos envolvidos (administração 

sistêmica intravenosa) (Figura 5) (Rajawat et al. 2019). Esta estratégia proporciona algumas 

vantagens sobre a estratégia ex vivo, incluindo facilidade de administração, sem necessidade 

de coleta, manipulação e cultura de células tronco fora do corpo e, uma segurança maior pela 

ausência de condicionamento mieloablativo para o transplante (Rajawat et al. 2019). 

 A administração sistêmica intravenosa é a via de entrega mais comum, pois é possível 

atingir um número de tecidos maior por meio do sistema circulatório. Entre os vetores 

disponíveis, os virais têm normalmente as maiores eficácias de entrega de genes, e são os 

mais utilizados neste tipo administração (Reynolds and Danilo 2002). No entanto, a presença 

de anticorpos neutralizantes na população, além de impossibilidade da grande maioria dos 

vetores virais de transpassar a barreira hematoencefálica (Bourdenx et al. 2014), fazem com 

que a administração intravenosa não seja  a opção mais viável. Com relação aos vetores não 

virais, a principal limitante desta via de administração é a degradação endossomal na 

circulação, o que diminui a eficácia do sistema (Reynolds and Danilo 2002). Com isto tudo, 

a administração in situ tem sido utilizada para superar estas limitações. Administrações 

intramusculares, intratumorais ou intranasais são estratégias promissórias para o tratamento 

de doenças onde um órgão só é o alvo principal, pois limita a propagação do vetor para aquela 

região, além de diminuir as respostas inmunes geradas pela administração sistêmica. 

A administração intranasal de produtos biológicos de grande peso molecular, como 

proteínas ou genes, é uma estratégia potencialmente útil para tratar uma variedade de doenças 

ou distúrbios do sistema nervoso central. É um método não invasivo de entrega que pode 

contornar a barreira hematoencefálica para permitir o acesso direto de substâncias 

terapêuticas ao cérebro (Lochhead and Thorne 2012). Além de sua aplicação no sistema 

nervoso, também é considerada uma das formas mais promissoras de pesquisa em terapia 

gênica pulmonar, e oferece uma forma alternativa para o tratamento de pacientes que sofrem 

de doenças pulmonares como fibrose cística ou câncer (Podolska et al. 2012).  

A cavidade nasal se encontra dividida em três regiões principais, que participam 

ativamente como diferentes rotas de absorção e internalização (Figura 6). A menos 
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importante entre as três regiões, devido à sua pequena área superficial, é a região vestibular, 

a qual está localizada imediatamente nas aberturas das narinas (aproximadamente 0,6 cm2) 

(Hong et al. 2019). A região respiratória ocupa a maior parte da cavidade nasal e possui 

grande área superficial. Caso passem ilesos pela depuração mucociliar na região vestibular, 

os produtos biológicos administrados por via intranasal deslocam-se para as regiões 

posteriores da cavidade nasal e entram em contato com o epitélio respiratório da região 

respiratória (Hong et al. 2019). Essa região é o principal local de absorção e entrega do 

produto biológico para a circulação sistêmica, pois é área de maior superfície (~ 130 cm2), 

além de ter uma alta densidade de vasos sanguíneos. No entanto, alguns de estes produtos 

podem ser transportados através das inervações dos nervos trigêmeos situados na região, 

sendo internalizados nos neurônios trigêmeos periféricos por endocitose, e posteriormente 

transportados ao tronco encefálico e outras estruturas conectadas (Bonferoni et al. 2019).  

A última região é a região olfatória, localizada na parte superior profunda da cavidade 

nasal sobre o osso cribriforme que separa a cavidade nasal do cérebro. Este possue 

perfurações que fornecem acesso para as terminações nervosas e, portanto, constituem a parte 

única do SNC que se conecta diretamente ao ambiente externo (Bonferoni et al. 2019).  O 

mecanismo de absorção de moléculas por esta última região é dividido em três rotas: a 

intracelular, que compreende as células neurais olfatórias; a extracelular, que compreende os 

espaços entre as células nos canais próximos ao nervo olfatório; e o transporte transcelular, 

através das células epiteliais basais. O transporte direto do nariz para o cérebro pode ocorrer 

por meio de uma única via ou uma combinação de diferentes vias, de acordo com a natureza 

e as características da molécula administrada (Hong et al. 2019) 
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Figura 6. Via nasal.A) Estruturas envolvidas no possível transporte de produtos biofarmacêuticos 

pela via nasal; B) As potenciais vias de transporte que levam à captação pelo cérebro após 

administração intranasal. Modificado de Hong et al 2019. 

 

1.3. Edição genômica  

 

O uso das ferramentas de edição genômica surge como método alternativo e inovador à 

terapia gênica “convencional”, pois fornecem a possibilidade de escolher e editar o local do 

genoma em que o transgene irá ser inserido.  As plataformas mais relevantes para fins 

terapêuticos são baseadas em nucleases programáveis e incluem nucleases de dedo de zinco 

(ZFNs), as Nucleases com efetores do tipo ativador transcricional (TALENs) e, mais 

recente, o sistema CRISPR-Cas9 (Repetições Palindrômicas Curtas  Agrupadas 

e  Regularmente Interespaçadas) (Poletto et al. 2020).   

O sistema CRISPR-Cas9 na natureza é encontrado em bactérias, servindo como um 

sistema imunológico adaptativo, pois seus componentes detectam e consequentemente 

degradam DNAs invasores recorrentes (principalmente DNA de bacteriófagos) (Ma et al. 

2014).  Este sistema tem sido adaptado para sua aplicação em diversas áreas da biotecnologia 

e no desenvolvimento de ferramentas terapêuticas. A Cas9 e o sgRNA (do inglês “single-



30 
 

guide RNA”) são os componentes essenciais para a edição do genoma pelo sistema CRISPR-

Cas9 (Figura 7). O sgRNA ou RNA guia consiste em uma sequência de 20 nucleotídeos, 

complementar a uma região especifica no genoma (local alvo). Este sgRNA é responsável 

pelo direcionamento e acoplamento da endonuclease Cas9 no alvo. Entretanto, a 

endonuclease Cas9 é a responsável pela clivagem sitio-especifico do DNA, gerando quebra 

de fita dupla. Dentro do local alvo, a região PAM (com sequência NGG) é necessária para 

garantir seu reconhecimento.  Assim, uma sequência de DNA que contenha aqueles 20 

nucleotídeos seguidos da região -NGG pode ser reconhecida pela nuclease (Ma et al. 2014). 

Finalmente, o potencial terapêutico do sistema é fornecido pelos mecanismos de reparo de 

DNA intrínsecos do organismo. As quebras de dupla fita podem ser reparadas por duas vias 

diferentes, sendo uma delas a via de reparo por união de extremidades não-homólogas 

(NHEJ), que pode produzir inserções / deleções (Indels) no local da quebra e leva à 

introdução de mutações no local alvo.  A segunda via é a de recombinação homóloga (RH), 

que procura a presença de uma sequência de DNA homóloga (sequência doadora) e, ao 

encontrá-la, leva à recombinação da sequência clivada pela doadora, inserindo uma nova 

sequência de DNA no genoma celular (Figura 7) (Gupta et al. 2019). A Cas9 pode ser 

facilmente programada para atingir novos locais, alterando sua sequência de RNA guia. 

Assim, facilita a edição de diferentes genes (Wang et al. 2016). No entanto, uma grande 

preocupação no processo de desenvolvimento da tecnologia tem sido a frequência 

relativamente alta de atividade de nuclease em sítios fora do alvo, ou “off-targets”  em células 

de mamíferos, podendo levar à mutagênese em regiões diferentes de seus alvos inicialmente 

propostos (Gupta et al. 2019).  
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Figura 7.Ilustração esquemática dos dois diferentes mecanismos de reparo de quebras de fita dupla 

mediadas por CRISPR / Cas9.  Adaptado de (Li et al. 2018). 

 

Nos últimos 10 anos a edição genômica tem se apresentado como uma plataforma versátil 

e, em alguns casos, mais eficiente que a terapia gênica convencional, uma vez que promete 

uma terapia única e precisa, a qual, dependendo da estratégia de entrega, tem potencial para 

tratar órgãos como cérebro e osso (Poletto et al. 2020).  
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2. JUSTIFICATIVA 

 

Apesar dos avanços na terapia gênica visando o desenvolvimento de tratamentos para as 

doenças lisossômicas, até a data existem vários obstáculos a serem resolvidos, os quais 

envolvem a baixa biodistribuição dos vetores utilizados, reduzindo sua entrega a tecidos 

alvos importantes como o cérebro, e a ativação de respostas imunes que levam à diminuição 

da eficácia do tratamento, entre outros. Avaliar estratégias alternativas que permitam um 

tratamento seguro e efetivo a longo prazo para o paciente continua sendo o alvo das pesquisas 

na área das doenças lisossômicas. Com a aparição de as diversas ferramentas de edição 

genômica em os últimos anos, e o aumento de terapias aprovadas baseadas nesse enfoque 

para tratamento de outras diversas doenças, o uso dos ZFN tem chegado a estudos clínicos 

em pacientes MPS I e II. Embora os resultados pré-clínicos tenham sido satisfatórios, a 

translação ao paciente não tem exibido resultados muito alentadores após da entrega 

sistêmica da ferramenta por meio de vetores virais. Assim, continua sendo imperativo estudar 

estratégias de entrega de sistemas de edição gênica que tentem superar as limitações 

existentes.  
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3. OBJETIVOS 

 

3.1. Objetivo geral  

 

Esta tese tem por objetivo geral a avaliação dos efeitos da administração intranasal da 

ferramenta de edição genômica CRISPR-Cas9 complexada a um vetor não viral tipo 

lipossomal como possível terapia não invasiva visando o tratamento dos sintomas sistêmicos 

e neurológico das MPS I e II. 

 

3.2. Objetivos específicos 

 

- Produzir e caracterizar vetores lipossomais contendo o sistema CRISPR-Cas9 junto das 

sequências para recombinação homóloga, para uso em animais com MPS I e II; 

 

- Estudar a biodistribuição dos vetores após administração nasal em modelo murino; 

 

- Avaliar o efeito de administrações repetidas do vetor sobre a atividade enzimática tecidual 

e sérica da enzima deficiente na doença, acúmulo tecidual de GAGs e melhora fenotípica por 

testes comportamentais no modelo de MPS I; 

 

- Comparar o efeito de administrações nasais cumulativas (30 ou 60 administrações) sobre 

os mesmos parâmetros do objetivo anterior no modelo animal de MPS II; 

 

- Avaliar se as administrações repetidas levam a alguma resposta inflamatória persistente nos 

animais, através da dosagem de interleucinas inflamatórias séricas. 
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4. RESULTADOS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.1 Artigo I: The potential of gene therapy for Mucopolysaccharidosis type I 

Expert Opinion on Orphan Drugs. January 2020, 8:1, 33-41 
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4.2 Artigo II: Brain and visceral gene editing of mucopolysaccharidosis I mice by 

nasal delivery of the CRISPR/Cas9 system. 

Artigo submetido para a revista “The Journal of Gene Medicine” 
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4.3 Artigo III: Short and long term nasal administrations of liposomal/CRISPR-cas9 

complex in MPS II mice. 
Artigo para submissão ao Molecular Genetics and Metabolism Reports 
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5. DISCUSSÃO  

 

As mucopolissacaridoses I e II são doenças monogênicas causadas por variantes 

patogênicas nos genes das enzimas IDUA e IDS, respectivamente. A ausência ou mal 

funcionamento de estas enzimas leva a um acúmulo progressivo de componentes da matriz 

extracelular chamados GAGs nos lisossomos, afetando consequentemente diferentes 

sistemas (Muenzer 2011). Embora hoje existam disponíveis alguns tratamentos para os 

pacientes, estes possuem diversas limitações (Marques and Saftig 2019). Na procura de novas 

alternativas, a terapia gênica aparece como uma metodologia potencialmente mais eficaz e 

com resultados que perduram ao longo do tempo (Schlander and Beck 2009; Brennan and 

Wilson 2014). 

  Dentro da vasta área da terapia gênica, a edição genômica é uma abordagem que visa 

a entrega de um material gênico exógeno na célula, ao mesmo tempo que integra este material 

em uma região específica do genoma (Ho et al. 2018). O grande desafio destas terapias reside 

na possibilidade de entregar esse material a um grande número de células e tecidos. Por isso, 

diversas estratégias de entrega como o uso de vetores virais e não virais tem sido 

estudadas(Ates et al. 2020). Os lipossomos são os vetores não-virais mais utilizados para a 

entrega de diferentes biomoléculas no organismo, devido a sua biocompatibilidade com as 

membranas biológicas. Eles diminuem o risco de citotoxicidade, possuem capacidade de 

proteção do DNA, são de fácil manipulação e baixo custo de manufatura (Elsana et al. 2019).  

A linha de pesquisa de nosso laboratório tem se focado no desenvolvimento e estudo 

de possíveis terapias gênicas alternativas baseadas em vetores não-virais para o tratamento 

de doenças lisossômicas (Bidone et al. 2018; Schuh et al. 2018b).  Mais recentemente, os 

nossos estudos têm utilizado o sistema CRISPR-Cas9 como ferramenta de edição genômica, 

buscando aumentar a eficiência do sistema. A proposta desta tese de doutorado parte de 

trabalhos prévios desenvolvidos pelo nosso grupo, onde foi possível comprovar o potencial 

dos vetores não-virais tipo lipossomos em complexar e entregar o sistema CRISPR-Cas9 em 

vários tecidos após de uma injeção hidrodinâmica em animais MPS I neonatos e induzir 

modificações metabólicas y fenotípicas relevantes na doença (Schuh et al. 2018b, 2020). A 
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maior limitação destes trabalhos foi a impossibilidade do sistema proposto atingir o cérebro, 

o qual é um dos tecidos maios afetados em pacientes MPS I e MPS II com fenótipo grave. 

Assim, nesta tese se propôs uma abordagem não-invasiva que permitisse a entrega do sistema 

CRISPR-Cas9 ao cérebro.  

Visando fornecer uma alternativa para os pacientes MPSs com compromisso 

neurológico, a administração intranasal pressupõe uma terapia mais segura, uma vez que as 

terapias experimentais atuais direcionadas ao cérebro se baseiam na administração localizada 

de vetores virais por médio de injeções intracerebrais ou via líquido cefalorraquidiano 

(injeções intratecais / intraventriculares) (Fraldi et al. 2018). 

Na primeira etapa do trabalho prático foi usado como modelo de estudo o 

camundongo knockout para o gene da IDUA. Aqui se analisou a produção e distribuição da 

enzima IDUA nos diferentes tecidos após a última administração intranasal dos complexos 

lipossomo/DNA utilizados previamente (plasmídeo CRISPR-Cas9/RNAg + plasmídeo 

doador IDUA) durante 30 dias consecutivos. Justificamos o uso do mesmo sistema 

plasmidial e sitio alvo de corte (ROSA26) considerando os resultados positivos observados 

em animais que receberam injeção hidrodinâmica, atingindo uma produção da enzima IDUA 

em torno do 2-10 % do valor normal em alguns tecidos editados (Schuh et al. 2018b). As 30 

doses utilizadas no estudo piloto e no estudo de longo prazo foram propostas baseando-nos 

em uma limitação de carga do lipossomo e uma limitação correspondente ao volume máximo 

que pode reter a cavidade nasal. Em humanos, o volume máximo de líquido retido é de  

aproximadamente 200 µl e para camundongos é de 5µl por fossa nasal (Hong et al. 2019). 

Devido ao fato de que a capacidade de complexação do lipossomo é limitada, e existe uma 

quantia específica de µg de DNA que podem ser carregados em 1000 µl de nossos 

lipossomos, são necessárias múltiplas doses do complexo para poder entregar uma 

quantidade de DNA suficiente ao organismo, e assim poder garantir um bom funcionamento 

do sistema de edição. Enquanto uma dose de 120 µl de complexo (volume administrado em 

um dia) carrega  43ug de DNA (plasmídeo CRISPR-Cas9/RNAg + plasmídeo doador IDUA; 

1:1), após 30 doses são administrados 1400ug de DNA.  

No estudo piloto demostrou-se, por meio da dosagem de atividade enzimática, a 

presença da enzima IDUA nos diferentes tecidos avaliados após 30 administrações dos 
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complexos. Estes resultados serviram como base para determinar o possível alcance e 

distribuição dos complexos no animal fazendo uso desta via de administração.  

 A atividade enzimática da IDUA foi avaliada em tecidos viscerais e diferentes regiões 

do cérebro logo depois da última administração no dia 30. Partindo do fato de nosso sistema 

ser composto por dois plasmídeos, e um deles ser um plasmídeo doador, com um cassete de 

expressão independente para o gene da IDUA, ter detectado atividade enzimática em todas 

as regiões avaliadas pode ter sido efeito da expressão epissomal do plasmídeo doador na 

circulação e nos tecidos que foi entregue. Durante a constante administração dos plasmídeos 

(30 dias no caso) a produção da enzima pode ter sido mantida devido ao promotor 

constitutivo EF1-alfa usado no cassette. Este promotor promove uma  expressão forte em 

diferentes tipos célulare de camundongos, e sua regulação não está limitada a tecidos 

específicos (Chung et al. 2002). Portanto, uma vez que o plasmídeo esteja dentro do 

organismo, a maquinaria necessária para sua regulação se encontra disponível e 

consequentemente a expressão dos genes regulados por ele é ativada. A vida média de um 

DNA plasmidial em circulação pode variar de horas a umas poucas semanas, dependendo do 

organismo, até ser degradado por DNases, ou absorvido pelo fígado (Liu et al. 2007; Woo et 

al. 2011). Junto com a proteção que outorga o lipossoma peguilado (PEG) ao DNA (Gabizon 

et al. 2003; Khargharia et al. 2014), é possível estender sua vida média por umas semanas 

mais. Assim, a produção constante da enzima IDUA por parte do plasmídeo doador pode ter 

garantido uma expressão da enzima por alguns dias.  

Com isto tudo, a segunda fase do trabalho em MPS I avaliou a real ocorrência da 

edição genômica nos diferentes tecidos, meses após a última administração do vetor. Desta 

forma, garante-se um tempo suficiente para que o vetor doador seja degradado.  Neste estudo, 

procedeu-se a comprovar os resultados anteriores em animais adultos (6 meses de idade) que 

receberam 30 doses dos complexos em seus primeiros meses de vida. Além do modelo 

knockout da MPS I também foi usando o camundongo knockout da MPS II. Para este último, 

o plasmídeo doador utilizado foi o mesmo, mudando unicamente o gene da IDUA pelo gene 

da IDS.  

 Após seis meses de idade realizou-se a eutanásia dos animais, e foram observados 

aumentos discretos em atividade enzimática em menos regiões, comparado com o estudo 
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piloto. Na região do cérebro houve aumento da IDUA no bulbo olfatório, córtex frontal e 

total, e dos órgãos viscerais no pulmão e coração. A quantificação da porcentagem de 

correção pela presença de DNA exógeno mostrou que além do coração e pulmão, só o bulbo 

olfatório sofreu edição genômica. Estes dados corroboram os resultados da biodistribuição, 

pois foram os mesmos órgãos que tiveram evidenciada a captura dos complexos marcados 

com sonda fluorescente. Isso sugere que os resultados obtidos no estudo piloto foram 

causados pela quantidade elevada de proteína produzida durante o tempo da administração, 

e que esta conseguiu se difundir e ser capturada pelos diferentes tecidos. Esta difusão e 

distribuição tem sido observada em plasmídeos e  proteínas expressas a partir deles  após 24 

ou 48 horas da administração intranasal (Oh et al. 2001; Harmon et al. 2014; Schuh et al. 

2018a) .  

Também foram investigadas outras mudanças metabólicas e fenotípicas associadas à 

eficácia da edição. Os níveis de GAGs em soro, urina e tecidos, apesar da baixa porcentagem 

de correção e dos níveis de enzima, reduziram seus valores, incluindo em tecidos que não 

apresentaram edição, os quais provavelmente foram beneficiados pelo fenômeno de correção 

cruzada. No entanto, apesar da redução, não houve normalização dos GAGs. 

Surpreendentemente, os animais tratados melhoraram certos parâmetros motores e de 

memória, embora tenha existido certa variação entre os animas de cada grupo, especialmente 

os grupos tratados. Cabe ressaltar que um grupo de animais recebeu apenas o plasmídeo 

doador como tratamento, e estes animais não tiveram nem aumento significativo da enzima 

aos 6 meses e tampouco melhora neurológica.  

 A diferença entre os tecidos que sofreram edição após a administração nasal e 

hidrodinâmica (Schuh et al. 2018b) reside possivelmente no diferente perfil de 

biodistribuição dos complexos após cada tratamento. A transferência gênica por meio da 

injeção hidrodinâmica  faz com que pressão gerada nos capilares aumente a permeabilidade 

das células endoteliais e parenquimatosas ao longo do sistema circulatório, possibilitando a 

difusão do vetor em vários tecidos (Suda and Liu 2007). Entretanto, a via nasal encontra-se 

ligada diretamente às vias respiratórias inferiores e estas ao sistema cardíaco, portanto, não 

era esperado encontrar uma maior distribuição dos complexos administrados usando esta via 

de administração. A porcentagem relativamente baixa da correção obtida em estes tecidos foi 
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provavelmente o resultado de fatores inerentes ao sistema de edição utilizado. Para que a 

edição genômica ocorra é preciso induzir a quebra da fita dupla no local alvo por meio do 

complexo gerado pela enzima Cas9 e o RNA guia. O sistema plasmidial tende a ser menos 

eficiente comparado com outros formatos do CRISPR utilizados, pois o plasmídeo precisa 

transpassar membranas e entrar ao núcleo para que as sequências de DNA da Cas9 e o RNA 

guia consigam ser transcritas e posteriormente aconteça a clivagem (Li et al. 2018). Este 

aspecto diminui parcialmente a eficiência da edição e também induz o atraso na eficácia 

terapêutica.  

 Embora as administrações tenham começado desde uma idade precoce, a quantidade 

de células em divisão celular comparado com um camundongo neonato é diferente. Assim, 

o mecanismo de reparo por homologia pode ocorrer mais frequentemente em neonatos que 

em animais adultos jovens, pois este mecanismo é inerente a células em divisão. Isto pode 

explicar também a diferença de porcentagem de edição entre os animais que receberam 

injeção hidrodinâmica (neonatos) (Schuh et al. 2018b) com os que receberam administração 

intranasal (do primeiro ao segundo mês).   

Ema relação à região olfatória, tem sido descrito que a neurogênese persiste em duas 

regiões do cérebro em mamíferos adultos: o hipocampo e o bulbo olfatório. A maioria dos 

neurônios granulares do bulbo olfatório (estes compreendem a maior população de neurônios 

no bulbo e se encontram distribuídos entre as camadas externa, medial e mais profunda, 

(Takahashi et al. 2018)) são gerados após o nascimento e continuam a ser adicionados na 

idade adulta (Petreanu and Alvarez-Buylla 2002).  Ao mesmo tempo, para regular a 

neurogênese, durante o período neonatal e até em adultos também a morte celular e renovação 

são constantes (Lemasson et al. 2005). Tendo isso em conta, é possível assumir que uma 

grande proporção das células que sofreram edição gênica no bulbo olfatório durante o 

tratamento pode ter sofrido apoptose antes dos 6 meses de idade. O oposto acontece com os 

tipos celulares progenitores que formam o tecido cardíaco e pulmonar. A proporção da 

divisão celular e crescimento é limitada aos primeiros meses pós-nascimento e vai 

diminuindo drasticamente até chegar à idade adulta, onde estas células permanecem em 

estado quiescente e são induzidas a regeneração/proliferação unicamente em função de uma 

lesão (Amy et al. 1977; Senyo et al. 2013; Ali et al. 2014; Kotton and Morrisey 2014).   
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Partindo dos resultados anteriores, decidiu-se prolongar as administrações por 60 

dias. O raciocínio para aumentar o número de administrações foi justamente melhorar a 

porcentagem de células editadas em os tecidos-alvo usando a mesma estratégia proposta. 

Assim, administrar por mais um mês o sistema (tempo onde ainda a divisão celular está 

ocorrendo, mesmo em uma taxa menor) poderia favorecer o processo cumulativo da edição 

– quanto mais tempo à célula está em contato com o sistema de edição, a probabilidade de 

que edição ocorra é maior.  

Com relação aos nanocompostos, tem sido demonstrado que partículas lipídicas de 

até 100nm tem uma residência prolongada na cavidade nasal e são mais facilmente 

transportadas até o bulbo pelos nervos olfatórios e trigeminais, e moléculas maiores que essas 

tendem a serem depuradas mais facilmente (Bonferoni et al. 2019). Tendo-se em conta que 

o tamanho do nosso complexo é de 112 ± 11 nm, aumentando o número de administrações 

pode-se suprir o efeito negativo da possível depuração.  Por último, como a administração 

intranasal é um método não-invasivo, pensando em extrapolar a proposta para os pacientes, 

60 administrações seriam ainda plausíveis.    

Esta última fase do trabalho foi realizada usando como modelo o camundongo MPS 

II. Foram administradas 60 doses dos complexos durante os primeiros meses de vida (até 3 

meses de idade) e os animais foram acompanhados até os 6 meses de idade. Após eutanásia 

foram avaliados novamente os mesmos parâmetros metabólicos e fenotípicos realizados 

previamente. Os resultados obtidos mostraram que após 60 dias de administração não houve 

incremento na percentagem de correção nos tecidos alvo, comparado ao grupo tratado por 30 

dias. Estes resultados sugeriram que a percentagem de correção foi similar à de 30 

administrações, contrariando nossa hipótese. Com relação às mudanças metabólicas e 

fenotípicas, também não existiu uma diferença significativa nos níveis de atividade 

enzimática ou GAGs quantificados em tecidos e fluidos que denotasse uma melhora ou piora 

após 60 doses, comparado às 30 doses.   

Os resultados obtidos nesta última fase são importantes para ponderar a eficácia da 

abordagem proposta. Após 30 administrações as mudanças induzidas nos níveis de enzima 

foram poucas e após 60 não se conseguiu melhorá-las. Assim, a nossa abordagem mostrou 

não ser completamente eficiente comparada com outras abordagens experimentais existentes 
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(Belur et al. 2017, 2021). Ainda assim, aquelas existentes têm como base o uso de vetores 

virais, os quais embora muito mais eficazes, também trazem consigo barreiras, que podem 

eventualmente vir a ser superadas com o desenvolvimento de novos vetores de entrega. Nossa 

proposta foi uma prova de conceito que demostrou ter espaço para otimização, pois a baixa 

eficiência observada pode ser o resultado de várias limitações presentes em nosso desenho 

experimental, desde a escolha do formato do sistema CRISPR-Ca9 até as possíveis respostas 

imunes aos diversos componentes, que fez com que a administração prolongada dos 

complexos não tivesse melhores resultados.  Como mencionamos anteriormente, o formato 

plasmidial não é o mais eficiente para a edição genica in vivo, pois além de ter que superar 

mais barreiras biológicas do que os outros formatos,  a produção constante da Cas9 e do RNA 

guia proporcionada pelo plasmídeo é propensa à ativação de respostas imunes contra o 

material exógeno (Wilbie et al. 2019) diminuindo a eficácia do sistema. Assim, por exemplo, 

a entrega limitada da Cas9 (como proteína) e o RNA guia pode prevenir estes efeitos, pois 

não permanecem muito tempo na célula.  

O sistema encontra-se desenhado para gerar um reparo por homologia direta.  O uso 

de uma estratégia que não utilize este tipo de reparo pode ser uma alternativa interessante 

para melhorar a eficiência da edição. Tem sido reportada a possibilidade de induzir correção 

em células em estado pós-mitótico mediante a integração direcionada independente de 

homologia (HITI, homology-independent targeted integration) (Suzuki et al. 2016; Bloomer 

et al. 2021). Aqui o DNA doador não precisa de braços de homologia, mas da mesma 

sequência alvo de reconhecimento da Cas9 para ser clivado, linearizado e consequentemente 

integrado no local que sofreu quebra de fita dupla, incrementando assim a eficiência de 

correção em células em estado mitótico e pós-mitótico. Este DNA doador pode ser fornecido 

por meio de plasmídeos tipo minicírculos. Como vantagens, este também diminui a resposta 

imune pois não possui arcabouço bacteriano. Logo, também é possível diminuir o tamanho 

da partícula do complexo lipossomal e assim aumentar seu transporte pelos nervos olfatórios 

e trigeminais até o bulbo olfatório.   

Finalmente, o lipossoma também pode gerar respostas imunes e causar citotoxicidade. 

Partindo do fato do nosso protocolo implicar a administração consecutiva dos complexos 

durante um longo período de tempo, é possível ter ativado diversas respostas que não só 
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podem ser prejudiciais para o organismo, mas contribuem para a perda da eficácia da terapia. 

