
 

 

PROGRAMA DE DOCTORADO EN BIOMEDICINA (B11.56.1) 

Gene Editing as an Alternative to Retroviral 

Vectors for Wiskott-Aldrich syndrome Gene 

therapy. 

 

Edición génica como alternativa a los vectores retrovirales para 

terapia génica del síndrome de Wiskott-Aldrich 

 

 

 

 

 

 

 

 

 

INTERNATIONAL PHD THESIS 

TESIS DOCTORAL CON MENCIÓN INTERNACIONAL 

 

M.ALEJANDRA GUTIERREZ GUERRERO 

OCTOBER 2017 

GRANADA 

 

  



 

 

  

Editor: Universidad de Granada. Tesis Doctorales
Autora: Alejandra Guti®rrez Guerrero
ISBN: 978-84-9163708-0
URI: http://hdl.handle.net/10481/49163 

http://hdl.handle.net/10481/49163


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The best scientist is open to experience and begins  

with romance - the idea that anything is possible.  

Ray Bradbury 

 

 

 

 

 

 

  



 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

A mis padres 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

La doctorando M. Alejandra Gutierrez Guerrero, el tutor Francisco Martín Molina y 

los directores de Tesis Francisco Martín Molina y Karim Benabdel Lah El Khlanji, 

garantizamos, al firmar esta tesis doctoral, que el trabajo ha sido realizado por el 

doctorando bajo la dirección del tutor y directores de la tesis y hasta donde 

nuestro conocimiento alcanza, en la realización del trabajo se han respetado los 

derechos de otros autores a ser citados cuando se han utilizado sus resultados o 

publicaciones. 

 

Granada, Octubre 2017 

 

Tutor/Director de la tesis     Director de la tesis 

Fdo:        Fdo:     

 

 

 

Francisco Martín Molina, PhD                Karim Benabdel Lah El Khlanji, PhD 

 

 

Aspirante 

Fdo: 

 

 

 

M. Alejandra Gutierrez Guerrero 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

- 

 

 

 

 

 

 

 

 

AGRADECIMIENTOS/ACKNOWLEDGMENTS 

 
“Develop an attitude of gratitude, and give thanks for everything that happens to 

you, knowing that every step forward is a step toward achieving something bigger 

and better than your current situation.” 

Brian Tracy  



 



 

 

Después de 4 años, me enfrento a mi última 
página en blanco, seguramente la más importante, 
la que, aunque no lo parezca,  es la más difícil y la 
que todo el mundo busca cuando abre la tesis.  
Aguantad los cambios a los diferentes  idiomas, 
por favor, Gracias! 

After 4 years, I face my last blank page, definitely 
the most important, the one that although it 
doesn’t seem like it, is the most difficult and the 
one that everyone turns to when opening the 
thesis. Bear with me the language changes, please, 
Thank you 

En primer lugar agradecer a mis directores de tesis: Paco, Gracias por darme la oportunidad de hacer esta tesis, 
por proponer esta temática tan interesante, por esas charlas interminables, ya sea en el despacho o por teléfono 
y por poder hacer la tesis entre España y Francia. Y por supuesto a mi segundo director, Karim,  Gracias por 
enseñarme desde el principio y apoyarme en estos años en los experimentos, por las discusiones sobre lo que 
hacer o no, por ser otro guía en este largo camino. And last, but not for that least, my director in the shadows, 
Els, thank you for giving me the opportunity of doing that first stay in your lab back in 2015, for allowing me 
to return for those 6 months that turned into a year, for the phone calls, Skypes and endless e-mails we shared, 
for helping me becoming a better scientist and for supporting me during this last difficult year, I doubt I could 
have survived without you the last 6 months. Thank you. 

Ahora es cuando toca hacer memoria y recordar a toda esa magnífica gente que me ha apoyado durante este 
largo camino. Si alguno de vuestros nombres no aparecen, pero no es que no os esté agradecida, es que mi 
memoria, después de tanta información y tanta escritura, no da para más, así que Gracias. 

Agradecer a Roberto y Carmelo, por brindarme la oportunidad de ser su alumna interna durante mis últimos 3 
años de carrera. Gracias a vosotros me di cuenta que la investigación era lo que siempre me había gustado. 
Gracias a toda la gente del grupo por ayudarme en esos años. También agradecer a toda esa magnífica gente del 
departamento de genética, porque aunque ya no exista la becaria, no creo que pueda olvidar los buenos 
momentos que he pasado con vosotros, aunque me costara al principio. Un Gracias especial a Jesús, por 
hacerme reír siempre que podía, porque mi planta no tenia ADN y mis primers eran de peces y a Moha, por 
esas tardes de té/café y por ser borde conmigo y aguantar mis borderías, por poder escribirte en cualquier 
momento y que al final siempre me animes. Gracias!  

Leticia, gracias por estar siempre ahí, por leer/escucharme en mis dudas existenciales, por esos Skype y 
WhatsappCall durante estos años, que aunque nos veamos solo un par de veces al año se que siempre puedo 
contar contigo, Gracias.  

Beatriz, puede que hayamos perdido un poco el contacto con eso de que te fueras a Barcelona y te casaras, pero 
todos estos años (cuantos son ya 15?) has creído en mí y me has apoyado y animado siempre, Gracias por ser 
mi amiga! 

A mis niñas Sonia y Araceli, porque volver a reencontrarme con vosotras después de perder el contacto fue lo 
mejor, por esas quedadas una vez al mes que se han convertido en “cuando Alejandra vuelva de donde quiera 
que este”, por las cenas y salidas a bailar, por estar ahí, Gracias! 

Thank you Carol! Not only for being my English teacher but also for being a friend during the years. 

Noemí, Gracias por ser una amiga en la distancia, por apoyarme y pese a los años se que siempre te tendré, 
aunque ya nuestro pacto no pueda ser,  Gracias. 

Gracias a la gente de mi grupo, Per, Marién, Pili, Ana, Sabina, Almudena, María y a los que ya no están, Giuseppe, 
Piero, Sara, Cristina, Eliana (a los que no menciono también le doy las gracias!) porque el comienzo siempre es 
difícil y con vosotros fue súper fácil. 

A huge thank you to all the amazing people that I meet in London when I was doing my first 3-month stay. 
Thanks to Dr. Adrian Thrasher for giving me the opportunity of going to his lab. To Pili, again, for helping me 
during my stay there. To Miguel, Sian, Jo, Neelam, Dave, Mike, Maria, Ben, Sujal, Jonathan, Georgia, Jess, Giusi, 
Claudia, Albert, Andrei, Anne, Melissa, Emma, Roland, and those I meet later Luca, Ulrike, Diego,… thank you, 
going to London was a great experience and you all made it definitely better. A special thank you to Karolin, 



because friendship blossoms in the weirdest ways and in the shortest of times. And to Frances, because I know 
you are always there (mostly!). 

Gracias a mi grupo de acogida, porque la recta final ha sido más fácil con vosotros. A veces gente que jamás 
pensarías que podría ser compatible contigo lo es, esas bonitas sorpresas de la vida. Angélica, Antonio, gracias 
por hacer los tiempos de espera en el labo más llevaderos, a Rafa por aparecer en los momentos adecuados.  A 
mi compis de sala gracias por hacer más llevadero esos días en el ordenador, a las niñas Patri, Mari, y Paola y a 
los niños, Joel y Carlos. A Álvaro, por ser mi versión 2.0, porque aunque el principio fue duro, con esa 
conversación sobre mudas de piel y ángulos, al final encontramos la manera de pasar tiempo juntos y que no 
fuera raro.  A José, gracias por los calabacines (jajaja, tenía que decirlo) y por esos mensajes de vez en cuando 
para dar ánimos y apoyo, ya sabes que al final lo vas a conseguir tú también, estoy segura de ello.  

Y como no, a mis patas!! A Tere, por su sabiduría en todo lo relacionado con la ciencia y lo que no es ciencia, 
por las conversaciones con el café en la puerta que duraban horas, hablando de todo y nada, por los viajes, y en 
especial gracias por ayudarme con la tesis, no sé que habría hecho sin ti. Y a mi otra pata, Lidia, que aunque no 
seamos amigas aún, sé que puedo contar contigo siempre, que podemos tirarnos horas y horas hablando y 
parece que no pasa el tiempo, por darme consejos y por escuchar mis quejas, gracias por dejarme querer tanto 
a tus gatos, porque aunque no quería se han hecho un hueco. Un gracias a las dos, porque estoy segura de que 
sin vosotras no hubiera podido llegar a esta página, porque en nuestra locura me mantenéis cuerda.  

Je voudrais remercier toutes les personnes du labo Evir, à Lyon, notamment François Loic pour m’avoir donné 
la possibilité de faire mes stages dans son labo. Un grand merci à  Ornéllie pour m’avoir aidée avec toutes mes 
expériences et mon français, bien que elle n’essaye pas son anglais , à Gisèle pour tout les gestes attentionnés 
envers moi, à Didier et Flo pour avoir fait l’expérience au labo très rigolote, à Fouzy pour avoir fait le plat 
spécial pour moi, tu es très bonne cuisinière, a Greg y Jimena por traerme un poquito de español al labo, à 
Camille et Caro pour sa vision avec mes expérimentations et tous les échantillons qu’elles ont fait pour moi et 
au reste de l’équipe : Bertrand, Mykolas, Christelle, Anais, Chloe, Solene, Nelly, Kareen. 
Un merci spécial pour Nolwenn, parce qu’on continue comme amies  alors que je pars en Espagne et que tu 
quittes le labo, le petit RDV avec toi a été très spécial pour moi. 

Time to thanks all the amazing international people that I have meet during my stay in Lyon. Primero, 
Natanael, fue la primera persona que conocí cuando llegué a Lyon en 2015, gracias por ayudarme en ese gran 
cambio y por creer en mí, aún cuando yo siga diciendo que no, porque la doble cadena de ADN era 
importante. An extremely special thank you to Lionel (sorry, I can’t speak/write French with you :P), but 
really thanks for everything, for making me think positive (at least trying to),  for all those sushi and movies 
nights that kept the stress at bay, for the amazing cover… (the list it’s too long so the “…” will have to 
summarize it all ;)) the stay in Lyon has been a little easier because of you, Gracias!  A Iulia por ser tan especial 
como eres y ayudarme en todo lo posible, porque al final ha surgido una gran amistad, gracias. A very well 
deserved thank you to all those amazing people that I have meet this last year: Patrycja, Mustafa, Jess, Bea, Hady, 
Constance (I got your name right this time), Victor, My, Larnell, Lamine, Claudiu, Charlotte, Pierre, Lucie, Jose, 
Rodrigo, Tim and all the great people I have crossed path with in meetup, you have made my life in Lyon the 
best. 
Por último, quiero agradecer a mi familia, que aunque no entiendan mucho lo que hago siempre me han 
apoyado. En especial a mis padres, Antonio y M. Carmen, porque son las personas más maravillosas del mundo, 
porque aunque no entiendan ni la mitad de las cosas que les digo siempre están ahí, apoyándome y 
animándome, sobre todo ahora al final y aunque haya siendo en la distancia siempre los he tenido presentes, 
porque sin ellos y sin su apoyo no hubiera llegado a donde estoy. Muchas gracias, os quiero muchísimo. 

No quiero olvidar a una parte importante de mi 
doctorado, puede que la más importante, gracias a 
las máquinas de PCR, sin ellas mi vida hubiera sido 
muchos más aburrida. Gracias por hacer mi vida 
de doctorando una aventura! (para nada tono 
irónico!!) 

I don’t want to forget an important part in my 
PhD, maybe the most important one, thank you to 
the PCR machines, without them my life would 
have been so much duller. Thank you for making 
my PhD life an adventure! (Non-ironic speech at 
all!!)

Gracias! Thank you! Merci!



INDEX 

“The most exciting phrase to hear in science, the one that heralds new 

discoveries, is not ‘Eureka!' but 'That's funny...' ” 

Isaac Asimov 





~ 21 ~ 

Index 

AGRADECIMIENTOS/ACKNOWLEDGMENTS ..................................................................... 15 

INDEX ............................................................................................................................ 19 

Resumen ........................................................................................................................ 27 

Abstract ......................................................................................................................... 29 

Introduction .................................................................................................................... 33 

1. Wiskott Aldrich Syndrome ........................................................................................ 33

2. Gene therapy......................................................................................................... 35

a. General facts ...................................................................................................... 35

b. Gene therapy for Wiskott-Aldrich syndrome ............................................................... 36

3. Gene editing ......................................................................................................... 36

a. Nucleases .......................................................................................................... 37

i. Meganucleases ................................................................................................ 37

ii. Transcription activator-like effector nucleases (TALENs) ............................................. 38

iii. Zinc Finger nucleases (ZFNs). ............................................................................. 38

iv. Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) ............................ 39

4. Delivery of Nucleases and donor DNA. ......................................................................... 40

a. Non-Viral ......................................................................................................... 41

i. Electroporation ............................................................................................... 41

ii. Liposomes/polycations ...................................................................................... 42

b. Viral vectors ...................................................................................................... 42

i. Adeno-associated virus (AAV) ............................................................................. 42

ii. Adeno viruses (AdVs)........................................................................................ 43

iii. Retroviral vectors ............................................................................................ 43

1. Lentiviral vectors (LV) ................................................................................... 43

2. Integrative-deficient-Lentiviral vectors (IDLVs) ..................................................... 45

iv. Virus like particles (VLPs) .................................................................................. 46

5. Target cells ........................................................................................................... 47

a. Haematopoietic stem cells ..................................................................................... 47

b. Human T cells .................................................................................................... 49

c. Gene editing in primary cells .................................................................................. 50

i. Haematopoietic stem cells .................................................................................. 50

ii. T cells .......................................................................................................... 51

Hipótesis ........................................................................................................................ 55 

Objetivos ....................................................................................................................... 55 

Hypothesis ...................................................................................................................... 57 



~ 22 ~ 

Objectives ....................................................................................................................... 57 

Material and methods ......................................................................................................... 61 

1. Cells lines and primary cells ....................................................................................... 61

1.1. 293T cells ...................................................................................................... 61 

1.2. K562 cells ...................................................................................................... 61 

1.3. CD34+ cells derived from umbilical cord blood ......................................................... 61 

1.4. Human primary lymphocytes ............................................................................... 61 

2. Plasmids ............................................................................................................... 62

2.1. Zinc Finger nucleases (ZFNs) ............................................................................... 62 

2.2. CRISPR/Cas9 system ........................................................................................ 62 

2.3. Envelopes ...................................................................................................... 64 

3. Vector production ................................................................................................... 64

3.1. Production of non-integrating lentiviral vectors ......................................................... 64 

3.2 Production of nanoblades/VLPs ........................................................................... 65 

4. Viral titration ......................................................................................................... 66

5. Cell transduction .................................................................................................... 66

6. Preparation of cells for flow cytometry .......................................................................... 67

7. Analysis of H2AX phosphorylation ............................................................................... 67

8. Quantification of nanoblades’s Cas9 by ELISA. ................................................................ 68

9. Quantification of cleavage efficiency ............................................................................. 68

10. Off-target detection ............................................................................................. 69

11. Efficiency and fidelity of HD-donor insertion into the WAS locus. ....................................... 71

12. HS4 and synthetic insulator design and synthesis ........................................................... 73

Results ........................................................................................................................... 77 

1. Construction of WAS-specific ZFNs and CRISPR/Cas9 systems. ........................................... 77

2. Cutting efficiency of WAS-specific CRISPR and ZFNs. ...................................................... 77

a. Efficacy of the CRISPR system in K562 cells using plasmid nucleofection. ............................ 78

b. Efficacy of WAS-specific ZFNs in K562 cells using plasmid nucleofection. ............................ 79

c. Efficacy of the different endonucleases system using IDLVs .............................................. 79

i. Optimization for the delivery of CRISPR/Cas9 system as IDLVs. ................................... 80

3. Specificity of WAS-specific nucleases. ........................................................................... 81

a. Comparison of the specificity of endonucleases delivered by plasmid nucleofection. ................ 82

b. Comparison of the specificity of endonucleases delivered by IDLVs .................................... 83