Um dos componentes especiais destas formulações é o PEG. Assim como ele aumenta a vida 

média do lipossoma, o protegendo da degradação rápida no sangue, também é possível que, 

após injeções repetidas de lipossomas peguilados, eles percam essa capacidade e sejam 

eliminados do sangue mais rápido devido a produção e secreção abundante de IgM, IgE e 

IgG  anti-PEG  (Inglut et al. 2020). O PEG não só funciona como protetor do lipossomo, mas 

também como agente de mucoadesão e mucopenetração (Bandi et al. 2021). Por isso, 

dispensá-lo da formulação seria uma opção, contanto que seja substituído por outros agentes 

que promovam a eficácia de entrega do lipossomo. Um exemplo seria o uso do sulfato de 

protamina na formulação, um policátion natural não tóxico que além de ser um agente 

condensador do DNA, pode fornecer atividades únicas de translocação de membrana e 

localização nuclear devido à sua abundante sequência de aminoácidos (Tao et al. 2016). 

Assim, melhorando a eficiência de entrega do lipossomo, poderia se reduzir também número 

de administrações ou prolongar o espaço entre elas.      

Infelizmente, não foi possível avaliar a ativação destas prováveis respostas imunes 

geradas por nosso lipossoma e pelos plasmídeos utilizados. As interleucinas avaliadas neste 

trabalho foram selecionadas justamente por estarem associadas à doença. Porém, para 

estudos futuros é imperativo investigar em tempo real o perfil imunogênico dos componentes 

do sistema utilizado. Com todo o mencionado, é possível afirmar que uma otimização no 

sistema é necessária para melhorar a eficácia e eficiência em a entrega e edição usando a via 

nasal como via de administração.     

Um dos grandes objetivos do uso da edição genômica como terapia é desenhar uma 

estratégia que permita e entrega intracelular e funcionamento eficiente do sistema na clínica 

(Mashel et al. 2020). Nesta tese se apresentou uma abordagem alternativa que servirá como 

base para o a melhoramento e desenvolvimento de vetores não-virais adequados para a 

entrega tanto do sistema CRISPR-Cas9 como outros sistemas de edição genômica, visando 

a procura de um tratamento para o comprometimento neurológico e sistêmico nas MPS. 

Sendo assim, um aporte importante para nossa linha de pesquisa.  
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6. CONCLUSÕES     

 

-A principal conclusão deste trabalho é que é possível utilizar lipossomas como vetores não 

virais para a entrega do sistema CRISPR-Cas9 usando a via nasal como alternativa para o 

tratamento da MPS I e MPS II.   Os vetores foram produzidos, caracterizados e aplicados in 

vivo. 

- A biodistribuição dos complexos lipossomais após administração nasal foi avaliada e 

demostrou-se que os tecidos atingidos por esta via de administração são majoritariamente o 

bulbo olfatório, coração e pulmão. 

- A atividade enzimática tecidual, o acúmulo tecidual de GAGs e melhora do 

comprometimento neurológico após 30 administrações dos complexos em animais MPS I 

foram estudados. Demostrou-se a presença de células editadas e corrigidas em três tecidos 

diferentes, os quais mostraram um incremento na atividade enzimática da IDUA que levou a 

uma redução nos níveis de GAGs em tecidos e fluidos, como também uma melhora no 

desempenho motor dos camundongos.   

- O efeito de administrações nasais cumulativas (30 ou 60 administrações) sobre os mesmos 

parâmetros do objetivo anterior foi comparado no modelo animal de MPS II. Não foi 

observado efeito cumulativo de 60 administrações comparado a 30 em nenhum dos 

parâmetros avaliados, sugerindo uma necessidade de otimização o sistema proposto. 

- As respostas inflamatórias a longo prazo aos tratamentos foram avaliadas mediante a 

dosagem de duas interleucinas pro-inflamatórias (Il-6 E Il-1b) em soro. Foi demostrado que 

a inflamação inerente à doença foi persistente nos animais após os tratamentos, mas sem 

incremento significativo aos 6 meses de idade causados pelos mesmos. Não obstante, é 

necessário avaliar em tempo real se as respostas de estas e outros marcadores pro-

inflamatórios são induzidos pelos tratamentos.   
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Produção cientifica relacionada: Neste item constam 4 artigos publicados durante o 
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Abstract

Lysosomal disorders are a group of heterogenous diseases caused by mutations in
genes that encode for lysosomal proteins. With exception of some cases, these disor-
ders still lack both knowledge of disease pathogenesis and specific therapies. In this
sense, genome editing arises as a technique that allows both the creation of specific
cell lines, animal models and gene therapy protocols for these disorders. Here we
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explain the main applications of genome editing for lysosomal diseases, with examples
based on the literature. The ability to rewrite the genome will be of extreme importance
to study and potentially treat these rare disorders.

Abbreviations
AAV adeno associated virus

AAVS1 AAV integration site

ABE adenine base editor

ALB albumin

BBB blood-brain barrier

CBE cystine base editors

CCR5 chemokine (C-C motif ) receptor

CHO Chinese hamster ovary

CMT Charcot-Marie-tooth disease

CNS central nervous system

CRISPR clustered regularly interspaced short palindromic repeats

DNA deoxyribonucleic acid

DSB double-strand break

EMA European Medicines Agency

eNOS endothelial nitric oxide synthase

ERT enzyme replacement therapy

FDA American Food and Drug Administration

FTDALS frontotemporal dementia and/or amyotrophic lateral sclerosis

GAA acid α-glucosidase
GALC galactosylceramidase

GBA glucocerebrosidase

GLA α-galactosidase
gRNA guide RNA

HDR homology directed repair

HEK human embryonic kidney

hESC human embryonic stem cells

HEX β-hexosaminidases

HGSNAT heparan-alpha-glucosaminide N-acetyltransferase

HSC hematopoietic stem cell

HSCT hematopoietic stem cell transplantation

IDS iduronate-2-sulfatase

IDUA alpha-L-iduronidase

IL2RG interleukin-2 receptor gamma chain

iPSCs induced pluripotent stem cells

LAL lysosomal acid lipase

LDs lysosomal disorders

ML mucolipidosis

MPS mucopolysaccharidosis

NBIA neurodegeneration with brain iron accumulation

NCL neuronal ceroid lipofuscinosis

NHEJ non-homologous end joining

Nick single-strand break
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NSCs neural stem cells

PAM protospacer adjacent motif

PC pharmacological chaperone

PEG polyethylene glycol

PME progressive myoclonic epilepsy

RNA ribonucleic acid

RNP ribonucleoprotein

SNV single nucleotide variant

SRT substrate reduction therapy

TALENs transcription activator-like effector nucleases

UCB umbilical cord blood

ZFNs zinc-finger nucleases

1. Introduction: Lysosomal disorders

The lysosomal disorders (LDs) comprise a group of over 70monogenic

disorders involving genes encoding for acid hydrolases, membrane proteins,

transporters, enzyme modifiers and activators, or other proteins affecting the

function of the lysosome.Many LDs result from an impairment in the catab-

olism of complex molecules, which as result tend to store in cells and tissues.

For instance, a defect in any of the 11 enzymes related to the degradation of

glycosaminoglycans (formerly denominated mucopolysaccharides) impli-

cates in mucopolysaccharidoses I-IX (MPS I-IX). Likewise, an impairment

in the catabolism of sphingolipids due to either the deficiency of lysosomal

enzymes or their activators is the cause of sphingolipidoses, such as Fabry,

Gaucher, Niemann Pick types A/B, Tay-Sachs and Sandhoff diseases, and

a defective degradation of oligosaccharide chains of glycoproteins causes

oligosaccharidoses (also known as glycoproteinoses), including sialidosis,

fucosidosis, α-mannosidosis, β-mannosidosis, and aspartylglycosaminuria.1

Defects in other lysosomal components may also result in lysosomal

dysfunction with or without storage.

Almost all LDs have an autosomal recessive inheritance, except for

Danon disease, mucopolysaccharidosis II and Fabry disease, which are

X-linked traits. LDs are rare, with some conditions, like MPS IX and

β-mannosidosis, having less than 100 cases described. Collectively, the

global birth prevalence of the LDs is estimated to be around 1:7000.2

However, this number is likely to be underestimated, considering the results

of newborn screening studies that suggest the existence of a large number

of undiagnosed patients with later-onset phenotypes, especially for Fabry

disease, presently considered the commonest LD.3,4 Furthermore, a much
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higher prevalence of certain LDs is observed in specific ethnicities, most

likely as a result of bottleneck and founder effects.

In this chapter, we aim to discuss the clinical and molecular aspects of the

LDs and how the use of genome editing tools may aid the development of

better treatments, by overcoming the limitations of current therapeutical

approaches.

2. Physiopathology, clinical manifestations and natural
history

Lysosomes are involved in the degradation of several macromolecules

through the action of more than 50 hydrolases. Those enzymes require the

acidic environment of the lysosomes for their proper function and may be

much less active in the cytosol. The final products (e.g., amino acids and

monosaccharides) are released from the lysosomes and made available for

other metabolic pathways outside the organelle. When a lysosomal enzyme

is deficient, intra-lysosomal accumulation of undegraded or partially

degraded substrates occurs, resulting in enlargement of lysosomes and pro-

moting a cascade of secondary effects. Besides the storage of the substrate of

the deficient enzyme, secondary storage may also occur in LDs, due to

inhibition of other lysosomal degradation pathways,5 as is the case of the

accumulation of gangliosides in the mucopolysaccharidoses. Lysosomes

are known to be involved in several cellular functions including

autophagy,6 cholesterol homeostasis7 and cell death,8 processes that may

be either primarily or secondarily compromised in LDs.

Although lysosomes are ubiquitously present in the cells, the conse-

quences of a deficiency of a lysosomal enzymemay result in different impacts

in distinct cell types, according to the cell function and the tissue where a

particular substrate is present. For instance, phagocytes play a major role

in the engulfment and digestion of extracellular components and some lyso-

somal diseases may be accompanied by histopathological and functional

changes in the cells of the mononuclear phagocyte system, particularly

Gaucher and Niemann Pick diseases.9 This results in a range of overlapping

clinical manifestations including hepatosplenomegaly, osteolysis, interstitial

lung disease and, in severe cases, neurological involvement.

For some LDs, clinical manifestations are nearly restricted to a few cells and

tissues where the substrate is present, as is the case of Krabbe disease and meta-

chromatic leukodystrophy. Both diseases result from impairments in the deg-

radation of two major components of the myelin lipids, galactocerebroside
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and its sulfated derivative, sulfatide, resulting mainly in demyelinating disease

of the central nervous system.10

Without treatment, most LDs will have a progressive course, with wors-

ening of symptoms, disability and early death. There is a wide range of pre-

sentation for each of the LDs, which may span from prenatal presentations

such as hydrops fetalis (as in some patients with Niemann Pick type C and

Gaucher Disease type 2, and a large proportion of patients with MPS VII) to

a much more attenuated phenotype presenting in adulthood and without

the full range of manifestations (as in some patients with the cardiac variant

of Fabry disease).

The rate of the disease progression is, in general, faster in patients who

have more severe, infantile-onset presentations, while patients with the

adult-onset disease may have a much slower progression. These character-

istics of LDs may complicate the assessment of treatment efficacy in clinical

trials if the intervention is not expected to result in improvement but only in

stabilization or slower progression of the symptoms.11 Table 1 summarizes

the main lysosomal storage disorders, their clinical manifestations and the

available treatments.

3. Diagnosis and molecular genetics

Considering the rarity of the LDs, their absence in most public new-

born screening programs, and the fact that many patients do not have a

family history of the disease (as expected for the autosomal recessive inher-

itance), diagnostic delays are common, with many patients being diagnosed

several months or even decades after the onset of the symptoms.13 LDs

manifestations may be misattributed to more common conditions. For

example, patients with Fabry disease and white matter involvement were

misdiagnosed as multiple sclerosis14 and patients with late-onset GM2

gangliosidosis and psychiatric manifestations were considered to suffer from

schizophrenia.15

When a LD is suspected, the traditional approach involves assessing

enzyme activity and/or the levels of informative biomarkers, which are typ-

ically derived from the undegraded substrates (e.g., the glycosphingolipids

psychosine, glucosylsphingosine and globotriaosylsphingosine for Krabbe,

Gaucher and Fabry diseases, respectively). The biochemical diagnosis is then

confirmed through a molecular test, including DNA sequencing and dele-

tion/duplication analysis. Enzyme activity assessments may be less reliable in
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Table 1 Lysosomal diseases groups, manifestations and treatment.
Group of LDs Diseases Clinical manifestations Treatment

Sphingolipidoses Fabry, Gaucher, Krabbe and Farber diseases;

GM1 and GM2 gangliosidoses; multiple

sulfatases deficiency, saposin deficiencies

Hepatosplenomegaly, chronic kidney

disease, anemia, thrombocytopenia,

cognitive impairment, neurological

regression, cherry-red spots, white matter

disease, ataxia

ERT, SRT,

HSCT, PC

Mucopolysaccharidoses MPS I, II, IIIA, IIIB, IIIC, IIID, IVA,

IVB, VI, VII, IX, MPS Plus

Coarse facial features, corneal clouding,

joint stiffness, dysostosis multiplex,

hepatomegaly, valve disease

ERT, HSCT

Oligossacharidoses Sialidosis, fucosidosis, α-mannosidosis,

β-mannosidosis, galactosialidosis and

aspartylglycosaminuria

Coarse facial features, ataxia, myopathy,

myoclonus, hepatosplenomegaly

ERT

Mucolipidoses ML-II, ML-III, ML-IV Coarse facial features, dysostosis multiplex,

hepatomegaly, hyperparathyroidism, valve

disease

None

available

Neuronal ceroid

lipofuscinoses (Batten

diseases)

NCL1-14 Epilepsy, brain atrophy, ataxia, optic nerve

atrophy

ERT

Disorders of lysosomal

transport

Cystinosis, sialic acid storage disease,

EPM4

Chronic kidney disease, Fanconi syndrome,

coarse facial features, cardiomegaly,

dysostosis multiplex, hypopigmented skin,

myoclonus

SRT
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Disorders of lysosomal

cholesterol metabolism

Niemann Pick type C, lysosomal acid

lipase deficiency

Hepatomegaly, splenomegaly, ataxia,

neurodegeneration, steatosis,

hypercholesterolemia

ERT, SRT

Disorders of autophagy Autosomal recessive spastic paraplegia 11,

15, 48 and 49, Vici syndrome, NBIA 5,

FTDALS 4, CMT type 2B

Spastic paraplegia, thin corpus callosum,

ocular albinism, cardiomyopathy,

extrapyramidal signs, fasciculations,

peripheral neuropathy

None

available

Disorders of lysosomal

protein degradation

Pycnodysostosis, Papillon-Lefevre

syndrome

Bone dysplasia, periodontitis, hyperkeratosis

of palms and soles

None

available

Classification as proposed by Ferreira.12 The treatment column denotes if there is an available treatment for any of the conditions cited in each group. Disease abbre-
viations: CMT, Charcot-Marie-tooth disease; EPM, epilepsy progressive myoclonic; FTDALS, frontotemporal dementia and/or amyotrophic lateral sclerosis; ML,
mucolipidosis; MPS, mucopolysaccharidosis; NBIA, neurodegeneration with brain iron accumulation; NCL, neuronal ceroid lipofuscinosis. Treatment abbreviations:
ERT, enzyme replacement therapy; HSCT, hematopoietic stem cell transplantation; PC, pharmacological chaperone; SRT, substrate reduction therapy.
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some situations, especially when investigating females for Fabry disease and

when pseudo-deficient alleles are present. Furthermore, for conditions cau-

sed by the deficiency of activator proteins and other nonenzymatic proteins,

molecular tests are the only available method for establishing a definitive

diagnosis, although clinical and biochemical biomarkers may play a role

in raising the level of suspicion.

Targeted mutation analysis is a feasible approach in many situations for

selected LDs, considering the existence of frequent variants. For instance,

the HEXA gene variants c.1421+1G>C, c.1274_1277dupTATC, and

c.805G>A (p.G269S) are found in 98% of the Ashkenazi Jews with

Tay-Sachs disease and 35% of non-Ashkenazi patients. On the other hand,

in�80% of Japanese patients with Tay-Sachs disease theHEXA gene variant

c.571–1G>T is found.16 For Gaucher disease, the variant c.1226A>G

(N370S) is known to be highly represented in the Ashkenazi Jewish

population and is associated with a later-onset phenotype.17

With the incorporation of massive parallel sequencing to the clinical

practice, a simultaneous molecular testing approach for more than one con-

dition is been advocated in some cases, especially considering the existence

of significant clinical overlap among some LDs.18 Targeted next-generation

sequencing pipelines, however, may face the challenges of overcoming

technical difficulties imposed by the presence of high GC content and

pseudogenes and for some LDs, which may also need to be addressed when

designing genome-editing tools.19

Pseudogenes have been described in different types of lysosomal diseases.

The gene mutated in Gaucher disease, GBA, has a highly homologous

pseudogene GBAP1, and nonreciprocal homologous recombination is a

common mechanism of mutation for this disease. The two most common

disease-causing recombinant variants are RecNcil and Recdelta55, which

result in the incorporation of the sequence of GBAP1 to the GBA gene

resulting in the introduction of missense variants or the deletion of 55 nucle-

otides, respectively.20 Similarly, in MPS type II, a pseudogene located 20 kb

telomeric to the IDS gene is responsible for a range of gene rearrangements

and deletions.21

With the increased availability of next-generation sequencing, unex-

pected phenotypes are being more and more described, as a clinical picture

dominated by retinitis pigmentosa in some patients with mutations in

HGSNAT, which is usually related to Mucopolysaccharidosis IIIC22. It is

expected that with the growing use of genomic-based diagnosis, findings

like this will become more common.
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Besides the diagnosis, identification of causal variants may be valuable

for establishing the prognosis and the most appropriate therapies, as further

discussed in the next section. As LDs are caused by a loss of function mech-

anism, null variants are predicted to be associated with more severe pheno-

types or even fetal death in some cases. However, genotype-phenotype

correlations are not perfect, and patients with the same genotype were

described as having variations in disease severity. Enzyme activity may also

not have a clear correlation with the phenotype. Genetic, epigenetic and

environmental factors are expected to modulate the phenotype, but the

magnitude of the effects of those factors is not always defined.5

4. Current treatments: Impact and limitations

Despite significant advance in the comprehension of the pathophys-

iology of LDs, most conditions do not have an approved therapy, although

important progress has been observed in the last two decades. Currently

available treatments for lysosomal disorders include hematopoietic stem cell

transplantation, enzyme replacement therapy and small molecules (Fig. 1).

4.1 Hematopoietic stem cell transplantation
The first established treatment modality for the LDs was the hematopoietic

stem cell transplantation.23 The cells, transplanted from a healthy donor will

produce resident cells of hematopoietic origin, including glial cells and mac-

rophages, whichmay act as permanent sources of the deficient enzyme in the

central nervous system and other parts of the body.5 HSCT is currently

the first treatment choice for infants with severe MPS I (Hurler syndrome).

This treatment can halt the neurodegeneration and attenuate the overall

phenotype, especially when performed early in the disease course. HSCT

is also recommended for some LD patients with metachromatic leukodys-

trophy and Krabbe disease.24 However, morbidity and mortality associated

with the immunosuppression and graft vs host disease preclude its more gen-

eralized use in attenuated presentations of LDs. Furthermore, HSCT has not

been proven to be successful in some of the LDs with CNS involvement,

including MPS III and Niemann Pick disease type C.24

4.2 Enzyme replacement therapy
Another treatment modality for LDs is enzyme replacement therapy (ERT),

which consists of the periodical administration of a therapeutic enzyme. The
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Fig. 1 See figure legend on opposite page.
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first ERT for a LD, alglucerase, was approved in 1991 for Gaucher disease.25

The product was extracted and purified from the human placenta, a method

that was eventually replaced by the more scalable recombinant DNA tech-

nology. Enzyme replacement therapy is currently available for Gaucher,

Fabry and Pompe diseases, as well as for MPS types I, II, IVA, VI and

VII, lysosomal acid lipase deficiency, α-mannosidosis and CLN type 2.

These biopharmaceuticals are produced in different cell or animal lineages,

including Chinese hamster ovary (CHO) cells, human fibroblasts, carrot

root cells and transgenic hens. In all cases, the enzymes are administered

intravenously, except for CLN2, in which the approved product has an

intracerebroventricular route of administration.

ERT was shown to promote a marked improvement in signs and symp-

toms of Gaucher disease type I, including anemia, thrombocytopenia,

splenomegaly and bone pain, and this success was a key driver to develop

new products for other LDs. Nevertheless, ERT does not seem to respond

as well in other lysosomal diseases, where macrophages are not the target

cells. For instance, worsening of cardiac and renal parameters has been

observed for patients with Fabry disease on ERT, when treatment is started

at older ages.26 Likewise, some patients with late-onset Pompe disease on

ERT have experienced worsening of strength and respiratory function after

a period of improvement and stabilization of the disease.27

Intravenous ERT is, in general, of limited efficacy in addressing the CNS

manifestations of LDs, since currently approved therapies are unable to cross

the blood-brain barrier (BBB), a limitation that may be especially relevant

for patients who have both somatic and neurological manifestations, such

as those with Gaucher disease type III and severe MPS II. However, the

demonstration of the efficacy of intracerebroventricular ERT for CLN type

2 indicates that intrathecal/intracerebroventricular ERT, either alone or in

Fig. 1 Mechanisms of action of the currently approved therapies for lysosomal diseases
(LDs). (A) In the absence of a lysosomal enzyme, substrate accumulates in the lumen of
the lysosomes with consequent lysosomal dysfunction. (B) Hematopoietic stem cell
transplantation (HSCT) and enzyme replacement therapy (ERT) are aimed to provide
the missing enzyme either through the production by donor cells (HSCT) or by regular
infusion of recombinant enzymes (ERT). The newly produced or recombinant enzyme is
captured by the LD cell through receptor-mediated endocytosis and directed to the
lysosome. (C) Substrate reduction therapy (SRT) may be employed to inhibit the biosyn-
thesis of the lysosomal substrate not degraded in LD cells. (D) Pharmacological chap-
erones (PCs) may bind transiently to the active site of the mutated enzyme,
facilitating the enzyme targeting to the lysosome.
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combination with intravenous ERT, may also be a promising approach for

other LDs.28

ERT usually elicits an immune response with the production of immu-

noglobulins, especially in patients with null mutations, considering the lack

of negative selection to the enzyme antigens. Although the presence of high

titers of anti-drug antibodies may not always be directly associated with loss

of efficacy or harm to the patient, adverse events may occur, including mod-

erate to severe infusion-related reactions and worsening of clinical parame-

ters and biomarkers.29 ERT also requires the patient to commit to a strict

schedule of periodical, and frequently hospital-based infusions that may

be difficult to adhere to.

4.3 Small molecules
Besides cell transplantation and biotherapeutic proteins, small molecules are

also an option for the treatment of some LDs, like Fabry and Gaucher dis-

eases. For other LDs, such as cystinosis and Niemann Pick disease type C,

small molecules are, currently, the only available treatment. The mecha-

nisms of action of the small molecules used for LDs include pharmacological

chaperone therapy (e.g., migalastat for Fabry disease) and substrate reduction

therapy (e.g., miglustat and eliglustat for Gaucher disease).

Substrate reduction therapy (SRT) aims to halt the biosynthesis of the

accumulated substrate and has also the potential to treat more than one

LD, as the first step of a common pathway of synthesis may be inhibited.

For instance, N-butyl-deoxynojirimycin (miglustat), which inhibits the syn-

thesis of glucosylceramide, is approved for the treatment of Gaucher and

Niemann Pick type C diseases.30,31 As glucosylceramide is also a precursor

of gangliosides in the biosynthetic pathway, miglustat has also been admin-

istrated to patients with GM1 and GM2 gangliosidoses in clinical trials or as

an off-label treatment, although the evidence is not conclusive for its efficacy

for those conditions.32,33 Eliglustat, another SRT, has also demonstrated effi-

cacy for Gaucher disease type 1, for which it was approved as a first-line treat-

ment.34 However, being unable to cross the blood-brain barrier, eliglustat is

not applicable for neurodegenerative LDs.

Migalastat is currently the only approved pharmacological chaperone for

a LD. It binds and provides stabilization for amenable mutant forms

(misfolded functional variants) of α-galactosidase A, the enzyme deficient

in Fabry disease. The medication has been shown to stabilize renal function,

reduce cardiac mass, and improve gastrointestinal symptoms in its phase 3
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clinical trial.35 Due to its recent approval and the limited number of eligible

patients with amenable variants, there is less available data regarding the

long-term effectiveness of the therapy, but results to date have confirmed

its potential as an important therapeutic option.36

5. Genome editing tools

In the past few years, some gene-based therapies have been approved

by the American Food and Drug Administration (FDA) and the European

Medicines Agency (EMA) for the treatment of blindness, cancer, viral infec-

tions, blood, and neuromuscular disorders.37 Nevertheless, gene therapy has

still been considered as an experimental therapy for most monogenic disor-

ders, including LDs. Among the many hurdles that this approach holds, the

most significant ones are immune responses to some viral vectors, random

integration of lentiviral vectors in non-desired regions, or dilution of epi-

somal vectors, such as adenovirus and adeno-associated virus, leading to loss

of the transgene expression.38 To overcome these drawbacks, researchers

have investigated the potential of genome editing technologies for

developing new therapies.

Genome editing tools offer the possibility of editing a specific genome

region with precision in any organism. Overall, these tools rely on pro-

grammable nucleases that work along with customized DNA-binding

motifs or RNA molecules that serve as guides to target the region of inter-

est. Once the specific site is recognized by the nucleases, they introduce a

double-strand break (DSB) or a single-strand break (nick), depending on

the nucleases type.39 The editing process begins when endogenous

DNA repair machinery is activated after the break. There are two distinct

repair mechanisms: non-homologous end joining (NHEJ) and homology-

directed repair (HDR). In the first, the DNA molecule may undergo the

introduction of indels, frequently knocking-out the gene. On the other

hand, HDR is less common and requires the presence of a homologous

DNA template to repair the break in a precise manner, copying the

sequence at the break site from the template. Moreover, the HDR pathway

is active mostly in proliferating cells.40

Zinc-finger nucleases (ZFNs), transcription activator-like effector

nucleases (TALENs) and clustered regularly interspaced short palindromic

repeats (CRISPR) are the genome editing tools most commonly

employed. ZFNs are composed of a FokI restriction endonuclease cleavage

domain and an array of zinc-finger proteins. Each array is composed of
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three or four DNA zinc-finger domains each recognizing a DNA triplet.

Zinc-finger domains are in charge of recognizing different specific DNA

sequences—18 base pairs each in distal parts of the target sequence.

Then, FokI cuts DNA within a five- to seven-bp between the two flanking

zinc-finger targets as the FokI enzyme requires dimerization for DNA

cleavage.41 The TALENs also consists of a FokI endonuclease, but this is

paired with transcription activator-like effectors (TALE) proteins. As ZFNs,

TALENs also work as modules and undergo dimerization. TALE-binding

domain has a series of repeat domains that recognize only a single base.

In total, these effectors recognize 12- to 20-bps of DNA each, and FokI cuts

within a 12- to 19-bp between them.41 Currently, the most used method

for gene editing is, however, based on CRISPR-Cas, which is more simple

and versatile. CRISPR machinery involves only two components: the Cas9

enzyme, responsible for DNA cleavage, and a guide RNA (gRNA). The

gRNA can be customized to virtually recognize any specific 20 bp

sequence. Both components form a complex together and, after gRNA

binds the target region by base-pairing, Cas9 makes the DSB. However, this

cleavage is restricted to the presence of three NGG nucleotides (called PAM

site) in the target sequence.39

More recently, different variations to CRISPR-Cas9 system have been

proposed, mainly focusing on base editing. The first developed was the cyto-

sine base editor (CBE). This system uses a cytidine deaminase enzyme linked

to a Cas9 that underwent inactivation of one of its cleavage domains,

becoming a nickase (Cas9n). This enzyme complex can catalyze the conver-

sion of C-G base pairs to T-A in a target sequence, by converting cytidine to

uridine which, in turn, is converted to thymidine by DNA repair mecha-

nisms.42 Another variation of the base editor is the adenine base editor

(ABE), which can convert A-T base pairs to G-C by adenosine deaminase.

The last CRISPR-derived tool, the prime editing system,43 relies on the

fusion of the Cas9n to an engineered viral reverse transcriptase enzyme to

create a modified nuclease. The other component is a pegRNA, a longer

gRNA that also serves as a template for the repair. After binding to the spe-

cific site, Cas9n makes a nick and the reverse transcriptase domain generates

a complementary DNA sequence by copying the pegRNA, restoring a seg-

ment of the nicked strand. Thus, it mediates all 12 possible base-to-base

conversions due to pegRNA carrying the desired sequence.39

Due to their potential, these tools have been used to develop several cell

and animal models, aiming not only to contribute to understanding diseases’

physiopathology but also to develop different strategies for gene therapy.
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6. Genome-edited cell models

Patient-derived cells have been an important resource for understand-

ing disease mechanisms and the development of new therapies. Themajority

of basic research or proof-of-concept studies for lysosomal disorders was

done in fibroblasts, as they are easy to collect without the need for surgical

intervention. With the development of genome editing technologies, cell

models becamemore accessible as one can choose the most relevant cell type

and induce the modification of interest, without the need for complex biop-

sies and patient availability. Currently, these models based on genome

editing are mainly developed using induced pluripotent stem cells (iPSCs)

or cell lines.

Innumerous cell models using iPSCs have been developed for lysosomal

disorders, mainly for the ones with neurological involvement.44 This is jus-

tifiable since little is known about the pathophysiological processes involved

in neurodegeneration and access to relevant models is generally scarce.

Differentiation in cardiomyocytes is also a big hit, as some lysosomal disor-

ders have major cardiovascular pathology45 that is not reverted with

approved or even experimental therapies, like gene therapy.46 Lastly, hema-

topoietic stem cells have been targeted for differentiation of iPSCs as well, as

they can become a source of cells for autologous transplantation.44

For developing these iPSCs models, fibroblasts or blood cells are col-

lected from patients, reprogrammed in vitro and, then, differentiated into

the cell of interest. This way, the newly created model carries the patient’s

pathogenic variants and will present the disease phenotype. For controlled

studies, however, an isogenic healthy control is required, as the cells behave

differently depending on the genetic background. To address this, genome

editing tools can be used to correct the disease-causing mutation in the

iPSCs population, before the differentiation protocol.47 In the absence of

a patient’s cells, healthy iPSCs can be edited to present various genotypes

and to mimic the disease of interest.48,49 A complete review about using

iPSCs for LD studies was published by Borger and colleagues.44

Although the possibilities are virtually endless, the use of iPSCs is still

dispendious, limiting its broad use. Cell lines, on the other hand, are much

more affordable—they are easy to culture and have high reproducibility of

results. They are generally easy to transfect, making the editing process

easier, and many different cell types are available—including endothelial,

myeloid, lymphoid and neuron-like cells, for example, in case specific
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morphologic characteristics are required. Here we reference some cell

models for LD, created using genome editing tools, which became

important resources for basic research and therapy development.

Fabry disease is caused by a deficiency of α-galactosidase A (GLA). The

most common manifestations include renal and cardiovascular disease.

Several cell lines for modeling Fabry disease have been developed using

CRISPR-mediated genome editing. One of the first studies knocked-out

GLA in the human embryonic kidney (HEK) 293 cells, to create a simple

model for drug screening purposes.50 In the same year, a more relevant cell

type to study the disease was developed—immortalized podocytes were

edited with CRISPR-Cas9 for microarray studies, identifying MAPK,

VEGF and TGF-beta pathways as enriched in Fabry cells,51 all of which

are also involved in other glomerular diseases.

Fabry patients have increased vasculopathy incidence than healthy indi-

viduals due to the accumulation of substrate in endothelial cells. Thus, the

endothelial cell line EA.hy926 was used to help understand some of the

disease’s mechanisms. GLA-deficient endothelial cells have lower endothe-

lial nitric oxide synthase (eNOS) and treatment with substrate reduction

therapy did not affect in this, suggesting that the absence of the enzyme

rather than the accumulation of the substrate that affects eNOS activity.52

Further investigation with the same model showed that decreased eNOS

leads to increased secretion of von Willebrand factor and this is not altered

neither by substrate reduction therapy nor administration of recombinant

GLA.53 Therefore, this aspect of the disease should be addressed separately.

In a different approach, human embryonic stem cells (hESC) knocked-out

for GLA were differentiated in cardiomyocytes, as cardiomyopathy is an

important manifestation of Fabry disease. Proteome analysis of the new

model showed downregulation of exocytotic vesicle release proteins, caus-

ing impaired autophagic flux and protein turnover and ultimately leading to

increased apoptosis.54 Altogether, these findings provide new insights about

the disease pathophysiology and can help identify new targets for

vasculopathy and cardiomyopathy in Fabry disease.

Macrophages are key cells in diseases of lipid metabolism, like atheroscle-

rosis, acid lipase deficiency, Niemann-Pick and Gaucher diseases, in which

they become foamy cells after an accumulation of lipids in their lysosomes.

To explore the loss-of-function phenotype and accumulation of lipids in the

macrophages, Zhang and colleagues49 generated iPSCs knockout for lipase

A and induced the differentiation of these cells to macrophages, observing

the macrophage-specific response to lipase A deficiency. Alternatively,
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macrophage-like cells can be obtained using the hematopoietic cell line

THP-1 and submitting them to a differentiation protocol, as developed

to model Gaucher disease.55 An advantage of using this last instead of

other approaches is the possibility of high-throughput studies, mainly for

drug testing and screening, as cell lines are better suited for large scale

production.

Besides the macrophage model aforementioned, a microglia-like cell

model for Gaucher disease using the human U87 cell line was also devel-

oped by Pavan and colleagues,55 in an attempt to generate a more relevant

model to study the neuronal component of the disease. U87 GBA1 mutant

cells showed retention of misfolded GBA in the endoplasmic reticulum,

increased production of interleukin-1-beta, α-synuclein accumulation

and increased cell death compared to non-edited cells. Accordingly, α-
synuclein accumulation was also observed in GBA-knockout HEK29356

and heterozygote mutant for Cathepsin D gene (CTSD), responsible for

a lysosomal hydrolase that causes neuronal ceroid lipofuscinosis when

absent.57 Even though these models were created with different cell types

and targeting different genes, they all conversely contributed to under-

standing part of lysosomal function. These are not useful only for lysosomal

disorders; GBA-knockout HEK293 and A549 cells were used to study

endocytic processes in viral infections. It was found that endocytic traffick-

ing of viruses and cellular cargos are impaired in GBA-knockout cells.58

There are few Niemann-Pick type C (NPC) cell models generated with

CRISPR-Cas9. The simplest is a near-haploid human cell line (HAP1)

edited to carry new or private mutations in the NPC1 gene that have been

found in patients and lacked characterization.59 Because it is a near-haploid

line, editing is simplified, making this model useful mainly to resolve clinical

interpretation of new variants. The classic HeLa and the CHO-Ldl-D cell

lines were also knocked-out to generate different NPC models: the first was

created to be used in drug screening studies, as HeLa cells are easy to cul-

ture.60 The second was used to study glycosylation inhibition and its effect

on cholesterol accumulation, in an attempt to better understand the biology

of lysosomes.61

Using genome editing to create LDs cell models is a useful tool for basic

research, initial screenings and proof-of-concept studies. For example, one

can observe the effect of different pathogenic variants all at once in the same

cell type; or the effect of a single variant in many cell types (Fig. 2). Lysosome

biology can be explored and, this way, pathogenic mechanisms of lysosomal

diseases can be elucidated.
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7. Genome-edited animal models

As mentioned previously, cellular models play a role in several aspects,

including proof-of-concept studies, for emergent therapeutic strategies.

However, the use of multicellular transgenic model organisms is mandatory

to study disease pathogenesis and treatment options, because they can more

closely recapitulate the complex metabolic and cellular pathways occurring

in patients. As a standard, the murine model has been the most used in this

field; however, some of these do not manifest the clinical aspects of the LDs;

as seen in the Gaucher, Fabry, Tay-Sachs, and cystinosis mouse models,

compromising the understanding of experimental therapies.62 Despite sev-

eral mammalian species, including cats and dogs, naturally develop some of

the LDs seen in humans, researchers have taken advantage of genome editing

tools to develop models according to their research needs.

Zebrafish has become an interesting non-mammalian model, and its use

in LDs studies has raised notably through the years. The reason is due to high

comparable anatomy to humans, where the major systems and organs are

present, and also its genetics—82% of all human disease-associated genes

have orthologues in this model. Lately, a considerable number of stable

Fig. 2 Applications of genetically edited cell lines in disease modeling. Cell lines are
easy to obtain and maintain in culture, thus being excellent models for initial patho-
physiology studies, development of new therapies and high-throughput drug screen-
ing. They can also be used to characterize new variants observed in patients and, in
cases where the line can be differentiated into other cell types, the process can be
observed in the disease context.
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mutants fish strains have been generated with these approaches (TALENs: 6,

CRISPR-Cas9: 10; combined TALENs/CRISPR-Cas9: 1).63 Mutants

generated for Gaucher and Sandhoff diseases displayed sphingolipid accu-

mulation, microglial alterations, neuron loss, apoptosis, and impaired loco-

motion. For mucolipidosis IV, pathological signs in the muscle and eye were

observed in the models. The Niemann-Pick type C1 models displayed

hepatic disease features as lipid storage, vacuolated hepatocytes and also

Purkinje cell defects. Finally, the MPS II model showed most of the clinical

presentations seen in patients, as impaired development, abnormal heart

morphogenesis, and bone alterations, like craniofacial defects, scoliosis,

and kyphosis. An extended review of Zebrafish for LD studies was recently

published by Zhang and Peterson.63

Lastly, an ovine model for infantile neuronal ceroid lipofuscinosis

(NCL1) was developed aiming to better translate the human condition.

The sheep model presented biochemical, morphological, and neurological

alterations including loss of vision and reduced lifespan.64 With this, the use

of genome editing tools to develop more accurate animal models that

resemble the human disease condition holds promising potential.

8. Therapies based on genome editing

Moving to therapeutic approaches, unlike the classical gene therapies,

genome editing came up with the possibility of a precise and one-time

long-term treatment. That also includes a significant decrease in off-target

activities and immunogenic risks related to the former ones.

Some LDs are better candidates for genome editing based therapies than

others. As indicated previously, the majority of them rely on the lack of pro-

duction of a secreted protein. Editing tools can be employed to develop a

unified platform that allows the production of any of these proteins since

only one gene is the target for each condition. From in vitro to in vivo stud-

ies, researchers have been working on the choice of the proper features for

the desired approach, and the majority of efforts have brought positive and

promising results. Herein below are presented the leading studies that com-

prise proof of concepts in a cell model, development of ex vivo stem cell

therapy platforms, and in vivo preclinical studies (Table 2).

8.1 In vitro mutation-specific genome editing
Most LDs have a vast number of genetic variants reported, resulting in a

broad range of phenotypes. Depending on the complexity of the patient
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Table 2 Genome editing studies for lysosomal disorders.
Preclinical studies in cell models

Disease Affected gene Targeted gene/locus Platform Cell type Delivery method Genetic modification References

MPS I IDUA IDUA CRISPR-Cas9 Patient fibroblasts Plasmid-Liposome

complex

SNV correction 65,66

MPS I IDUA IDUA CRISPR-Cas9 Mouse iPSCs Plasmids Precise deletion 67

Tay-Sach HEXA HEXA Prime editing HEK293T cell Plasmids SNV correction 43

Fabry GLA GLA CRISPR-Cas9 Patient fibroblast NS SNV correction 68

Fabry GLA GLA CRISPR-Cas9 Patient iPSCs RNP Deletion correction 69

Preclinical studies in murine models

Disease Affected gene Targeted gene/locus Platform In vivo/ex vivo Delivery method Genetic modification References

Gaucher GBA CCR5 CRISPR-Cas9 Ex vivo RNP/AAV6 Knock-in 70

Pompe GAA AAVS1 CRISPR-Cas9 Ex vivo Plasmids Knock-in 71

Krabbe GALC IL2RG CRISPR-Cas9 Ex vivo RNP/AAV6 Knock-in 72

Wolman

disease

LAL α-globin CRISPR-Cas9 Ex vivo RNP/AAV6 Knock-in 73

Fabry GLA α-globin CRISPR-Cas9 Ex vivo RNP/AAV6 Knock-in 73

MPS I IDUA α-globin CRISPR-Cas9 Ex vivo RNP/AAV6 Knock-in 73
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MPS I IDUA CCR5 CRISPR-Cas9 Ex vivo RNP/AAV6 Knock-in 74

MPS I IDUA ROSA26 CRISPR-Cas9 In vivo Liposome and

plasmid vectors

Knock-in 75

MPS I IDUA ALB ZFNs In vivo 3 AAV2/8 vectors Knock-in 76

MPS I IDUA ALB CRISPR-cas9 In vivo 2AAV 8 vectors Knock-in 77

MPS I IDUA IDUA CRISPR-cas9 In vivo 2AAV9 vectors Allelic Exchange/

SNV correction

78

MPS II IDS ALB ZFNs In vivo 3 AAV2/8 vectors Knock-in 79

Gaucher GBA ALB ZFNs In vivo 2 AAV8 vectors Knock-in 80

Fabry GLA ALB ZFNs In vivo 2 AAV8 vectors Knock-in 80

Sandhoff/

Tay-Sach

HEX ALB CRISPR-Cas9 In vivo 2 AAV8 vectors Knock-in 81

Niemman

Pick C

NPC1 NPC1 CBE In vivo AAV9 vector SNV correction 82

Summary of preclinical and clinical studies using genome editing for LDs. AAVS1, AAV integration site; ALB, albumin; CBE, cystine base editors; CCR5, chemokine (CdCmotif ) receptor 5;
GAA, acid α-glucosidase; GALC, galactosylceramidase; GBA, glucocerebrosidase; GLA, α-galactosidase; HEX, β-hexosaminidases; IDS, iduronate 2 sulfatase; IDUA, iduronidase; IL2RG,
interleukin-2 receptor gamma chain; LAL, lysosomal acid lipase; NS, not specified; RNP, ribonucleoprotein; SNV, single nucleotide variant.
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variant, it is possible to “change” a single mismatched nucleotide or to cor-

rect a small indel with precision using genome editing tools. These edits have

been assessed for different LDs using the CRISPR-Cas9 system in cellular

models or even in patient’s cells.

MPS I is one of the common LDs worldwide, with a prevalence of

1/100.000 births.83 As well as other well-known MPS, it presents a broad

spectrum of phenotypes that can be frequently associated with the genotype.

The severe one (MPS I-H), is the most common among western patients

and is the one with progressive neurologic impairment. This phenotype

has been related to several pathogenic variants, but the most frequent is p.

Trp402Ter.83 Researchers evaluated the capability of the CRISPR-Cas9

system and a single-strand donor oligonucleotide complexed in commercial

liposome to correct this variant in patient fibroblasts.65 A similar approach

was carried out later, but this time using cationic nanoemulsions as a

non-viral delivery vector.66 In both, IDUA activity was significantly

increased (2–6% of normal) and the lysosomal mass was decreased in treated

fibroblasts. The presence of correctly edited cells was confirmed by

next-generation sequencing65 and nanoemulsion/DNA complexes were

well tolerated by cells (viability of about 80%),66 demonstrating the potential

of this approach for further studies. Nanomaterials such as nanoemulsions,

liposomes, and nanoparticles have been studied in the past years as an alter-

native drug/gene delivery system for the treatment of many diseases and

conditions.84 The oil-water phase nanoemulsions have shown a notable cel-

lular targeting ability due to their 1–100 nanometers (nm) droplet size, and

their biocompatible and non-toxic materials that are commonly safe

(GRAS) grade excipients approved by FDA.85 Their nature allows them

to protect the cargo (molecule to carry) and to bind and fuse with cell mem-

branes since many of their components are lipids. Also, they have an

increased half-life in circulation due to hydrophilic polymers such as PEG

(polyethylene glycol) that avoid their interaction with plasma macrophages

reducing their clearance.86 Some nanoemulsion dosage forms, mostly carry-

ing small molecules or active biopharmaceuticals, are already in the pharma-

ceutical market and several others are under development.85 As well as we

presented earlier for lysosomal storage diseases, nanoemulsions have been

studied as nanocarriers to help the delivery of nucleic acids targeting brain

tumors86,87 and neuroinflammatory conditions,88 with promising results,

demonstrating reasonable transfection efficiency and lower cytotoxicity

carrying RNA.
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In the cardiac phenotype of Fabry disease, the vasculopathy is caused by

the accumulation of Gb3 which, in turn, is caused by different pathogenic

variants in GLA. Using CRISPR-Cas9 ribonucleoprotein (RNP) and

single-stranded oligodeoxynucleotide (ssODN), the correction of a geno-

mic deletion—c.803_806del, causing a frameshift in exon 6 and amino acid

position 268—was performed in the patient’s fibroblast-derived iPSCs.

After differentiation into vascular endothelial cells, a significant improve-

ment in GLA activity and enhanced expression of the angiogenic factors

was observed when compared to non-differentiated iPSCs.69 In a different

study, a double sgRNAwas employed to target the deletion IVS4+919 G>A

in the GLA gene of FD patient’s fibroblasts—a common variant in the

cardiac type. This strategy succeeded in restoring the aberrant splicing, causing

an increase in the enzyme activity of GLA and a decrease in the Gb3

accumulation.68

The CRISPR-Cas9 system was also studied to mediate gene insertion in

cell models. The approach could be useful when complex pathogenic var-

iants are present. As an example, the complete restoration of the exon VI in

the IDUA gene was performed in iPSCs derived from knockout mouse

embryonic fibroblasts.67 The strategy consisted of removing the whole neo-

mycin resistance gene placed into the exon VI of IDUA with double guide

RNAs, and several donor templates, to allow complete coverage of the exon

VI. The correction was successful without any undesired indels, and enzyme

function was restored to levels equivalent to wild-type iPSC-derived

fibroblasts; plus, the pluripotency of iPSCs was maintained.67

A more recent genome editing platform, called prime editing, is a more

precise tool that allows modifying genes without the necessity of DSB and a

long DNA donor.43 As proof-of-concept, it was used to correct the most

common mutation that causes Tay-Sachs disease, a 4-bp insertion in

HEXA (HEXA1278+TATC), in a HEK293T cell line model that was gener-

ated previously using the same approach. As a result, prime editing allowed

the correction of the mutation with 33% efficiency and 0.32% indel forma-

tion, showing its potential to correct genetic variants associated with human

diseases.43

8.2 Ex vivo genome editing targeting safe harbors loci
Besides these in vitro studies, where the goal was editing specific

disease-causing mutations, other researchers have searched for different

genomic regions as the target for editing. They use “safe harbors” loci
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to integrate the entire cDNA of the functional gene to overcome the lim-

itations of correcting each gene mutation individually. It is unlikely feasible

that a specific therapeutic strategy targeting a dedicated mutation can reach

the clinic when patients are very rare and there are a large number of

disease-causing mutations. Moreover, the presence of pseudogenes hinders

the design of gRNAs and donor templates and increase the risk of unde-

sired genome recombination. To address these issues, studies using safe har-

bors, tissue-specific promoters and ex vivo or in vivo platforms have been

conducted.

As mentioned previously in the introduction, allogeneic HSCT is to date

the gold standard for the treatment of a few LDs. Ex vivo gene therapy using

genome editing strategies allows for autologous transplantation, where the

patient’s cells are collected, edited outside the body and transplanted back

into the patient. This approach removes the need for matching donors

and reduces complications related to the procedure, like graft-vs-host dis-

ease. Besides hematopoietic stem cells (HSC), mesenchymal stromal cells

and neural stem cells have been studied for gene therapy, due to their ability

to engraft and migrate to the brain and bone.89

Pavani and colleagues proposed the use of the α-globin locus as a prom-

ising “safe harbor” candidate to integrate and express therapeutic trans-

genes.73 The α-globin genes are present in four copies per cell and are

expressed at an extremely high level by erythroid lineages. Also, it has been

reported that the loss of three of the α-globin alleles does not represent a

negative impact on the organism.73 Since erythroid cells are the most abun-

dant hematopoietic progeny, they hold the potential to secrete relevant

amounts of therapeutic proteins as required for LDs. Using Cas9-gRNA

ribonucleoprotein (RNP) and AAV6 donor vector, researchers targeted

the α-globin locus in CD34+ cells, purified from human umbilical cord

blood (UCB), to integrate lysosomal acid lipase (LAL), α-L-iduronidase
(IDUA), or α-galactosidase (GLA) transgenes. As a result, mRNA and

enzymes were detected post-transduction and at increased levels after ery-

throid differentiation. The enzyme produced by the erythroblasts derived

from LAL-HSPCs presented cross-correction activity when co-cultured

with patients’ cells. Additionally, edited cells maintained their repopulation

and multilineage potential after transplantation in immunodeficient NOD

SCID gamma (NSG) mice.73

Another potential candidate as a safe harbor locus for LDs gene addition

therapies is the chemokine (C-C motif ) receptor 5 (CCR5), which is used

in prospective therapies for HIV infection. This gene encodes an HIV-1
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receptor, and when mutated, minimal consequences such as increased vul-

nerability to other virus infections (influenza or West Nile virus) have been

described besides conferring resistance to HIV-1 infection in individ-

uals.90,91 However, as a matter of future concerns, it has been shown the

potential risk of inducing a null CCR5 phenotype in bone development

and immune system regulation in mice.91

For LDs emergent therapies, Gomez-Ospina and colleagues reported an

efficient ex vivo genome editing approach using CRISPR-Cas9 and AAV6

to targeted α-L-iduronidase into CCR5 locus in human CD34+ cells under

the control of synthetic promoters such as spleen focus-forming virus

(SFFV) and 3-phosphoglycerate kinase (PGK). The rationale of the pro-

moter choice was to exploit their constitutiveness nature and guarantee

the expression of the transgene in all hematopoietic lineages to facilitate

cross-correction.74 After transplantation into immunodeficient NSG-MPS

I mice, the engineered cells secreted supra-endogenous enzyme levels,

improving phenotypical and biochemical features of MPS I, including neu-

rological impairment. Edited cells maintained the self-renewal capacity and

multilineage differentiation potential, but the engraftment of the edited cells

was less efficient compared to unedited cells, 3.9% (0.8–9.7%) and 30.4%

(7.7–48.2%) respectively. This lower engraftment was shown in cells mod-

ified at other loci as well.92–94 Besides effective, this approach also proved to

be safe, since the off-target activity of the CCR5 sgRNA was undetectable

with the use of high-fidelity Cas9, p53 pathways were not altered and there

was no evident tumorigenicity.74

More recently, the same platform was used with slight modifications.

Human CD34+ cells were edited with a glucocerebrosidase expression

cassette driven by a monocyte/macrophage-specific promoter (CD68)

into the CCR5 locus.70 The rationale of this strategy is related to the

hallmark manifestations in Gaucher disease, which are mainly caused

due to infiltration and inflammation by macrophages. While edited

HSC did not express the enzyme, differentiated monocytes/macrophages

had increased glucocerebrosidase activity both in vitro and 16 weeks

post-transplantation, as measured in sorted cells from bone marrow,

spleen and lung. The use of a specific promoter restricted enzyme expres-

sion to affected cells only and prevented ectopic (and possibly toxic)

expression in hematopoietic stem cells.70

Different stem cells, such as neural stem cells (NSCs), can be a prom-

ising platform for the therapy of some LDs with CNS involvement. NSCs

cells have shown a high capability of neural multilineage differentiation,
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migration, and proliferation when they are transplanted into the brain or

spinal cord of NSG mice.95 NSCs are suitable for in vitro manipulation as

they continue to express NSC markers after been isolated, propagated, and

banked.72 To date, only one proof-of-concept study has demonstrated

CRISPR-Cas9 genome editing in NSCs, using the Krabbe disease as

model.72 In this study, the authors were able to edit human brain-derived

NSCs to produce the enzyme galactocerebrosidase (GALC) under the regu-

lation of the IL2RG promotor. This locus was described as a safe harbor

in NSCs due to the lack of functional role in these cells. Edited cells

cross-corrected fibroblasts from Krabbe patients. Moreover, after transplanta-

tion into the cerebellum of juvenile mice, cells engrafted and maintained

biological properties.72

Finally, iPSCs are also suitable candidates for ex vivo therapy due to their

pluripotency and self-renewal characteristics. It was demonstrated by Van de

wal et al. that iPSCs from Pompe disease patients can be edited in vitro to

introduce the cDNA for the enzyme acid α-glucosidase (GAA) into the

AAVS1 locus, another human safe harbor. Myogenic progenitors were gen-

erated from edited iPSCs and their differentiation capability into myotubes

was assessed. In these cells, the correction of the disease was evident since

GAA activity was threefold higher compared to healthy controls. Also,

the restoration of the enzyme activity led to the normalization of glycogen

accumulation. To assess their therapeutical potential, edited myogenic pro-

genitors were transplanted in the tibia muscle of pre-injured NSG mice,

where they engrafted robustly and contributed to muscle regeneration at

the injured-site.71

8.3 In vivo genome editing
In vivo systemic genome editing strategies for the treatment of LDs have also

been studied. Some of these strategies managed to reach clinical trials, but

several approaches using CRISPR-Cas9, zinc-finger nucleases, and other

newly emerging systems have only been used in preclinical studies aiming

for reliable and efficient therapies.

For in vivo genome editing approaches, liposomes and viral vectors are

the most promising strategies. Liposomes are highly utilized for delivering

different cargoes, from small therapeutic molecules to gene therapy products

such as plasmids. This non-viral delivery was studied aiming for the correc-

tion of Hurler syndrome in the MPS I mouse model.96 As a proof of con-

cept, cationic liposomes carrying CRISPR-Cas9 and cDNA donor plasmids
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targeting the ROSA26 locus were administrated in neonatal MPS I mice by

a single hydrodynamic injection. At 6 months, treated mice presented an

increase in enzyme activity in every visceral tissue, with the highest levels

in the heart and lungs (�5% of normal activity). Indeed, the biodistribution

of the complex showed a high affinity of the cationic liposome for these tis-

sues.96 The enzyme produced by edited cells also led to a significant reduc-

tion in the substrate (GAGs) accumulation and secretion in serum, urine and

visceral organs, though still not to normalized levels. The effects of gene

editing were also evidenced in the improvement of cardiovascular, respira-

tory and bone pathology.75 Nevertheless, this approach failed to reach

the CNS.

The albumin locus has also been shown to be a safe harbor in vivo.

Researchers engineered a flexible platform where this locus is used for

transgene expression without interrupting hepatic albumin production,

exploiting the strong promoter activity.97 Using AAV8 vectors (with a

high tropism for hepatocytes) zinc-finger nuclease (ZFN), and cDNA

donor templates were delivered systemically to target overexpression of

α-galactosidase A, acid β-glucosidase, iduronate-2 sulfatase, or α-L-
iduronidase in wild-type mice liver.80 Donor DNA was designed to allow,

after appropriate recombination, directed-splicing between intron 1 of the

albumin locus and the transgene cDNA, to produce a functional hybrid

therapeutic transcript. After treatment, the therapeutic enzymes were found

in liver extracts and plasma, along with albumin protein.80 To evaluate the

clinical potential of the platform, more studies were held in MPS I and II

mouse models, using AAV2/8 as delivery vectors.76,79 In treated mice,

supraphysiological levels of the enzyme were observed in serum, while

GAGs content in urine was found significantly decreased in both disease

models. The therapeutic enzymes were uptaken from the blood to other

tissues with high enzyme activity levels detected in the spleen, heart, lung

and muscle. As a remarkable finding, along with the correction of the met-

abolic disease, the strategy managed to prevent neurologic impairment in

young MPS I and II mice.76,79 These results suggested that

supraphysiological levels of the enzyme produced by the liver, which is

commonly achieved using this type of vector in animal models, allowed

a fraction of IDUA/IDS to penetrate the BBB. Thus, even a small percent-

age of normal enzyme levels in the brain seems sufficient to prevent neu-

rologic deficit.79 This was different from what was observed previously

from Schuh and colleagues,96 where the levels of the enzyme compared

to normal conditions were about 10% in liver and heart tissue and 2–5%
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in the other visceral tissues. Thus, there was no sign of the enzyme in

the brain.

This last strategy resulted in two clinical trials, which will be covered in

the next section of this chapter. However, preliminary results showed a low

expression of targeted enzymes in treated individuals. Aiming for an opti-

mized outcome, the platform was recently redesigned using the

CRISPR-Cas9 system instead of ZNF-nucleases.77 Compared to the pre-

vious strategy, which required the co-transduction of three different AAV8

vectors to deliver the whole system, the new approach only uses two. The

strategy succeeded in correcting both the metabolic and the neurological

features of MPS I mice. Furthermore, no tumorigenesis or off-target activ-

ity was detected.77 Additionally, the platform was tested recently to deliver

a modified human Hex μ subunit (HEXM) into the albumin locus.81 Since

HEXM forms a homodimer that degrades GM2 gangliosides, the strategy

represents a promising unified therapy for both Tay-Sachs and Sandhoff

diseases.81 Importantly, along with the increase in enzyme activity in the

brain, memory was improved in treated mice when compared to untreated

animals. Despite these promising results, more studies are needed before

this new platform can reach clinical trials since this approach used a high

volume/pressure injection to deliver the vectors, which is hard to scale

up to humans.

Finally, the correction of some specific point mutations was also inves-

tigated in vivo using genome editing tools. In one study, allelic exchange

was induced in a compound heterozygous MPS I mice model using the

CRISPR-Cas9 system.78 Here, a unique gRNA targeting an intronic site

was used to create double-stranded DNA breaks in both chromosomal

homologs aiming at switching arms between chromosomes in a chromo-

somal translocation-like mechanism. Researchers were able to restore

IDUA levels (�0.5% of the wild-type level) in the heart of young treated

mice accompanied by a considerable GAGs reduction. The results indi-

cated the possibility of inducing allelic exchange in post-mitotic tissues.