4. Efficacy and specificity of ZFNs and CRISPR/Cas9 for homology direct genome editing of WAS locus

in K562 cells. ............................................................................................................... 85 

5. Nucleofection delivery of ZFNs and CRISPR/Cas9 system into CD34+ cells. ............................ 88



 

~ 23 ~ 

6. IDLVs delivery of ZFNs and CRISPR/Cas9 system in HSCs. ............................................... 89 

7. Improvements in the IDLV delivery system .................................................................... 90 

a. Improving the LV backbone: HS4 based insulators ........................................................ 90 

b. Adapting IDLVs pseudotyping to CD34+ cells and T cells ................................................ 91 

8. A new CRISPR/Cas delivery tool: the Nanoblades ........................................................ 93 

a. Development and characterization of HIV and MLV derived nanoblades ........................... 93 

b. Nanoblades for gene editing at the WAS locus in primary human T cells ........................... 96 

c. Nanoblades for gene editing at the WAS locus in primary human CD34+ cells .................... 97 

d. Nanoblades for gene editing at the WAS locus in CD34+ cell derived progenitor T cells ........ 97 

e. Off target effect of nanoblades ............................................................................. 99 

Discussion ..................................................................................................................... 103 

Conclusiones .................................................................................................................. 109 

Conclusions ................................................................................................................... 111 

Bibliography ................................................................................................................... 115 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

RESUMEN / ABSTRACT 

 

“ Science is not only a disciple of reason but, also, one of romance and 

passion" 

Stephen Hawking 

 

 
 





 

~ 27 ~ 

Resumen 

Uno  de los tratamientos más eficientes y seguros para enfermedades monogénicas que afectan al sistema 

hematopoyético es la terapia génica mediante vectores lentivirales (LVs) y gammaretrovirales (GVs). Sin 

embargo, a pesar de los claros beneficios terapéuticos obtenidos con las últimas generaciones de estos 

vectores, ambos son vectores retrovirales que se integran al azar en sitios activos de transcripción. Esta 

integración incontrolada genera un riesgo de mutagénesis insercional que puede generar efectos indeseados 

en las células modificadas. La edición génica se ha propuesto como una alternativa más segura, cuyo 

objetivo es la restauración de niveles terapéuticos del gen endógeno o bien la inserción ectópica del gen 

terapéutico específicamente en el mismo locus mutado o en un locus seguro (safe harbour). Las estrategias 

de edición génica más potentes se basan en la utilización de nucleasas específicas que producen roturas de 

doble cadena (DSB) en un sitio específico del genoma. Los procesos de reparación mediante unión de 

extremos no homólogos (NHEJ) o  mediante  recombinación homóloga (HR) permiten editar el genoma 

de diferentes maneras para logar un mismo objetivo final: recuperar la función normal del gen mutado. 

Nuestro objetivo final es desarrollar unas herramientas de edición génica que sean eficientes para el rescate 

de células humanas hematopoyéticas (hHSC) para pacientes que presentan el síndrome de Wiskott-Aldrich 

(WAS). 

En este trabajo, hemos diseñado diferentes sistemas de CRISPR/Cas9 específicos para WAS y las hemos 

comparado frente a las ZFNs (zinc finger nucleases) homodiméricas y heterodiméricas dirigidas exactamente 

a la misma región  utilizando  nucleofección y lentivirus deficientes para la integrasa (IDLVs) para su 

entrega en K562. Nuestros resultados muestran que, aunque el sistema CRISPR/Cas9 puede ser tan 

eficiente como la mejor ZFNs en cuanto a disrupción génica (reparación mediante NHEJ), el resultado 

depende del sistema de entrega. De hecho, mientras que los dos sistemas tienen una eficiencia similar 

mediante nucleofección, la entrega con IDLVs de las ZFNs consigue eficacias superiores de corte en el 

locus WAS que la entrega de  del sistema CRISPR/Cas9. Esto es cierto incluso para los nuevos sistemas 

CRISPR optimizados mediante la co-expresión del RNA guía (gRNA) y Cas9 en el mismo vector (sistemas 

all-in-one), la inclusión del elemento WPRE (del inglés woodchuck hepatitis virus post-transcriptional regulatory 

element) o la inserción de aisladores. Nuestros estudios también demostraron que nuestro sistema 

CRISPR/Cas9 tenía una especificidad similar a las ZFNs heterodiméricas y superior a las ZFNs 

homodiméricas. Estos resultados fueron obtenidos gracias al análisis de los niveles de DSBs detectados 

(tinción con ɣH2AX) en células editadas con las diferentes nucleasas. Interesantemente, cuando se analizó 

la eficiencia y especificidad de los diferentes sistemas para la edición génica del locus WAS mediante HR 

(inserción de un cassette de expresión en el locus WAS), pudimos observar un patrón parecido a lo 

observado por NHEJ: Las ZFNs heterodiméricas y el sistema CRISPR/Cas9 muestran una especificidad 

similar, consiguiendo alrededor de un 80% de integraciones del ADN donador en el locus WAS (in target). 

Sin embargo, las ZFNs homodiméricas muestran una baja especificidad, mostrando alrededor de un 55% 

de inserción del donador fuera del sitio diana. Datos que confirman los resultados obtenidos con el análisis 

de especificidad utilizando la tinción de ɣH2AX. 

Todos los primeros análisis fueron realizados en las células K562 con la finalidad de su optimización y 

comparación en un modelo celular más fácil de trabajar. Sin embargo las células diana para terapia génica 

de WAS son las células madre hematopoyéticas (HSCs) y/o las células T. Por lo tanto procedimos a 

investigar la eficacia de los sistemas ZFNs y CRISPR/Cas9 para editar WAS en estos tipos celulares. Sin 

embargo, ninguno de estos sistemas logró niveles detectables de corte del locus WAS en HSCs o células T. 

Se procedió por tanto, en la última parte de esta tesis, a investigar otro sistema de entrega del sistema 

CRISPR. En colaboración con los grupos de Els Verhoeyen y Theophile Ohlmann se desarrollaron  VLPs 

(del inglés virus like particles) o nanoblades dirigidos frente al locus WAS. Se produjeron nanoblades derivados 
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de MLV y HIV-1, incorporando Cas9 y gRNAs y pseudotipados con diferentes envueltas. Las WAS-

nanoblades basados en MLV e incorporando simultáneamente las envueltas de retrovirus de babuino 

modificada (BRL) y VSVg fueron las que presentaron una mejor eficacia, siendo capaces de editar 

alrededor del 30% del locus WAS tanto en células HSC como en células T.  Queda por investigar si las 

nanoblades-ZFNs pueden mejorar la eficiencia/especificidad de edición de las nanoblades-CRISPR/Cas9. En 

cualquier caso,  las nanoblades CRISPR/Cas9 han demostrado ser un sistema novedoso y potente para su 

futuro uso terapéutico debido a su alta eficiencia para editar el genoma de células primarias como las HSCs 

y las células T. 
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Abstract 

One of the safest and most efficient treatments for monogenic diseases affecting the hematopoietic system 

is gene therapy using lentiviral vectors (LVs) and gammaretroviral vectors (GVs). However, although 

latest generation LVs and GVs are highly efficient and safe, both are retroviral vectors which integrate 

randomly in transcriptional active sites. This uncontrollable integration generates risk of insertional 

mutagenesis, which can produce undesirable effects on the modified cells. Gene editing has been proposed 

as a safer alternative, whose objective is the restoration of the endogenous levels of the wild type gene or 

the ectopic insertion of a therapeutic gene in the mutated locus or in a safe locus (safe harbor). The most 

potent gene editing strategies are based on the use of specific nucleases that produce double strand brakes 

(DSBs) in a specific site in the genome. Non homologous end joining (NHEJ) or homologous 

recombination (HR) repair of these DSBs allow editing the genome in different ways with a final objective: 

restore de normal function of the mutated gene.  Our final aim was to develop a gene edition tool for 

efficient genetic rescue of human hematopoietic stem cells (hHSCs) from Wiskott-Aldrich syndrome 

(WAS) patients.  

In this work, we have designed different WAS-specific CRISPR/Cas9 systems and compared their efficacy 

and specificity with homodimeric and heterodimeric WAS-specific ZFNs (zinc finger nucleases) directed to 

exactly the same region, using nucleofection and integrative-deficient lentiviral vectors (IDLVs) as delivery 

systems in K562 cells. Our results showed that, although the CRISPR/Cas9 system can be as efficient as 

the best ZFNs for gene disruption (by NHEJ); the outcome depends on the delivery system. Indeed, while 

both systems achieved similar results using nucleofection, IDLV delivery of ZFNs outperformed the IDLV 

delivering CRISPR/Cas9 system. This is true even for our optimized CRISPR system by the co-expression 

of the guide RNA (gRNA) and Cas9 in the same vector (all-in-one system), the inclusion of the WPRE 

(woodchuck hepatitis virus post-transcriptional regulatory element) element or the insertion of insulators. 

Our studies also showed that our WAS-specific CRISPR/Cas9 system has a similar specificity to the WAS-

specific heterodimeric ZFNs and is higher to the WAS-specific homodimeric ZFNs. These results were 

obtained thanks to the analysis of DSBs levels detected (γH2AX staining) in the edited cells with the 

different nucleases. Interestingly, when we analyzed the efficacy and specificity of the different systems for 

genome edition of the WAS locus by HR (insertion of an expression cassette in the WAS locus), we 

observed a similar pattern to that obtained with NHEJ; heterodimeric ZFNs and CRISRP/Cas9 system 

show a similar specificity, achieving around a 80% of donor DNA integration in the WAS locus (in target). 

However, homodimeric ZFNs show a low specificity, around a 55% of donor insertion outside the target 

site. Data that confirmed the results obtain by the analysis of specificity by γH2AX staining.  

All the first analyses were done in K562 cells with the purpose of optimization and comparison in an easier 

cellular model. However, the target cells for WAS gene therapy are hematopoietic stem cells (HSCs) 

and/or T cells. We decided to study the efficiency on the ZFNs and CRISPR/Cas9 system to edit WAS in 

these cells type. However, none of these system were able to achieve the desirable levels of cutting in the 

WAS locus in HSC or T cells. In the last part of this thesis, we decided to study other delivery systems for 

CRISPR. In collaboration with Els Verhoeyen group and Theophile Ohmann group, VLPs (virus like 

particles) or nanoblades were developed against the WAS locus. Nanoblades derived from MLV and HIV-1 

were produced, incorporating Cas9 and gRNA and pseudotyped with different envelops. The WAS-

nanoblades based on the MLV pseudotyped  with the modified Baboon endogenous retroviral (BRL) and 

VSVg envelopes were the ones that presented the best efficiency, being able to edit around a 30% of the 

WAS locus both in HSC cells and T cells. There is still need to investigate if the ZFNs-nanoblades could 

improve the efficiency and specificity of the CRISPR/Cas9-nanoblades. Nevertheless, the CRISPR/Cas9 

nanoblades have shown to be a new and strong system for future therapeutic use, due to their high 

efficiency in editing the genome in primary cells such as HSC and T cells. 





INTRODUCTION 

“There is nothing more difficult to take in hand, more perilous to conduct, 

or more uncertain in its success, than to take the lead in the introduction of 

a new order of things.” 

 Niccolo Machiavelli 
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Introduction 

1. Wiskott Aldrich Syndrome 
Frederic Wiskott, in 1937, described that the symptoms suffered by three brothers whom he was studying, 
but not their sisters, presented a novel hereditary thrombopathy. In 1954, Robert Aldrich reported a 
similar phenotype he had studied for over six generations in a family, where only some of the males and 
none of the females showed this characteristic phenotype, concluding that it was an X-linked inherited 
disease. As a result this novel disease was named Wiskott-Aldrich syndrome (WAS) after the name of both 
physicians [1]. It was only later, that different attempts were made to identify the region where the WAS 
gene was located. Finally, Derry et al. identified the gene by positional cloning on the X chromosome 
(position Xp11.22-p11.23) [2].  

Today, WAS has been described as a recessive, severe, primary immunodeficiency linked to the X 
chromosome. The WAS gene consists of 12 exons resulting in a cDNA of 1823 base pairs, which encodes a 
502 amino acid protein, the WAS protein (WASP), and has a molecular weight of 54kDa, exclusively 
expressed in hematopoietic cells [3, 4]. Importantly, a strong correlation exists between the severity of 
WAS and the levels of WASP. 

 

 

 Figure 1. Schematic illustration of WAS representing the 12 exons and the major functional 

domains. A) Schematic representation of WAS gene organization and protein domains. The 12 exons of the WAS 

gene are indicated. The numbers above and below the WAS gene indicate the starting nucleotide number of each 

exon. The untranslated regions of the first and last exon are shown in black. B) Schematic representation of WASP, 

showing the major functional domains: WH, WASP homology; PH, pleckstrin homology; BR, basic region; GBD, 

GTPase-Binding domain; PPP, proline rich region; VD, verprolin domain; CD, cofilin domain; AD, acidic domain. 

C) Distribution of known mutations of the WAS gene; each symbol represents each type of mutations (symbol legend 

in the box).  Figure modified from [1, 3, 4]. 
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The worst case scenario is when WASP is totally absent, leading to defects in the multiple hematopoietic 

lineages. There is the lymphoid linage which will give B cells, natural killer cells (NK) and the different 

types of T cells and then there is the myeloid linage that will give all the blood cell types; erythrocytes, 

neutrophils, basophils and eosinophils as well as megakaryocytes, platelets, macrophages and dendritic 

cells.  On the other hand the decrease in WASP levels has different consequences for the different blood 

cell types, being platelets the most affected [5, 6]. 

According to the Resource of Asian primary immunodeficiency diseases there have been around 300 
unique mutations spread along the WAS gene. Being the most frequent the missense mutations, followed by 
splice-site mutations, deletions, nonsense mutations, insertions and complex mutations [1, 7, 8]. The 
locations of the most abundant mutations are summarised in Figure 1.  

The clinical scoring system is derived from a variety of clinical parameters, including the presence of 
thrombocytopenia, eczema, immunodeficiency, autoimmunity, and malignancy. The WAS scoring system 
ranges between 0 and 5. Patients with small amounts of WASP are scored 1 or 2 and suffer from X-linked 
thrombocytopenia (XLT), which is characterized by microthrombocytopenia but no other immunological 
defects (score 1) or platelet defects, mild eczema and infections (score2). 

When thrombocytopenia and small platelets are present and there is a persistent eczema and patients suffer 
from recurrent infections they are considered WAS patients and they get attributed a score 3. When the 
eczema is difficult to treat and they have multiple infections, they belong to a score 4. Finally, a score 5 is 
attributed when in addition to having persisting eczema and/or frequent infections, patients also develop 
autoimmune diseases and other malignancies, such as lymphoma [1, 7-9].  

The main symptoms of this disease are eczema, thrombocytopenia and recurrent infections. Only some 
patients can show multiple tumour formations (lymphoma) and autoimmune diseases, which reduce their 
life span drastically [1]. It is believed that the development of these malignancies could be due to the 
decrease on the cytotoxic T cells, which normally kill cancer cells [10] as there is a decrease in lymphocyte 
counts as well as defects in T and B cell function. It has been reported that the WAS T cell is biased 

towards the TCRVβ repertoire. Although it is suggested that this is associated to WASP deficiency, it is 
not related with normal TCR formation in the thymus. It is thought that it is with time that the 
oligoclonality appears, caused by the absence of WASP [11].WAS patients that have a low number of 
immature B cells and memory B cells proliferate slowly. These cells are not able to completely activate as 
they have a disruption in the CD19-Btk signalling. This might be explained through the effect of WASP on 
CD19 transcription and because of its absence, B cells response is defective [12].WAS patients also exhibit 
variable levels of Immunoglobulin E (IgE), which normally is associated with allergic diseases [13] and 
could explain the imbalance of Th1/Th2 cytokines causing the  eczema [14, 15].  

 Other clinical phenotypes are also frequently detected, such as haemorrhages caused by thrombocytopenia 
with small platelets, epistaxis, petechia, gastrointestinal haemorrhages and intracranial bleeding. The most 
common diseases related to autoimmunity are haemolytic autoimmune anaemia, arthritis, nephropathy and 
coetaneous vasculitis [16]. It is common for WAS patients to develop more than one of these diseases at 
the same time. 
All these autoimmune events can lead to tumour development. The incidence rate of tumour development 
is 22% during childhood (especially myelodysplasia), however it is more frequent in teenagers and young 
adults, being the most common leukaemia, myelodysplasia and lymphoma, representing 25% of deaths in 
WAS patients [16].  
Even though there have been lots of advances in diagnosis and clinical care, the survival prognosis for WAS 
patients is still low. The first step is normally to treat the symptoms. For example, splenectomy to increase 
the levels of platelets to normal levels; however, this does not reduce the risks of autoimmunity and the 
appearance of lympho-proliferative disorders [17, 18]. Normally, the function of B and T cells is reduced 
in splenectomised patients who get a hematopoietic stem cell transplantation (HSCT) [19], which is the 
treatment of choice for WAS patients. 

The HSCT can correct all aspects of the disease, providing hematologic and immune reconstitution [20]. 
Patients need conditioning with busulfan and immune suppression with cyclophosphamide to ensure high 



 

~ 35 ~ 

level donor chimerism [21]. To achieve the best outcome it is preferable if the donor is an identical HLA 
sibling donor or matched un-related donors since mismatched un-related donor transplanted patients show 
lower survival rates when the patients are younger than 5 years old [19]. However, there has been great 
advances in patient conditioning and survival of patients older than 5 years old when using a matched un-
related donor or using matched cord blood as a stem cell source [22].  

2. Gene therapy  

a. General facts 

Gene therapy can be defined as the introduction of therapeutic genes into target cells, to treat a medical 
disorder or disease. This is especially relevant in the treatment of monogenic diseases, in which the genetic 
defect can be corrected by a therapeutic gene [23, 24].  

Genetic material delivered into target cells can be DNA or RNA and they can be used with the aim of 
repairing a genetic defect or to confer a novel function. In this context, the therapeutic transgene can have 
different functions: to replace the function of a mutated gene, to increase the production of a physiologic 
substance, or to produce a substance not present in the target organism [25] . 

There are three main players in any gene therapy strategy: the target cells, the transfer vector and the 
therapeutic transgene: 

-  The target cells or tissue represent the selected cell type for gene modification. They can be cells 
affected by the disease or not. The cell type which can be used for therapeutic gene modification depends 
on the disease. They can be fibroblasts, neurons, hepatocytes, hematopoietic stem cells (HSC), 
mesenchymal stem cells (MSC), B and T cells, among others [25].    

- Gene Transfer vectors are systems that allow the introduction of genetic material into target cells. 
Gene transfer vectors need to satisfy 3 main criteria; they should protect the transgene against degradation, 
bring the transgene across the cell membrane, and they should have no damaging effects. They are divided 
into two categories; non-viral and viral. The latest are the most highly developed and exploited for gene 
therapy [26] . 

The main challenge of gene therapy is to get a large percentage of target cells expressing the therapeutic 
gene without affecting their normal physiology. In this direction viral vectors have the best profile for 
almost all diseases. 

During the 1960s and early 1970s the concepts of gene therapy appeared next to the development of 
labelled cells and the elucidation of the mechanisms of cell transformation by different viruses, such as 
papovaviridae (Simian vacuolating virus 40) and polyomavirus. Recombinant DNA techniques became 
available to demonstrate that foreign genes could perfectly correct genetic defects improving disease 
phenotypes, at least in vitro [27]. 

 It was during these decades that the first gene therapy trial took place. The Shope papilloma virus was 
inoculated intravenously to treat hyperagininemia, the virus was encoding arginase. The vector was 
previously tested in rabbits where the arginine blood levels were normal and no secondary effects were 
seen. However, arginine blood levels in human patients didn’t decrease as it was observed in rabbits, 
failure of the therapy was attributed to the inactivation of the virus in vivo [28, 29]. By the 1980s, gene 
transfer was performed commonly in mammalian cells. Actually, it was seen that retrovirus-based gene 
transfer presented advantages for the treatment of inherited diseases, because of the integration of foreign 
material in the host cell genome. However, it was highly controversial due to the potential influences that 
the integrated foreign DNA could have in the host cells.    

In 1995, the first results of a clinical trial using gene corrected HSCs to correct adenosine deaminase 
deficiency (ADA) was published by Donald B. Kohn et al [30]. Conversely, the expression of the 
therapeutic transgene was transient, which led to the inability to abandon ADA replacement treatment. 
Importantly, this showed that if the efficiency could be increased it was possible to use gene therapy safely 
and therapeutically. Five years later, a new publication finally reported a successful treatment for children 
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suffering from X-SCID in France. The scientists used a gamma-retroviral vector (based on murine 

leukaemia virus-MLV) to express the common interleukin receptor γ-chain (the protein lacking in the 
SCID-X1 children). After 9 years, 8 of the 9 patients treated on the trial were alive and had normal lives. 
This successful treatment was overshadowed 2 years and a half after treatment when one of the patients 
developed a T cell leukaemia due to insertional mutagenesis [31]. Patients from different trials went on to 
develop similar leukaemia, although in those cases they were treated with chemotherapy successfully and 
are in complete remission [32].  

An alternative therapeutic strategy using gene modified HSCs consists in using them as Trojan horses to 
deliver the therapeutic protein to target tissues. However, in most of these cases, the over-expression of 
the transgene does not render selective advantage to the HSCs and is therefore necessary to increase 
efficiency of the retroviral vectors. The first successful report using this strategy targeted the X-linked 
adrenoleukodystrophy (X-ALD). The authors transplanted patients with autologous HSCs transduced with 
lentiviral vectors (LVs) expressing ALD. Since the gene modified cells did not show a selective advantage, 
patients were conditioned to favour engraftment of gene-modified cells [33]. Even though it has been 
reported that the two-treated patients expressed the X-ALD protein in multiple lineages, it is only 
effective if gene therapy is performed in early stages of the disease, and on top of that larger cohorts of 
patients are needed to evaluate the efficacy. Nevertheless, this was the first report of LVs being successful 
in treating, not only a genetic disease but a severe brain disease too. A step forward in terms of efficacy 
using a similar strategy was observed in a clinical trial in Milan (Italy) targeting metachromatic 
leukodystrophy (MLD). The authors showed complete blockage of disease progression in children that did 
not have any alternative treatment and an average life expectancy of 4 years [34, 35]. 

The principal investigators of the SCID-X1 and SCID-ADA trials agreed that the success of gene therapy 
was due to the selective advantage of the genetic modified cells in comparison to the defective cells [36, 
37]. At the moment, there are more than 2000 clinical trials in gene therapy completed, ongoing or 
approved worldwide which try to evaluate the benefits and problems derived from its application 
(http://www.abedia.com/wiley/continents.php). 

b. Gene therapy for Wiskott-Aldrich syndrome

Gene therapy can be considered as the treatment of choice in WAS patients with a high disease score, who 
do not express the protein and have no compatible HLA donor for transplantation. The therapy is based on 
the isolation of CD34+ cells from the patient, which are transduced ex vivo with a viral vector that contains 
the WAS transgene. Then these cells expressing the WAS transgene are introduced into the patient [38]. 

The first WAS gene therapy trial was performed in two patients using a GV containing the WAS transgene 
with a 3 year follow up [39]. The patients continued to express WASP in CD34+, lymphoid, myeloid cells 
and platelets after 3 years post-gene therapy, meaning that T, B and NK cells were able to recover their 
function. However, although after the first year of the transplant with the modified cells, all symptoms of 
autoimmunity had disappeared, the severe eczema only improved in one of the patients [40] and seven of 
them developed leukaemia, probably due to insertional mutagenesis [41]. It was shown that all patients 
who exhibit leukaemia had a retroviral insertion close or in the LMO2 gene, suggesting that high levels of 
LMO2 are triggering the leukaemia [38, 42]. Due to these facts, the choice of the viral vector was 
reconsidered and the next trials were performed with the safer self-inactivated (SIN) LV.  

The latest clinical trial for WAS using gene therapy on 3 patients with SIN-LV includes the 1,6kb-WAS 
proximal promoter. After more than 20 months upon transplantation of corrected HSCs, all 3 patients 
resolved their eczema as well as the intestinal bleeding and the epistaxis [43]. Up to date there are 5 WAS 
gene therapy clinical trials using LVs; one in Italy, one in Boston (USA) and three in France [44, 45]. 

3. Gene editing
Gene editing is a type of genetic engineering where the DNA is either inserted, deleted or replaced in the 
genome using specific engineered nucleases, which create a site-specific double-strand break (DSB). The 
cell machinery repairs this DSB either by non-homologous end joining (NHEJ) or by homologous 
recombination (HR) when a DNA template with homology sequences is given (Figure 2). The advantages 
of gene editing over gene addition are 1) the capacity of modifying specific endogenous sequences, 2) the 
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transcriptional regulation of the gene is maintained since correction can be introduced at the endogeneous 
site and thus will be under the control of the natural promoter and 3) the insertional mutagenesis risks and 
the activation of oncogenes are reduced [46]. 

 

Figure 2. DNA double-strand break (DSB) repair. The DSB made by the specific endonucleases are repaired by the 

cell mechanisms, predominantly by two pathways: Non-homologous end joining (NHEJ) or homologous 

recombination (HR). NHEJ pathway creates small deletions or insertions creating a disruption in the gene (scheme 

on the left). However, HR uses homologous template, usually a sister chromatid under natural circumstance, or 

artificially delivered homologous DNA (scheme on the right).  This approach allows the generation of specific 

mutation. 

a. Nucleases 

Programmable nucleases generate DBS in a specific locus in the genome. There are four different types of 
nucleases, which have been successfully engineered for biotechnology: Meganucleases (MGNs), 
transcription activator-like effector nucleases (TALENs), zinc fingers nucleases (ZFNs) and clustered 
regularly interspaced short palindromic repeats associated to Cas9 nucleases (CRISPR/Cas9) system. They 
are designed to produce these DSBs in a specific locus. However, they can also produce them in other 
parts of the genome, what its call off-targets. The off-target activity is linked to areas of the genome which 
share high homology with the target site [47] . 

i. Meganucleases 
MGNs are endonucleases that recognise 12-45bp sequences of DNA and they make the cut in the 
homology arm [48-50] (Figure 3A). Their main limitation is the available repertoire. Although there has 
been a screening of all the MGNs, they only cover a small number of targets. To solve this problem MGNs 
are engineered and fused with other domains to create chimeric proteins [51]. However, this is a time-
consuming procedure and, most importantly, only a small number of target-specific MGNs have been 
developed. 
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Figure 3. A) Meganucleases. The MGNs possess a DNA recognition and cleavage in a single domain. B) TALENs. 

The DNA binding domains are formed by tandem high repeated sequences, which recognize each nucleotide, and 

the catalytic domain is formed by the Fok1 endonucleases. It’s formed by two arms (left and right) with an 

endonuclease each. Modified from [52]. 

ii. Transcription activator-like effector nucleases (TALENs)
The transcription activator like effector (TALE) protein is secreted by bacteria of the Xanthomonas family 
[53]. It has been reported that this protein possess homologous domains of about 33-35 amino acids 
repeated in tandem for 10-30 times. The specificity of each repeat is given by the repeat-variable di-
residues in position 12 and 13 of each repeat, conferring specificity of each repeat to a single nucleotide on 
the target sequence [54, 55]. The TALE nuclease (TALEN) is a combination of a N-terminus domain that 
includes a nuclear localization signal (NLS); a central domain where the tandem repetitions of the TALE 
are included and a C-terminus domain where a Fok1 nuclease is placed [56] (figure 3B). The TALEN is 
only active as a dimer so two TALENs must be designed to bind to the target locus in a face to face fashion 
to achieve cleavage of the target sequence [57]. Different TALENs have been generated since 2009 when 
the interaction TALE-DNA was discovered due to their relatively easy design [58, 59]. However, their size 
(more than 3kb) and highly repeated nature prevent them from easily packing into viral vectors for their 
delivery. 

iii. Zinc Finger nucleases (ZFNs).
Zinc finger nucleases are artificial domains engineered by 3-5 Cys2-Hys2 zinc finger domains fused to the 
catalytic domain of the Fok1, a type II S bacteria endonuclease [60]. Each zinc finger domain binds 
specifically to DNA by the recognition of nucleotide triplets; the combination of different zinc finger 
domains recognizes a longer DNA sequence that depends on the number of zinc fingers. (Figure 4A) As for 
TALENs, the cleavage activity of ZFNs needs dimerization (since Fok1 is active as a dimer).  
Therefore two ZFNs must be designed; each ZFN must target a DNA sequence that is separated by a short 
sequence from the recognition site of the other ZFNs in a head to head fashion (Figure 4A). Their off-
target activity has also been reported [61, 62] however, they have been almost overcome by mixing to 
different Fok1 domains that are forced to form heterodimers. In these optimized ZFNs, the only way to 
create a DBS is when the two different ZFNs bind to its specific target DNA site [63, 64] (Figure 4B). Even 
though there are some open-source libraries for their design [65, 66], the engineering remains difficult. 
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Figure 4. Zinc finger nucleases A) Scheme of the ZFNs. They are formed by two subunits, the biding domains 

which form homology by groups of 3 nucleotides and the cleavage domain formed by the Fok1 nuclease. B) Scheme 

of the two arms that form the ZFNs (Left-L and Right-R) with the Fok1 endonuclease (polygons). Left scheme 

shows the wt Fok1 (self-complementary polygons) which produce cleavage (red inclined line) in all the different 

combinations (heterodimer (top) and homodimers (middle and bottom). Right scheme shows the modification of 

the Fok1 endonucleases (complementary polygons) and their different combinations, where only when two different 

arms (heterodimers) are present the cleavage (red inclined line) appears and when the arms are the same 

(homodimer) no cleavage occurs (middle and bottom). Modified from [63]. 

iv. Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) 
The CRISPR/Cas9 system is a new, easy to design and highly efficient gene editing tool. It is derived from 
the adaptive immune system found in prokaryotes, which provides a defence mechanism to some viral 
infections and plasmids. 

There have been three CRISPR/Cas systems identified (I-III) in archae and bacteria; with cas3, cas9 and 
cas10 being the signature gene for type I, type II and type III systems respectively. The type II is the most 
versatile for genome engineering purposes. This type II system encodes the Cas9 protein that has two 
domains with nuclease activity (type RuvC domain in the N-terminus and a type HNH domain in the 
middle of the protein). This protein forms a complex with two other RNA molecules: crRNA (CRISPR 
RNA) and tracrRNA (crRNA transactivator). 

For the CRISPR/Cas9 system, the transcripts from the CRISPR repeat arrays are processed into RNA 
(crRNA), each containing sequences from exogenous DNA. It is formed by 42 nucleotides, 20 of them are 
the protospacer sequence and the other 22 are the repeated sequence. The tracrRNA, which complements 
the crRNA, is needed for the crRNA maturation and for the cleavage by the Cas9. Together, the crRNA 
and the tracrRNA form a double RNA strain that guides the Cas9 to the target DNA and produces the 
cleavage [67]. If they are adjacent to a short sequence known as the protospacer adjacent motifs (PAMs), 
NGG for Cas9 from Streptococcus pyrogenes, the Cas9 creates a 3bp DSB upstream of the PAM (Figure 5). 
The RNA components can be combined into a single guide RNA (gRNA)[68]. The only part that needs to 
be changed to specifically cut a new target site in the genome is the 20 nucleotides in the crRNA and the 
PAM motif in the genome [68, 69]. It has been reported that the off-target activity of some 
CRISPR/Cas9/gRNA systems can be higher than other specific nucleases [70]. Different modifications to 
the gRNA design and to the Cas9 have been performed to reduce off target activity. Some of these 
modifications are; 1) the reduction of the gRNA protospacer length, which makes the gRNA more tolerant 
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to mismatches and less likely to bind to off-target sites [71]; 2) the generation of mutated Cas9 [72], where 
the aspartate in position 10 is substituted by alanine (D10A) in the RuvC domain making it impossible for 

the Cas9 to cut the 5’3’ strain acting as a nickase, in this case two gRNA have to be designed. 