Nevertheless, chromosomal translocation occurs in low frequency com-

pared to any other strategy based on NHEJ or HDR.78 In another study,

a full-length cytosine base editor was modified and split in a dual-AAV

packaging vector.82 After delivery into the organism, the components

undergo reconstitution by trans-splicing machinery, overcoming the main

limitation of reduced packaging capacity that AAV vectors have.82 This

dual strategy was tested in Npc1I1061T (c.3182 T>C) homozygous mice,

a model that reproduces the neurological pathology and also has reduced
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lifespan. Low and high doses of the dual vectors were delivered by

retro-orbital injections. Mice who received the higher dose survived longer

than untreated and low-dose mice. Genomic DNA from the brain of sur-

viving animals revealed that a total of 94% of alleles were edited—

C-to-T—without any undesirable indels in the region.

9. Clinical trials for lysosomal disorders

Gene editing technology for LDs has been successfully applied in a

variety of preclinical models, both ex vivo and in vivo.75,77,80,98 The prom-

ising results from these studies have provided the basis for the development

of clinical trials.

To date, two new therapies using gene editing, named SB-318 and

SB-913, are being tested as a single treatment therapy for MPS I and

MPS II patients, respectively. Both were designed using ZFN system to

insert a therapeutic transgene into the albumin locus of the patient’s liver

cells.77 Each one of these therapies consists of the intravenous infusion of

two ZFNs (left and right arms), targeting the albumin locus and the correc-

tive donor gene (IDUA or IDS) packaged into AAV2/6 vectors. This

one-time therapy has the potential to provide permanent lifetime production

of the impaired enzyme, to improve the current clinical outcome of ERT or

HSCT, and the quality of life for patients.99

EMPOWERS and CHAMPIONS (clinicaltrials.gov, NCT02702115

and NCT03041324) are the two Phase 1/2 clinical trials, for respectively

SB-318 and SB-913, that are ongoing in the U.S. They are multicenter,

open-label, dose-escalating studies. Subjects received gene editing and ini-

tiated under protocol-specified schedule with monitoring of safety, IDS or

IDUA activity and urinary glycosaminoglycan (GAG) levels, and functional

assessments.100,101 At present, the data analysis for both studies is still in

progress.

The CHAMPIONS study started in 2017, being the first-ever clinical

trial to attempt in vivo genome editing in patients with LDs. The purpose

of this study is to assess the safety, tolerability and preliminary efficacy

(changes from baseline in plasma IDS activity and urine GAG levels) of

ascending doses of SB-913 in subjects with attenuated MPS II. MPS II

patients receive a single-dose of SB-913 with 3 years of follow-up.

A three-dose cohort with two subjects each is expected, along with three

additional individuals who will receive the high dose, in an expanded

cohort.101 Interim data from the first three cohorts showed that SB-913
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was generally well tolerated and no serious adverse events related to the drug

were reported. Some adverse events related to the study drug were mild or

moderate and were eventually resolved. The incidence of adverse events was

assessed by Common Terminology Criteria for Adverse Events (CTCAE)

and includes pruritus, flushing, erythema, increased serum transaminases,

headache and pyrexia. Preliminary analysis of liver tissue biopsy, using

RT-qPCR, showed evidence of albumin-IDS mRNA transcript in both

subjects at the mid-dose, suggesting that genome editing had occurred.

A substantial increase in plasma IDS activity was observed only in one

patient (mid-cohort). Nevertheless, it decreased after the development of

mild transaminitis, a known risk of AAV-based therapies.101,102

EMPOWERS is a clinical trial started in mid-2018 and designed, firstly,

to assess the safety and tolerability of ascending doses of SB-318 in adult sub-

jects with the mild form of MPS I and, secondly, to evaluate the changes

from baseline in IDUA activity and urine GAG levels. The clinical design

is similar to the CHAMPIONS study. Here, two-dose cohorts with two

subjects each are conducted, along with an expansion of five additional sub-

jects who will receive the high dose (total of nine subjects).100 Interim data

of the first 3 subjects across 2 dosing cohorts (1 patient with a low dose and 2

patients with high dose), showed that the administration of SB-318 was gen-

erally well tolerated without adverse events related to SB-318 treatment.

Increases in leukocyte IDUA activity were observed in all three subjects

and suggest a dose-dependent increase. On the other hand, plasma IDUA

activity was not significantly changed from pre-treatment values.100 The

results provided so far indicate that efficacy needs to be improved since

the levels of transgene expression are low.77 This low expression seems to

be the major obstacle and has already been described in other clinical trials

for gene therapy.77 As previously reported in animal studies, the low trans-

gene expression issue may be improved by increasing the dose or through

repeating administration, for example, using lipid nanoparticles delivery.

Increasing the dose, however, could lead to a higher risk of toxicity, chal-

lenging vector production, and increased manufacture cost.77 Preclinical

studies indicated that CRISPR technology has higher efficiency than

ZFN system with lower doses of AAV vector, which minimizes the risk

of toxicity as well reduced complexities and challenges regarding viral vector

manufacturing.77 Otherwise, the use of lipid nanoparticle delivery enables

repeated administrations, resulting in efficient in vivo genome editing, being

a useful alternative tool.103
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10. Conclusions

There are a myriad of applications for genome editing in LDs, includ-

ing the development of cell and animal models to study disease pathogenesis,

as well as permanent therapeutic approaches. Genome editing allows recre-

ating the same mutation found in patients, which can be essential to develop

individualized therapies. Therefore, we believe that the number of studies

on LDs using techniques to rewrite the genome will grow exponentially

in the next years.
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   Abstract: Gene therapy is a technique that aims at the delivery of nucleic acids to cells, to obtain a 
therapeutic effect. In situ gene therapy consists of the administration of the gene product to a specific 
site. It possesses several advantages, such as the reduction in potential side effects, the need for a low-
er vector dose, and, as a consequence, reduced costs, compared to intravenous administration. Differ-
ent vectors, administration routes and doses involving in situ gene transfer have been tested both in 
animal models and humans, with in situ gene therapy drugs already approved in the market. In this re-
view, we present applications of in situ gene therapy for different diseases, ranging from monogenic to 
multifactorial diseases, focusing mainly on therapies designed for the intra-articular and intraocular 
compartments, as well as gene therapies for the central nervous system (CNS) and for tumors. Gene 
therapy finally seems to blossom as a viable therapeutic approach. The growth in the number of clini-
cal protocols shown here is evident, and the positive outcomes observed in several clinical trials indi-
cate that more products based on in situ gene therapy should reach the market in the next years. 
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1. INTRODUCTION 

 According to the United States Food and Drug Admin-
istration (FDA), “human gene therapy seeks to modify or 
manipulate the expression of a gene or to alter the biological 
properties of living cells for therapeutic use” [1]. In this 
context, gene therapy can be used to treat both genetic and 
multifactorial diseases. Either way, it holds great promise 
for treatment of many diseases, with more than 600 studies 
registered on ClinicalTrials.gov and a few approved thera-
pies so far [2]. 

 Gene therapy is an approach in which modified cells 
(endogenous or exogenous) persistently produce therapeutic 
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factors in vivo after genetic manipulation [3]. Gene therapy 
approaches are grouped as in vivo or ex vivo; the first con-
sists of direct injection of the vector in the patient to target 
the endogenous cells, while the second is the modification 
of cells in vitro (from autologous or allogeneic origins) with 
subsequent transplantation to the patient. In vivo gene thera-
py has a higher risk of adverse events or immune reactions 
as the vector is injected directly into the body; plus, it relies 
on having efficient transduction of an appropriate number of 
cells so that a sufficient amount of therapeutical factor can 
be produced, a requirement that sometimes is not met [4]. In 
spite of that, it is relatively more accessible, as the gene 
therapy product can be stored frozen and administered to 
patients in a one-fits-all fashion. Contrarily, ex vivo gene 
therapy usually modifies autologous cells in vitro, requiring 
specialized facilities and at least two medicals procedures, 
one to collect the cells and another to implant them. Howev-
er, ex vivo modified cells circumvent immune responses and 
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do not have associated toxicity, which can increase the ef-
fectiveness of the therapy [2]. 

 Gene delivery to cells can be done by viral vectors, as 
adenovirus (Ad), retrovirus (RV) lentivirus (LV) or adeno-
associated virus (AAV), to name a few. These vectors are 
recombinant particles that lack the sequences for viral repli-
cation inside the host but carry the transgene of interest in 
their genome; this way, they can effectively transduce cells, 
without provoking their death. Once inside the cell, they can 
remain episomal (as Ad and AAV) or they can integrate into 
the host’s genome and express the transgene permanently 
(as RV and LV), but at a cost of possibly causing insertional 
mutagenesis, since the integration is random. Although very 
efficient for gene delivery, viral vectors can elicit an im-
portant immune response, thus they should be used with 
caution [5].  

 Alternatively, non-viral vectors have reduced transfec-
tion efficiency, but are overall safer. These are mostly com-
posed of episomal plasmid vectors or transposons contain-
ing the transgene and they strictly require a transfection 
method to enter the cell [6]. Physical methods of transfec-
tion (like electroporation and microinjection) are mostly 
used in vitro, while chemical methods have been extensively 
tested and include, among others, lipid- and polymer-based 
carriers [7]. In addition to these vectors, biomaterials have 
been used in some contexts; for example, for cartilage and 
bone repair. Collagen, fibrin, alginate and others can serve 
as scaffolds for cell growth (both endogenous and modi-
fied/transplanted) and consequent tissue repair. If coupled 
with a gene therapy vector, the biomaterial protects the vec-
tor and can even control its release, increasing the durability 
of the therapy [8]. 

 Lately, another strategy for gene therapy has been exten-
sively tested, genome editing, mostly by clustering regularly 
interspaced short palindromic repeat (CRISPR)-Cas9. In this 
approach, the genome of cells is edited to permanently pro-
duce a therapeutic factor through correction or induction of 
point mutations or inserting/deleting sequences of interest 
[9]. Independently of the vector used to deliver the CRISPR 
components, one major advantage of using this system is the 
controlled expression of the transgene, since only a limited 
number of copies (frequently only one) can be integrated per 
allele, as the editing is targeted to a sequence-specific locus 
in the genome. With other methods, each cell can receive 
innumerous episomal vectors or have many viral copies 
integrated into a single allele, making the “gene dose” hard 
to predict. 

 Regardless of the gene therapy design, the treatment can 
be either administered systemically or it can be applied to 
small, compartmentalized areas, aiming to treat specific 
cells or tissues. Examples of local administration routes and 
application sites include intra-articular (IA) [9], intra-ocular 
[10], intradermal [11], intracerebral or intrathecal (IT) [12], 
intracardiac [13, 14] intra-luminal for vessel targeting [15, 
16] injection in the inner ear [17], in ligaments [4] and in the 
periodontal area [18], thus contemplating a vast list of po-
tential targets for localized gene delivery. The administra-
tion to a specific site is called in situ gene therapy. 

 In situ gene thrapy has many advantages compared to 
systemic interventions. Firstly, it requires smaller doses of 
the product, as it remains localized in the compartment 
where it is injected, as opposed to systemic administration 
that dilutes the vector. Contained administration also reduc-
es drastically the possibility of the immune reaction (exclud-
ing the case of mRNA vaccines, which are meant to trigger 
an immune response), which increases the overall efficacy 
and reduces the possibility of adverse effects. Moreover, for 
some tissues, injecting the vector directly in the compart-
ment of interest avoids physiological barriers that it would 
have to surpass (as penetrating a dense extracellular matrix 
or getting to poorly vascularized tissues) to reach the target 
[5]. In situ injection also reduces the off-target effects and 
the toxicity of the therapy, as systemic administrations can 
lead to hepatotoxicity, depending on the vectors and doses 
used [5]. Evidently, in situ gene therapy is not applicable to 
treat multisystemic disorders at once, though it can be used 
as a complement in hard-to-treat tissues where the systemic 
therapy cannot act efficiently [19]. 
 In this review, we present applications of in situ gene 
therapy for different diseases, ranging from monogenic to 
multifactorial diseases, focusing mainly on therapies de-
signed for the intra-articular and intra-ocular compartments, 
as well as gene therapies for the central nervous system 
(CNS) and for tumors (Fig. 1). 

2. DIRECTED GENE THERAPY TO THE CENTRAL 
NERVOUS SYSTEM 

 Gene therapy for neurodegenerative disorders is a prom-
ising therapeutic alternative to currently approved pharma-
cological therapies, as it can be a single-dose and long-
lasting approach. Targeting the CNS is frequently achieved 
using AAV vectors, as several serotypes (1, 2, 4, 5, 7, 8 and 
9) have the ability to successfully transduce large areas in 
the nervous tissue [20]. They present well-known ad-
vantages, as low immunogenicity, long-lasting gene expres-
sion, and efficient and scalable production. Moreover, AAV 
vectors are capable of transducing mitotic and non-mitotic 
cells, the latter being the most affected cell type in CNS 
disorders [20]. With a few differences in transduction pat-
tern and efficiency, the majority of these serotypes trans-
duce solely neurons; while AAV serotypes 1, 5 and 9 trans-
duce both glial and neuronal cells [20, 21], serotype 4 tar-
gets mostly ependymal cells [20]. 
 Delivery of gene therapy products targeting the CNS can 
be done either by the systemic or local administration. In-
travascular (IV) administration appears as a non-invasive 
option in studies for CNS disease, with good vector distribu-
tion in the tissue when using AAV9 vector [22]. However, 
biodistribution of AAV9 is still not a consensus, as animal 
age might influence the transduction efficiency in both neu-
rons and glial cells [23-25]. Despite the brain tissue tropism, 
AAV9 as well as other AAV serotypes also have a high tro-
pism for the heart and the liver, which makes the vector 
prone to off-site delivery. Additionally, systemic admin-
istration might require higher doses to deliver enough vector 
titer to the CNS, which can result in toxicity and death [26]. 
Indeed, the incidence of hepatocellular carcinoma in mice 
after IV administration with high vector dosage was demon-
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strated [27]. Another disadvantage is the presence of neu-
tralizing antibodies that can reduce therapy efficiency, since 
the majority of the population have had previous contact 
with AAVs [26, 28]. Therefore, systemic delivery of gene 
therapy vectors still has important drawbacks and in situ 
administration in the brain constitutes an interesting alterna-
tive.  
 The use of a localized administration approach has ad-
dressed some of those drawbacks listed hereinabove. Direct 
CNS delivery of viral vectors can increase the dissemination 
in the brain tissue; plus, it may also reduce the toxicity (as 
lower doses are required) and avoid humoral response trig-
gered by systemic vector distribution [29, 30]. Direct cere-
bral delivery can be done in the brain parenchyma (intra-
parenchymal injection) or in the cerebrospinal fluid (CSF) 
by intrathecal (IT), intracerebroventricular (ICV), or in-
tracisternal injection – the choice will depend on the cell 
type and the region of interest. Compared to IV, in situ ad-
ministration has shown better outcomes in gene delivery to 
the brain [31]. 
 Intraparenchymal injection, also known as an intracrani-
al injection, is a direct administration into the brain paren-
chyma, which is the functional tissue made up of neurons 
and glial cells. This approach was the first applied to hu-
mans and, to date, it is the most commonly used in pre-
clinical and clinical studies in the field [29, 31, 32]. In small 
animals, the procedure consists of a stereotaxic surgery 
where holes are made in the crane, and vectors are delivered 
by a localized injection in certain regions – mostly cortex, 

striatum, hippocampus, thalamus, ventral tegument and cer-
ebellum [29, 33]. For large animals as non-human primates 
(NHP) and humans, guidance systems are used for increased 
accuracy [29]. In spite of being the most employed route, 
intraparenchymal injection is highly invasive and has im-
portant associated risks, as possible hemorrhages, tissue 
damage, or pathogen infections [20]. Frequently, vectors are 
poorly distributed, remaining near the site of injection [34, 
35]. To overcome this, the convection-enhanced delivery 
(CED) method has been used lately; with this method, a 
constant flow is applied to the catheter to allow the vector 
dispersion through the interstitial fluid in the brain, enhanc-
ing viral particle distribution [34, 36].  
 Despite the expected restricted distribution in the tissue, 
AAV2, AAV5 and AAV9 have shown better dissemination 
from the injection site, reaching regions as the midbrain and 
deeper cortical layers. Increased dispersion relies on their 
ability to undergo axonal anterograde or retrograde transport 
[32]. Anterograde transport occurs when viral particles are 
disseminated through axons from the site of injection after 
transducing neural cell bodies to a distal area where the ax-
on ends, transducing cells located there. On the other hand, 
retrograde transport occurs when viral particles are taken up 
by axonal terminals in the injection site and are then trans-
ported back to the neuronal cell soma, where they subse-
quently transduce the neuron [37]. 
 Among all serotypes, AAV2 was the first studied and, 
due to its specificity for neurons and clinical safety profile, 
it has been considered the gold standard for neurosurgical 

 
Fig. (1). Overview of in situ gene therapy. A) Local delivery of gene therapy products can be performed via different routes, including in-
tracerebral, intraocular, in the inner ear, in the periodontal area, intracardiac, intradermal and intra-articular administrations. B) Advantages 
of in situ gene therapy include the lower dose necessary to reach the therapeutic effect at the site and reduced side effects, including the ones 
related to immune response; disadvantages are mainly the limited application for multisystemic diseases and invasive procedures for admin-
istration. (A higher resolution / colour version of this figure is available in the electronic copy of the article). 
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gene therapy for neurodegenerative diseases. As was 
demonstrated in other studies, AAV2 presents axonal trans-
portation, by which is possible to assume that, after intra-
parenchymal injection, other regions with axonal projection 
will express the transgene [36]. In preclinical studies for 
Parkinson’s disease (PD) which mainly affects dopaminer-
gic cells of the substantia nigra (SN), AAV2 vector has 
shown a stable and long-term production of different neuro-
transmitters in the striatum and in the SN after intrathalamic 
administration [36].  
 Another similar vector, AAV5, had its brain biodistribu-
tion assessed in mice, rats and NHP [38], indicating high 
levels of transduction in the midbrain and several other dis-
tal parts. In rats, intrastriatal injection resulted in the trans-
duction of several neurons in the cortex, striatum, thalamus, 
and hippocampus. Similarly, with intrathalamic administra-
tion, the transduction was observed at cortical, striatal, tha-
lamic, hippocampal and cerebellar areas, plus the brainstem 
[38]. AAV5, as well as the AAV2, is also suited for target-
ing specific CNS sites whenever convenient. In a study on 
Canavan disease, for example, AAV5 could transduce cor-
tex, brainstem and cerebellum [38]. This vector has been 
also assessed for Huntington’s disease that affects predomi-
nantly basal ganglia and deep layers of the cerebral cortex. 
In this study, microRNAs (miRNAs) designed to block the 
production of the huntingtin protein were delivered via in-
trastriatal administration, resulting in lower huntingtin ex-
pression in both the cortex and striatum [39]. Finally, the 
distribution of AAV9 serotype in the NHP brain also 
showed axonal transport, transducing cells at axon terminals 
after a single injection into the ventral tegmental area. That 
provides support for its use in the treatment of neurological 
diseases with a substantial cortico-striatal pathology, such as 
Alzheimer’s [40]. 
 Lysosomal storage diseases (LSD) that develop brain 
impairment and rely on the cross-correction phenomenon 
are also good candidates for gene therapy. Regardless of the 
injection site, transduced cells in the treated area can pro-
duce and secrete the missing enzyme, which, in turn, can be 
captured by enzyme-deficient cells in more distal areas [29, 
41]. This was demonstrated in a preclinical study for muco-
polysaccharidosis IIIA (MPS IIIA) and for metachromatic 
leukodystrophy (MLD), using an AAVrh10 vector – a rhe-
sus macaque serotype, that also transduces neurons [42, 43]. 
Additionally, different AAV serotypes (1, 2, 5, 9, rh8) have 
been tested in other LSD mouse models. In diseases such as 
gangliosidoses (both GM1 and GM2), globoid cell leu-
kodystrophy (GCL), Niemann-Pick disease (NPD) type A, 
mucopolysaccharidoses (MPS) types I and VII, it was ob-
served biochemical and histological correction in large re-
gions of the brain, improving behavioral symptoms, motor 
function and life span [33]. 
 Not all CNS diseases are limited to brain tissue though. 
Many neurological disorders affect both brain and spinal 
cord cells; therefore, an effective treatment will require de-
livery routes capable of widespread transduction throughout 
the CNS, while also minimizing off-site delivery (Fig. 2). 
An alternative delivery approach to the CNS is CSF admin-
istration, since CSF is present in cerebral ventricles, cister-
nal spaces, and the spinal canal connecting the entire CNS 

[44]. As an advantage, this delivery method is less invasive 
than the intraparenchymal injection, though also dodging 
the blood-brain barrier (BBB)-related issues [34]. 
 IT administration is performed at the bottom of the spi-
nal cord, the lumbar region. This delivery is considered the 
least risky of all CSF delivery routes, since in humans, it can 
be accessed via lumbar puncture in a less invasive proce-
dure. This method has shown extensive spinal cord trans-
duction in animal models for amyotrophic lateral sclerosis 
(ALS) and also axonal neuropathy [29, 44]. Studies using 
the IT route were also conducted for LSDs that have broad 
CNS impairment, such as Pompe disease, where neurologic, 
neuromuscular, and cardiac functions are affected, and 
Krabbe disease, where upper motor neurons are also affect-
ed [29]. A single IT administration of either AAV9 or AA-
Vrh10 achieved a significant improvement in neurologic 
function and neuromuscular aspects of these diseases [29], 
suggesting that lumbar IT delivery does not limit biodistri-
bution to the spinal cord parenchyma.  
 The intra-cisterna magna (ICM) administration, at the 
cerebellomedullary cistern, occurs in the space between the 
cerebellum and the spinal cord. Using the ICM route, the 
vector spreads along the length of the spinal cord but often 
prevails in the brainstem and cerebellum [32]. ICM admin-
istration, though easily accessible in animal models, could 
be more problematic to translate to humans [16]. To over-
come this limitation, a new method has been developed: it 
employs an intravascular microcatheter that advances from 
the lumbar puncture site up to cisterna magna through the 
spinal canal [32, 44]. The safety and biodistribution pattern 
of this new method has been assessed in sheep, achieving 
broad distribution of AAV9 gene expression in the CNS. 
Recently, this approach was scaled to treat Tay-Sachs dis-
ease patients using an AAVrh8 vector [44]. 
 The last CSF-delivery route, ICV, refers to the delivery 
of AAV into ventricles or into large brain cavities that hold 
CSF. The largest and most common ventricles to target are 
the lateral ventricles, left and right, via stereotaxic surgery. 
This method is as invasive as intraparenchymal administra-
tion but it allows a broad distribution of the vector in the 
brain tissue and spinal cord, similarly to ICM administration 
[29]. Both routes, ICM and ICV, have been studied in neo-
nates and adult mouse models for LSD, as MPS I, II, IIIA, 
VII and MLD, and also in neuromotor diseases as spinal 
muscular atrophy (SMA). Results showed a significant cor-
rection of neurological and motor symptoms using AAV1, -
8 and -9, displaying a widespread AAV transduction across 
the cerebral tissue and the spinal cord [29]. 
 Intranasal and intramuscular delivery are additional 
strategies for CNS targeting. A non-invasive intranasal in-
stilling of AAV9 has been applied recently to treat MPS I. It 
resulted in alfa-L-iduronidase (IDUA) activity levels up to 
50-fold of normal mice in the olfactory bulb. Additionally, 
due to IDUA trafficking to the CNS via the olfactory and 
trigeminal pathway, a reduction of tissue glycosaminogly-
can accumulation in all brain tissue was observed [45]. Al-
ternatively, by injecting AAV into the muscles, motor neu-
ron diseases as amniotrofic lateral sclerosis (ALS) and spi-
nal muscular atrophy (SMA) can be treated. That is possible 
due to the axonal transport that some AAV serotypes under-



In Situ Gene Therapy Current Gene Therapy, 2021, Vol. 21, No. 4    5 

go, as previously mentioned, traveling along neural innerva-
tions in the muscles. Nevertheless, axonal transport machin-
ery may be dysfunctional in some of these diseases, ending 
in limited vector spreading in restricted areas of the spinal 
cord [29].  

2.1. Clinical Trials 

 To date, many of the preclinical studies described here-
inabove have managed to scale up to clinical trials (Table 
1). Neurodegenerative and LSD are the main groups in 
which directed brain therapy has been used.  
 A lot of effort has been addressed for PD and there are 
some promising results. The VY-AADC01 therapy 
(NCT01973543) is based on a direct delivery of AAV2 vec-
tor encoding the L-amino acid decarboxylase (AADC) pro-
tein into the striatum, which converts L-dopa into dopamine. 
In a 3-year follow-up, the procedure was well tolerated, im-
proved motor function, and enhanced response to levodopa. 
Currently, long-term responses are being evaluated 
(NCT03733496). ProSavin, developed by Oxford Biomedi-
ca, encodes two more enzymes involved in the biosynthesis 
of dopamine besides AADC and uses a lentiviral vector for 
intrastriatal delivery (NCT00627588). In a one-year follow-
up, a significant improvement of motor function was rec-
orded, and a long-term analysis is also ongoing 
(NCT01856439). Moreover, the glial cell line-derived neu-
rotrophic factor (GDNF) gene is being used in two other 
studies, both based on the intraparenchymal injection of 
AAV2 (NCT04167540, NCT01621581).  
 For Alzheimer’s Disease, an AAV2 vector was used for 
intraparenchymal gene delivery of nerve growth factor 
(NGF), a protein with protective effects on cholinergic neu-
rons (NCT00876863). The procedure was safe and well-
tolerated; however, it did not affect cognitive outcomes in 
the phase II trial and future studies are required to determine 
if the therapy was accurately targeted to the brain area 
called nucleus basalis of Meynert. Two novel approaches 

using AAV are currently recruiting participants for a phase I 
trial: Libella Gene Therapy proposes the delivery of the te-
lomerase gene (TERT) intravenously and intrathecally 
(NCT04133454), while the Weill Cornell Medicine study 
proposes intracisternal administration of apolipoprotein E2 
(APOE2) (NCT03634007). Furthermore, a phase I/II trial in 
Huntington’s Disease is also being performed, aiming at 
intrastriatal delivery of AAV5 encoding the huntingtin 
(HTT) gene (NCT04120493).  
 LSD have also a high representation in clinical trials. For 
neuronal ceroid lipofuscinoses or Batten’s Diseases, three of 
the well-described causal genes are being assessed in clini-
cal trials – Neuronal ceroid lipofuscinosis protein (CLN 2, 3 
and 6). The AT-GTX-501 treatment is based on IT delivery 
of an AAV9 vector encoding the CLN6 gene 
(NCT02725580), and AT-GTX-502 encoding the CLN3 
gene (NCT03770572). The Weill Cornell Medicine trial, on 
the other hand, used an AAV2 vector for intraparenchymal 
delivery of the CLN2 gene (NCT00151216). Preliminary 
results demonstrated a small impact on the progression of 
the disease, and a delivery system based on AAV10 is cur-
rently being evaluated (NCT01161576).  
 For mucopolysaccharidosis type IIIA, the Lysogene 
phase I/II trial (NCT01474343) showed good safety data 
and a moderate improvement of behavioral and sleep disor-
ders in the patients after the delivery of an AAV10 vector 
carrying both SGSH and sulfatase-modifying factor 1 
(SUMF1) genes. A phase II/III study using only the N-
sulfoglycosamine sulfohydrolase (SGSH) gene is currently 
ongoing (NCT03612869).  
 RegenxBio is running two trials on MPS I and II: the 
RGX-111 therapy (NCT03580083) is designed to deliver 
the IDUA gene for patients with MPS I through intracister-
nal injection of an AAV9 vector, while the RGX-121 thera-
py (NCT03566043) delivers the IDS gene for patients with 
MPS II using the same approach.  

 
Fig. (2). Overview of intracerebral delivery routes and axonal transport. A) Vectors can be introduced into the central nervous system (CNS) 
directly into the brain parenchyma or via the cerebrospinal fluid (CSF). Intramuscular and intranasal injections can also lead to the transduc-
tion of CNS cells. B) Cargos are transported along axons in the anterograde direction, from the cell body to the axonal terminal, or in the 
retrograde direction, toward the cell body. (A higher resolution / colour version of this figure is available in the electronic copy of the article). 
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Table 1. Clinical trials using intracerebral gene therapy. 

ID Phase Disease Gene Vector Administration Route Status Sponsor 

NCT01973543 I PD AADC AAV2 Intraparenchymal (striatum) Completed Neurocrine Biosciences 

NCT00627588 I/II PD AADC, 
TH, CH1 

Lentiviral Intraparenchymal (striatum) Completed Oxford BioMedica 

NCT00195143 I PD GAD AAV Intraparenchymal (subthalamic 
nucleus) 

Completed Neurologix, Inc. 