Figure 5. CRISPR/Cas9. Cas9 has the cleavage activity and a gRNA gives the specific region to bind into the 

genome and directs the Cas9. Modified from [52]. 

4. Delivery of Nucleases and donor DNA.

In order to efficiently edit any cell type, a suitable delivery system is needed to get the endonucleases 
and/or the donor DNA into the nucleus of the target cells. Both ex vivo and in vivo genome editing can be 
achieved having their advantages and drawbacks. However, ex vivo genome editing have more probabilities 
to get into the clinic since higher editing rates can be achieved and the medicinal product (genome edited 
cells) can be monitored for potential alterations before transplantation [73].  Both, viral and non-viral gene 
delivery systems have been used successfully for genome edition of different target cells. However, for 
several applications, the main drawback is the manipulation and culture of the target cells outside the 
body, as they are prone to lose their properties and/or their ability to engraft.  In vivo therapy is able to 
target a wide variety of cell populations, allowing treatment of multiple organs and diseases that wouldn’t 
be possible with the ex vivo approach. For in vivo, viral vectors are the vectors of choice due to their higher 
efficacy compared to non-viral systems. However, depending on the viral system used they are limited by 
the package capacity (Adeno associated virus), and the immune response (adeno associated virus, 
adenovirus), as well as for their production costs (adeno associated virus, adenovirus and integrative 
deficient LVs (IDLVs)). This is why non-viral systems are taken into consideration even for in vivo 
applications [74, 75]. 

In the case of the donor DNA the most common delivery systems are nucleofection of DNA as a plasmid, 
single stranded DNA (ssDNA), IDLVs and AVV. Depending on the method of the delivery, the strategy to 
transfer the different compounds might change. 

Viral vector systems can deliver both, the nucleases and the donor DNA in the same vector or as different 
vector particles. Viral vectors are derived from viruses and deliver genetic information into cells for gene 
therapy purposes. They are normally effective for gene editing in immortalized cells, but less in primary 
cells, nevertheless they are normally more efficient than non-viral methods for primary cells. Figure 6 
shows the percentage of the different delivery strategies used for gene editing studies. 
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Figure 6. Delivery strategies for gene editing studies. Percentages of therapeutic gene editing of non-clinical 

development based on A) delivery systems, B) type of viral vector delivery and C) type of non-viral delivery. 

Modified from [52]. 

 

a. Non-Viral 

Non-viral vectors systems have two components: the material to be delivered (DNA, ssDNA, proteins or 
RNA) and the transfer system. To deliver the nuclease it is possible to use DNA or RNA coding for the 
nuclease or the nuclease as a protein itself. To deliver the donor DNA, Plasmids or ssDNA are used. The 
material is based on plasmids, which consist of circular DNA, linear ssDNA or RNA. The different 
delivery systems can be physical, such as carrier-free gene delivery or chemical by synthetic vector-based 
gene delivery. The physical approach uses physical force to penetrate the cell membrane and facilitates 
intracellular gene transfer. It includes electroporation, needle injection, gene gun, ultrasound and 
hydrodynamic delivery. On the other hand the chemical approach uses synthetic or natural compounds as 
carriers [76]. 

These types of vectors are easy and cheap to produce in large amounts. They are considered safe, as there 
is no possibility of recombination and have a limited immunogenicity, which allows re-dosing [77, 78]. 

i. Electroporation  

Electroporation is a physical transfection of genes. During electroporation cells are resuspended in an 
appropriate buffer and undergo a high-voltage current pulse creating nanometre pores in the cell 
membrane, which allows DNA or mRNA to enter the cell [77, 79] . It is considered a powerful tool for 
nuclease delivery although the mechanism is not completely understood.  

Nucleofection is a type of electroporation that allows the direct delivery of molecules into the nuclei of 
mammalian cells. The advantage of nucleofection is that it can deliver nucleic acids and proteins into the 
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nucleus without breaking the nucleus or needing the cell to divide, so it is quite useful for quiescent cells 
[80]. The successful delivery of ZFNs targeting the human C-C chemokine receptor 5 (CCR5), a co-
receptor for HIV entry, into human HSC conferred resistance to the T cells derived from the HSC CCR5 
KO against HIV infection [81]. Additionally, the delivery of Cas9 and a donor template into induced 
pluripotent stem cells (iPSC) produce a mutation in CCR5 that resulted upon iPSC differentiation into 
monocytes and macrophages resistant to HIV [82]. Improvements in nucleofection have been achieved by 
avoiding the use of plasmids that cause toxicity in some cell lines and rendered poor efficiency [83]. In this 
direction, the delivery of ZNF [84] or Cas9 [85] as mRNAs have increased efficiency in HSC, embryonic 
stem cells (ESC), iPSC, zygotes and T cells [86]. To further improve the delivery of the site-specific 
nucleases, the removal of the transcription or the translation was achieved by ribonucleoproteins (RNP); 
where proteins are conjugated with nucleic acids [85]. The introduction of the Cas9 protein/gRNA RNP 
complex into cells by nucleofection has been tested in HSC [87], T cells [88], iPSC and ESC [89] observing 
a lower off-target effect. Additionally, this delivery method does not induce the response of the host 
immune system. However, the amount of Cas9 protein that needs to be delivered in the cells to be 
effective is very high limiting this approach for in vivo applications [90]. 

ii. Liposomes/polycations

Liposomes, which belong to the lipid-based group [91], are a combination of plasmid DNA and a lipid 
solution. They fuse with the cell membrane of different cell types and introduce transiently the plasmid 
DNA into the cytoplasm and nucleus [92]. They are widely used in gene delivery for animals and patient 
cells, and they have been used in phase I and II clinical trials, such as lipofectamine and lipofectin. 
Liposomes are made of one or more concentric lipid bilayer membranes giving a hydrophilic space 
between them. Their morphology and size changes based on the lipid composition, formation conditions, 
proportion of lipids to genetic material, molecular weight, structure and size of the genetic material [91, 
93]. Liposomes have no replication risk and are less immunogenic than viruses.  

Cationic liposomes are becoming increasingly prevalent in the field of gene therapy [93]. Polycations are 
macrolythic molecules. They are amphiphilic, meaning that on one face they have cationic groups that 
provide the necessary positive charges for the DNA to bind and on the other face they have lipid-type 
chains which makes them self-aggregate in a defined pattern [94]. Given the negative charge of the cell 
membrane, cationic liposomes encapsulating genome editing nucleases easily induce their cellular uptake 
[78]. However, they have not shown positive results in animal models.  

b. Viral vectors

Viruses, in nature, have evolved to deliver their genomes into cells efficiently. Thus, recombinant DNA 
technology has taken this aspect and modified them into a replication-defective virus that carries genes of 
interest, heterologous (non-viral) genetic information, into a cell, this is called transduction. 

The efficiency of the best viral vectors system can reach 100% of the target cells, but of course, this will 
always depend on the target cell type and on the viral vector [95, 96]. There is no proven one-fits-all viral 
vector suitable for all cell types. Actually, each viral vector has its own limitations and advantages when 
being used [97] and the most suitable one should be chosen depending on the target cells. Below we will 
describe extesnsively retroviral vectors since we have focused our strategies to deliver endonucleases with 
these vectors systems: 

i. Adeno-associated virus (AAV)

The first publication showing efficacy of AAV vectors delivering ZFNs was in 2012. Shortly after that, it 
was reported that AAV were used to deliver not only ZFNs but also the donor template in a murine 
model. In CRISPR/Cas9 case, there have been several attempts to incorporate the Cas9 and the gRNA 
into AAV vectors, giving inconclusive results. However, delivery of gRNA and Cas9 by separate AAVs has 
been effective in a mouse model of Duchenne muscular dystrophy and liver disease [98]. However, 
because of its small packaging capacity other viral vectors have been studied for the delivery of the 
CRISPR/Cas9 system. In any case, the best solution in the context of AAV delivery systems, is to use a 
smaller Cas9 (Straphylococus aureas which is 3.2kb), which is also efficient [99]. 
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In addition to their potential to deliver gene editing tools, AAV vectors have been reported to enhance up 
to 1000-fold the homologous recombination without nucleases. Some scientist have taken advantage of this 
property and have combined different methods of delivery of the nucleases with AAV vectors delivering 
the donor template [98].  

ii. Adeno viruses (AdVs) 

AdVs belong to the Adenoviridae family. They have been modified to allow more packaging capacity, but 
they still are limited for in vivo use by the inflammatory response and a cytotoxic T-cell response [78]. 
Nevertheless, AdVs have been used to deliver ZFNs to target CD4+ helper T cells from HIV infected 
patients and were used in clinical trials [100, 101]. AdVs were also applied to deliver TALENs [102] and 
CRISPR/Cas9.  They also have been used as delivery tools of large donor templates, [98]. 

iii. Retroviral vectors 

Retroviruses have a RNA genome, and the appropriate machinery to reverse transcribe it into double 
stranded DNA, which then will stably integrate into the host genome, is to use the cell’s machinery for 
their own replication and long-term expression [103]. It was 30 years ago when the first evidences 
demonstrated that retrovirus-based gene transfer was better than DNA transfection and that it was used in 
bone marrow transplantation in murine models. During these past 30 years a better understanding of the 
biology of the Retroviridae family has been achieved, giving more knowledge for better design of retroviral 
vectors for specific applications, making them more efficient and safer [104]. The vectors have been 
designed based on different retroviral family members such as foamy virus [105], human 
immunodeficiency virus (HIV) [106], simian immunodeficiency virus [107], bovine immunodeficiency 
virus [108], feline immunodeficiency virus [109], equine infectious anaemia virus [110], murine leukaemia 
virus (MLV), bovine leukaemia virus [111], rous sarcoma virus [112], spleen necrosis virus [113] and 
mouse mammary tumour virus [114].  

The most used vector in clinical trials is the one derived from the MLV (GV), because it is able to 
transduce and integrate in a wide range of human cell types and they were the first integrative vectors to 
be developed. However, it is not able to transduce non-dividing cells such as T cells or hematopoietic stem 
cells (HSC), among others [115]. LVs on the other hand have overcome this issue and are at this moment 
the vector of choice for multiple applications. 

1. Lentiviral vectors (LV) 

Lentiviruses receive their name for the long period of time that elapses between the initial infection and 
the onset of the disease. They have two phases, 1) where the viral genome is inserted into the host cell and 
2) when the viral propagation begins [96]. These viruses are able to infect non-dividing cells and transport 
their DNA into the host nucleus by a mitosis-independent transport mechanism, where it integrates stably 
allowing a long lasting expression of the transgene. The advantage of these vectors is that they are able to 
accommodate up to 10kb long transgene expression cassette, although the bigger the insert the lower the 
titre [116]. 

The vectors are generated by trans-complementation, where the producing cells are transfected with 
different plasmids containing the gene of interest and the packaging construct which encodes the essential 
protein for the lentivirus assembly [117] (Figure 7).  

Retroviral vectors (as retroviruses) do not integrate randomly, they prefer active transcription areas. 
Nevertheless, the integration pattern of the GV which integrates near transcription start sites and DNAase 
I hypersensitive sites, differed from that of the lentivirus. Although lentiviruses integrate in active 
transcription units, their integration is more spread within actively transcribed genes and thus further away 
from the transcription start site [117].  

Since the initial vector system was designed, there have been different modifications, but three of them 
stand out: 1) the 5’ U3 viral promoter has been substituted for a Tat-independent transcription promoter; 
2) the 3’ U3 enhancer/promoter sequence has been deleted, so there is no functional U3 viral promoter 
given them the name of self-inactivating (SIN) vectors. This modification increases safeness increase safety 

because of the lack of expression of ψ-bearing mRNA upon integration, eliminating the possibility of 
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vector mobilisation upon integration and 3) the introduction of Cppt-CTS sequence (pol gene-derived 
sequence) which improves transduction efficiency [96]. 

Figure 7. Procedure of Lentiviral production process and transduction of the target cell. Packaging cells (293T) 

were transfected with the plasmids that codify for envelope (env), gag, pol and the gene of interest (in purple). Once 

the virions are assembled, the supernatant containing the viral particles is collected and used to infect different cells 

(target cell). 

Other steps to create safer vectors are the introduction of strong RNA polyadenylation sites, so that read-
through transcripts are avoided, or the introduction of DNA insulators into the LTR, which improves the 
internal promoter/enhancer isolation from the genome host and vice versa [116, 117]. 

Other modifications of LVs include the integration-defective lentiviral vectors (IDLVs) to achieve transient 
expression of the transgenes in dividing cells or long term expression in quiescent cells. Several IDLVs 
have been produced by using mutant integrases. After transduction, the IDLVs RNA is reverse-transcribed 
to a double-stranded DNA (dsDNA) and imported into the nucleus of the transduced cells in the form of 
1- or 2-LTR circles. Current research in the field has demonstrated that IDLVs are suitable for different 
applications both in vitro and in vivo models ([118], including genome editing). 

a) Pseudotyping
Pseudotyping is the production of viral vectors in combination with glycoproteins from other enveloped 
virus. These glycoproteins provide the vector with its specific tropism [119]. 

Pseudotyping has been reported to improve vector titers, efficiency of packaging, stability, cellular 
tropism, immune response and inactivation by complement. To construct a phenotypically mixed particle 
heterologous, glycoproteins are incorporated into the viral vector which will then emerge from the 
producer cells. The most notable glycoprotein used in LVs is the vesicular stomatitis virus G (VSV-G) 
protein, however alternative envelope glycoproteins have been reported to produce safer and more 
efficient LVs for clinical applications [116, 120, 121]. 
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i. VSV-G  
The vesicular stomatitis virus (VSV) is a negative sense RNA virus from the Rhabdoviridae family. Its natural 
hosts are horses, cattle, pigs and other mammals and insects. There are 5 genes which are encoded in the 
11kb genome; the G attachment protein enables infection of a wide range of cells [122]. It was only quite 
recently that the low density lipoprotein receptor (LDL-R) was described as the cell surface receptor that 
interacts with the G attachment glycoprotein [120, 123]. The broad tropism of the VSVG is due to the 
wide expression of the LDL-R. In addition, the viral properties in terms of replication and small size are 
what make the VSV a common virus for basic research being a perfect candidate to confer wide tropism to 
retroviral vectors.  
The VSV-G retroviral pseudotype has proven to be stable and can be obtained at high titers by 
ultracentrifugation-concentration than other viral envelopes [124]. Currently, most of the LVs are 
pseudotyped with this envelope to transduce various cell types [125], however, their sensitivity to the 
human complement system, their toxicity at high concentrations and their pantropic cell recognition have 
risen safety concerns for their in vivo usage [125, 126].  
These limitations can be overcome by using glycoproteins from other enveloped viruses. 

ii. Feline endogenous retrovirus (RD114)  
In 1971 the RD114 virus, a cat endogenous retrovirus, was isolated from the human rhabdomyosarcoma cell 
line [127]. It is a recombinant of the gag-pol gene from the cat virus FcEV (Felis catus endogenous 
retrovirus) and the env gene from the primate baboon endogenous retrovirus [128]. 

The RD114 virus envelope glycoprotein recognizes the ASCT2 neutral amino acid transporter [129, 130]. 
It has been shown that LV RD114 pseudotype transduces efficiently HSCs [131, 132]. Moreover, as the 
RD114 envelope is not cytotoxic, the particles are stable and it is resistant to the human complement 
system, being an alternative to VSV-G LV and a promising envelope for in vivo application for HSC 
transduction [131, 133].  

iii. Baboon endogenous retrovirus  
In 1973 the baboon endogenous retrovirus (BaEv) was isolated from the baboon placenta [134]. Like 
RD114 virus, the baboon endogenous retrovirus is a chimeric retrovirus, the gag-pol genes are from the 
Papio cynocephalus endogenous virus and the env gene originates from the simian endogenous retrovirus 
[128, 135]. 

The BaEV recognizes not only the ASCT2 receptor, but also additionally the human ASCT1 carrier, which 
presents 57% of homology with ASCT2 [130].  

iv. Measles virus 
Measles virus (MV) is an enveloped single stranded RNA virus, which belongs to the paramyxoviridae 
family. The MV genome encodes 8 proteins, including 2 surface glycoproteins; the envelope proteins: 
Haemaglutinin (H) and the fusion protein F. This virus recognizes several receptors; signalling lymphocyte 
activation molecule SLAM/CD150 [136, 137] present on T, B and mature dendritic cells; Nectin-4 [138, 
139], present in endothelial cells and the complement-regulatory molecule CD46 expressed on all 
nucleated  human cells [140]. The LVs pseudotyped with the H and F glycoproteins have the exceptional 
capacity to efficiently transduce quiescent human T cells [141], B cells [142, 143] and monocytes derived 
from dendritic cells [126], offering promising results for gene therapy and immunotherapy [144].  

2. Integrative-deficient-Lentiviral vectors (IDLVs) 

It is possible to replace the surface glycoproteins by those from other viruses (pseudotyping). They ensure 
long-term expression and efficient transfer without in vivo inflammatory responses and can accommodate 
sequences up to 10kb. However, it has been reported that they cause insertional mutagenesis causing 
several cancers in clinical trials [117]. To avoid these possible side effects, IDLVs have been used instead. 
This is the case of a study where ZFNs and a DNA template were delivered using IDLVs showing efficient 
delivery into different human cells including HSC and embryonic stem cells [145]. Nevertheless the 
efficiency of IDLVs varies depending on the target cell. For example IDLV transduction efficiency in mice 
hepatocytes is lower than that of LVs, while IDLVs are very efficient in mouse muscle [78, 117]. LVs seem 
to be insufficient to deliver and express TALENS in mammalian cells, apparently due to recombination in 
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the LV genome caused by the inserted repetitive sequences of the TALENs [146]. Although there has been 
some successful results with CRISPR/Cas9 encoding LVs in post-mitotic brain neurons[147] and T cells 
[148]. IDLVs have been reported to gene edit efficiently in immortalized cells [147]. This might be because 
LVs are normally better than IDLVs in terms of expression levels [149, 150] because IDLVs are prone to 
epigenetic silencing by chromatinization [151].  

In order to improve the expression and titer of IDLVs, there have been different strategies. One of the 
most successful was the inclusion of insulators [152]. An insulator is a specific DNA sequence and all their 
associated binding proteins, which help to establish or maintain inter-domain boundaries [153]. They help 
to form functional boundaries between different chromatin domains [154]. The barrier insulators protect 
against heterochromatin-mediated silencing (Figure 8). Normally, they are located between promoters and 
enhancer or heterochromatin, so that they can provide their protective function. The main reason to 
include the insulators is to avoid silencing of the transgene.  

The most frequently used insulators are the ones based on the chicken β-globin locus control regions 
hypersensitive 4 (HS4). It is through the cis active elements that HS4 increases the episomal efficiency 
[155], by the interaction of the nuclear proteins CCTTC-binding factor (CTCF) with the nuclear matrix 
[156], avoiding heterochromatin spreading (barrier insulator) in the episomal DNA. The HS4 insulator 
activity has been restricted to the 5’ 250bp, named “core” [157], and it has been reported that it might be 
sufficient to add an insulator, although it might depend on the cellular type and the vector. An extended 
version, 400bp fragment, has been tested too, named “Ext” (Extended) (Figure 8B).  

Other sequences frequently used as insulators are the scaffold attachment regions (SARs) or matrix 
attachment regions (MARs). These sequences harbour DNA domains recognized by the nuclear matrix and 
they organize the chromatin in the nucleus [158, 159].  In this context, it has been shown that the inclusion 

of the human β-interferon SAR (INF-SAR) element in a retroviral vector inhibited de novo methylation of 
the retroviral 5’ LTR favouring its expression in target cells [158-160]. 

iv. Virus like particles (VLPs)

Viruses like particles (VLPs) are multiprotein structures similar to natural virions, however; they do not 
carry a viral genome. Therefore, they are replication and infection incompetent. Normally, they are 
formed by the assembly of viral proteins, so they are classified depending on the synthesis method or their 
architecture (enveloped or not enveloped; Figure 9). Because of the multigenicity of the viruses, VLPs 

Figure 8. Chromatin insulator function. A) Scheme of insulator function; barrier insulators protect against 

heterochromatin-mediated silencing. Modified from [154] B) Scheme from the different HS4 insulators. Top the 

complete lenght of the HS4, middle the 250bp fragment (core), bottom the extended version (Ext) of 400bp. 
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have a wide variety of applications such as vaccines and nanovectors for the delivery of antigens or 
therapeutic molecules [161]. 
 
It was reported in 1979 that VSV-G could be inserted into liposomes in vitro [162]. Later, it was observed 
that VSV-G vesicles are produced and released to the medium without other viral components and can be 
associated with naked DNA, and these complexes show high transfection efficiency [163].  
In addition, it has been reported that the over-expression of VSV-G, alone, promotes the release of 
particles that contain cellular proteins. The particles can bind and fuse thanks to the properties of the 
envelope and transfer their protein cargo to other cells such as primary fibroblast and PBMCs [164]. 
Moreover, the union of gag-pol VLPs with naked DNA and the VSV-G vesicles display higher transfection 
efficiency [163]. It is in this context that the Cas9 protein can be incorporated to the VLPs for its delivery. 
For VLPs derived from the bacteriophage P22 the Cas9 was fused to the scaffold protein of P22 and the 
gRNA was co-expressed with the Cas9 protein [165]. 

 

Figure 9.  Scheme of non-enveloped (left) and enveloped (right) VLPs formation. Modified from [161]. ER- 

endoplasmic reticulum: 

5. Target cells 

a. Haematopoietic stem cells 

It was Pappenheim, in 1905, who first described the “stem cell” fate, and his description is still the current 
approach of haematopoiesis [166]. In 1932, Sabin evoked the presence of undifferentiated hematopoietic 
stem cells in bone marrow [167]. Some years later, he explored the nature of these stem cells, describing 
them like small lymphocytes without signs of differentiation. Due to limitations in experimental methods, 
the debate about the existence of a common hematopoietic stem cell continued for several decades. 

Only in the 1960s it was shown that selected subpopulations of haematopoietic cells were able to both self-
renew and differentiate into mature haematopoietic lineages [166, 168, 169]. It was also found that splenic 
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nodules which appeared to be colony forming units (CFU) were composed by all haematopoietic 
populations [170]. Later, the clonal expansion of the HSC into colony forming units was described [169], 
providing the scientific basis of haematopoiesis and hematopoietic transplantation. Up to now, human 
HSCs haven’t been univocally characterized by a combination of phenotypic specific markers as it is the 
case for murine HSCs [171]. Actually, over the last four decades, several methods of human HSC 
enrichment have been suggested but none have been completely satisfying [172]. 

The most commonly known human HSC marker, CD34, was identified in 1984 by Civin et al. [173] and it 
is suggested to play a role in cell adhesion and differentiation. Even though CD34 is the isolation marker by 
excellence, other markers can be used in order to enrich more primitive HSC subpopulations. This is the 
case of CD133 (AC133), it is a surface marker expressed on 20 to 60% of the CD34+ isolated cells 
depending on their origin [174]. CD133+ CD34+ cell subpopulation presents high expansion capacity, 
bone marrow homing and engraftment [175, 176]. However, CD133 is not a specific marker, in humans it 
is also found in hepatic [177] and neural stem cells [178]. Another surface marker is CD90 (Thy-1) [179]. 
Thy-1 is involved in numerous non-immunological processes such as cellular adhesion, tumour growth, 
migration and cell death [180]. The CD34+ CD90+ subset presents long term repopulation capacity.  

Regarding negative markers, the CD34+ CD38- population consists of a highly primitive subset of HSCs. 
The increase of CD38+ cells is correlated with the HSC cell cycle entry and their differentiation [181]. 
Likewise, CD45RA- CD34+ cells have been reported to be enriched in HSCs [182]. HSCs are also negative 
for lineage differentiation markers (lin-). 

So, the primitive Lin-CD34+CD38-CD90+CD45RA-CD133+ cells should be a very enriched subset in 
HSCs [172]. However, the most used clinical markers at the moment are still CD133 and CD34. 

Depending on the hematopoietic conditions, HSCs have several possible fates. They can stay quiescent in 
their niche, self-renew, differentiate or die through apoptosis (Figure 10). Up to 70% of HSCs are in G0 
phase, quiescent, and they are responsible for the functional long term repopulation and engraftment 
[183]. Long term repopulation potential of quiescent HSCs has been demonstrated by serial transplantation 
experiments in mice [184].  Multipotency and self-renewal are characteristics of HSCs. Self-renewal allows 
HSC to proliferate without differentiating and the multipotent character allows them to differentiate into 
the different lineages. Apoptosis has been described as an important possible fate for HSCs [185]. Actually, 
defects in HSC differentiation or self-renewal can induce hematopoietic insufficiencies and the 
development of hematopoietic malignancies [186]. There are cell checkpoint factors, reactive oxygen 
species, apoptosis specific transcription factors and signalling pathways that act together to maintain the 
HSC pool [187].  

A member of the receptor tyrosine kinase family, Flt3, is commonly used in HSC stimulation assays, as it 
plays an important role in HSC homeostasis. It is also necessary for preventing spontaneous apoptosis and 
HSC survival. Stem cell factor (SCF) and thrombopoietin (TPO) are also commonly used in HSC 
stimulation as they induce survival but their role in apoptosis remains unclear.  

Figure 10. HSC cell fate. HSCs residing in the bone marrow generate mature blood cells throughout the life of 

organism. A precise regulation occurs to maintain a balance between quiescence, self-renewal and differentiation. 
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b. Human T cells  

It is during thymopoiesis that the differentiation of precursors, which have migrated from the bone 
marrow to the thymus, occurs and gives the T cell repertoire [188] (Figure 11).  

The Lin-CD34+CD38- bone marrow subpopulation includes the multipotent early lymphoid progenitors 
(MLP). They are considered to preferentially differentiate into lymphoid lineages and presumed to contain 
thymic progenitors [189-191]. The common lymphoid precursor (CLP) is characterized by the expression 
of Lin-CD34+CD10+CD24-.  It has been reported that the CD24+ population is restricted to the B lineage 
whereas the CD10+CD24- can give rise to B, T and NK cells [192]. There is a CD34+/CD45RAhi/CD7+ 
population that is able to enter the thymus parenchyma, in ex vivo colonization assays, designated as an early 
T-lineage progenitors (ETP), which constitute the CD4/CD8 double negative subpopulation [193]. The 
up-regulation of CD7, CXCR4 and CD5 and the down-regulation of CD10 give the pro-T stage 
characterized by expression of CD34, CD45RA and CD7. The progressive expression of CD5 allows 
making the distinction between the pro-T1 CD5- and the pro-T2 CD5+ subset. 

At the pre-T stage CD1a appears, which induces the cell into T cell commitment and indicates their 
capacity to differentiate into NK cells or dendritic cells is lost. In this stage of T cells differentiation 

rearrangements of the T cell receptor (TCR) β, γ and δ genes are initiated [194] and CD1a+/CD34+ cells 

evolve into first CD4+ immature single positive cells (ISP), which contains precursors for the αβ and γδ T 

cells lineages [195], which then mature into CD4+/CD8+ α+β+ cells, first by up-regulating CD4 and then 

CD8 α+ and CD8 β+. That is when TCR β-selection occurs in the CD4+/CD8+ α+β- and CD4+/CD8+ 

α+β+ double positive (DP) subpopulation [196, 197]. 

Once the TCR rearrangements are accomplished, αβ T cells interact with major histocompatibility 
complex (MHC) antigen expressed on the thymic epithelial cells to survive, and they have to do it with 
low affinity. Double positive (DP) CD3+CD4+CD8+ thymocytes will differentiate into single positive (SP) 
CD4+ or CD8+ cells due to the CD69 up-regulation and RAG1 down-regulation along with other cell 
markers [195, 199, 200]. Once they have functionally maturated, CD69 expression decreases and they 
become CD4RO-/CD45RA+ [200].  

 

Figure 11. Early stages of T cell development.  Schematic representation of human stem cell migration to the thymus 

and thymocyte development. HSCs from the bone marrow give rise to early thymic progenitors (ETPs), which still have  

some  potential  to differentiate into B cell  and dendritic  cells. The ETPs become double negative (DN) and begin to 

undergo crucial rearrangement of TCR genes. The TCR gene selection leads to the generation of double positive (DP) 

cells which express a properly rearranged TCR and both CD4 and CD8 co-receptor. Cells with TCRs that bind to MHC 

class I molecules retain expression of CD8 and lose that of CD4, whereas cells that bind to MHC class II molecules 

retain CD4 and lose CD8. For each differentiation stage phenotypic surface markers are indicated. Human stem 

progenitor cells (HSPC); multipotent early lymphocyte progenitor (MLP); early thymocyte progenitor (ETP); 

immature single positive T cell (ISP); double positive (DP); mature single positive T cell (SP).  Modified from [195, 

198]. 
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Once the cells have maturated in the thymus into CD4+ and CD8+ SP cells they will migrate to the 
peripheral blood (PB), where they further differentiate into different subpopulations. 

It has been reported that there is a subset of memory T cells. Their generation begins in secondary 
lymphoid organs when the TCR of naïve cells binds to the major histocompatibility class II (MHCII) on 
antigen presenting cells (APCs) [201], and then by CD28 and other co-stimulatory signals they switch into 
effector cells [202, 203]. 

T cells can be activated by two different pathways in vitro: 

1) Stimulation of the TCR receptor: The TCR is a heterodimeric protein anchored to the

membrane consisting of the variable αβ chains expressed as part of the complex with the CD3
protein, which transduce the signals [204].  For T cell activation, TCR stimulation alone is
insufficient if not helped by a co-stimulation. The most efficient co-ligand to promote
proliferation, survival, cytokine production and metabolism is CD28 [205]. The protocol for in
vitro activation is based on anti-CD3 and anti-CD28 microbeads and IL-2, which would be
sufficient to obtain TCR activated T cells rapidly [206, 207].

2) Stimulation with IL-7: IL7 is used in order to stimulate T cells without altering the T
population (e.g. naïve T cells [206, 208-210]. IL-7 supports T cell survival and homeostatic
proliferation [211, 212]. On top of that, it improves immune reconstitution after allogeneic bone
marrow transplantation in mice [213]. Moreover, the proliferation and survival by the treatment
with IL7 will not induce the switch from naïve to memory subsets [214, 215] and although it
induces up-regulation of different receptors (CD25, CD98, CD71, CD11a and CD40-L [216]),
this is not as significant as when stimulating the TCR.

c. Gene editing in primary cells

i. Haematopoietic stem cells
HSCs appear as the desirable target cells for gene editing as they are one of the main target cells for gene 
therapy. Any modification in the HSC genome will be transferred to all the derived lineages [217]. The 
efficiency varies with the cell type and cell state. However, it has been reported that adult primary cells 
use the error-prone NHEJ pathway more frequently that the error-free pathway (HR), because HSC do 
not divide and this means that HR will probably not work. This imbalance is what makes it a challenge to 
treat diseases when a gene correction is needed [74]. However, the HR frequency can be increased by 
inhibiting the NHEJ pathway, although the secondary effects of this inhibition have yet to be studied more 
thoroughly [217, 218].  

Different studies in gene therapy for blood disorders have shown that once the cells have been modified, in 
vivo they can be outcompeted by the residual unmodified HSCs or they diminished their capacity of 
engraftment. That is why the best diseases to target would be those, for which the corrected HSCs or the 
HSC derived cells (T and B cells for example) possess a selective advantage over the unmodified one, such 
as X-SCID, Fanconi anaemia and WAS. 