NCT00252850 I PD NTN AAV2 Intraparenchymal (putamen) Completed Ceregene 

NCT04167540 I PD GDNF AAV2 Intraparenchymal (putamen) Recruiting Brain Neurotherapy Bio 

NCT01621581 I PD GDNF AAV2 Intraparenchymal (putamen) Active, not 
recruiting 

National Institute of Neuro-
logical Disorders and 

Stroke 

NCT04127578 I/II PD GBA1 AAV9 Intracisternal Recruiting Prevail Therapeutics 

NCT03634007 I AD APOE2 AAV10 Intracisternal Recruiting Weill Medical College of 
Cornell University 

NCT00876863 II AD NGF AAV2 Intraparenchymal Completed Sangamo Therapeutics 
(Ceregene) 

NCT04133454 I AD TERT AAV Intrathecal and intravenous Recruiting Libella Gene Therapeutics 

NCT04120493 I/II HD HTT AAV5 Intraparenchymal (striatum) Recruiting UniQure Biopharma B.V. 

NCT02362438 I GAN GAN AAV9 Intrathecal Recruiting National Institute of Neuro-
logical Disorders and 

Stroke 

NCT03727555 I/II X-ALD ABCD1 Lentiviral Intraparenchymal Recruiting Shenzhen Geno-Immune 
Medical Institute 

NCT03580083 I/II MPS I IDUA AAV9 Intracisternal Recruiting Regenxbio Inc. 

NCT03566043 I/II MPS II IDS AAV9 Intracisternal Recruiting Regenxbio Inc. 

NCT01474343 I/II MPS 
IIIA 

SGSH, 
SUMF1 

AAV10 Intraprenchymal Completed LYSOGENE 

NCT03612869 II/III MPS 
IIIA 

SGSH AAV10 Intraparenchymal Active, not 
recruiting 

LYSOGENE 

NCT03300453 I/II MPS IIIB NAGLU AAV5 Intraparenchymal Completed UniQure Biopharma B.V. 

NCT00151216 I NCL CLN2 AAV2 Intraparenchymal Completed Weill Medical College of 
Cornell University 

NCT01161576 I NCL CLN2 AAV10 Intraparenchymal Active, not 
recruiting 

Weill Medical College of 
Cornell University 

NCT03770572 I/II NCL CLN3 AAV9 Intrathecal Active, not 
recruiting 

Amicus Therapeutics 

NCT02725580 I/II NCL CLN6 AAV9 Intrathecal Active, not 
recruiting 

Amicus Therapeutics 

NCT03725670 I/II MLD ARSA Lentiviral - Recruiting Shenzhen Geno-Immune 
Medical Institute 

NCT04273269 I/II GM1  GLB1 AAV10 Intracisternal Not yet 
recruiting 

LYSOGENE 

Abbreviations: AAV,adeno-associated vírus; PD, Parkinson’s Disease; AD, Alzheimer’s Disease; HD, Huntington Disease; X-ALD, X-linked Adrenoleukodystrophy; GAN, Giant 
Axonal Neuropathy; MPS, Mucopolysaccharidosis, MLD, Metachromatic Leukodystrophy; NCL, Neuronal Ceroid Lipofuscinosis (also known as Batten Disease); AADC, aromatic 
L-amino acid decarboxylase; TH, tyrosine hydroxylase; CH1, GTP-cyclohydrolase-1; GAD, glutamic acid decarboxylase; NTN, neurturin; GDNF, glial derived neurotrophic fator; 
GBA, glucocerebrosidase; APOE2, apolipoprotein; NGF, nerve growth fator; TERT, telomerase reverse transcriptase; HTT, huntingtin; GAN, gigaxonin; ABCD1, peroxisomal ATP-
binding cassette transporter; IDUA, alpha-L-iduronidase; IDS = iduronate 2-sulfatase; SGSH, N-sulfoglycosamine sulfohydrolase; SUMF1, sulfatase-modifying factor 1; NAGLU, 
N-acetyl-alpha-glucosaminidase; CLN, neuronal ceroid lipofuscinosis protein; ARSA, arylsulfatase A; GLB1, beta-galactosidase. 
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3. INTRAOCULAR GENE THERAPY 

 Monogenic disorders, mostly inherited retinal diseases 
(IRD), are one of the most common causes of untreatable 
sight loss, while age-related macular degeneration (AMD) 
may cause untreatable blindness overall. The identification 
of genetic factors in eye diseases provides an array of poten-
tial targets for gene replacement, knockdown, and editing 
therapies [46]. 

3.1. Site of Action 

 The ocular route is often the first where new technolo-
gies are tested, since the eye is a relatively isolated and im-
munologically privileged organ. In this sense, drugs based 
on gene therapy were first approved for the ocular route, 
such as the antisense oligonucleotide Vitravene® [47], the 
aptamer Macugen® [48], and Luxturna® [49]. 
 Taken as a whole, the eye is a structure with low perme-
ability, having a hemato-ocular barrier system, which pre-
vents the passage of blood substances and cells to the tissues 
[50]. This system is formed by two main barriers: the blood-
aqueous barrier (BAB) and the blood–retinal barrier (BRB). 
The BAB is situated in the anterior part of the eye and is 
formed by endothelial cells of the blood vessels within the 
iris and the non-pigmented cell layer of the ciliary epitheli-
um. The BRB is situated in the posterior part of the eye and 
is composed of the retinal capillary endothelial (RCE) cells 
and retinal pigment epithelial (RPE) cells which form the 
inner and outer BRB, respectively [51]. It has a protective 
function, with a biochemical structure and mechanisms to 
ensure its impermeability. On the other hand, it also hinders 
the passage of molecules of interest [52]. Fig. 3 illustrates 
the structure of the eye, detailing the cornea and some of the 
most common routes used in ocular gene therapy.  
 

 
Fig. (3). Schematic representation of intraocular/ intravitreal injec-
tion and topical administration. 

 Ocular gene delivery may be accomplished through a 
series of administration routes, including topical drops (for 
surface corneal epithelium), subconjunctival, intracameral, 
intravitreal, suprachoroidal injection, or subretinal delivery. 
In practice, the particular disease, the exact target cell and 
the vector delivery system dictate the route of administra-
tion. Gene delivery for topical drops is limited to cells lining 
the anterior segment. This approach can be used to treat 
corneal diseases [53]. Intravitreal injection and subretinal 
delivery are the most common routes used for viral-based 

gene therapy for retinal diseases. Intravitreal injection is an 
established and quite safe route of administration where the 
vector is injected directly into the vitreous humor [54]. In-
travitreal injection of viral vectors is the preferred route for 
targeting the retina, although there are anatomic barriers that 
prevent diffusion of viruses, especially the inner limiting 
membrane [55, 56]. A strategy to enhance the transduction 
of AAV is the design of second and third-generation AAV 
vectors [57]. Numerous national boards have defined guide-
lines on how to perform safe intravitreal injections in an 
operating room or in an examining office under sterile con-
ditions [58]. 
 Over the past 4 decades, several vector systems have 
been employed for gene therapy, including both nonviral 
strategies like liposomes, nanoemulsions, and nanoparticles, 
and modified viral vectors, mostly lentivirus, adenovirus, 
and adeno-associated viruses [54]. 
 Regarding nonviral gene therapy, nanotechnology-based 
nonviral carriers have gained attention due to their ability to 
overcome the limitations inherent to both gene therapy and 
the administration of drugs to the eye. Naturally, the effec-
tiveness of a system depends on its characteristics, but 
mainly on the biomaterials used. In this sense, a series of 
systems, both lipid (liposomes, nanoemulsions, nanostruc-
tured lipid carriers) and polymeric (nanoparticles, nanocap-
sules, dendrimers) have been proposed [50]. The biomateri-
als include phospholipids, cholesterol, cationic lipids, oils, 
surfactants, solid lipids, and pegylated lipids, while poly-
mers may include poly (acrylic acid) derivatives (poly-
alquilcyanocrylates), albumin, poly-ε-caprolactone, chi-
tosan, protamine, polyethyleneimine, polyamidoamine, cati-
onized proteins, and hyaluronic acid [59, 60]. 

3.2. Applications 

 Retinal gene therapy has advanced considerably in the 
last years. Efforts have been devoted to optimize the trans-
duction abilities of gene delivery vectors, to define the in-
traocular administration route and to obtain efficacy in ani-
mal models of IRD. Successful translation in clinical trials 
of the initial promising proof-of-concept studies led to the 
important milestone of the first approved product for retinal 
gene therapy in both US and Europe [10], and that is why 
research and publications on the subject are so important. In 
this sense, some of the latest publications on ocular gene 
therapy are listed in Table 2. 

3.3. Clinical Trials and Approved Drugs 

 Currently, there are more than 60 clinical studies (clini-
caltrials.gov) [10] involving gene therapy for retinal diseas-
es, such as Achromatopsia, Choroideremia, Leber congeni-
tal amaurosis (LCA), Leber’s hereditary optic neuropathy, 
Neovascular/age-related macular degeneration, Retinitis 
pigmentosa, Stargardt disease, Usher syndrome, X-linked 
retinitis pigmentosa, and X-linked retinoschisis. 
 The most successful ocular gene therapy to date is the 
subretinal administration of AAV for the treatment of LCA 
type 2 (LCA2). LCA2 is caused by mutations in Retinal 
pigment epithelium-specific 65 (RPE65), which encodes an 
essential enzyme of the visual cycle. The treatment restored
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Table 2. Recent approaches on ocular gene therapy. 

Disease Therapy Vector Model Outcome Refs. 

Retinal degeneration Electrotransfection of pEYS611, 
a plasmid encoding human trans-

ferrin, into the ciliary muscle 
evaluated in several rat models of 

retinal degeneration 

Electrotransfection 
of the pEYS611 

plasmid 

Rat and rabbit models of 
retinal degeneration 

Protected both retinal 
structure and function, 

reduced microglial infiltra-
tion in the outer retina and 
preserved the integrity of 
the outer retinal barrier. 

[61] 

Retinal ganglion cell 
loss after optic nerve 

injury or laser-
induced ocular hy-

pertension 

Intravitreal delivery of brain-
derived neurotrophic factor 

(BDNF) by injection of gene 
therapy 

AAV adeno-
associated virus 
(AAV) 2-BDNF 

Rat microbead trabecular 
occlusion model of glau-

coma 

In models of glaucoma, 
BDNF therapy can delay 
or halt Retinal ganglion 
cell (RGC) loss, but this 
protection is time-limited 

[62] 

Retinal ganglion cell 
(RGC) loss after 

optic nerve injury or 
laser-induced ocular 

hypertension 

Intravitreal delivery of brain-
derived neurotrophic factor 

(Bdnf) and Bdnf receptor (TrkB) 
genes  

AAV2 TrkB-2A-
mBDNF 

Mouse model of optic 
nerve injury and rat mod-
el of chronic intraocular 
pressure (IOP) elevation 

Neuroprotective efficacy 
of AAV2 TrkB-2A-

mBDNF in optic nerve 
injury. Neuroprotection of 
RGCs and axons in the rat 

model. 

[63] 

Wet age-related 
macular degenera-

tion (AMD) 

Single-injection of recombinant 
adeno-associated virus (rAAV)-
based gene therapy treatment to 

prevent choroidal neovasculariza-
tion formation 

rAAV-based gene 
therapy 

Mouse model of wet 
AMD 

Incorporating riboswitch 
elements into the rAAV 

expression cassette allows 
protein expression levels 
to be modulated in vivo 

through oral supplementa-
tion of an activating ligand 

(e.g. tetracycline). 

[64] 

Leber congenital 
amaurosis 

(LCA) caused by 
Mutations in the 
Retinal pigment 

epithelium-specific 65 
(RPE65) gene 

Subretinal delivery of AAV5-
IRBP/GNAT2-hDIO3 to investi-
gate the effects of overexpression 

of DIO3 (iodothyronine de-
iodinases) to suppress TH (thy-

roid hormone) signaling and 
thereby modulate cone 

death/survival. 

AAV5-
IRBP/GNAT2-

hDIO3 

LCA model Rpe65 -/- 
/Nrl -/- mice 

Subretinal delivery of 
AAV5-IRBP/GNAT2-
hDIO3 induced robust 

expression of DIO3 in the 
mouse retina and signifi-

cantly reduced the number 
of TUNEL-positive cells.   

[65] 

Age‐related macular 
degeneration (AMD) 

Anti‐ Vascular endothelial 
growth factor (Vegf) short hairpin 

RNAs (shRNA), and based on 
the most potent shRNAs, mi-
croRNA (miRNA)‐mimicked 

hairpins expressed from vectors 
based on adeno‐associated virus 

(AAV) or lentivirus (LV) 

AAV‐encoded inter-
fering RNA (iRNA) 

Laser-induced choroidal 
neovascularization 

(CNV) mouse model and 
cells 

Results show co‐
expression of functional 

anti‐VEGF‐miRNAs in cell 
studies, and in vivo studies 
reveal an efficient retinal 

pigment epithelium (RPE)‐
specific gene expression. 

[66] 

Glaucoma AAV-mediated gene delivery of 
sFasL (Fas Ligand) to the retina  

AAV2.sFasL Mouse models of glau-
coma, the spontaneous 

genetic-based D2 
(DBA/2J) mouse model 

and the microbead-
induced mouse model 

Data reveal the pleotropic 
effects of sFasL on glial 
activation, inflammation, 

and apoptosis of RGCs and 
show that AAV2.sFasL 

can provide complete and 
sustained neuroprotection 
of RGCs in both mouse 

models of glaucoma 

[67] 

 
vision in a large dog model of LCA2 and then clinical trials 
in patients were initiated [68-70]. All trials showed that 

AAV-mediated gene therapy was safe and effective [71]. 
Spark Therapeutics launched an advanced phase III clinical 
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trial, in which bilateral subretinal administrations of AAV2-
RPE65 in LCA2 patients confirmed the safety and efficacy 
of the therapy [71], and provided market authorization 
granted initially by the Food and Drug Administration [72]. 
 After years of extensive preclinical investigation, re-
search on intraocular gene therapy has entered a very pro-
ductive translational phase. Innovations on gene therapy 
platforms have been introduced allowing the effective deliv-
ery of large genes or to edit deleterious mutations, which 
may enable the identification of treatment options for many 
blinding diseases. 

4. INTRA-ARTICULAR GENE THERAPY 

 IA gene therapy has the potential to treat diseases affect-
ing the joint, such as osteoarthritis (OA) and rheumatoid 
arthritis (RA) [73]. Besides, it can be used to treat or prevent 
alterations that arise after joint and/or cartilage damage, 
such as post-traumatic osteoarthritis (PTOA) [74, 75] or 
limited range of motion (ROM) [76]. Also, it can be applied 
to treat hemophilic arthropathy (HA) [77-79] or even joint 
alterations present in multisystem diseases such as Muco-
polysaccharidoses (MPS) [19].  
 Joint diseases have multiple etiologies, including me-
chanical, biochemical, and genetic factors. Therefore, genes 
to be target by gene therapy can vary depending on the 
pathophysiology of the disease. Targets used include anti 
and pro-inflammatory cytokines, matrix-degrading en-
zymes, membrane repair proteins, transcription factors, and 
even non-coding RNA molecules (Table 3).  
 The IA gene delivery in animals occurs by injection in 
the knee through the infrapatellar ligament, in the ankles 
through the proximal interphalangeal joint, or in the paws 
through the proximal metacarpophalangeal/carpal/interpha- 
langeal joints, because these regions are affected by joint 
diseases in humans. Thus, IA gene therapy is usually offered 
directly in the synovial fluid for fibroblast-like synoviocytes 
(FLS), macrophages and chondrocytes, osteocytes and joint 
structures such as tendons and ligaments [8].  
 A relevant question for clinical translation is the biodis-
tribution of therapeutic agents in the intra-articular space. 
Although the joints are isolated spaces, there is a concern 
about vector leakage and adverse effects in non-target or-
gans. A substantial literature has demonstrated a favorable 
safety profile, indicating that the transduction occurs in situ 
without systemic effect. As an example, a study used an IA 
self-complementary adeno-associated (scAAV) vector con-
taining the interleukin-1 receptor antagonist (Il1a) gene to 
assess the local and systemic distribution of vector in 
healthy and OA (late-stage, naturally occurring) horses. In 
both groups, 99.7% of the vector was located in situ, and a 
consistent treatment effect was observed [95]. Another 
study applied a single IA injection of a cationic nanoemul-
sion complexed with a plasmid encoding the IDUA protein 
in MPS I mice. The treatment resulted in increased enzyme 
activity and gene expression in synovial fluid cells and 
joints without significant activity in the kidney, liver, lung, 
and spleen [19]. Additionally, IA studies that performed 
gene silencing with small-interfering RNA (siRNA) con-
firmed that the alteration in gene expression occurs only in 

the joint, without altering expression in blood and other or-
gans [85, 90]. A pre-clinical study evaluated the biodistribu-
tion, safety, and initial efficacy of a recombinant adeno-
associated vector of type 5 (rAAV5) expressing the human 
interferon B (IFNB) in rhesus monkeys with arthritis in-
duced by collagen. No adverse events were observed after 
the evaluation of all organs. The IFNB expression and the 
highest number of copies of the vector were observed in the 
synovial tissue of the joint and in the adjacent lymph node 
[80]. Another study that used the same vector, tested differ-
ent doses in Wistar rats with mono-iodoacetate-induced OA 
(MIA). The results were consistent with previous work cited 
in monkeys. In the group with higher doses, limited leakage 
of the vector to the circulation of the animals occurred, but 
after 7 days, no quantifiable vector was found in the blood. 
No local or systemic toxicity has been described [93].  
 IA gene therapy can be performed ex vivo or in vivo 
(Fig. 4), nevertheless, the benefit-risk relationship of each 
approach should be considered for clinical translation. In 
general, joint diseases are not lethal, hence, there are some 
restrictions on the types of vectors that are used in vivo. To 
date, gene delivery was performed by lentiviral and adeno-
viral vectors only to study the importance of target genes in 
synovial joint physiology and the therapeutic effects of 
knocking down these genes [82, 83, 86, 91]. The use of ade-
novirus recombinant vectors type 5 (HAdV5) associated 
with baculovirus or helper-dependent adenoviruses is also 
very limited [84, 102]. 
 The AAV vectors have emerged as the most used viral 
vector for IA applications due to their safety profile and 
improvements in vector design and manufacturing [79, 101] 
The rAAV vectors with AAV2 or AAV5 capsid have been 
shown to efficiently transduce synovial tissue in the joints of 
mice, rats and dogs [103]. The self-complementary AAV 
(scAAV), a modified AAV that bypasses the required se-
cond-strand DNA synthesis to achieve transcription of the 
transgene, has been used to achieve sustained protein drug 
delivery to joints of human proportions [75, 94]. However, a 
study detected limited neutralizing antibody (Nab) against 
AAV capsids in serum and synovial fluid samples from vec-
tor-treated dogs [103] and also in rhesus monkeys with col-
lagen-induced arthritis [80]. Furthermore, some monkeys 
that received the highest dose developed a rAAV5-specific 
T-cell response. Considering that although the viral gene 
delivery is more efficient, these findings threaten its clinical 
application, and studies to investigate the immune response 
to viral vectors are being conducted to this day [87]. 
 Alternatively, a variety of non-viral vectors have been 
used. Although not considered gene therapy products, nucle-
ic acids such as siRNA were delivered by polycationic na-
noparticles covalently conjugated [90], by a hydrogel-based 
in sericin (SC), by lipid-polymer hybrid nanoparticles 
(LPNs) and stable nucleic acid-lipid particles (SNALPs) 
[87]. Also, mRNA was delivered using nanomicelles [92]. 
Besides that, the injection of naked miRNAs [104] was per-
formed, and results suggested that the duration of the siRNA 
effect lasts for at least 1 week [96]. Naked Ribbon-type de-
coy oligonucleotides (ODNs) were utilized to modulate 
transcriptional regulation of a target gene [76] and ultra-
sound-targeted microbubble destruction (UTMD) technique
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Table 3. Target genes used in different intra-articular gene therapy approaches. 

Application Target Gene Refs. 

Arthritis interferon beta (IFNB) [80] 

  transforming growth factor beta (Tgfb1) and SMAD family member 7 (Smad7) [81] 

 
tryptases  [82] 

 
calcium release-activated calcium channel protein 1 (Cracm1) [83] 

 
pro-apoptotic gene (Puma) [84] 

RA proto-oncogene, nf-kb subunit (Rela) [85] 

 
transforming growth factor β-activated kinase-1 (Tak1) [86] 

  proinflammatory cytokine tumor necrosis factor (Tnf)  [87] 

 
tumor necrosis factor alpha (Tnfa) [88] 

 
insulin like growth factor 1 (IGF1) [89] 

 
hypoxia-inducible factor-2 alpha (HIF2A) [90] 

 
vascular endothelial growth factor a (VEGFA) [91] 

 
runt-related transcription factor (RUNX1) [92] 

OA Interleukin 1alpha (Il1a) [93-95] 

 Mmp13 [96] 

 tnf receptor-associated factor 3 (Traf3) [97] 

 transcription factor sox-9 (Sox9) [98] 

 IL10 [99] 

  Il4 [100] 

OA and PTOA  matrix metalloproteinase 13 (MMP13), interleukin-1beta (IL1B) and nerve growth factor (NGF).  [101] 

PTOA and ROM hypoxia-inducible factor-1 (Hif1) [76] 

PTOA IL10 [75] 

  Il 1 and promoting chondroprotection using lubricin (Prg4) [102] 

HA interleukin-4 (IL4) and interleukin-10 (IL10) [77] 

  coagulation factor VIII (F8) [78, 79] 

MPS alfa-L-iduronidase (IDUA) [19] 

RA, rheumatoid arthritis; OA, osteoarthritis; PTOA, post-traumatic osteoarthritis; ROM; limited range of motion; HA, hemophilic arthropathy; MPS, mucopolysaccharidoses. 

was used to improve in vivo transfection efficiency of a re-
porter plasmid [105]. In addition, plasmid DNA was deliv-
ered by D-mannose [99] and cationic nanoemulsions [19].  
 Presently, combining the advantages of viral vectors and 
biomaterials, an injectable and thermosensitive hydrogel 
based on poloxamers, capable of controlled release of a 
therapeutic rAAV vector overexpressing a transcription fac-
tor was used. This protocol allows a controlled and mini-
mally invasive delivery of gene vectors in a spatially precise 
manner, reducing the intra-articular spread of the vector and 
possible loss of therapeutic gene product [98]. 
 Mesenchymal stem cells (MSCs) have been genetically 
modified ex vivo using lentiviral vectors and have been ap-
plied for OA therapy because they can secrete chondropro-
tective and anti-inflammatory factors [88, 106]. In a preclin-

ical study, bone-marrow-derived MSCs were used for he-
mophilic arthropathy in non-human primates [78].  
 The latest publications have shown that IA gene editing 
using the CRISPR/Cas9 tool can be used to silence different 
genes and has the potential to discover new disease targets 
[101] (Table 4). Furthermore, although various viral vectors 
have been investigated and improved, AAV caused the 
greatest interest in musculoskeletal research due to their 
ability to transduce the cells located in regions with thick 
extracellular matrix (ECM), plus the other characteristics 
already mentioned [100]. Another tendency is the use of 
combined approaches. A recent study used a liposome to 
overexpress Il4 in MSCs assembled in spheroids to treat 
OA. The results showed chondroprotective, and anti-
inflammatory effects, relieving pain after intra-articular im-
plantation in OA rats [100]. 
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Fig. (4). Schematic representation of intra-articular gene therapy administration. The intra-articular gene therapy approach can be performed 
in vivo or ex vivo using viral and non-viral vectors. (A higher resolution / colour version of this figure is available in the electronic copy of the 
article). 
 
Table 4. Latest studies published on intra-articular gene therapy. 

Application Summary of Therapy Vector Model Main Results Reference 

Chondral 
defect 

Injection of a thermosensitive biomaterial‐
guided delivery of recombinant adeno-associated 

virus (rAAV) vector to produce transcription 
factor SOX-9 (Sox9). 

rAAV Minipig Improvement in cartilage repair and pro-
tection of the subchondral bone. 

[98] 

OA Injection of a plasmid to overexpress interleukin 
10 (Il10). 

Plasmid Dogs with 
naturally 
occurring 

OA 

Reduced pain without toxicologic effects. [99] 

OA Intra-Articular adeno‐associated virus (AAV), 
AAV5-Il-10 administration. 

AAV Healthy 
horses 

Rapid transduction and sustained expres-
sion of the transgene without inflammato-

ry response. 

[75] 

OA Ex vivo:  interleukin-4 (Il4)-transfected Mesen-
chymal stem cells (MSCs) in spheroids (Il-4 

MSC spheroid). 

Lipo-
some 

OA rats Better cartilage protection and pain relief 
compared to naïve MSCs. 

[100] 

OA and 
PTOA 

CRISPR / Cas9 gene-mediated knockout of 
nerve growth factor (Ngf), matrix metallopro-

teinase-13 (Mmp13) or interleukin 1 beta (Il1b). 

AAV OA mouse 
model 

Ablation of Ngf alleviates OA pain, and 
deletion of Mmp13-Il1b or Il1b attenuates 

structural damage. Multiplex ablation 
have synergistic effect. 

[101] 

PTOA Combinatorial gene therapy approach to overex-
press promoting chondroprotection using lubri-
cin (Prg4) and interleukin-1 receptor antagonist 

(Il1Ra). 

HDVs PTOA 
animal 
models 

Better effect than either monotherapy. [102] 

PTOA IA injection of an adenovirus to silence TNF 
receptor-associated factor 3 (Traf3). 

adeno-
viruses 

IL17a-/- and 
TRAF3 

transgenic 
mice 

(T3TG) 

Silencing Traf3 through adenoviruses 
worsened cartilage degradation. 

[97] 

HA Intravenous (IV) or intraarticular (IA) injection 
of AAV- recombinant human factor VIII 

(rhFVIII). 

AAV FVIII‐/‐ 
mice 

IA rhFVIII provided better protection 
from synovitis compared with IV rhFVIII. 

[79] 

Abbreviations: HA, hemophilic arthropathy; HDV- helper-dependent adenovirus; OA, osteoarthritis; PTOA, post-traumatic osteoarthritis; RA, rheumatoid arthritis. 
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4.1. Clinical Trials 

 As of November 2020, there are 12 clinical studies 
(clinictrials.gov) (Table 5) involving IA gene therapy. How-
ever, no IA gene therapy product has been approved so far. 
Among the most advanced studies, the TissueGene-C (TG-
C) protocol evaluates INVOSSA™, a product composed of 
allogeneic (donor) cells combined with a cell line trans-
duced to overexpress the therapeutic growth factor 
(TGFB1), to treat OA. The phase I clinical trial evidenced 
that treatment offered sustained improvement in pain and 
function for more than 1 year with a single injection [107]. 
The phase II study showed that an injection improved pain 
and function for up to 24 months [108]. However, the sam-
ple size was not sufficiently large to be conclusive. Current-
ly, clinical phase III is being performed for the United States 
[109]. 

 Also, another clinical phase I study is currently recruit-
ing patients to evaluate the safety and tolerability of FX201. 
It uses a helper-dependent adenovirus vector based on hu-
man serotype 5, designed to transfer the gene to produce an 
anti-inflammatory protein, interleukin-1 receptor antagonist 
(IL1RN), under the control of a promoter sensitive to in-
flammation (NCT04119687).  

 Moreover, another phase I study is currently ongoing, to 
assess the safety and tolerability of a single intra-articular 
administration of ART-I02 (AAV5.NF-kB.IFN-β), a recom-
binant adeno-associated virus type 5 vector in subjects with 
RA and active arthritis of a wrist. The primary outcomes are 
assessment of serious adverse events (vector DNA in whole 
peripheral blood, urine, feces, saliva, semen, an important 
humoral immune response against AAV and IFNB1 
(NCT03445715). 

5. IN SITU ANTI-CANCER GENE THERAPY 

 Cancer refers to a set of distinct diseases that share simi-
lar fundamental properties [110], and is the second cause of 
death globally [111]. Cancer cells evolve with the accumu-
lation of genetic and epigenetic alterations. Along this evo-
lution, several subpopulations of tumor cells are selected 
according to the largest number of descendants generated 
and the greatest adaptability to the stress commonly present 
in the tumor microenvironment [112, 113]. Due to these 
characteristics, advances in the diagnosis and treatment of 
several types of cancer are still limited, resulting in poor or 
no improvement in patients' prognosis [114].  

 The post-genome era and technical advances have made 
it possible to improve the understanding of tumor biology, 
allowing the development of new strategies of therapy [110, 
115, 116]. Along with surgery and radiotherapy, systemic 
chemotherapies are the main treatment strategy for cancer. 
However, the understanding of tumor microenvironment 
and advances in biotechnology have allowed in situ gene 
therapy, which has demonstrated various advantages con-
sidering both efficacy and safety [117]. The main strategies 
of intratumoral gene therapy consist of the introduction of 
exogenous nucleic acids, such as genes, gene segments, oli-
gonucleotides, miRNAs or siRNAs into cancer cells, aiming 
to: (a) edit one or multiple genes, (b) affect endogenous 

gene expression or (c) interfere with the expression of exog-
enous protein [118-121]. In addition to this, advanced tech-
niques of DNA editing such as zinc finger nucleases 
(ZFNs), transcription activator-like effector nucleases 
(TALENs), and the CRISPR/Cas RNA-guided endonuclease 
system [122-124] have shown to be powerful strategies to 
treat cancer [125]. In general, the strategies of administra-
tion involve the direct injection of exogenous genetic mate-
rial [126], which can be guided by imaging [127] or electro-
poration [128].  

 Table 6 summarizes the most important studies related to 
intratumoral gene therapy. As shown, the most prevalent 
vectors used for gene delivery are replication-deficient Ade-
noviral (ADd) vectors. In general, ADs have been exten-
sively used as gene delivery tools for cancer gene therapy 
(20). They are double-stranded, non-enveloped DNA virus-
es that infect quiescent and dividing cells. ADs also have a 
large cloning capacity and do not integrate with the host 
genome. Besides, the use of therapy based on Herpes Sim-
plex Virus-1 Thymidine Kinase (HSV-TK) has been the 
most evaluated method, as detailed below. Considering can-
cer types, prostate cancer has been the most studied neo-
plasia both in pre-clinical (Table 6) and clinical trials (Table 
7). Among other tumor types, studies with frequent and/or 
aggressive human cancers like glioma, breast cancer, liver 
cancer and pancreatic cancer stand out. The next paragraphs 
discuss the most promising strategies for in situ gene thera-
py in cancer. 

5.1. Strategies for Intratumoral Gene Therapy 

 Mechanisms underlying the effect of in situ gene therapy 
in cancer cells include triggering cell death, evoking the 
repair of DNA or sensitizing cancer cells to other therapies. 
Indeed, in situ gene therapy could also be used in combina-
tion with classic anti-cancer therapies like irradiation and 
chemotherapy, or with immunotherapy. This could lead to a 
synergistic increase in antitumor effects and decreased sys-
temic toxicity [129-132].  

 Depending on the targeted gene/pathway, intratumoral 
gene therapy may trigger the death of cancer cells (e.g. sui-
cide gene), impair cell growth or reactivate the anti-cancer 
immune response (e.g. gene silencing or the modulation of 
gene expression). According to this, three main strategies 
have been used in in situ gene therapy:  

5.1.1. Suicide Gene 

 Through this, the products of transgenes’ expression can 
trigger the death of cancer cells. The first application of sui-
cide gene therapy was published in the early 1980s and was 
performed through the insertion of the Herpes Simplex Vi-
rus-1 Thymidine Kinase (HSV-TK) gene into murine 
BALB/c cell lines. The transformation of lymphocytes into 
lymphoblast cells was achieved through the infection with 
Epstein-Barr virus. Tumorigenesis inhibition was observed 
after the treatment with Ganciclovir (GCV), which was me-
tabolized by cells infected with the HSV-TK, resulting in 
the formation of toxic metabolites that interrupted DNA 
replication and triggered cell death [133]. More recently, a 
pre-clinical study with rat orthotopic liver tumors has also
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Table 5. Clinical trials using intra-articular gene therapy as of November 2020. 

NCT Number Title Status Conditions Interventions Phase Sponsor/  
Collaborators 

NCT00126724 Study of Intra-articular Delivery 
of tgAAC94 in Inflammatory 

Arthritis Subjects 

Completed Arthritis, 
Rheumatoid 

Arthritis, 
Psoriatic 

Ankylosing 
Spondylitis 

Genetic: 
tgAAC94 gene 
therapy vector 

Genetic: 
tgAAC94 pla-

cebo 

Phase: 
Phase 1 
Phase 2 

Targeted Genetics 
Corporation 

NCT00617032 Phase 1 Dose Escalation Study of 
Intra-Articular Administration of 

tgAAC94 

Completed Rheumatoid 
Arthritis 

Genetic: 
tgAAC94 gene 
therapy vector 

Genetic: 
tgAAC94 pla-

cebo 

Phase: 
Phase 1 

Targeted Genetics 
Corporation 

NCT02341378 Efficacy and Safety Study of 
TissueGene-C to Degenerative 

Arthritis 

Completed Degenerative 
Arthritis 

Biological: 
TissueGene-C 

(Low dose) 
Biological: 

TissueGene-C 
(High dose) 

Phase: 
Phase 2 

Kolon Life Science 

NCT02341391 Safety and Biological Efficacy 
Study of TisssueGene-C to De-

generative Arthritis 

Completed Degenerative 
Arthritis 

Biological: 
TissueGene-C 

(Low dose) 
Biological: 

TissueGene-C 
(Medium dose) 

Biological: 
TissueGene-C 
(High dose) 

Phase: 
Phase 1 

Kolon Life Science 

NCT00599248 Safety Study of TissueGene-C in 
Degenerative Joint Disease of the 

Knee 

Completed Osteoarthri-
tis, Knee 

Biological: 
TissueGene-C 

Biological: 
Placebo 

Phase: 
Phase 1 

Kolon TissueGene, 
Inc. 

NCT02727764 A Single Dose Clinical Trial to 
Study the Safety of ART-I02 in 

Patients With Arthritis 

Active, not recruit-
ing 

Arthritis, 
Rheumatoid 
Osteo Arthri-

tis 

Genetic: ART-
I02 

Phase: 
Phase 1 

Arthrogen 
Centre for Human 

Drug Research 
(CHDR) 

NCT04119687 Study to Evaluate the Safety and 
Tolerability of FX201 in Patients 
with Osteoarthritis of the Knee 

Recruiting Osteoarthri-
tis, Knee 

Biological: 
FX201 

Phase: 
Phase 1 

Flexion Therapeutics, 
Inc. 

NCT02072070 Efficacy and Safety Study of 
TissueGene-C to Degenerative 

Arthritis 

Completed Degenerative 
Arthritis 

Biological: 
TissueGene-C 
Drug: Placebo 

Phase: 
Phase 3 

Kolon Life Science 

NCT03383471 The Efficacy and Safety of In-
vossa K Injection in Patients 

Diagnosed With Knee Osteoar-
thritis 

Unknown status Osteoarthritis Biological: 
Invossa K Inj. 
Drug: Placebo 

Phase: 
Phase 3 

Kolon Life Science 

NCT01671072 Efficacy and Safety Study of 
TissueGene-C to Degenerative 

Arthritis 

Completed Degenerative 
Arthritis 

Biological: 
TissueGene-C 
Drug: Normal 

Saline 

Phase: 
Phase 2 

Kolon Life Science 

NCT01782885 Comparison of Acetaminophen 
and PRP Therapy for Knee OA 

Completed Knee Osteo-
arthritis 

Procedure: 
Intra-articular 

injection of PRP 
Drug: Aceta-

minophen 

Phase: 
Not Ap-
plicable 

Hospital Universitario 
Dr. Jose E. Gonzalez 

NCT03445715 ART-I02 in Patients With Rheu-
matoid Arthritis With Inflamed 

Wrists 

Unknown status Rheumatoid 
Arthritis 

Genetic: ART-
I02 

Phase: 
Phase 1 

Arthrogen 
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Table 6. Literature review of pivotal studies related to in situ gene therapy found in Pubmed. 

Refs. Year Article 
Type 

Model Method Vector Target Cancer 
Type 

Chen et 
al 

1994 Research 
articles 

Nude 
mouse 

Intra-
tumoral 
injection 

Adenovirus: ADV/HSV-tk The GCV-TK gene selectively induce apoptosis Glioma 

Yang et 
al 

1996 Research 
article 

Nude 
mouse 

Intra-
tumoral 
injection 

Retroviral: GlTkSvNa.7 The GCV-TK gene selectively induce apoptosis Pancreatic  

Hull et 
al 

2000 Research 
articles 

Mouse 
Intra-

tumoral 
injection 

Adenovirus: AdmIL-12 Administration of cytokines systemically Prostate  

Qin et al 2001 Research 
article 

Mouse 
Intra-

tumoral 
injection 

Vaccinia virus: RVV-IL-2 
Induce strong nonspecific immunity and secre-

tion of cytokines for the clonal expansion of 
precursor T cells. 

Head and 
neck 

Ma et al 2002 Research 
articles 

Rat 
Intra-

tumoral 
injection 

AAV: AAV-angiostatin Cyclin-D1 expression Head and 
neck 

Hillman 
et al 

2003 Research 
articles 

Mouse 
Intra-

tumoral 
injection 

pcDNA: pCIITA, pIFN-�, 
Ad-Ii-RGC: pIi-RGC 

Upregulation of MHC class I1/class II1/Ii2 
phenotype, cancer vaccine 

Prostate  

Satoh et 
al 

2003 Research 
article 

Mouse 
Intra-

tumoral 
injection 

Adenovirus: ADmRTVP-1 TP53  Prostate  

Subra-
maniam 

et al 
2007 Research 

articles 
Mouse 

Intra-
tumoral 
injection 

Non-Viral Vector: pSilenc-
er 4.1 -CMV 

CD44 siRNA Colon 

Baliaka 
et al 

2013 Research 
articles 

Mouse 
Intra-

tumoral 
injection 

Non-Viral Vector: 
pSicop53 

Regulation of p21 and CDK4/ 
Cyclin-D1 expression 

NSCLC 

Luo et al 2016 Research 
articles 

Nude 
mouse 

Intra-
tumoral 
injection 

Lentivirus: HSV-TK/GFP, 
PHSP-TK 

The GCV-TK gene selectively induce apoptosis Breast  

Shi et al 2016 Research 
articles 

Nude rat 
Intra-

tumoral 
injection 

Lentivirus: HSV-TK/GCV Ganciclovir, tumor suicide gene therapy ESCC 

Ariyoshi 
et al 

2016 Research 
article 

Mouse 
Intra-

tumoral 
injection 

Adenovirus: 
AD/REIC/Dkk-3 

Mediates simultaneous induction of cancer-
selective apoptosis and augmentation of anti-

cancer immunity 

Lympho-
ma 

Xiong et 
al 

2017 Research 
articles 

Rat RF elec-
trodein 

Lentivirus: HSV-TK/GFP Ganciclovir, tumor suicide gene therapy 
Hepato-
cellular 

carcinoma 

Jung et 
al 

2017 Research 
article 

Syrian 
hamster 

Intra-
tumoral 
injection 

Oncolytic adenovirus: 
oAD-TRAIL/gel 

T-cell-mediated antitumor immune response Pancreas 

Taeyoung 
et al 

2017 Research 
articles 

Nude 
mouse 

Intra-
tumoral 
injection 

Adenovirus: AD/Cas9 + 
AD/sgEGFR 

EGFR mutated NSCLC 

Liu et al 2018 Research 
article 

Nude 
mouse 

Intra-
tumoral 
injection 

Lentivirus: LV-H72-
HIF-1α 

Hypoxic pathways 
Hepato-
cellular 

carcinoma 

(Table 6) contd…. 
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Refs. Year Article 
Type 

Model Method Vector Target Cancer 
Type 

Kim et 
al 

2018 Method 
Nude 
mouse 

Intra-
tumoral 
injection 

Adenovirus: 
CRISPR/Cas9-KRAS 

Using Cas9 and guide RNAs that specifically 
recognize the mutant sequences 

Colon  

Jin et al 2019 
Research 

article 
Nude 

Mouse 

Intra-
tumoral 
injection 

Lentivirus: HSV-TK/GCV 
+ RFH 

Activation of anti-tumor immunity + activation 
of  

apoptosis 
Ovarian 

Chen et 
al 

2020 
Research 

article 
Mouse 

Intra-
tumoral 
injection 

Non-Viral Vector: den-
drimer/pDNA polyplexes 

(p53) 

Regulation of p21 and CDK4/ 
Cyclin-D1 expression 

Cervical 

Kauczor 
et al 

1999 
Clinical 

Trial 
Human 

- phase I 

CT-
guided 
intra-

tumoral 

Adenovirus: wt p53 cDNA Regulation of p21 and CDK4/ NSCLC 

Boulay 
et al 

2000 
Clinical 

Trial 

Human 
- phase 

I/II 

Intra-
tumoral 
Injection 

Adenovirus: rAd-p53 To restore a loss of p53 function NSCLC 

Ayala et 
al 

2000 
Clinical 

Trial 
Phase 

I/II 

Intrapros-
tatic 

injections 
Adenovirus: ADV/HSV-tk The GCV-TK gene selectively induce apoptosis Prostate  

Teh et al 2001 
Clinical 

Trial 
Phase 

I/II 

Intrapros-
tatic 

injections 

Adenovirus: ADV/HSV-
TK 

The GCV-TK gene selectively induce apoptosis Prostate  

Miles et 
al 

2001 
Clinical 

Trial 
phase 

I/II 

Intrapros-
tatic 

injections 

Adenovirus: ADV/HSV- 
TK 

The GCV-TK gene selectively induce apoptosis Prostate  

Satoh et 
al 

2004 
Clinical 

Trial 
Human 

Intrapros-
tatic 

injections 

Adenovirus: ADV/HSV- 
TK 

Systemic T-cell responses Prostate  

Fujita et 
al 

2006 Clinical 
Trial 

Human 
Intrapros-

tatic 
injections 

Adenovirus: ADV/HSV- 
TK 

The GCV-TK gene selectively induce apoptosis Prostate  

Abbreviatures: ADV, Adenovirus; TK, thymidine kinase; HSV, herpes simplex virus; NSCLC, Non-small Cell Lung Cancer; ESCC, Esophageal Squamous Cell Carcinoma. 

demonstrated that the combination of intratumoral gene ther-
apy using HSV-TK/GCV associated with radiofrequency 
hyperthermia reduced tumor growth in comparison to those 
therapies alone. This demonstrates that it is feasible to com-
bine HSV-TK therapy with other therapies [134]. Another 
strategy of in situ gene therapy based on the HSV-TK/GCV 
system involves the control of HSV-TK expression by the 
promoter of the human telomerase reverse transcriptase 
(hTERT), which is frequently overexpressed in human cancer 
cells. After GCV treatment, this suicide gene system de-
creased the viability of human renal carcinoma cells, but not 
normal fibroblasts, illustrating the efficacy and the specificity 
of this strategy [135, 136]. Finally, repeated cycles of in situ 
HSV-TK plus GCV gene therapy in patients with prostate 
cancer resistant to radiotherapy led to the radiosensitization of 
tumor cells and delayed tumor recurrence, accompanied by 
increased anti-cancer immune response [137]. 

5.1.2. Exogenous Gene Expression 

 Another strategy of in situ gene therapy involves the 
electroporation of plasmids containing genes that, when 

expressed, may increase tumor immunogenicity. The most 
advanced strategy in this context involves the intratumoral 
cytokine gene therapy for IL-12, a pro-inflammatory mole-
cule that links innate and adaptive immune responses [138]. 
Intratumoral electroporation-mediated IL-12 gene therapy 
(IT-pIL12/EP) has been tested in both animal models and in 
clinical trials [139] (see Table 7). This strategy yielded a 
regression of melanoma lesions in 50% of patients as mono-
therapy [140], confirming data from several studies using 
animal models of melanoma, colorectal and renal cancer 
[141-143]. Importantly, the electroporation protocol, as well 
as the plasmid vector and other parameters have been modi-
fied in order to improve the effectiveness of this strategy, as 
shown in a murine melanoma model [144]. 

5.1.3. Gene Editing/repair 

 Allowing or triggering specific DNA repair in the driver 
genes involved in carcinogenesis is, in theory, one of the 
most promising strategies for antitumor gene therapy. Re-
cent advances have increased the feasibility of this strategy, 
mainly due to the versatility of site-specific nucleases 
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Table 7. Clinical trials using in situ gene therapy in cancer, organized by date of initiation. 

Title and Number of Registration Status Phase Results Condition Interventions Starting Completion  

Gene Therapy for the Treatment of Brain Tumors 
Using Intra-Tumoral Transduction With the Thymi-

dine Kinase Gene and Intravenous Ganciclovir 
(NCT00001328) 

Completed 1 
No Re-

sults 
Available 

Brain 
metastasis 

Drug: Cy-
tovene 

(Ganciclovir). 
Device: 

G1TKSVNa.
53  

1992 2010 

Phase I Clinical Trial Of Gene Therapy For Hepato-
cellular Carcinoma By Intratumoral Injection Of 
TK99UN (An Adenoviral Vector Containing The 

Thymidine Kinase Of Herpes Simplex Virus) 
(NCT00844623) 

Completed 1 
No Re-

sults 
Available 

Hepatocel-
lular car-
cinoma 

Genetic: 
TK99UN 

2000 2004 

Protocol IL-2001: A Multi-Center, Open-Label, Ran-
domized Study of the Efficacy and Safety of Multiple 

Intratumoral Injections of hIl-2 Plasmid (1.8 mg) 
Formulated With DOTMA/Cholesterol [Ratio 1:0.5(-
/+)] Liposomes in Patients With Unresctable or Re-
current/Refractory Squamous Cell Carcinoma of the 

Head and Neck (NCT00006033) 

Completed 2 
No Re-

sults 
Available 

Head and 
Neck 

Cancer 

Biological: 
Interleukin-2 
gene; Drug: 
methotrexate 

2002 2008 

A Single Arm, Phase II Study of TNFerade™ Biolog-
ic Gene Therapy + Radiation + 5-FU and Cisplatin in 

Locally Advanced, Resectable, Esophageal Cancer 
(NCT00051480) 

Completed 2 
No Re-

sults 
Available 

Esophage-
al Cancer 

Genetic: 
TNFerade 

2003 2011 

Phase I Trial of Intratumoral pIL-12 Electroporation 
in Malignant Melanoma (NCT00323206) 

Completed 1 
No Re-

sults 
Available 

Malignant 
Melanoma 

Biological: 
IL-12p DNA; 

Procedure: 
Intratumoral 

Electro-
poration 

2004 2008 

A Phase II Study of the Efficacy, Safety and Immu-
nogenicity of OncoVEX^GM-CSF in Patients With 

Stage IIIc and Stage IV Malignant Melanoma 
(NCT00289016) 

Completed 2 
Has 

Results 
Melanoma 

Drug: Tali-
mogene La-
herparepvec 

2005 2009 

Phase I Trial of Adenoviral Vector Delivery of the 
Human Interleukin-12 cDNA by Intratumoral Injec-

tion in Patients With Metastatic Breast Cancer 
(NCT00849459) 

Completed 1 
No Re-

sults 
Available 

Breast 
Cancer 

Biological: 
adenovirus-

mediated 
human inter-

leukin-12 

2008 2011 

A Phase I Trial of CCL21 Gene Modified Dendritic 
Cells In Non-Small Cell Lung Cancer  

(NCT00601094) 
Completed 1 

No Re-
sults 

Available 

Lung 
Cancer 

Biological: 
autologous 

dendritic cell-
adenovirus 

CCL21 vac-
cine 

2009 2017 

Phase 1/2a, Dose-Escalation, Safety, Pharmacokinet-
ic, and Preliminary Efficacy Study of Intratumoral 

Administration of DTA-H19 in Patients With Unre-
sectable Pancreatic Cancer  (NCT00711997) 

Completed 2 
Has 

Results 

Pancreatic 
Neo-

plasms 

Biological: 
DTA-H19 

2009 2010 

A Phase 1 Ascending Dose Trial of the Safety and 
Tolerability of Toca 511 in Patients With Recurrent 

High Grade Glioma (NCT01156584) 
Completed 1 

No Re-
sults 

Available 
Glioma 

Biological: 
Toca 511 

vector|Drug: 
Toca FC 

2010 2016 

(Table 7) contd…. 
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Title and Number of Registration Status Phase Results Condition Interventions Starting Completion  

A Pilot Feasibility Study of Oral 5-Fluorocytosine 
and Genetically-Modified Neural Stem Cells Express-

ing E.Coli Cytosine Deaminase for Treatment of 
Recurrent High Grade Gliomas (NCT01172964) 

Completed 1 
No Re-

sults 
Available 

Glioma 

Drug: flu-
cytosine; 

Biological: E. 
coli CD-

expressing 
genetically 
modified 

neural stem 
cells 

2010 2015 

A Phase II Study of Intratumoral Injection of Inter-
leukin-12 Plasmid and in Vivo Electroporation in 

Patients With Merkel Cell Carcinoma 
(NCT01440816) 

Completed 2 
Has 

Results 

Merkel 
Cell Car-
cinoma 

Biological: 
Tavokinogene 
Telseplasmid 
(tavo); De-
vice: On-

coSec Medi-
cal System 

(OMS) 

2012 2015 

A Multicenter Phase II Trial of Intratumoral pIL-12 
Electroporation in Advanced Stage Cutaneous and in 

Transit Malignant Melanoma (NCT01502293) 
Completed 2 

Has 
Results 

Melanoma 

Biological: 
Tavokinogene 
Telseplasmid 
(tavo);  De-
vice: On-

coSec Medi-
cal System 

(OMS) 

2012 2016 

A Phase 1 / 2a Study of In-situ REIC/Dkk-3 Therapy 
in Patients With Localized Prostate Cancer (MTG-

REIC-PC003) (NCT01931046) 
Completed 2 

No Re-
sults 

Available 

Localized 
Prostate 
Cancer 

Drug: Ad5-
SGE-

REIC/Dkk3 
2013 2020 

Evaluation of Pharmacodynamic Effects of Intra-
tumoral Delivery of Plasmid IL-12 Electroporation in 

Patients With Triple Negative Breast Cancer 
(NCT02531425) 

Completed 1 
No Re-

sults 
Available 

Breast 
Cancer 

Biological: 
IT-pIL12-EP 

2015 2018 

 
[123, 125]. Gene editing/repair can be achieved using one of 
the three main nucleases (ZFN, TALEN or CRISPR/Cas) 
attached to a lentiviral vector. Once the viral vector enters 
the nucleus, it binds to a specific locus in the double-
stranded DNA, leading to DNA strand breaks and subse-
quent endogenous repair mechanisms, which create a newly 
edited double-stranded DNA [145]. Recently, a novel class 
2/type V CRISPR RNA guided endonuclease – using onco-
lytic AD as a vector – was succeed on targeting and editing 
EGFR gene in human lung cancer cells and in a murine 
xenograft model, triggering high levels of apoptosis and 
tumor growth arrest [146]. Importantly, this effect was can-
cer-specific, without detectable off-target nuclease activity. 

5.1.4. Nanoformulations 

 The success of gene therapy depends, among other fac-
tors, on efficient delivery systems. Naked therapeutic nucle-
ic acids are very susceptible to nuclease attack or phagocy-
tosis, in addition to the difficulty of accessing biological 
barriers. Thus, the development of stable carriers of genetic 
material should contribute to the effectiveness and safety of 
these therapies [145], with several advantages over viral 
vectors or naked strategies [147, 148]. Among the alterna-
tives, nanoparticles carrying the genetic material have been 

proved as a promising strategy of delivery, despite being 
tested mainly through systemic or pre-systemic routes of 
administration [149, 150]. Many studies have proposed 
nanoformulations carrying gene therapy to: (a) correct on-
cogenes/tumor suppressor genes [151, 152], (b) trigger cell 
death through activating cell death pathways [153, 154] or 
(c) reactivate anti-tumor immune cells [155]. As an exam-
ple, a single-arm study investigated the treatment of glio-
blastoma multiforme with 66 patients. They combined the 
treatment of radiotherapy with intratumoral instillation of 
magnetic iron-oxide nanoparticles, and reported a notable 
increase in overall survival [156]. Besides, a phase 1 clinical 
study with 26 patients with advanced or metastatic solid 
tumor aimed to assess the efficacy of anti-EGFR-
immunoliposomes intravenously infused. Authors found one 
complete response, one partial response, and ten stable dis-
ease lasting 2-12 months (NCT01702129) [157]. Another 
promising therapy includes the use of nanoencapsulated 
TNF-related apoptosis-inducing ligand (TRAIL) leading to 
the caspase-dependent apoptosis in glioblastoma in vitro and 
in an animal model [158]. Indeed, intratumoral TRAIL de-
livery is very promising both alone or in combination with 
other therapies, but clinical tests are necessary [159]. Owing 
to its short half-life in vivo, a cationic lipid was designed to 
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evaluate antitumor efficacy in a mice NSCLC model. They 
received treatment through tail veins, and both in vitro/in 
vivo showed intrinsic antitumor activity with no significant 
off-target toxicities to major organs and tissues [160]. These 
results demonstrate the potential of nanomedicine to in situ 
anti-cancer therapy, but also show that intravenous admin-
istration is still the most common strategy. Despite the re-
sults of intratumoral distribution suggest an improvement in 
the therapeutic response to pharmacological treatments, 
more advances are needed in terms of in situ gene therapy. 
Notwithstanding, the plasticity of nanoformulations, includ-
ing variables such as particle size, charge and surface, can 
contribute to the development of more effective and safe 
delivery strategies for genetic material. 

5.2. Tumor Microenvironment and Intratumoral Gene 
Therapy 

 Tumor microenvironment is comprised of tumor cells, 
tumor stroma, blood vessels, infiltrating immune cells, 
among other components. In order to favor their survival 
and progression, cancer cells modulate several of these 
components and processes, like angiogenesis and immune 
activity [161].  
 Systemic therapies targeting angiogenesis or aiming to 
reactivate the immune system against cancer have skyrock-
eted in last decades, but their efficacy was limited in several 
cancer types [162, 163]. In this regard, in situ gene therapies 
have shown some advantages over systemic administration 
once they allow high local concentrations of the treatment to 
be applied, while reducing the risk of immune-related tox-
icities. In addition, in situ gene therapy increases the bioa-
vailability of immunostimulatory molecules, which may 
increase the therapeutic effectiveness [139, 164].  
 One of the strategies with the greatest therapeutic poten-
tial is the modulation of angiogenesis, which is essential for 
tumor growth and metastases [165]. Compared to the re-
combinant anti-Vascular endothelial growth factor (VEGF) 
antibody Bevacizumab, intratumoral gene therapy repre-
sents an attractive alternative [166]. Indeed, using anti-
angiogenic genes such as angiostatin and endostatin, deliv-
ered by electroporation of an adeno-associated virus vector, 
has led to tumor regression in an animal xenograft model of 
colon cancer, with minimal side effects [167]. Related ther-
apies, such as the intratumoral administration of vesicles 
containing siRNA for VEGF significantly reduced VEGF 
expression and suppressed the growth of prostate cancer in 
an animal tumor model [168]. Importantly, this effect was 
not accompanied by adverse reactions. 
 Immunotherapy, like anti-cancer vaccines, and immune 
stimulatory therapies, can reactivate the host immune sys-
tem against tumor-specific antigens [169]. Cancer cells es-
cape from the immune system by a plethora of mechanisms 
including the downregulation of antigenic proteins and the 
overexpression of negative regulators of anti-cancer immun-
ity. Immune-based therapy may combine one or more of the 
above-mentioned tactics, also in combination with other 
modalities of cancer therapy [170]. One of the strategies to 
obtain a vaccine is through the transduction of tumor cells 
with a viral vector that contains multiple costimulatory mol-
ecules to enhance their immunogenicity. These modified 

cancer cells can, then, be administrated in the tumor micro-
environment as a vaccine, as shown in a phase 1 clinical 
trial of prostate cancer [171]. An alternative approach is the 
direct administration of a poxviral vector into the tumor. 
Such an approach enhances the antigenicity and the subse-
quent antigen-specific T-cell response, leading to an anti-
tumor response and tumor regression in a murine model of 
melanoma using B16-F10 mouse cells [172].  
 Despite presenting several genomic alterations, cancer 
cells usually do not express sufficient levels of these genes 
to trigger an anti-cancer immune response [173]. With this 
in mind, a cell-based vaccination strategy involves the insitu 
administration of vectors containing tumor neoantigens to 
directly augment the intratumoral expression of oncogenes 
and the presentation of tumor antigens. In animal models, 
this strategy strongly increased T cell infiltration in the tu-
mor microenvironment, leading to the clearance of melano-
ma and pancreatic tumors in mice [174]. In humans, this 
strategy has been tested as a co-administration of virus-
based vectors containing heterologous neoantigens with 
immune checkpoint inhibitors. It has been tested as a proof-
of-concept in 5 patients with gastroesophageal adenocarci-
noma, lung and colorectal cancers. To date, all patients pro-
duced a consistent CD8 T-cell response specific for predict-
ed neoantigens, while not showing significant side effects 
[175].  
 Finally, studies from the last decade have shed some 
light on other key players of cancer progression also present 
in the tumor microenvironment, like cancer stem cells 
(CSCs) [113]. However, despite growing evidence showing 
that these cells are involved in cancer resistance and recur-
rence [176], no pharmacological therapy specific to this 
subpopulation of cells is available. In this context, Subra-
manian and colleagues showed a strong suppression of co-
lon cancer growth in mice after intratumoral gene therapy 
with a polyethylenimine/siRNA CD44 plasmid DNA com-
plex suppression [177]. CD44 is a classic marker of colon 
CSCs, so that intratumoral gene therapy emerges as a prom-
ising strategy to specifically reduce CSCs.  

5.3. Clinical Trials for In situ Gene Therapy 

 The development of precision therapy in the early 2000s 
was focused on cancers with very poor prognoses. Consider-
ing in situ gene therapy, we found almost 20 completed tri-
als in clinical trials (phase 1: 11 trials; phase 2: 9 trials) in-
volving various cancer types including melanoma, pancreat-
ic cancer, head and neck cancer, and glioma (Table 7). Only 
6 out of these trials showed results, which have been dis-
cussed in the above sections. Most of them started between 
the 1990s and 2010, but almost half of them started between 
2010 and 2020. Despite a plethora of approaches and even 
combined radio-gene-hormonal therapy [178], only a few 
phase I and II clinical trials were completed. From all trials 
evaluating gene therapy to treat cancer, only 2.7% of them 
involve intratumoral strategies [137, 179]. 