One of the most studied diseases to apply gene editing has been HIV infection [74]. It has been well 
documented that targeting chemokine (C-C motif) receptor 5 (CCR5), which is the major co-receptor of 
HIV, is a well-known strategy for the protection against HIV infection. The ablation of CCR5 in HSC 
results in derived CD4+ T cells resistant to HIV. So this provides HIV infected patients long lasting 
immunity to the infection, since this strategy protects all lymphoid and myeloid cell types, as they are both 
targets for HIV infection [2].  

Due to the fact that the genome editing through “hit and run” process, they would only need a transient 
expression, this is one of the main reasons why non-viral methods are attractive, such as RNA 
nucleofection. However, nucleofection has been associated with high toxicity and loss of engraftment 
potential in HSCs. Nevertheless, with improved transfection conditions Holt et al. were able to have a high 
efficient disruption of CCR5 by ZFNs nucleofection while limiting the toxicity, and these ZFNs-treated 
HSCs engrafted in NSG mice as efficiently as untreated HSCs [81]. Indeed, validity of this CCR5 Knock 
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Out strategy was shown in mouse models and is currently evaluated in a clinical trial using Zinc fingers 
nucleases against CCR5 [219]. 

The same delivery system, RNA nucleofection, has been used with CRISPR/Cas9 to target the same gene. 
When using only one gRNA, the cleavage percentage is similar to that obtained by nucleofection with 
ZFNs, but when using multiple gRNA, the percentage of cleaving is 10-fold increased. In this case, no 
mouse engraftment studies were performed, but CRISPR/Cas9 mediated disruption of CCR5 in CD34+ 
cells showed that there were no significantly differences in the formation of CD34+ cell derived CFU 
myeloid colonies [2, 220]. 

Another gene that has been targeted in HSCs is the interleukin-2 receptor gamma (IL2RG); its mutation 
causes an X-liked severe combined immunodeficiency (SCID-X) [84, 221]. To target this gene, ZFNs have 
been introduced by nucleofection of the mRNA and the donor DNA was introduced as an IDLV. Genovese 
et al. have optimized a protocol to gene edit IL2RG in HSCs efficiently. They have observed a functional 
reconstitution of IL2RG in the lymphoid progeny of HSCs that was able to repopulate transplanted mice, 
which confirmed the ability to edit long-term repopulating HSCs [84]. 

ii. T cells 
Using peripheral blood T cells is advantageous for several reasons; 1) they are more accessible for genetic 
modifications than other target cells, such as HSCs, 2) they can also be isolated in high amounts, 3) they 
have lower risk of transformation and 4) long term correction can be achieved by T cell therapy, as naïve 
cells which respond to a novel antigen can persist over years in patients, in several genetic dysfunctions of 
the hematopoietic system such as immunodeficiencies (eg SCID), cancers and acquired immunodeficiencies 
infections [222-224]. 

Actually gene editing for therapeutic purposes is being applied in cancer immunotherapy, mainly by the 
production of next-generation chimeric antigen receptors (CAR) T cells. Basically, CARs mix extracellular 
single-change variable fragments specific to an antigen on tumour cells with intracellular chimeric 
signalling domain that drives T cell activation [225].  The ideal would be to use autologous T cells, but the 
low quantity and quality of the cells as well as the expenses of the manufacturing might prevent of its full 
potential. This is why CAR T cell therapy could benefit of an “universal” CAR T cells. Because endogenous 
TCR could lead to graft-versus-host disease (GvHD), different groups have used genome editing to 

knockout the TCRα/β chains by ZFNs, TALENs and CRIPSR/Cas9 nucleases efficiently [226]. When 
combining this “universal” T cell with different disruptions of other genes (B2M and PD-1) by Cas9 m-
RNA, they had a high anti-leukemic activity, reduced alloreactivity and did not induce GvHD in NSG mice 
[227]. 

Another targeted disease is HIV infection. After the “Berlin patient”, where the transplantation of 
homozygous CCR5 mutated conferred resistance to HIV, there have been different studies to achieve the 
same result. ZFNs have been used to knockout CRR5 expression on T cells. These ex vivo modified T cells 
were injected into patients and were seen to persist longer than the unmodified ones, suggesting that 
CCR5 KO confers a survival advantage. TALENs have also reported a high percentage of CCR5 
disruption, showing even lower off-target effects at the CCR2 locus as well as lower cytotoxicity. 
CRISPR/Cas9 has also been used in studies with human primary T cells, although in this case it is the 
CXCR4 locus that has been targeted in order to achieve T cells resistant to the X4-tropic HIV strain. In 
summary, T cells present an important therapeutic potential, either for autologous or allogenic 
populations 
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Hipótesis  

La edición génica podría mejorar la terapia génica actual para el síndrome de Wiskott-Aldrich debido al 

aumento de la seguridad, ya que está dirigida a corregir el gen endógeno mutado de WAS y podría  además 

aumentar la eficiencia, ya que la expresión del transgen es llevada a cabo por el promotor endógeno de 

WAS expresándolo fisiológicamente. 

Objetivos 

El objetivo principal de este estudio es mejorar las herramientas para la terapia génica del síndrome de 

Wiskott-Aldrich utilizando las herramientas de edición génica mediante la comparación de las diferentes 

nucleasas y los diferentes sistemas de entrega. 

 

Objetivos específicos: 

1. Desarrollar un sistema CRISPR/Cas-9 eficiente frente al locus WAS en la misma zona que las 

ZFNs específicas para WAS desarrolladas por Sangamo BioSciences, Inc. 

 

2. Comparar la eficiencia y la especificidad de las ZFNs y el sistema CRISPR/Cas9 para la disrupción 

génica de locus WAS utilizando nucleofección e IDLVs. 

a. Células K562 

b. HSCs (CD34+) 

 

3. Comparar la eficiencia y especificidad de la recombinación homóloga de la inserción génica en 

K562 utilizando ZFNs y  CRISPR/Cas9 específicos de WAS.  

 

4. Mejoras del envío del sistema CRISPR/Cas9: 

a. IDLVs 

i. Mejora del backbone de IDLVs 

ii. Mejora del pseudotipaje de IDLVs 

b. Envío de proteínas-gRNA: Nanoblades 

i. HSCs (CD34+) 

ii. Células T 
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Hypothesis 

Gene edition could improve actual gene therapy for WAS due to increased safety, as it targets and corrects 

the mutated gene at the WAS endogenous locus and might increase efficacy, since the expression of the 

corrected transgene will be under the control of the WAS endogenous promoter and thus physiologically 

expressed. 

Objectives 

The main aim of this study was to improve the tools for WAS gene therapy using gene editing tools by 

comparing different nucleases and delivery systems. 

 

Specific Aims: 

1. To develop efficient CRISPR/Cas9 systems targeting the WAS locus at the same location that 

WAS-specific ZFNs available through Sangamo BioSciences, Inc. 

 

2. To compare efficiency and specificity of ZFNs and CRISPR/Cas9 systems for gene disruption of 

the WAS locus using nucleofection and IDLVs. 

a. K562 cells 

b. HSCs (CD34+) 

 

3. To compare efficiency and specificity of homologous-directed gene insertion in K562 cells using 

WAS-specific ZFNs and CRISPR/Cas9.  

 

4. The improvement of the CRISPR/Cas9 system delivery: 

a. IDLVs 

i. Improving IDLVs backbone 

ii. Improving IDLVs pseudotypes. 

b. Protein delivery-gRNA: Nanoblades  

i. HSCs (CD34+) 

ii. T cells 

 

 

 

 

 

 

 

 

 





MATERIAL AND METHODS

“Our own genomes carry the story of evolution, written in DNA, the 

language of molecular genetics, and the narrative is unmistakable.” 

 Kenneth R. Miller 
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Material and methods 

1. Cells lines and primary cells

1.1. 293T cells 

The 293T cells (CRL11268; American Type Culture Collection; Rockville, MD) are a human embryonic 

kidney epithelial cell line, which has been modified by the insertion of a temperature sensitive gene 

codified by the simian SV40 T antigen. This antigen is constitutively expressed to achieve higher 

transfection efficiency. It also allows the episomal replication of plasmids that contain the replication 

origin. 293T cells are used to produce non-replicative lentiviral vectors. 

They are maintained in Dulbelcco´s Modified Eagle´s Medium (DMEM, Invitrogen, Edinburgh, Scotland)) 
supplemented with 10 % Fetal Bovine Serum (FBS) (PAA Laboratories GmbH, Austria) at 37°C, 21% O2, 
10% CO2. 

1.2. K562 cells 

The human erythroleukaemic cell line K562 was obtained from ATCC (American Type Culture 

Collection, Manassas, VA; CCL-243), they lack the MHC complex and any traces of Epstein-Barr virus 

or other herpes viruses. They exhibit the Philadelphia chromosome [228] and another translocation 

between chromosome 15 and 17. They are maintained in RPMI 1640 media (Gibco-BRL, Middlesex, 

UK)), supplemented with 10% FBS (PAA Laboratories GmbH, Austria) [229] at 37°C, 21% O2, 5% CO2. 

1.3. CD34+ cells derived from umbilical cord blood 

Hematopoietic stem cells were obtained from healthy donors cord blood, derived from C-section or 

natural birth. The blood was diluted in 1:2 of PBS and the mononuclear fraction was obtained by a Ficoll 

Hypaque (GE Healthcare, Fairfield, USA) density gradient. Erythrocytes were eliminated by quick lysis 

solution (Cytognos) and the platelets by centrifugation at low speed. The CD34+ population was purified 

by double elution using the autoMacs Pro separator (Milteny Biotec) after incubation with hCD34 

MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) following the company’s instructions. To 

assess the degree of enrichment by CD34 antigen detection we use an anti CD34-Pe-

cyanine7 (eBioscience) in BD FACSCANTO II (BD Bioscience) obtaining over 95% purity. 

They were maintained and stimulated in Stem Span media (Stem cell), supplemented with 10% of 

penicillin and streptomycin, stem cell factor (SCF) 100ng/ml (Promega, Fitchburg, Wisconsin, USA), 

FMS-like tyrosine kinase 3 ligand (Flt3-L) 100ng/ml (Promega, Fitchburg, Wisconsin, USA), 

thrombopoietin (TPO) 20ng/ml (promega), interleukin 6 (IL-6) 20ng/ml (promega). For expansion, we 

added StemReginin (SR1) 1µM (Cayman Chemical Ann Arbor MI, USA), UM171 (Apexbio, Boston MA 

USA) and 35mM 16-16-dimethyl prostaglandin E2 (dmPGE2) 10 µM (Cayman Chemical Ann Arbor MI, 

USA) after isolation and before transduction of HSCs at 37°C, 21% O2, 5% CO2. 

1.4. Human primary lymphocytes 

Peripheral blood samples, obtained from healthy donors after informed consent, were collected into bags 

containing anticoagulant. Peripheral Blood Mononuclear cells (PBMCs) were isolated upon Ficoll gradient 

(Sigma-Aldrich, St Louis, MO, USA). CD19+ B cells and CD3+ T cells were purified by depletion using 

the B cell isolation Kit II (Miltenyi Biotec) for CD19+ B cells and the Pan T cells isolation kit (Miltenyi 

Biotec) for the CD3+ T cells and separated by the Automacs pro-separator (Miltenyi Biotec). Purity of 

isolated B- and T-cells was monitored using anti-hCD19APC and anti-hCD3PE antibodies, respectively, 

and was analyzed by flow cytometry (MACSQuant VYB, Milteny Biotech).  
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Freshly isolated unstimulated T and B lymphocytes were seeded in RPMI 1640 medium (Gibco Invitrogen, 

Auckland, New Zeland) supplemented with 10% FSC (Lonza, Verviers, Belgium) and 

penicillin/streptomycin (Gibco, Invitrogen, Auckland, New Zealand). B cells were stimulated for 24h 

with Pansorbin and IL2 (2μl/2ml and 100ng/ml respectively). T cell were activated for 3 days either by 

IL7 (20ng/ml) or by stimulation of the TCR using the TransAct CD3/CD28 kit (40μl) (Miltenyi Biotech) 

and IL2 (100ng/ml) in RPMI 1640 medium supplemented as previously described [206]. 

2. Plasmids

The lentiviral vector backbone used in this study was a SIN lentiviral vector. The plasmid from which all 

cloning where made was the SEWP which contains an enhanced green fluorescence protein (eGFP) gene 

under the control of an internal spleen focus-forming virus (SFFV) promoter and  Woodchuk Hepatitis 

virus (WHP) Posttrancriptional Regulatory element (WPRE) (Figure 12).  

2.1. Zinc Finger nucleases (ZFNs) 

Specific ZFNs to target WAS locus was incorporated into a SIN lentiviral vector under control of the SFFV 
promoter.  ZFNs targeting the WAS locus ZFNs_wt (pVAX-N2A-3FN-15724fok and pVAX-N2A-3FN-
15755fok) and ZFNs_mt (pVAX-N2A-3FN-15724fokEL and pVAX-N2A-3FN-15755fokKK) were 
designed using an archive of prevalidated zinc finger modules by Sangamo Bioscience (Richmond, 
California, USA), as previously described [63, 64, 230], and kindly provided by Dr. Michael Holmes 
(Sangamo BioScience). Both vectors targeted a sequence in the first intron of the WAS gene and the ZFNs 
mt contained a mutated version of Fok1 nuclease that increases the affinity by heterodimerization.  
To introduce the different monomers of the ZFNs under the SFFV promoter in the SEWP, both SEWP 
and pVAX vectors were digested with BamH1-Sbf1 and EcoRI-Sbfi respectively and were blunt ended 
using klenow enzyme, fragment corresponding to ZFNs monomores, and backbone corresponding to 
SEWP, were ligated. The obtained construct were sequenced  

2.2.  CRISPR/Cas9 system 

The Cas9 nuclease cDNA was obtained through gene synthesis (GenScript: plasmid  pUC-coCas9nl2x)  of 

a human codon-optimized cDNA version of Streptococcus pyogenes M1 Cas9  sequence (ref AE004092.2, 

from  nt 854751 to 858857), further modified  to eliminate  the restriction sites  for  EcoRI, ClaI, BamHI, 

NotI, MluI, BmgBI, AscI, AarI, AsiI, PstI, SbfI, XhoI, SciI, KpnI and XbaI and  to introduce a  BstX1 site in the 

Figure 12. Scheme of the vector SEWP. The spleen focus forming virus (SFFV) promoter drives expression of an 
eGFP reporter gene. WPRE, the woodchuck hepatitis virus post-transcriptional regulatory element. 
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+43  position. In addition, a sequence containing a HA tag and two NLS signals from SV40T were 

included at the 3’. Finally, the coCas9-HA-nls2 sequence was flanked by a BamH1/AscI site at the 5’ and 

PST/AarI site at the 3´to facilitate cloning into a lentiviral plasmids backbone. 

Guide-RNA (gRNA) were designed by searching for protospacer adjacent motives (PAM) 

sequences near the cutting site of the WAS-specific ZFNs. BLAST searches of the different gRNAs come 

out with only one gRNAs (gRNA9: 5´-GAGGCAGGAAGGACCAGGTC-3´) with good characteristics 

(target the same region as the ZFNs and have no homology with other regions in the genome). The gRNA9 

was synthesized by GenScript (GenScript Biotech Corporation, Piscataway Township, NJ, USA) together 

with the scaffold RNA and the U6 promoter to ensure a robust expression of the gRNA molecule (plasmid 

pU6_gRNA9 containing the BbsI-U6-gRNA9-scaffold-BbsI)(Figure 13A). In order to include a new 

restriction site (EcoR1) a PCR was performed using U6-gRNA9-scaffold as a template, the PCR products 

were cloned in pGEMTeasy vector. The resulting constructs were sequenced before use (Figure 13B). 

                   

 
 

Figure 13. Plasmids harboring the U6 promoter, the gRNA and the gRNA scaffold flanked by BbsI restriction site. 

A) Scheme of the U6-gRNA-gRNAscaffood region. B) Sequence of the U6 (red)-gRNA (bold) -gRNA scaffold 

(green) region.  