5.4. Challenges and Perspective 

 In the last two decades, gene therapy has advanced as an 
alternative for several diseases, while its clinical use in can-
cer has encountered barriers related both to the biology of 
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the disease and to technological limitations. Recent years, 
however, have experienced considerable progress in three 
aspects that are crucial to the success of intratumoral gene 
therapy in cancer: 1) the best understanding of tumor mo-
lecular biology, 2) the best understanding of the tumor mi-
croenvironment; 3) the development of new biotechnologi-
cal tools. Indeed, the post-genome era is revolutionizing 
cancer therapy, from nonspecific cancer treatments to more 
customized strategies based on patients’ characteristics and 
the genetics of the disease [125]. All this knowledge 
brought many answers and, at the same time, raised new 
questions when considering intratumoral gene therapy. For 
example, it is necessary to understand how vectors or for-
mulations interact with the different components of the ex-
tracellular matrix and with the other cells of the tumor mi-
croenvironment; how tumor heterogeneity may require mul-
tiple gene therapy to correct changes in the main drivers of 
each tumor, and the best manner to design these multi-target 
strategies; and how to avoid off-target effects as much as 
possible, since in many tumors the tumor stroma cells are 
very abundant 
 Despite these challenges, intratumoral therapies have 
several advantages in relation to systemic therapies, as 
proved by increased efficacy and reduced adverse effects 
after intratumoral chemotherapy in comparison to systemic 
therapies [167, 168]. This may also be the case for gene 
therapies, since using this strategy in loco should reduce the 
risk of exposure of normal cells to therapy, increase the like-
lihood that therapy will reach the target cell, and protect 
genetic material from degradation, increasing its half-life.  
 In addition to these biological aspects, biotechnology has 
advanced in several aspects including new delivery tools, 
new vectors, more accurate techniques and more accurate 
assessment methods. As highlighted in this section, 
nanoformulations carrying therapeutic nucleic acids, for 
instance, should guarantee greater protection as well as 
greater delivery efficiency and less risk of an immunologi-
cal reaction to therapy. New surgical strategies may also 
allow better access for intratumor application of gene thera-
pies with a reduced risk of adverse effects. Finally, new 
molecular tools and vectors can guarantee a lower risk of 
incorrect or off-target gene editing, improving efficiency 
and reducing the risk of side effects. 
 Finally, other translational questions have been raised: 
how to ensure that gene editing occurs in as many cells as 
possible? How to target tumor heterogeneity? How to pro-
tect therapeutic genetic material? What are the most effec-
tive and safe combinations considering surgery, pharmaco-
logical therapies and gene therapy in situ? How and when to 
apply intratumoral gene therapy in the context of clinical 
management? All these questions are currently being tested 
from cells to animal models and clinical trials. We believe 
that all these advances will allow the rational development 
of more effective and safe strategies for intratumoral gene 
therapy, alone or in combination with other therapeutic ap-
proaches.  

CONCLUSION 

 As a field of science, Gene Therapy has come a long 
way. From initial tests to important drawbacks, it finally 

seems to blossom as a viable therapeutic approach, with the 
first gene therapy products been approved in the last years. 
The growth in the number of clinical protocols is evident, 
and many more products should reach the market in the next 
years. This increase is also evidencing new challenges, such 
as the high dose of vectors needed to produce a significant 
therapeutic effect when applied intravenously, the risks and 
costs associated with this approach. In this sense, in situ 
gene therapy allows the use of lower doses of vector, reduc-
ing the cost of the therapy and providing a safer treatment 
alternative. Considering these aspects, the preclinical and 
clinical studies summarized here add valuable information 
to the medical literature in the field, and certainly will allow 
the design of new gene therapy products and procedures in 
the years to come. 
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Abstract
Hunter syndrome or mucopolysaccharidosis type II (MPS II) is an X-linked recessive disease caused by the deficiency of
iduronate 2-sulfatase (IDS), leading to storage of undegraded heparan and dermatan sulfate. Patients with the severe form present
neurological abnormalities, but the mechanisms of such alterations are unknown. Here, we hypothesized that the undegraded
substances found in this disease could be recognized as damage-associated molecular patterns (DAMPS), leading to activation of
the inflammasome. Brains from 2 and 5 months normal and MPS II mice were studied. We observed an increase in cathepsin B
activity in the brain tissue and leakage of this enzyme from the lysosome to the cytoplasm in a MPS II neuronal cell line, which is
a known activator of the inflammasome. Furthermore, Caspase-1 activity and IL-1-beta levels were elevated at 5 months,
confirming that this pathway is indeed altered. Our results suggest that undegraded GAG activate the inflammasome pathway
in MPS II and future studies could focus on blocking such pathway to better understand the role of this process to the patho-
genesis of MPS II.

Keywords Mucopolysaccharidosis type II . Hunter syndrome . Inflammasome . NRLP3 . Caspase-1 . Interleukin-1-beta .
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Introduction

Hunter syndrome or mucopolysaccharidosis type II (MPS II,
OMIM 309900) is an X-linked recessive disease caused by the
deficiency of the lysosomal hydrolase iduronate 2-sulfatase
(IDS, EC3.1.6.13) resulting in accumulation of two glycosami-
noglycans (GAG), heparan- and dermatan-sulfate (Brusius-
Facchin et al. 2014). The disease is characterized by
multisystemic abnormalities, including hepatosplenomegaly,
joint contractures, dysostosis multiplex, cardiac and respiratory
abnormalities. In the severe form, it also affects the central
nervous system (CNS). Severe MPS II patients have

impairment of cognitive skills and regression of mental devel-
opment (Giugliani et al. 2018).

The mechanisms by which MPS II patients develop such
brain abnormalities are not well-established. Storage of mate-
rial in the lysosomes can be observed in neurons and glial
cells. It has been shown in animal models that due to the
storage, processes such as neuroinflammation, secondary ac-
cumulation of molecules as gangliosides and lysosome per-
meabilization occur and may have a role in the pathogenesis
of the disease (Parker and Bigger 2019).

As an example, GAG fragments have been recently identi-
fied as a potential endogenous danger-associated molecular pat-
tern (DAMPs), being able to activate innate immune response
pathways such as the ones mediated by Toll-like receptor 4
(TLR4) and the NLR Family Pyrin Domain Containing 3
(NLRP3) or other proteins involved in the inflammasome
(Latz 2010; Simonaro 2016; Parker and Bigger 2019). The ac-
tivation of the NLRP3 is caused by cathepsin B (CtsB) release to
the cytoplasm, which stimulates secretion of cytokines such as
interleukin-1-beta (IL 1-β) and activates caspase-1 (Casp-1),
recruiting immune cells and leading to a cell death process called
pyroptosis (Tschopp and Schroder 2010).
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We and others have shown that the MPS II mouse model
develops a progressive brain disease. Behavioral abnormali-
ties can be detected from 4 to 6 months of age, and include
impaired memory, motor and neuropsychological alterations
(Gleitz et al. 2017; Azambuja et al. 2018). We have also
shown that CtsB is released from the lysosome in MPS I
patients’ cells in vitro (Gonzalez et al. 2018), and since both
MPS I and II have storage of the same GAGs, we hypothe-
sized that this could be true for both diseases.

Therefore, we decided to test if leakage of CtsB from the
lysosome occurs in the brains of MPS II mice and if it can lead
to activation of the inflammasome pathway in this animal
model, with activation of capase-1 and secretion of interleu-
kins, thus contributing to the disease process.

Methods

Animals and study design

Male wild-type (WT) and MPS II mice were used (n = 4–8
animals per group, depending on the assay). All animal stud-
ies were approved by the authors’ institutional review board
and MPS II mice on a C57BL/6 background (The Jackson
Lab, USA, strain B6N.Cg-Idstm1Muen/J) were used. The
MPS IImice carry a disrupted version of the Ids gene, detected
by PCR after DNA extraction from ear tissue at 21 days as
previously described (Azambuja et al. 2018). Ids− mice (re-
ferred as “MPS II” group) and their normal littermate controls
(Ids+, referred as wild type, “WT” group) were the subjects
for the experiments. At 3 weeks of age, offspring were sepa-
rated from the dam, genotyped and housed (2–5 per cage) by
gender. Animals were maintained to conventional housing
under a 12 h light/12 h dark cycle with controlled temperature
(19 ± 1 °C) and humidity (50 ± 10%). To study brain alter-
ations animals were anesthetized with isoflurane and
sacrificed at either 2months of age (60 ± 7 days) or at 5months
(150 ± 30 days). Brains were removed and total brain cortex
was collected and separated in 2 portions. One was flash fro-
zen in -80oC and the other one was put in buffered formalin
for 48 h, and then embedded in paraffin for histological
analyses.

Assessment of neuroinflammation

Neuroinflamation was evaluated using immunohistochemis-
try for GFAP (Glial fibrillary acidic protein) staining. The
protocol was described in detail previously (Baldo et al.
2012). Briefly, the mouse cortex was embedded in paraffin
and thin sections (6 μm) were incubated with anti-GFAP an-
tibody (Abcam, dilution 1:5000) and a secondary antibody
anti-rabbit IgG, HRP-linked (Cell Signaling, USA #7074).
Five high-power fields (400X Magnification) from each slide

were analyzed by a pathologist, blinded to the groups. The
number of positive cells was recorded for each field and the
average from the five fields was used.

Cathepsin B activity and localization

Cathepsin B (CtsB) activity was assessed using the specific
fluorimetric substrate Z-Arg-Arg-AMC (Enzo Life Sciences,
USA) at pH 7.0. As previously described (Gonzalez et al.
2018). Results were expressed as nmol/h/mg protein.

To assess CtsB localization in the cells, we used CRISPR-
Cas9 system to create a cell line knockout for Ids. For that, we
cloned into the PrecisionXTM CRISPR-Cas9 SmartNuclease
plasmid (System Biology, USA) the sequence for the gRNA
5’GAGGAAAGAAACGCGGCTCG-3′, aiming to disrupt the
exon 3 of the Ids gene.We transfected a neuroblastoma cell line
( S H SY - 5Y , ATCC® CRL - 2 2 6 6® ) w i t h t h e
Lipofectamine3000 (Thermo, USA) according to fabricant in-
structions and selected positive clones using flow cytometry.
Each clone was sequenced by Sanger sequencing using the
primers forward 5’ GCGATGCTTACCTCTGCTTC 3′ e re-
verse 5’ GCTGGATTCAGACACCACAA 3′. In clones with
alterations in the DNA sequence, IDS activity was assessed to
confirm gene knockout, using fluorimetric assay with 4-MU-
alpha-L-iduronide-2-sulphate substrate (Carbosynth, USA).
For immunofluorescence analyses of CtsB and Lamp-1 (lyso-
somal membrane-associated protein 1), cells were grown in
coverslips, fixed and permeabilized with cold methanol.
After, cells were washed with PBS and incubated with
blocking solution (PBS, 2% bovine serum albumin) for
30 min. The coverslips were incubated with primary antibod-
ies, with a 1:100 dilution for Mouse anti-Cathepsin B antibody
(Abcam #ab58802) and a 1:500 dilution of Goat anti-Lamp-1
antibody (Santacruz, #sc-8098) at 4 °C overnight. After wash-
ing, secondary detection was performed separately. First an
incubation with a 1:1000 dilution of donkey anti-goat Alexa
555 (Abcam #150130) for 1 h at room temperature for Lamp-1
and then the second antibody with a 1: 800 dilution of a Goat
Anti-mouse FITC (Millipore #92590) for CtsB. Samples were
observed under a confocal laser-scanning microscope. Co-
localization was assessed using the ImageJ’s pluggin co-
localization threshold and values of Manders’ coefficients and
scatter plot used for the discussion (Dunn et al. 2011).

Western blot for NLRP3

Mouse cortex samples were homogenized in 150 mM NaCl,
50 mM Tris, 1% IGEPAL (CA-630), 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate and 1 mM of
protease inhibitor phenylmethylsulfonyl fluoride (PMSF)
and immediately centrifuged. The supernatants were collected
and protein concentrations were determined by the Lowry
method. Samples were diluted in 0.1 M Tris, pH 6.8, to
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achieve final protein concentrations of 4 μg/μL in Laemmli
buffer (250 mM Tris, 8% SDS, 40% glycerol, 0.008%
bromophenol blue, pH 6.8 and 20% β-mercaptoethanol).
They were then heated at 70 °C for 10 min and 50 μg of total
protein were loaded on SDS-PAGE (8%) gels and run for
60 min, first at 50 V, and then for 90 min at 120 V. The
proteins in the gel were transferred to polyvinylidene fluoride
(PVDF) membranes (Millipore Corporation Inc., USA) using
a transfer buffer (48 mMTris, pH 9–9.3, 39 mM glycine, 20%
methanol) on a wet system (Bio-Rad Laboratories Inc., USA)
at 100 V. The membranes were stained with Coomassie Blue
and the molecular weights of the proteins were determined by
comparison to standard molecular weights (Bio-Rad
Laboratories Inc., USA - #1610374).

The membranes were blocked for 2 h followed by over-
night incubation at 4 °C with the primary antibody anti-
NLRP3 (1:1000, Thermo, USA) diluted in TTBS buffer with
5% non-fat milk. Afterwards, the membranes were washed
and incubated with anti-rabbit (IgG) secondary antibody con-
jugated to horseradish peroxidase (1:1000) (Cell Signaling
Technology, USA - #7074 s). Chemiluminescent detection
was performed using the Immobilon Western kit (Millipore
Corporation Inc., USA – #WBKLS0050) and the membranes
were then exposed to a digital image acquisition system.
Imageswere analyzed in ImageJ, NLRP3 results were normal-
ized by Coomassie blue and shown as fold-change from WT.

Caspase-1 activity and production of IL 1-beta

Caspase-1 activity was assessed using a fluorogenic assay.
Samples were homogenized in acetate buffer and incubated
with the Ac-YVAD-AMC substrate (Enzo Life Sciences,
USA) at a final concentration of 25 μM. Fluorescence was
measured using Spectramax M3 every 5 min for 60 min at
an excitation of 355 nm and an emission 460 nm using kinetic
reading and comparison with 7-amino-4-methulcourmarin
(AMC) standards. Results are expressed as nmol/h/mg
protein.

Interleukin-1-beta (IL 1-beta) levels were assessed using a
commercial ELISA Kit from eBioscience (Catalog # 88–
7019). Briefly, tissues were homogenized in 100 μL of a
100 mM Tris-HCl buffer, EDTA 1 mM, PMSF 0,1 mM and
Triton X-100 1%, pH 7,4 and submitted to the ELISA proto-
col, according to manufacturer. Samples were read with a
Spectramax M3 at 450 nm and results are shown in pg/mL.

Ethics and statistics

The protocol was approved by our local Ethics committee
(project #160442) and all experiments followed the Brazilian
legislation (Lei 11,794-CONCEA) and the Guide for the Care
and Use of Laboratory Animals (2008) published by the
National Research Council (Washington, DC, USA).

The Levene’s test was performed to assess the equality of
variances. Differences between normal andMPS II mice with-
in each time point were compared by student’s t test. Other
comparisons are described in the text. A p < 0.05 was consid-
ered statistically significant.

Results

MPS II mice had a number of GFAP positive-cells almost
twice as high as WT mice as early as 2-months old. This
number was even higher at later time points (p < 0.05 compar-
ing MPS II at 2 and 5 months, two way ANOVA), reaching
statistical significance (Fig. 1a) at 5 months compared to WT.

We hypothesized that the GAG storage could lead to lyso-
some leakage with increase in CtsB activity in the cytoplasm,
activating the inflammasome and leading to the neuroinflamma-
tion observed.We performed CtsB activity assay and it followed
the same pattern observed in GFAP staining. CtsB activity was
almost twice as high in MPS II mice compared to WT mice at
2 months (p = 0.149), and almost 3-times higher at 5 months of
age (p = 0.019, Fig. 1b). The increase from 2 to 5 months was
significant in MPS II (p< 0.05, two-way ANOVA).

To confirm lysosomal membrane permeabilization and
leakage of CtsB, we created a MPS II neuron-like cell line
using CRISPR-Cas9. The clone obtained was homozygous
for a 1pb insertion in the exon 3 of the IDS gene
(c.259dupA) and had an enzyme activity of 0.008 nmol/h/
mg prot (versus 4.76 nmol/h/mg in wild type cells). Using
immunofluorescence, we observed that a fraction of the
CtsB did not colocalize with Lamp-1. Mander’s coefficient
(an indicator of colocalization, of 2 channels, where a value
of 1 indicates perfect co-localization) for Wild type cells was
0.99 ± 0.01 in both channels (red or green), while it was 0.87
± 0.02 (for red channel) and 0.93 ± 0.01 (for green channel,
p < 0.05 in both cases), suggesting that part of the enzyme
escapes the lysosome (Fig. 1c).

Since CtsB is known to activate NLRP3, we decided to
assess the presence of this protein in the brains by western
blot. Results show that the protein is present in similar amount
at 2 months (p = 0.65). At 5 months a 20% increase in the
expression of NLRP3 was observed, without statistical differ-
ence (p = 0.13, Fig. 1d). Despite not finding differences be-
tween the groups, the presence of the NLRP3 confirmed by
western blot made us hypothesize that activation of Casp-1
and secretion of interleukins, especially IL-1β, could be hap-
pening. We performed Casp-1 activity assay, and it was al-
ready highly elevated in 2-month-old animals (more than 10-
fold normal values, p = 0.025, Fig. 2a). The enzyme activity
was still elevated at 5 months (5-fold normal, p = 0.036) al-
though lower than at 2 months of age (p < 0.05, two-way
ANOVA). Despite high Casp-1 activity at 2-months, IL-1β
levels were not altered at this time point (p = 0.97). However,
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they were significantly elevated at 5-months (p = 0.023, Fig.
2b) compared no WT mice.

Discussion

The mechanisms leading to neuronal dysfunction in MPS II
are unknown. MPS II mice present behavior abnormalities
from 4 to 6 months onwards, suggesting problems in the cen-
tral nervous system (Azambuja et al. 2018), however, at least

in animal models, a high degree of apoptosis was never ob-
served. Indeed, in the current study, we assessed Caspase-3
activity, and found no difference between the 2 groups (data
not shown). These initial results led us to hypothesize that
other mechanisms could be responsible for the brain damage
observed.

The lysosomal enzymes whose activity is reduced/
abolished in the MPS are responsible for degradation of gly-
cosaminoglycans. Therefore, as a consequence, undegraded
or partially degraded molecules of heparan and dermatan

Fig. 2 Downstream effects of
inflammasome activation. a
Caspase-1 activity. b Secretion of
IL-1β. N = 4–8/group *p < 0.05
compared toWTmice, Student’s t
test. WT- wild type; MPS -
mucopolysaccharidosis type II;
IL-1β - Interleukin1-beta

Fig. 1 Neuroinflammation and lysosomal leakage of cathepsin B inMPS
II. a Representative section of a WT and MPS II mouse brain after GFAP
staining. On the right, quantification in 5-high-power fields (400X mag-
nification) evidencing neuroinflammation. N = 4 per group at 2 months
and 8 per group at 5 months. b Cathepsin B activity in tissue homoge-
nates. N = 4–8 per group. c Cathepsin B localization in a SHSY-5Y nor-
mal cell line (WT) or knockout for IDS (MPS II). Note that arrows in the
WT cell show co-localization of LAMP-1 and CTSB (yellow) while in

the MPS II neuron green dots (CTSB) can be observed (arrows), suggest-
ing leakage of CTSB from the lysosome (see quantification method in the
text). dWestern blot for NLRP3 protein (upper lane) and coomassie blue
(lower lane). On the right, results from quantification of the western blot
images (n = 4–7 per group). *p < 0.05 compared to WT mice, Student’s t
test. WT- wild type; MPS - mucopolysaccharidosis type II; GFAP- glial
fibrillary acidic protein; NLRP3- NLR Family Pyrin Domain Containing
3
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sulphate accumulate both within the lysosomes as well as in
the extracellular space. A few years ago, some studies were
published suggesting that these molecules could activate in-
nate immune pathways, such as the TLR-4 pathway
(DiRosario et al. 2009). Furthermore, blocking the activation
of these pathways led to improvements in some aspects of the
diseases (Simonaro et al. 2010).

It is well- known that, in the brains of both MPS patients
and animal models, a neuroinflammatory process occurs
(Zalfa et al. 2016). However, the events that lead to the acti-
vation of such process are not well understood. In the present
work, we hypothesize that the undegraded GAG could be
recognized as damage-associated molecular patterns
(DAMPs), leading to a neuroinflammatory process due to ac-
tivation of the inflammasome. Interestingly, it was found re-
cently (Burkovetskaya et al. 2019) that in other lysosomal
storage disorder with neuroinflammation (Batten disease) the
caspase-1 pathway is activated as well, which suggest that
other accumulated molecules could also be recognized as
DAMPs, and this could be a common mechanism of disease
in lysosomal disorders. To strengthen this hypothesis, it was
also recently shown the role of the inflammasome activation
in the pathogenesis in MPS IIIA, which also accumulates
heparan sulphate GAG as in MPS II (Parker et al. 2020).

We observed increased cathepsin B activity levels in the
brain cortex, and leakage of a fraction of this enzyme to the
cytoplasm. In the cytoplasm, CtsB participates in the NLRP3
inflammasome assembly and activation (Campden and Zhang
2019). This then activates caspase-1, which finally cleaves pro-
IL-1beta into IL-1beta whose potent proinflammatory activity
directs host responses to injury, including recruitment of im-
mune cells such as macrophages (Schroder and Tschopp
2010). The early increase in Casp-1 activity observed without
immediate secretion of IL-1-beta suggests that other processes
may be needed to cleave IL-1-beta. Very interestingly, it has
been shown that autophagy controls IL-1beta secretion by
targeting pro-IL-1beta for degradation (Harris et al. 2011) and
it has been extensively proven that there is a progressive block
of autophagy in lysosomal storage disorders, including in MPS
(Settembre et al. 2008). Therefore, the 2 processes may act to-
gether in the secretion of IL-1-beta. Furthermore, the Il-1-beta
secretion has been proven to occur in MPS II patients, and an
elevation in this cytokinewas found in serum ofMPS II patients,
even under enzyme replacement (Jacques et al. 2016).

The neuroinflammation that occurs as a consequence of
activation of such pathway was visualized by increase number
of cells positive for GFAP stain. Proliferation of glial cells has
been reported in several neurodegenerative diseases and it is
related to impaired neuronal function. The pro-inflammatory
cytokines released can disrupt nerve terminals activity causing
dysfunction of synapses, which correlates with cognitive de-
cline in neurodegenerative diseases (Kawashita et al. 2009;
Arranz and De Strooper 2019). Interestingly, cognitive

alterations in the MPS II mouse model were only reported
later in life (around 4 to 6 months of age), while at 2 months
no alterations were observed in a time-dependent fashion sim-
ilar to the abnormalities found in the present study (Azambuja
et al. 2018). It is possible that the chronic pro-inflammatory
state causes progressive dysfunction of synapses, causing the
behavior abnormalities seen later in this animal model (Gleitz
et al. 2017; Azambuja et al. 2018).

Altogether, our results suggest that alterations in the lysosom-
al membrane (possibly caused by GAG storage or other un-
known alterations) leads to cathepsin B leakage from the organ-
elle. The high interleukin-1-beta levels observed suggest activa-
tion of the inflammasome, but since we did not see an increase in
NLRP3 levels, we suggest it may be mediated either by other
inflammasome proteins (such as NRLP1) or even via other path-
ways. Future studies could focus on blocking the inflammasome
to observe the role of this process to the pathogenesis of MPS II
brain disease. Since current treatments such as enzyme replace-
ment therapy do not address the brain abnormalities, the results
from the current study could lead to creation of new and more
effective therapies for the disease.
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Abstract
Mucopolysaccharidosis type I (MPS I) is caused by deficiency of alpha-L-iduronidase (IDUA), leading to multisystemic
accumulation of glycosaminoglycans (GAG). Untreated MPS I patients may die in the first decades of life, mostly due to
cardiovascular and respiratory complications. We previously reported that the treatment of newborn MPS I mice with
intravenous administration of lipossomal CRISPR/Cas9 complexes carrying the murine Idua gene aiming at the ROSA26
locus resulted in long-lasting IDUA activity and GAG reduction in various tissues. Following this, the present study reports
the effects of gene editing in cardiovascular, respiratory, bone, and neurologic functions in MPS I mice. Bone morphology,
specifically the width of zygomatic and femoral bones, showed partial improvement. Although heart valves were still
thickened, cardiac mass and aortic elastin breaks were reduced, with normalization of aortic diameter. Pulmonary resistance
was normalized, suggesting improvement in respiratory function. In contrast, behavioral abnormalities and neuroinflamma-
tion still persisted, suggesting deterioration of the neurological functions. The set of results shows that gene editing
performed in newborn animals improved some manifestations of the MPS I disorder in bone, respiratory, and cardiovascular
systems. However, further studies will be imperative to find better delivery strategies to reach “hard-to-treat” tissues to
ensure better systemic and neurological effects.

Introduction

Mucopolysaccharidosis type I (MPS I) is an autosomal
recessive disease caused by deficiency of the lysosomal
enzyme alpha-L-iduronidase (IDUA, EC 3.2.1.76), which is
involved in the catabolism of the glycosaminoglycans
(GAGs) heparan and dermatan sulfate (DS). Enzyme
replacement therapy (ERT) and hematopoietic stem cell
transplantation (HSCT) are the two treatments cur-
rently available for MPS I. However, these therapies are not
completely effective, as ERT is not capable of crossing the
blood–brain barrier (BBB) and reach the brain, joints, heart
valves, or bones, while HSCT shows to be mostly effective
if performed before cognitive decline [1–3].

MPS I clinical spectrum varies from the severe Hurler
syndrome (OMIM #67014) to the attenuated Scheie syn-
drome (OMIM #67016), with intermediate disease pheno-
types classified as Hurler–Scheie syndrome (OMIM#67015)
[1, 4]. Multisystemic manifestations as organomegaly,
corneal clouding, heart and valve diseases, pulmonary
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hypertension, and joint stiffness are commonly present in all
forms of MPS I, although Hurler patients also present
severe neurocognitive decline [4–9]. Short and thick limbs
and swollen joints may cause movement impairment, flat-
tened facial bone and cartilage, and narrowing of the trachea
can contribute to upper airway disease [8, 10]. MPS I hearts
are often dilated, congestive heart failure is frequent in
patients with Hurler syndrome, and both Hurler and Scheie
phenotypes usually undergo valve replacement [11]. In
addition, restrictive lung disease is common in MPS [12]
and aortic dilatation and increased breaks in the elastin
structure of the aorta may occur [13, 14].

The MPS I mouse model used in this study was estab-
lished in 2003 by the disruption of the Idua gene with the
neomycin resistance gene and has proven to be a useful
model for studying the pathogenesis of the disease as well
as for the development of treatment options. This animal
model develops multiple progressive symptoms also found
in patients, including visceral and brain disease [13, 15–21].

As MPS I is a progressive disorder, intervention in the
neonatal period allows the effects of treatments to be poten-
tially prophylactic, before lysosomal GAG accumulation and
related pathology occur, as treatments performed after GAG
accumulation lead to irreversible organ damage [20]. In
addition, treatment implemented at a later age would need to
clear accumulated GAGs in addition to preventing additional
deleterious effects, considering that clearance of preexisting
storage may be a slow process [3, 20].

We have previously reported that neonatal hydrodynamic
injection of liposomal CRISPR/Cas9 complexes containing
the murine Idua cDNA resulted in long-lasting detection
of the enzyme mainly in the serum, lung, and heart of
MPS I mice. Furthermore, secreted IDUA was taken up
from blood by other organs, except for the brain, and the
therapy led to reduced GAG storage in these organs, cor-
recting the biochemical defects and improving heart con-
tractility [22]. To have a better insight of these results, in the
present study we expanded these analyses and report the
effects of this gene editing therapy on bone, cardiovascular,
respiratory, and brain abnormalities in liposome-treated
MPS I mice.

Materials and methods

Animal procedures

MPS I mice were genotyped by PCR reaction as previously
described [23] and maintained under standard conditions.
Newborn MPS I C57BL/6 mice (2–3 days old) (Idua-KO,
kindly donated by Dr Elizabeth Neufeld, UCLA, USA)
were treated. Briefly, the treatment consisted in one
hydrodynamic injection (volume corresponding to 10% of

body weight) of liposome complexes (liposome+ plasmid
containing the sequence encoding for the Cas9 gene and a
guide sequence to the ROSA26 locus+ sequence of the
murine IDUA cDNA for homologous recombination at
ROSA26 locus) in the superficial temporal vein of newborn
MPS I mice, as previously described [22].