 

SELg9 and SELg9WP plasmids were obtained as followed: A XbaI fragment of the SEWP plasmid 

containing the 3’LTR was subcloned into a pUC19 plasmid to obtain the pUC19LTR. The gRNA9scaffold 

was introduced into the 3’ LTR Bbs1 site of the pUC19 by standard molecular techniques to obtain the 

pUC19-LTR-gRNA9. Finally, an XbaI fragment of the pUC19-LTR-gRNA9 containing the LTR-gRNA9 

was used to replace the XbaI fragment of the SE and SEWP lentiviral vectors to obtain the SELg9 and 

SELg9WP plasmids. 

 

To obtain the SCas9Lg9 and the SCas9Lg9WP, the eGFP cDNA from the SELg9 and SELg9WP were 
removed by BamHI-PstI and replaced by a BamHI-PstI fragment from the pUC-coCas9nls2x plasmid 
containing the codon optimized Cas9 cDNA. 
To obtain the SCas9Xg9WP and the SCas9Eg9WP plasmids, the gRNA9 was amplified by PCR with 
primers containing the XhoI or EcoRI sites (see Table A) and inserted into the XhoI and EcoRI (sites of the 
SCas9WP respectively. 
 

All the constructs generated were verified by automated DNA sequence analysis and with multiple 

restriction enzyme digestions. 



~ 64 ~ 

Primer’s name Sequence 

XhoI_U6 CCTCGAGGAAGACAAGATC 

XhoBsiwI_gRNA_Rev CTCGAGCGTACGTAATGCCAACTTTG 

EcoI_U6_Fw TATAGAATTCAGGAAGACAAGATC 

EcoI_gRNA ATATGAATTTACGTAATGCCAACTTTG 

Table A. List of primer used for cloning. 

2.3. Envelopes 

The baboon endogenous retrovirus (BaEV) envelope glycoproteins were previously described [231-233] 

[234]. Briefly, the cytoplasmic tail of the wild type BaEV was replaced by MLV-A, resulting in the 

BaEVTR-gp, and the deletion of the R peptide sequence gave the BaEVRless-gp (BRL) (Figure 14A). All 

envelope glycoproteins were expressed in the phCMV-G expression plasmid [235].  

Figure 14. Schematic representation of the envelope glycoprotein. A) Schematic representation of the 
mutant BaEV (BaEVRless-BRL). The 17 amino acid long cytoplasmic domain was exchanged for the one of the MLV-
A glycoprotein resulting in the chimeric BaEVTR-gps, and the R-peptide of the cytoplasmic tail of BaEVwt was 
deleted resulting in the BaEVRLess mutant gp. B) Schematic presentation of mutant F and H gps from the 
Edmonston MV strain. HD24 is an H mutant with deletion of the cytoplasmic tail. FD30 contains only 3 residual 
amino acids of the F wt cytoplasmic tail. CT: cytoplasmic tail, TM: transmembrane. (Modified from [234]). 

Edmonston’s Glycoproteins H and F were inserted into pCG plasmids under the control of the 

cytomegalovirus early promoter. The plasmids pCG-H24 and pCG-F30 code for cytoplasmic-tail 

mutants of H and F, respectively (Figure 14B) [142]. 

3. Vector production

3.1. Production of non-integrating lentiviral vectors 

LV were produced by co-transfection of 293T cells with three plasmids; 1) vector plasmid (SEWP, 

SC9WP, SELg9, SC9Lg9, SC9Lg9WP, Eg9SC9WP,SC9Xg9WP SC9Xg6Lg9, SZFN24WP, SZFN55WP), 

2) the human immunodeficiency virus (HIV) packaging plasmid pCMvdR8.74D64V and 3) the envelope

plasmid (VSV-G (Pmd2.G)) [15], the HF, BRL or a mixture of both envelope plamids (VSV-G (Pmd2.G) 

and BRL). For VSVG, vector production was performed as previously described [229]. Briefly, 293 T cells 

were plated on amine-coated petri-dishes (Sarsted, Newton, NC), in order to ensure the 80-90 % of 

confluence for transfection. The vector, the packing pCMvdR8.74D64V and the envelope plasmid, were 
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resuspended in LipoD293 (SignaGen, Gainthersburg, MD, USA), the proportion used is described in table 

B. The plasmid-LipoD mixture was added to pre-washed cells and incubated for 6-8h, when new medium 

was added. After 48 hours viral supernatants were collected, filtered through 0.45 μm filter (Nalgen, 

Rochester, NY) and concentrated either by ultrafiltration at 2000xg at 4°C, using 100KD centrifugal filter 

devices (Amicon Ultra-15, Millipore, Billerica, MA) or ultracentrifugation (Beckman, 23000rpm 2h at 

4°C). Concentrated vectors were either directly used or aliquot and frozen at – 80ºC. 

Vector production with the different envelopes for primary cells was performed as previously described 

[231]. Briefly, self-inactivating HIV-1- derived vectors were generated by transiently transfection of 293T 

cells. For display of BRL-gps 7μg of envelope gp-encoding plasmids were transfected for BRL-LV 

production. For HF-LV production the co-display of the different H and F gps was needed and 3 μg of each 

envelope plasmid was used. 5 and 2 μg were used for the co-display of BRL and VSVG envelopes 

respectively for the BRL+VSV-G- LV production; 3 μg of VSVG-Ggp encoding plasmid was used for 

VSV-G-LV production.  

plasmid proportion 

Vector 5 

pCMvdR8.74D64V 2.5 

VSV-G 1.5 

  

Lipo D 60µl 
 

 
Table B. Proportions used for IDLV vectors depending on the envelope vector and Lipo D quantity 
 

The different envelopes were transfected with a gag-pol packaging plasmid and a plasmid encoding either a 

vector expressing GFP or Cas9 with the gRNA (SC9Lg9W or Eg9SC9W).  For integration deficient 

lentiviral vectors (IDLV) the packaging plasmid was different having a mutation (D64V) in the integrase, 

making the expression transient. The mixture of all the plasmids was combined with water and the CaCl2 

(Sigma-Aldrich, St Louis, MO), then this mix was added to the Hepes buffer saline (HBS) buffer (20mM 

Hepes, 280mM NaCl, 10mM KCl, 1.5mM Na2HPO4, 12Nm D-glc pH 7). After a5 minute incubation, the 

mixture was added to the cells. Medium was replaced by Optimen supplemented with Hepes (Gibco, 

Invitrogen, Auckland, New Zeland) and penicillin/streptomycin (Gibco, Invitrogen, Auckland, New 

Zeland) 18h post-transfection. Viral supernatant was harvest 48h post-transfection, centrifuged and 

filtered. Low speed concentration of the vector was performed overnight at 3000g at 4°C, and the 

concentrated virus (100x) were collected the following morning. 

Concentrated vectors were either directly used or aliquot and frozen at -80ºC. 

 

3.2    Production of nanoblades/VLPs 

VLPs (nanoblades) production for primary cells was performed similarly to viral production. Briefly, VLPs 

particles were generated by transient transfection of 293T cells. For the expression of the Cas9 combined 

with the gag plasmid, either for the MLV background (BicCas9) or the HIV background (KLP229) 3μg was 

added.  

For display of BRL-gps 5μg of envelope gp-encoding plasmids were transfected for BRL-LV production, 

for HF-LV production the co-display of the different H and F gps was needed and 3 μg of each envelope 

plasmid was used. For the BRL+VSV-G- VLPs production 2 μg of each envelope was used; 5 μg of VSVG-

Ggp encoding plasmid was used for VSV-G-VLP production. 3 μg of each gRNA (301- 
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agcctcgccagagaagacaa and 305- gatgcttggacgaaaatgct) was added as well as 3 μg of the gag-pol plasmid 

either for HIV (PAX2) or MLV (5349). The mixture of all plasmids was combined with water and then, 

CaCl2 (Sigma-Aldrich, St Louis, MO) and was added to Hepes buffer saline (HBS) buffer (20mM Hepes, 

280mM NaCl, 10mM KCl, 1.5mM Na2HPO4, 12Nm D-glc pH 7).  

After 5 minute incubation, the mixture was added to the cells. Medium was replaced by Optimen 

supplemented with Hepes (Gibco, Invitrogen, Auckland, New Zeland) and penicillin/streptomycin 

(Gibco, Invitrogen, Auckland, New Zeland) 18h post-transfection. Viral supernatant was harvest 48h post-

transfection, centrifuged and filtered. Low speed concentration of the vector was performed overnight at 

3000g at 4°C, and the concentrated virus (100x) were collected the following morning. 

4. Viral titration

Viral titers were determined by the transduction of 1x105 K562 cells/well seeded in 48-well tissue 

culture plates (BD Biosciences) with four-fold serial dilution of the supernatants and then assaying the 

percentage of eGFP by FACS analysis 5 days for LVs or 48h for IDLVs after transduction. The LVs and 

IDLVs particle numbers per ml were also determined using lentivirus titration kit (qPCR lentivirus 

Titration kit, Applied Biological Materials (ABM)) according to manufactures protocol. Briefly, samples 

were diluted 1:100 and 1:1000 in 100 μl in PBS prior to lysis. Viral lysis was performed using 2 μl of 

diluted viral supernatant added to 18 μl Virus Lysis Buffer provided. The qRT-PCR program was 

performed on an Applied Biosystems 7300-Real Time PCR system using the following qRT-PCR 

parameters: 1 cycle of reverse transcription (42 °C for 20 minutes), 1 cycle of enzymatic activation (95 °C 

for 10 minutes), 40 cycles of denaturation (95 °C for 15 seconds) and 40 cycles of annealing/extension (60 

°C for 1 minute). 

5. Cell transduction

293T and k562 cells were washed with with Dulbecco’s PBS (1x) (PAA Laboratories GmbH, Austria) then 

only the 293T were dissociated with TrypLE Express (Invitrogen), centrifuged at 1250rpm for 5 minutes 

and counted. 293T and K562 2x105 cells were plated in 6-well plates (Costar, Corning incorporated, NY) 

with DMEM or 24 well plates with RPMI respectively. 

plasmid μg 

 Cas9 3 

gRNA 3 

BicCas9 or KLP229 3 

VSV-G or BRL 5 

plasmid μg 

Cas9 3 

gRNA 3 

BicCas9 or KLP229 3 

VSV-G 2 

BRL 2 

A                                    B 

 C 
Plasmid μg 

 Cas9 3 

gRNA 3 

BicCas9 3 

H and F 3 

Table C. Quantities used for VLP particle production. A) Quantities for display of BRL- or VSV-G-gps envelope. 
B) Quantities for display of BRL and VSV-G-gps. C) Quantities for display of H and F-gps.
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To transduce primary cells with the different pseudotypes, the day before transduction, 48-well plates (BD 

Bioscience) were coated with retronectin (Fisher Scientific). The day of transduction for GFP vectors, 

5x104 CD34+ cells,  2x105 quiescent and 1x105 activated B- and T- cells were seeded and concentrated 

vectors added in a MOI (multiplicity of infection) 10 for HF and BRL vectors and MOI 50 for VSVG and 

BRL+VSVG vectors. The percentage of GFP+ cells was analyzed 24, 48 and 72h after transduction for B, 

CD34+ and T cells and additionally at day 6 for CD34+ and T cells, by flow cytometry (MACSQuant VYB, 

Milteny Biotech). For Cas9 vectors, 5x105 cells were used in 48-well-plates coated with retronectin and 

concentrated vectors were added, after 24h cells were washed, fresh media and vectors were added again. 

Cells were pelleted 48h post-transduction for their subsequent DNA extraction and quantification of 

cleavage efficiency.  

For transduction with VLPs, 48-well plates were coated with retronectin the day before, 5x105 cells were 

used in a final volume of 200μl and the VLPs were added. After 5h of incubation new fresh medium was 

added to the cells and 24h post-transduction the cells were pelleted followed by DNA extraction and 

quantification of the cleavage efficiency.  

6. Preparation of cells for flow cytometry 

 
Controls and transduced K562 cells (1-4 x 105) were collected and washed with cold FACS buffer (PBS 

containing 2% FBS, and 0.5% BSA). 293T cells were dissociated with TrypLE Express, washed with PBS 

containing 2% FBS, centrifuged at 1250rpm for 5 min and washed with cold FACS buffer. Cells were 

stained with the 7-AAD viability dye (eBiosciences) and viable cells were gated for the subsequent analysis. 

Finally, the cells were analyzed for GFP expression using a FACSCanto II Flow Cytometer (Becton 

Dickinson, Franklin Lakes, NJ) equipped with the FACS Diva analysis software (BD Biosciences). 

For HSCs, 1-5x105
 cells were collected and resuspended in FACS buffer (PBS containing 2% FBS, and 

0.5% BSA) to stain during 30 minutes at 4°C with CD34 PE-Cy7 (eBiosciences), CD133 PE (Miltenyi)  

and CD90 APC (eBiosciences). Then, cells were washed and resuspended again in the flow cytometry 

buffer containing 7-AAD as a viability marker. 

 
For lymphocytes, 1-5x104 cells were collected and resuspended in PBS to stain during 30 minutes at 4°C 
with CD3-PE for T cells and CD19-APC for B cells. Then, cells were washed and resuspended in PBS. 
 
Finally, all cells types for GFP expression were analyzed using a FACSCanto II Flow Cytometer (Becton 

Dickinson, Franklin Lakes, NJ) equipped with the FACS Diva analysis software (BD Biosciences) or 

MACSQuant VYB (Milteny Biotech) and analysed with FlowJo (LLC). 

7. Analysis of H2AX phosphorylation 

K562 cells were nucleofected or transduced with the different nucleases (ZFNs or Cas9) and 48h later, 2.5 

x 105 cells were collected and washed with cold FACS buffer (PBS containing 2% FBS, and 0.5% BSA). 

Cells were then fixed (80% methanol for 5 min), permeabilized (0,1% PBS-Tween for 20 min) and 

incubated with PBS+10% goat serum for 10 minutes to block non-specific protein-protein interaction, 

followed by the incubation with anti-histone ɣH2AX (phospho s139) antibody (1:100) (abcam, Cambrige, 

UK, ab81299) for 30 minutes at RT. Cells were washed with PBS and then incubated with goat-anti rabbit 

IgGH+L alexa fluor 647 antibody (1:10000) (abcam, Cambrige, UK, ab150077) for 30 minutes at RT. 

After washing with PBS, cells were analyzed for ɣH2AX expression using a FACSCanto II Flow Cytometer 

(Becton Dickinson, Franklin Lakes, NJ) equipped with the FACS Diva analysis software (Becton 

Dickinson, Franklin Lakes, NJ). Isotype control antibody was rabbit IgG monoclonal (abcam) (0,1ug) also 

incubated 30 min at RT. 
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8. Quantification of nanoblades’s Cas9 by ELISA.

The nanoblades containing the Cas9 and the Recombinant Cas9 (New England Biolabs, MA USA) were 

coated with the coating buffer containing 1% of Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) into 

96 plates (Costar, Corning incorporated, NY, USA) and incubated overnight at 4°C. The samples were, 

then, diluted 1:100 in coating buffer. For the standard curve a serial dilution of recombinant Cas9 (New 

England Biolabs, MA USA) was diluted into the coating buffer. 

24 h later, the plates were washed with PBS with 0.05% Tween20 and blocked with PBS+0.05%Tween20 

+3%BSA (Sigma, Saint Louis, MO, USA). Then the plate was washed 4 times and incubated with  the 

primary antibody; Cas9-7A9-3A3 (14697P cell signaling technology, mouse, diluted 1:1000 in 

PBS+3%BSA, and incubated at room temperature for 1 hour). After washing, the secondary antibody 

(goat anti-mouse HRP (F6009-X639F Southbiotech); diluted 1:10000 in PBS+3% BSA) was added. 

Finally, the mixed TMB substrate solution, containing HRP substrate was added and incubated during 20 

minutes in the dark while shacking (Bethyl, Inc). Stop reaction was added in each well and the plate was 

read at absorbance 450nm in a Multiskan FC (Thermo Scientific).  