Two control groups were used, untreated MPS I mice
and normal 6-month old mice (n= up to 14/group,
depending on the test). At 6 months, behavioral and echo-
cardiographic tests were performed. After that, mice were
weighed, anesthetized, and plethysmography was per-
formed. Then, blood was collected and mice were eutha-
nized by cervical dislocation under anesthesia. Diameter of
the ascending aorta was measured using a digital pachy-
meter (MTX, BRZ) and liver, lungs, kidneys, heart, tes-
ticles, aorta, and brain cortex were isolated and
systematically divided in two pieces. One was flash frozen
in liquid nitrogen for biochemical analysis and the other
portion was fixed in buffered formalin. Thin cross sections
were submitted to routine histologic processing, stained
with hematoxylin–eosin/alcian blue or Verhoeff-van Gieson
Stain (in the case of aortas), and then analyzed.

GAG levels

GAG levels were measured by tandem mass spectrometry.
GAGs were extracted from tissues after acetone precipita-
tion. DS, heparan sulfate with O- or N-sulfation (HS–OS
and HS–NS), and mono- and di-keratan sulfate (KS) dis-
accharides were obtained through digestion with chon-
droitinase B, heparitinase, and keratanase II followed by
quantification through liquid chromatography tandem mass
spectrometry (LC/MS/MS) as previously described [24]. In
summary, 10 µL of extracted tissues were added to omega
10 K filter plates (Pall Co, MI, USA) with 90 µL of 50 mM
Tris HCL (pH 7) and centrifuged by 15 min. After cen-
trifugation, samples were incubated with 60 µL of 50 mM
Tris HCL, 10 μl of 5 μg/ml of internal standard (chon-
drosine), 10 μl of 0.6 mU chondroitinase B (in BSA 1%),
10 μl of 1 mU heparitinase (in BSA 1%), and 10 μl of 1 mU
keratanase II (in BSA 1%) (enzymes and IS were provided
by Seikagaku Co, Tokyo, JPN) [24]. Samples were incu-
bated in a shaker overnight at 37 °C followed by cen-
trifugation and injection into the 6460 triple quad mass
spectrometer (Agilent Techonologies, USA) operated in the
negative ion mode with electrospray ionization. The mobile
phase was a gradient elution of 148 mM ammonia (solution
A) to 100% acetonitrile (solution B). Specific precursor ion
and product ion were used to detect and quantify each
disaccharide (354.3, 193.1 IS; 462, 97 mono-KS; 542, 462
di-KS; 416, 138 HS-NS; 378.3, 175.1 HS-OS, DS). Peak
areas for all components were integrated automatically
using QQQ Quantitative Analysis software (Agilent
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Technologies, USA). The concentration of each dis-
accharide was calculated using QQQ Quantitative Analysis
software [24].

Echocardiographic assessment

Six-month-old mice were anesthetized with isofluorane and
placed in left lateral decubitus position to obtain cardiac
images. An EnVisor HD System, Philips Medical (Andover,
Mass, USA), with a 12–4-MHz transducer was used, at 2-
cm depth with fundamental and harmonic imaging. Images
were captured by a trained operator with experience in
echocardiography of small animals. Cardiac mass parameter
was analyzed. All details of echocardiographic assessment
were previously described [25].

Behavioral tests

Open field test

Locomotor and exploratory activities were assessed using
an open field test. The test consisted of a square arena (52 ×
52 cm2) with 60-cm high walls. The floor was divided in
16 squares by parallel and intersecting lines, obtaining 4
centered squares and 12 periphery squares. Mice were
placed in one of the corners of the open field and (a)
ambulation (number of times a mouse crossed with 4 paws
one of the lines in the floor), and (b) exploratory behavior
(rearings) were observed during 5 min.

Inhibitory avoidance

The inhibitory avoidance test in rodents is a widely used
animal model of aversively motivated learning and mem-
ory. The inhibitory avoidance training box was a 50 × 25 ×
25-cm acrylic box whose floor consisted of parallel stainless
steel bars (1 mm diameter) spaced 1 cm apart (Insight, Sao
Paulo, Brazil). We adapted a small platform (1 × 3 × 2 cm)
in the center of the apparatus. The animal was gently placed
in the platform and their latency to step-down on the grid
with all four paws was recorded. In the training session,
immediately after stepping down on the grid, animals were
given a 0.5 mA foot shock for 2 s. In retention test session,
carried out 24 h after training (to evaluate long-term mem-
ory retention), no foot shocks were given and a maximum
of 300 s was imposed in the step-down latency. The time
when the animal stepped down was recorded and used for
analysis.

Plethysmography

At the age of 6 months, all mice were anesthetized with
intraperitoneal administration of ketamine/xylazine at 100

and 10 mg/kg, respectively. The trachea was cannulated,
and the mice were mechanically ventilated at 150 strokes/
min with a 150 μl stroke volume. Mice were placed in a
forced pulmonary maneuver system where pulmonary
resistance was recorded using a FinePointe™ RC System
(Buxco Research Systems, USA). Results are shown in cm
H2O.s/mL [26].

Radiographs

Mouse limbs were isolated, cleaned of soft tissue, and
radiographed as described [27]. Bone width in mice was
measured on radiographs and were evaluated and reported
as width in mm.

Histological analyses

The tissues were fixed with 10% buffered formalin,
embedded in paraffin and submitted to semi-thin sections
for the assembly of the histological slides.
Hematoxylin–eosin (H&E) and alcian-blue (1%) staining
were used to investigate the GAG accumulation. At least
two different slides from each animal were analyzed.
Analyses were performed by our pathologist, blinded to
groups. At least five-high-power fields (×400 magnification)
were observed.

Wall thickness of the ascending aorta was measured after
Verhoeff-van Gieson staining by obtaining the average of at
least five wall measurements in different points of the cut,
as previously described [24]. Heart valve thickness was
measured at ten different points and the mean result was
considered. Glial fibrillary acid protein (GFAP) was eval-
uated by immunohistochemistry in five-high power (×400
magnification) fields as previously reported [28]. The
microscope slides were analyzed under a microscope
(Olympus BX51TF, JPN) (×200 for overview images, or
×400 for closer images).

Ethics statement and statistics

This study was approved by the authors’ institutional ethics
committee on animal experimentation (Comissão de Ética
no Uso de Animais do Hospital de Clínicas de Porto Alegre
- permit number #150416) and all experiments with animals
were monitored by a veterinarian. IBM SPSS Statistics
version 20 was used for statistical analysis.

All injections were performed by our vet, who was
blinded to treatment groups. Additional control groups
(mice injected with only the donor sequence- without Cas9-,
or mice injected with plasmids but without the liposome)
were also performed, but since they did not differ from
untreated mice in biochemical parameters [22], functional
tests were not performed and their results are not shown in
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the present study. Possible gender effects were analyzed in
all tests, and no significant differences were found between
males and females if not specified. Results were compared
using ANOVA and Tukey or Kruskal–Wallis and
Mann–Whitney, as indicated. A Pearson test was used for
correlation analysis. P values lower than 0.05 were con-
sidered statistically significant. GraphPad Prism 7 software
was used to graphic design.

Results

Serum IDUA and tissue histology

MPS I mice received a hydrodynamic injection at 2–3 days
after birth with a liposomal complex containing a CRISPR/
Cas9 plasmid and a plasmid containing the mouse Idua
cDNA. IDUA activity in serum was maintained at stable
levels ranging from 5 to 7% of normal levels in mice for
6 months. Also, at 6 months, we observed a substantial
reduction in GAG staining in most organs analyzed but the
brain, as previously reported and summarized in Table 1. In
addition to the data previously reported, here we describe an
inverse correlation between tissue GAG levels at 6 months

and IDUA activity in heart and lungs as well as serum
IDUA levels versus urine GAG excretion levels (Supple-
mentary Fig. 1).

GAG levels

GAGs were also quantified according to the composition
of mono and disaccharides present in the samples using
tandem mass spectrometry, as can be observed in Fig. 1.
Serum DS, HS–NS, and HS–OS were statistically
decreased in treated animals, while only heparan sulfate
saccharides were reduced in the urine of the same group.
There was no difference in mono- or di-KS in serum or
any other samples. Regarding tissue accumulation in
treated animals, there was a significantly reduction in DS,
HS–NS, and HS–OS in the kidney, lung, and spleen. In
the meanwhile, there was HS-OS decrease in the heart and
DS in the liver. The correlation between serum and
urinary DS, HS–OS, HS–NS, mono-KS, and di-KS levels
and serum IDUA activity was investigated, as can be seen
in Suplementary Fig. 2. All graphs which correlated DS,
HS–OS or HS–NS (A, B, C, F, G, H) showed an inverse
significant correlation with IDUA activity found in treated
MPS I mice (P < 0.05, Pearson test), except for (D) serum
mono-KS versus serum IDUA and (E) serum di-KS versus
serum IDUA.

Mouse facial morphology and body weight

Figure 2a shows that an untreated MPS I mouse has a short,
broad face at 6 months after birth. In contrast, the facial
morphology of a treated mouse was in between of an
untreated MPS I and a normal mouse. The average body
weight of the treated MPS I male mice at 6 months was
32.6 ± 0.8 g [standard error of the mean (SEM)], as shown
in Fig. 2b. This was similar to that in age-matched normal
male mice (31.1 ± 1.6 g) and was markedly lower than
untreated MPS I males (34.7 ± 0.9 g; p < 0.001 for treated
vs. untreated MPS I mice). Similarly, the average body
weight of the treated MPS I female mice (28.8 ± 0.6 g) was
lower than the average weight of 29.4 ± 0.8 g in the
untreated MPS I females, although this difference was not
statistically significant (p > 0.05). The weights of the normal
females were significantly lower than in the other groups
(24.9 ± 0.2 g).

Bone pathology

Radiographs of untreated MPS I mice (column 2 in Fig. 3),
demonstrated that the long femoral bone (panel 3B) and the
zygomatic facial bone (panel 3 A) were thick. These fea-
tures were improved (but not normalized) in the treated
MPS I mice (column 3). The width of the zygomatic bone

Table 1 Effect of neonatal gene therapy on serum IDUA levels,
urinary GAG and average tissue pathology findings.

Parameters Normal
(n= 6)

Untreated
(n= 6)

Treated
(n= 6)

Serum IDUA (nmol/
h/mL)a

6.14 ±
0.11*

0.03 ± 0.014 0.40 ±
0.050*

Urinary GAGsb

(µg/mg creatinine)
185.5 ±
27.90*

510.5 ± 45.90 356.2 ±
17.40*

Brain cortex 0 ++ ++

Heart 0 ++++ +

Kidney 0 ++++ ++

Liver 0 ++++ ++

Lung 0 ++++ +

Zero represents histology that is indistinguishable from normal; +
represents animals in which storage was absent in some fields and
present in others; ++ represents animals in which storage was present
in all fields, but at low levels; +++ represents animals in which
storage was present in all fields at moderate levels; and ++++
represents animals with large amounts of storage material in all fields

*p < 0.05, when compared to untreated MPS I mice (ANOVA and
Tukey post hoc)
aThe average serum Idua activity in nmol/h/mL for normal (wild type
mice), untreated MPS I mice, and liposome-treated MPS I mice, are
shown. The severity of pathological evidence of lysosomal storage
disease at 6 months after birth was evaluated in the indicated tissues of
normal, untreated MPS I, or liposome-treated MPS I mice. Pathology
in brain cortex, heart, kidney, liver, and lung tissues were evaluated
bUrinary GAGs shown here were measured using the DMB assay and
do not distinguish Dermatan sulfate, heparan sulfate or other GAGs
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was 0.3 mm for treated mice (Fig. 3c), but there was sig-
nificant difference when compared with values from both
untreated MPS I and normal mice (p < 0.05). The width of
the femoral bone evaluated was significantly reduced in the
treated MPS I mice (Fig. 3c) compared to the MPS I group,
and not different from normal mice.

Cardiovascular disease

Echocardiographic analysis was performed in 6-month-old
mice to assess heart function. We have previously shown
that heart contraction was improved with the treatment. We
expanded these results here, showing that left ventricular

mass is increased in MPS I mice, and treatment leads to
normalization of this parameter (Fig. 4). We also measured
the left ventricular anterior and posterior wall thickness in
systole and diastole, and found no difference among the 3
groups (data not shown).

Pathology in the aorta and heart valves

GAG storage in the MPS I mouse heart valves could be
visualized in histological sections from 6-month-old ani-
mals (Fig. 5a).

Cells presenting GAG storage were vacuolated inter-
stitial cells. Heart valves were stained with H–E and

Fig. 1 GAG quantification using Tandem Mass Spectrometry.
Dermatan sulfate (DS), heparan sulfate (HS-NS and HS-OS), dis-
accharides were determined in serum, urine, and tissues from normal
(wild type mice, n= 6, white bars), untreated (MPS I mice, n= 6,
black bars), and treated MPS I mice (n= 6, gray bars). KS levels in
organs and urine were under the lower limits of detection of the
method, thus they were not shown. Normal and untreated MPS I mice
did not receive any injections prior to euthanasia. Liposome-treated

MPS I mice were injected once with the liposome associated to a
CRISPR/Cas9 plasmid and a donor plasmid of Idua cDNA in a
volume corresponding to 10% of body weight of at 2–3 days after
birth. ANOVA and Tukey post hoc, where *p < 0.05 and **p < 0.005,
and ***p < 0.001 versus untreated. Averages for all animals in each
group ± the standard error of the mean (SEM) are shown. MPS I,
mucopolysaccharidosis type I. Liposome, liposomal carrier associated
to the CRISPR/Cas9 plasmid and Idua donor plasmid.
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alcian blue for GAG analysis since they were too small to
quantify with a biochemical assay (Fig. 5a). In addition,
measuring the valve thickness at ten different points

revealed that the heart valves were thickened in the MPS I
mice (Fig. 5b), and the treated group was not different
from the untreated.

Analyzes of the aorta revealed that untreated MPS I
mice presented increased aortic diameter and wall thick-
ness (Fig. 6a), with numerous white vacuoles in the tissue,
which correspond to GAG storage (Fig. 6c). Treated mice
presented decreased aortic diameter compared with
untreated MPS I mice, although it was not normalized,
which suggests a mild effect of treatment in this organ
(Fig. 6a).

When analyzing elastin breaks, one can observe that
there was no difference between treated mice and normal or
MPS I mice, demonstrating that the treated group was in
between the two control groups (Fig. 6b).

Respiratory disease

Lung resistance obtained during plethysmography was used
as a measure of obstructive airway disease [26]. In Fig. 7

Fig. 2 Facial morphology and body weight. Normal and untreated
MPS I mice did not receive any injections prior to euthanasia.
Liposome-treated MPS I mice were injected once with the liposome
associated to a CRISPR/Cas9 plasmid and a donor plasmid of Idua
cDNA in a volume corresponding to 10% of body weight of at
2–3 days after birth. a Facial morphology. Normal, liposome-treated,
and untreated MPS I mice were photographed at 6 months of age. b
Body weight. The weights for males (four normal, three liposome-

treated MPS I, and four untreated MPS I mice were evaluated) and
females (four normal, two liposome-treated MPS I, and four untreated
MPS I mice) were determined at 6 months of age, and averages for all
animals in each group ± the standard error of the mean (SEM) are
shown. Anova and Tukey post hoc, where *p < 0.05 and **p < 0.005,
versus untreated. MPS I, mucopolysaccharidosis type I. Liposome,
liposomal carrier associated to the CRISPR/Cas9 plasmid and Idua
donor plasmid.

Fig. 3 Effect of gene editing on bone abnormalities. Normal (wild
type mice, n= 14, white bars), liposome-treated (n= 6, gray bars), and
untreated MPS I (n= 14, black bars) mice radiographs at 6 months of
age. a Zygomatic bone (indicated as “Z”). b Femoral bone (indicated
as “F”). c Bone width comparison (mm). Averages for all animals in

each group ± the standard error of the mean (SEM) are shown. Anova
and Tukey post hoc, where *p < 0.05, (*) when significantly different
from untreated and (#) from normal group. MPS I
mucopolysaccharidosis type I.

Fig. 4 Left ventricular mass assessed by echocardiography. Normal
(n= 14, white bars), liposome-treated (n= 6, gray bars), and untreated
MPS I (n= 14, black bars) mice were submitted to echocardiography
at 6 months of age. Averages for all animals in each group ± the
standard error of the mean (SEM) are shown. ANOVA and Tukey post
hoc, where *p < 0.05, **p < 0.005, and ***p < 0.0005, compared to
untreated group. MPS I mucopolysaccharidosis type I. Liposome,
liposomal carrier associated to the CRISPR/Cas9 plasmid and Idua
donor plasmid.
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one can observe that MPS I mice presented higher lung
resistance values, while treated mice were similar to normal
mice, and both were significantly different from the
untreated group.

Behavior analysis and brain histology

As a measure of locomotor activity and exploratory beha-
vior, animals were submitted to the open field test. MPS I
mice presented reduced activity in both parameters,
although only results from crossings were statistically sig-
nificant (Fig. 8a). Treatment failed to prevent the abnorm-
alities in this test, as treated mice also had reduced
locomotor activity (Fig. 8a).

In the inhibitory avoidance test, latency to step down the
platform during the training session in the inhibitory
avoidance apparatus was not different among groups, as

Fig. 5 Heart valve thickening and GAG storage. a An example of
heart valve from the left ventricle of normal, untreated, and treated 6-
month old MPS I mice. b Heart valve thickness at 6 months. Normal
(wild type mice, white bar, n= 10), treated MPS I (gray bar, n= 6),
and untreated MPS I mice (black bar, n= 10). Thickening of the heart
valves was measured in ten different points, and the average value was

recorded. Averages for all animals in each group ± the standard error
of the mean (SEM) are shown. ANOVA and Tukey post hoc, where
*p < 0.05, **p < 0.005, significantly different from untreated MPS I
group. Magnification: ×200. MPS I mucopolysaccharidosis type I.
Liposome, liposomal carrier associated to the CRISPR/Cas9 plasmid
and Idua donor plasmid.

Fig. 6 Pathology in the aorta. a Diameter of the ascending aorta at
6 months measured at the moment of tissue collection. b Quantifica-
tion of elastin breaks at 6 months. c Aortic disease: Verhoeff–Van
Gieson stain for elastic fiber content. Representative sections of an
aorta from a normal (wild type mice, n= 10, white bars), a treated
MPS I (n= 6, gray bars) and untreated MPS I mice (n= 10, black
bars). Black arrows indicate GAG storage and elastin breaks in the

tissue. Averages for all animals in each group ± the standard error of
the mean (SEM) are shown. ANOVA and Tukey post hoc, where *p <
0.05, **p < 0.005, and ***p < 0.0005, (*) when significantly different
from untreated MPS I group. MPS I mucopolysaccharidosis type I.
Liposome, liposomal carrier associated to the CRISPR/Cas9 plasmid
and Idua donor plasmid.

Fig. 7 Respiratory disease. Lung resistance obtained from plethys-
mography analysis from normal (wild type, white bar, n= 5), treated
MPS I (gray bar, n= 3), and untreated MPS I mice (black bar, n= 5).
Averages for all animals in each group ± the standard error of the mean
(SEM) are shown. ANOVA and Tukey post-hoc, *p < 0.05 versus
untreated MPS I group. MPS I mucopolysaccharidosis type I.

Neonatal nonviral gene editing with the CRISPR/Cas9 system improves some cardiovascular, respiratory,. . .



expected. However, 24 h after training, MPS I mice stepped
down from the platform significantly faster than normal
mice, suggesting memory deficits. Treated mice also failed
to remember the aversive stimulus and performed similarly
to untreated MPS I mice (Fig. 8c).

GFAP positive cells were increased in MPS I mice and
also in the treated group, which evidences that treatment
was not able to reduce neuroinflammation (Fig. 9).

Discussion

We have previously shown that the treatment of newborn
MPS I mice with the CRISPR-Cas9 system enabled con-
stant production of IDUA by tissues and its secretion.
Furthermore, it significantly reduced GAGs present in uri-
neand tissues [22]. The increased production of IDUA and
reduced GAG storage in tissues as lungs and heart (where
gene editing and enzyme production was most efficient) led
to the expectation of finding functional improvements in
these systems, as reported here in. However, some other
organs could also benefit from treatment despite low fre-
quency of gene editing, since a fraction of the enzyme can
be secreted to the bloodstream from edited cells, and could
be taken up by cells in other organs via the classical M6P
receptor, in a process that would resemble ERT [29–31].

Firstly, it should be pointed out that hydrodynamic
delivery was performed as a proof-of-concept, as this form
of injection may damage cells and tissues and could not be
easily extrapolated to human clinic yet. In this sense, future
studies will focus on alternative forms of administration.

We deeply analyzed serum and tissue IDUA and GAG
levels, which were previously reported in our latest study
[22], aiming to look further at possible correlations. We
consider particularly important the strong correlation found
between the reduction in urinary GAGs and the increase in
serum IDUA activity observed here, as urine GAG levels is
the main biomarker used for monitoring therapeutic efficacy
in clinical practice [32]. In addition, we performed GAG
analysis by tandem mass spectrometry. It was interesting to
notice that total urinary GAGs were reduced when con-
sidering the DMB assay results, but in fact only the HS was
actually lower. Also, heart DS levels were not different
from untreated mice, while HS were reduced. This is par-
ticularly interesting because heart function in these mice
was normalized after treatment, and these results could
suggest a bigger role for HS in heart disease progression
than previously anticipated.

Looking at phenotype correction, treated male mice
showed improved results in body weight while female mice

Fig. 8 Behavior analysis: open field and inhibitory avoidance test.
a Open field test: mice were analyzed at 6 months and locomotor
activity of normal (wild type, circles, n= 20), treated MPS I (squares,
n= 6), and untreated MPS I mice (triangles, n= 16) and b exploratory
behavior were compared among groups, considering number of
crossings and number of rearings of normal (wild type, circles, n=
20), treated MPS I (squares, n= 6), and untreated MPS I mice (tri-
angles, n= 16). c Results from the inhibitory avoidance test were
based on the time to step down the platform during training session
and time to step down the platform during trial session, 24 h after
training of normal (wild type, circles, n= 12), treated MPS I (squares,
n= 6), and untreated MPS I mice (triangles, n= 12). Dots represent
individual mice and trace indicated average and standard deviation.
Kruskal–Wallis and Dunns post hoc, *p < 0.05, difference from
untreated MPS I group. MPS I mucopolysaccharidosis type I.

Fig. 9 Neuroinflammation. a Glial fibrillary acidic protein (black
arrows) was detected in the cortex of normal (wild type mice, n= 6),
untreated MPS I (n= 6), and treated (n= 6) MPS I mice. b Quanti-
fication of GFAP positive cells per field evaluated in 10 high-power
fields of normal (wild type mice, n= 6, white bar), untreated MPS I

(n= 6, black bar), and treated (n= 6, gray bar) MPS I mice. Mean ±
the standard error of the mean (SEM) are shown. ANOVA and Tukey
post hoc, where #p < 0.05, ##p < 0.005, and ###p < 0.0005 versus nor-
mal, as both treated and untreated were not significantly different.
Magnification: ×200. MPS I, mucopolysaccharidosis type I.
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did not reach statistically significant values, probably due to
small sample size. Also, we could observe that facial
morphology of treated mice was in between normal and
untreated groups. This led us to perform X-ray analysis. The
zygomatic bones showed lower widths in comparison to
untreated mice, although not completely normalized. The
femoral long bone width differed from MPS I as well, but
not from the normal group. These surprising results suggest
that the treatment was able to reach the bone tissue in some
extent, although unfortunately not sufficiently to normalize
bone width. It is important to point out that treatments such
as ERT and even HSCT have limited effect on bone disease,
since the enzyme does not reach bone tissue [33, 34]. In
fact, HSCT may provide substantial impact on bone lesions
for MPS I mice, as demonstrated by Pievani et al. [35] and
Azario et al. [36], which described GAG (DS, HS, and KS)
normalization in blood and marked improvements in
bone pathology and skull after neonatal bone marrow
transplantation and umbilical cord blood transplantation in
MPS I mice. It is reasonable that HSCT provides a better
clinical outcome since the secreted enzyme activity is much
higher than our current report. In this sense, our future
studies will look at distribution and affinity of this specific
formulation for the bone and evaluation of enzyme and
tissue GAG levels in this tissue as well, as it is clinically
relevant [34, 37].

MPS I patients frequently develop heart disease, there-
fore we aimed to look at aspects of cardiac function [11].
The parameters of contractility of the left ventricle as well
as heart dimensions in systole and diastole previously
reported suggest that the treatment is able to prevent both
left ventricle dysfunction and heart enlargement [13, 17].
Here, we show that LV mass was also normalized, which
suggest that the ventricular hypertrophy frequently found in
patients could be improved with our gene therapy.

The thickness of the heart valves showed no improve-
ment in treated mice, which suggest that the treatment may
not be efficient in preventing valve dysfunction. The heart
valves are poorly vascularized, being composed mainly of
collagen fibrils [38]. This characteristic may be likely
responsible for a poor distribution of the vector and the
enzyme throughout this tissue, and it could explain why our
gene therapy approach failed in correcting this aspect of the
disease. Previous work has shown that even very high
enzyme levels achieved with gene therapy are still only
partially effective in correcting heart valves [39].

The ascending aorta is another tissue considered as
“difficult-to-treat” by current therapies [20, 40]. Therefore,
it was unexpected that our treated mice presented inter-
mediate results of wall thickness and aortic diameter, as
well as lower count of elastin breaks. Although GAG sto-
rage could still be observed in treated mice and IDUA
activity levels were not measured due to insufficient sample,

these results highlight that the therapy could be a potential
alternative to treat some of the most affected organs
in MPS I.

This is the first time that lung function is measured in
MPS I mice to date, and this parameter is important because
upper and lower airway obstruction and restrictive pul-
monary disease are very common in both children and
adults with the disease, being one of the causes of MPS
patients mortality [41, 42]. The pulmonary function results
of the treated group were similar to normal, and reduced
compared to MPS I, in agreement with higher IDUA levels
(10% of normal values) and lower GAG levels found in the
lungs of treated mice previously reported [20].

It is a consensus that IDUA does not cross the
blood–brain barrier in significant amount in human patients,
although some researchers have shown that, in mice, a small
fraction of the enzyme is able to reach the brain, when
found in high levels in serum [25, 43]. We had previously
shown that IDUA activity in the brain of treated-mice was
indeed undetectable, and GAG levels were not reduced
[22]. We confirmed those findings with behavior analysis
and GFAP content (as a marker of neuroinflammation,
which has been previously shown to be elevated in MPS I
mice) [15, 19, 28, 44, 45], which showed no improvement.
These results confirm that the treatment is not able to reach
the brain when applied intravenously.

This study shows promising findings in the frontier of
knowledge, being the first one to report these outcomes. In
contrast, enzyme levels found did not reach normal levels and
were not able to normalize GAG levels. However cardiac and
respiratory findings may suggest that supraphysiological
levels of enzyme may not be strictly necessary, since a
combination with other therapies could be viable. In this
sense, finding a treatment that is effective in the central ner-
vous system which could be used in combination with ERT,
for example, is imperative to prevent neurological symptoms
[3, 46]. Other studies have shown that gene/enzyme targeting
to specific tissues is possible [47], and we are aware that, to
achieve better results, it is necessary to produce enzyme at
higher levels or to address specific tissues. New routes and
formulations are being tested to address the brain as nose-to-
brain delivery [48], as well as other difficult-to-treat tissues as
joints with intra-articular delivery [49].

Taken together, our set of results suggest deterioration of
function in some organs (particularly heart valves and brain)
while other tissues, such as the cardiovascular system, the
aorta, the bones, and the lungs, seem to have their function
at least partially improved after the neonatal treatment. It is
important to notice that despite the lack of complete nor-
malization of tissues, this treatment could be combined with
other approaches such as AAV delivery, HSCT, or ERT to
prevent some important deterioration found in patients
treated by currently available therapies. In addition,
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increasing gene editing efficiency with improved vector
design, other routes of administration, or multiple injections
could lead to even better outcomes, and we are currently
focusing on that.

Conclusion

This study demonstrates that neonatal gene therapy can
result in improvements in bone, heart, and lung pathologies.
Although low levels of IDUA activity were detected in
serum (6% of normal IDUA levels), improved facial dys-
morphism, bone width, heart, and lung function, and aortic
dilatation were observed. To reach even better results,
identification of new effective ways to improve the delivery
of IDUA to difficult-to-treat tissues through modifications
of the protein or by increasing blood enzyme levels should
be pursued.

The long-term risks of any gene therapy approach need
to be considered. However, we have not seen any evidence
of tumors in treated mice, and the administration of lipo-
some to transgenic mice or man did not result in insertional
oncogenesis. Further studies will be necessary to evaluate
this potential risk prior to implementation of this approach
in patients and studies by our group as well as other are
ongoing to verify the long-term safety of this strategy. We
are currently searching for new alternative approaches as
new delivery routes and investigating combined approaches
to gene editing, expecting to achieve supra or normalization
of the enzyme activity, hoping to find a more feasible and
effective treatment to translate to clinical practice. In con-
clusion, the set of results show for the first time benefits of
gene editing as a gene therapy approach in multiple aspects
of a lysosomal disorder. However, for a complete correction
of these multisystemic disorders, delivery alternatives
should be tested to increase enzyme activity.
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