9. Quantification of cleavage efficiency

Genomic DNA extraction from K562 cells was performed with QIAamp DNA Mini kit (Qiagen, Hilden, 

Germany) following the protocol for cells in suspension. The genomic region flanking the CRISPR and 

ZFNs target site for each treatment were PCR amplified using hWASP5Fw/hWASP5Rev primers (Table 

D). The 2.0kb fragment was purified using QiaQuick Spin Column (Qiagen, Hilden, Germany) following 

the manufacturer´s protocols. 400 ng of total purified PCR products were mixed with 2μl 10X Taq DNA 

Polymerase PCR buffer and ultrapure water to a final volume of 20 μl, and subjected to a re-annealing 

process to enable heteroduplex formation (Figure 15B). After re-annealing, products were treated with 

Surveyor nuclease (Transgenomic, New Haven, CT, USA) following the manufacturer´s recommended 

protocols and analyzed on 2% agarose gel. Two fragments of 1.2kb and 0.8kb will appear if the 

endonucleases have generated a DSB at the target site (Figure 15A and B).  

Figure 15. A) Scheme of the expected bands of the PCR for the WAS gene, including the primers used and the 
different expected bands after the treatment with Surveyor. B) Scheme of steps followed to do the surveyor 
treatment to detect mismatches. C) Representative image of surveyor nuclease assay of an experiment in which a 
treated population was assayed. The parental bands (1969) and resulting bands (1210 and 779) are shown. 



 

~ 69 ~ 

The percentage of cleavage was determined by densitometry of the 2.0kb, the 1.2kb and the 0.8kb bands 

using the following formula: 𝑖𝑛𝑑𝑒𝑙 (%) = 100𝑥 (1 − √(1 − 𝑓𝑐𝑢𝑡)  where 𝑓𝑐𝑢𝑡 = (𝑏 + 𝑐)/(𝑎 +

𝑏 + 𝑐)  where a is the integrated intensity of the undigested PCR product and b and c are the integrated 

intensities of each cleavage product [236]. 

Genomic DNA extraction for primary cells was carried out using the NucleoSpin tissue kit (Macherey-

Nagel, GmBH &Co.) The genomic region flanking the cleavage made by the VLPs with two gRNA (301 

and 305) was amplified by PCR with the hWASP2Fw/hWASP2Rev primers (Table D). The PCR product 

was run in a 1% agarose gel. When using the TPEM307/308alwas pair the band observed was of 351bp 

when there is no cleavage and two fragments of 351bp and 227bp are observed when the two gRNA cut 

the genome. 

 

10. Off-target detection  

Possible off-target sites for the CRISPR/Cas9_gRNA system were identified through a BLAST 41 and 

BOWTIE 42 algorithms using the entire sequence of the gRNA9 (GAGGCAGGAAGGACCAGGTCTGG) 

or just the first 16bp including the PAM sequence (GAAGGACCAGGTCTGG).  For ZFNs we used the 

genome-wide tag scanner for nucleases off-sites 43 using the binding sites of both ZFNs as target.  

We selected the 10 best potential off-targets for each nuclease (tables E and F) and analyzed the InDels 

generated by surveyor, as described previously, and using the primers pairs described in Table E and F. For 

gRNA 301 and gRNA305 we used the program CRISPRseek [237] and used the only 3 off target for gRNA 

301 and the 4 of the most probable to give an off target for gRNA 305 (tables G and H). 

 

 

 

 

Primer’s name Sequence 

hWASP5Fw AAGCACTCACGATAGGCGTGG  

hWASP5Rev AAGTTCAGGTCAGGGGATTGT  

hWASP2Fw AGGGTTCCAATCTGATGGCG 

hWASP2Rev TTGAGAACTGGCTTGCAAGTCC 

TPEM307Fvalwas ATTGCGGAAGTTCCTCTTCTTACCCTG 

TPEM308rvalwas TTCCTGGGAAGGGTGGATTATGACGGG 

 

 

Table D. Primers used for PCRs. 
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Table E. Potential off-target sites for CRISPR/Cas9_gRNA9. The table show the different locus potentially targeted 
by the gRNA9 (left), the off-target sequence (middle) and the primers pair used to perform the PCR for the Surveyor 
analysis (right). 

Locus Off- target sequence Primers 5’ →  3’ 

Extended synaptotagmin-3 OT1: CAAGGACCAGGTCTGG 
OT1 Fw AGGCGGGCTGGGAAGCTTGA 

OT1 Rev CCCGAAGCACCAGCCTCATG 

Slit homolog 3 protein 
isoform 1 precursor 

OT2: CAAGGACCAGGTCTGG 
OT2 Fw CAGGAGAGTGCTTGACAAAT 

OT2 Rev AAGAGTCTTACGCCAAGAGG 

Ankyrin repeat domiain-
contaning protein 7 

OT3: CAAGGACCAGGTCTGG 
OT3 Fw GAAACACTTCCAAATGAAGG 

OT3 Rev ATCTGTCCCAGGCATTTATT 

Voltage dependent calcium 
channel subunit alfa-2delat-2 

OT4: GAAGGAGCAGGTCTGG 
OT4 Fw CCTTCTCTAGTTTGCCTAGG 

OT4 Rev TATGGACTCCAGGAGTACAG 

Armadillo repeat-containing 
protein 12 isoform a-b 

OT5: GAAGGAGCAGGTCTGG 
OT5 Fw GCAGATCACATTGGACCGTA 

OT5 Rev GGCCAAACCCAATAGACAAT 

Uncharacterized protein 
LOC100505478 

OT6: GAAGGAGCAGGTCTGG 
OT6 Fw CTCCTGGCACTTACTGTCTA 

OT6 Rev TTCCGTGATCTCACCTAAGC 

Septin-9 isoform a OT7: GAAGGAGCAGGTCTGG 
OT7 Fw GGTTTGGATGCTGAGGGTGA 

OT7 Rev CACCCAGTTTCGACAGTTGT 

Small G protein 
signalingmodulator 3 isoform 
1 

OT8: 

GCAGGAAGGACCAGGGCTGG 

OT8 Fw GAGGAGCTGCTCTACCGGGTAA 

OT8 Rev ACCTTAGCCACCCCGCGAACG 

Locus Off- target sequence Primers 5’ →  3’ 

WD repeat domian 33 CCTTGGGGCCCATGCATGTCCTGAGGCCG 
OT1 Fw AGGGTGAGGTCCTCTCATCTC 

OT1 Rev TGAACATGGCTCAAATGGGG 

Tumor necrosis factor 

receptor 
CCTTTGGCCCCATTCCTTGGGCCCAAATA 

OT2 Fw CCCTAGAGAGTTGCCTGACC 

OT2 Rev GGAGGCTGAAGAATGATTGC 

40S ribosomal protein 

S4 
CCTTTAGGGCCAAGTTCTGGACCCAAAGG 

OT3 Fw TTGCCTACTGTAGCACCACAGC 

OT3 Rev AAGCACTTCAAGGGACAATTAGG 

Uncharacterized 

protein C9orf106 
CAGCCTCATGACAAGAGGAGATGAGGCAG 

OT4 Fw TGTTCGGCTCATCATTCCATC 

OT4 Rev TGTGTCTGTAGTCCCAACTAC 

Spectrin beta chain CAGCTTCATGACCCCCTGTCATGAGGAAG 
OT5 Fw AGCATGCATGCTGTGTGTTCTG 

OT5 Rev TGGAGTACATTCCAGCAGGACC 

Mitochondrial 

uncoupling protein 2 
CTACCTCATGACTCACCTGTCATGAGGTTG 

OT6 Fw AAATTAGCCAGTGTGCTGGTGC 

OT6 Rev TGGCTCGCCCACAGATGCCAGC 

IRRE-like protein 1 

isoform 1 
GCTGTGGGCCCATGGGTGTCATGCAGCAG 

OT7 Fw AGAGGCGCTTGATGGAGGAG 

OT7 Rev AGTGATTCTCCTGCGTCAGC 

Zinc finger CW-

TypePWWP domain 
CCTCTGGGCCCTACACAGACATGAGTCAG 

OT8 Fw TTATGCTTAAGGCCTTCAACTGAC 

OT8 Rev ATGGCCTACTACACAGTATATAC 
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Table F. Potential off-target sites for ZFNs. The table shows the different locus potentially targeted by the ZFNs 
(left), the off-target sequence (middle) and the primers pair used to perform the PCR for the Surveyor analysis 
(right). 

 

 
Table G. Potential off-target sites for CRISPR/Cas9_gRNA 301 

 

 

 

Table H. Potential off-target sites for CRISPR/Cas9_gRNA 305 

11. Efficiency and fidelity of HD-donor insertion into the WAS locus.  

K562 cells were nucleofected with the plasmids expressing the different endonucleases 

(pSZFN24/pSZFN55; pSZFN24EL/pSZFN55KK or pSCas9WP/SELg9) and the donor DNA expressing 

eGFP and NeoR genes (Figure 16). Cells transfected with the nucleases and the donor DNA were selected 

with neomycin for 20 days and GFP positive cells sorted by FACS Aria II (BD Biosciences) and seeded into 

a 96well plate to obtain single cells (1 cell/5 wells).  

Locus Off- target sequence Primers 5’ →  3’ 

Intronic sequence 

Chromosome 1 

CAAGAAATTCAAAGAGTCGCCAG 

 

OT-1 Fw GTAAATGTTCAATAACTATT 

OT-1 Rev TTATTTAGAGACAGGGTCTC 

FGF14 

Chromosome 13 
CAAGCATCCCAAAGAGTGGCTGG 

 

OT-2 Fw CATTTACTTTAGAAGAGTTC 

OT-2 Rev CCTTGACATATACAGTCCTC 

Intronic sequence 

Chromosome 12 
AAAGCATCCCAAAGAGTCTCAAG 

 

OT-3 Fw ATTAGCCAGGCATGGTAGCG 

OT-3 Rev AAGTAGGTCAGTGGGAAGCT 

Locus Off- target sequence Primers 5’ →  3’ 

LINC00607 

Chromosome 2 

CACGCTTAGACGAAAATGCTGGG 

 

OT-4 Fw TGCAGTTACTCATTCTCAGA 

OT-4 Rev GGTATGGAGGCAAGTGTGGA 

KIAA1217 Chromosome 

10 

AATGCTTGGAAGAAAATGCAGGG 

 

OT-10 Fw TTCAACAACAGTGCCAAGAT 

OT-10Rev TCCCTTATCAGGTGTACGAT 

Intronic sequence 

Chromosome 4 

CATGCTTGCACGAAAATGATGGG 

 

OT-12 Fw TAGAGGTTATTGCTGCCCTT 

OT-12Rev ACCACAACCATCCAATTACC 

Intronic sequence 

Chromosome 2 

GATGCTTGGGAGAAAAAGCTTGG 

 

OT-14 Fw CCTATGTATATTTGAAATT 

OT-14Rev GTGTTATATCTGTTATGTGC 
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Clones were grown in the presence of neomycin and genomic DNA extracted from over 50 clones from 

each condition. The DNAs were used as templates for PCRs using 1- a primer pair 

(hWASP5Fw/hWASP5Rev) flanking the WAS target sequence, outside the donor homology domains, 2- 

two primers pairs that amplify the endogenous WAS and the donor DNA at the 5´ (hWASP5Fw/eGFPRev) 

(Figure 16) and at the 3´ (eGFPFw/hWASP5Rev) (in green in figure 16) junctions and 3- a primer pair 

(SFFV2aFw/NeoRRev) (in red in figure 16) that amplify an internal fragment from the donor DNA 

(Table G). All the PCR were carried out using the Kappa taq polymerase (Kappa biosystem). 

Primer’s name 
Sequences 

eGFPRev CGTTTACGTCGCCGTCCAGC 

eGFPFw GACGTAAACGGCCACAAGTTCA 

SFFV2aFw CTTCTGCTTCCCGAGCTCTA 

NeoRev AGTGACAACGTCGAGCACAG 

Table I. Specific primers for HR verification. 

Figure 16. Scheme showing the first 5 exons of the WAS locus (E1-E5) and the target site for ZFNs and CRISPR 
(top). The middle diagram shows the donor DNA used to edit the WAS locus containing the eGFP (Green), the 
NeoR (Red) expression cassettes and the homology arms in 5’ and 3’ (in blue). The lower diagram shows the 
expected outcome of the edited WAS locus after homologous recombination with the donor DNA. The different 
primers are shown as black arrows, and expected size of the different PCR products are shown with arrows of 
different colors. (Modified from Gutierrez et al. 2017) 
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12. HS4 and synthetic insulator design and synthesis 

We constructed two different HS4 based insulators: - the cHS4 core (a 250-bp fragment from the 5’ of the 

HS4 element) and - the HS4Ext (a 400-bp fragment containing the cHS4 core plus 150 bp of the 3´flanking 

sequences. All sequences were synthesized by GenSscript (GenScript USA Inc. NJ, U.S.A). Plasmid SFFV-

GFP (SE) containing the different HS4 elements within LTR were constructed by subcloning the LTR 

fragment into an XbaI site of pUC19 (New England Biolabs, Ipswich, MA, USA). The different HS4 

elements were cloned into the unique Bbs1 site of the subcloned LTR to obtain LTR-HS4core and LTR-

HS4Ext.  The final SE-HS4core and SE-HS4Ext lentiviral plasmids were obtained by replacing the LTR 

from the SE plasmid with the LTR-HS4core and LTR-HS4Ext, respectively, and using the XbaI restriction 

enzyme and standard molecular biology techniques. All the constructs generated were verified by 

automated DNA sequence analysis and with multiple restriction enzyme digestions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  





RESULTS

“Results! Why, man, I have gotten lots of results. I know several thousand 

things that wouldn't work.” 

Thomas A. Edison 
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Results 

1. Construction of WAS-specific ZFNs and CRISPR/Cas9 systems.

WAS-specific homodimeric ZFNs (ZFNs_wt) and heterodimeric ZFNs (ZFNs_mt), targeting the first 

intron of the WAS gene, were designed by Sangamo as described in material and methods. To be able to 

compare ZFNs to CRISPR/Cas9 system we designed and improved the Cas9 nuclease based on previous 

publications (described material and methods) and searched for gRNA at the same location as the ZFNs 

(Figure 17). We selected all possible gRNAs in a 100 bp region 5’ and 3’ from the ZFNs cutting site and 

analyzed for potential off-targets sites using BLAST analysis. Only one gRNA (gRNA9: 5´-

gaggcaggaaggaccaggtc-3´) compiled with the required properties: 1- Targeting the same region as the ZFNs 

and 2- having no homology with other regions in the genome.   

As the efficiency and safety of different specific nucleases can vary depending on expression levels and this 

can be highly influenced by the delivery system used, we constructed different plasmids that can be used to 

deliver the nucleases by plasmid nucleofection and also by IDLVs. We therefore cloned the optimized Cas9 

(optCas9) and the gRNA9 into lentiviral vector plasmids as described in materials and methods to obtain 

the SCas9 and the SELgRNA9.  

2. Cutting efficiency of WAS-specific CRISPR and ZFNs.

Once we had the different endonucleases cloned into lentiviral plasmids, we transfected them either by 

nucleofection or by integrative-deficient lentiviral particles (IDLVs) into the target cells:   

Figure 17. Diagram of a fragment of the WAS locus showing the exon 1 and exon 2 (red arrows), the target sites of 

the WAS-specific ZFNs and the CRISPR/Cas9_gRNA9. 



~ 78 ~ 

a. Efficacy of the CRISPR system in K562 cells using plasmid nucleofection.

In order to test our designed CRISPR/Cas9 system, we nucleofected K562 cells with the SCas9 and the 

SELgRNA9 plasmids (Figure 18 A and B). Next, we extracted genomic DNA and proceeded to do a PCR 

of the targeted locus with the WASP5F and WASP5R primers (table D in material and methods and Figure 

15A), performed the surveyor essay and visualized the bands in a 2% agarose gel (Figure 18C). We 

observed that our CRISPR/Cas9 system was able to disrupt the WAS gene in up to 13% of the K562 cells 

only if, as expected, both plasmids, the SELgRNA9 and the SCas9, were nucleofected together (Figure 

18C). 

Figure 18. The CRISPR/Cas9 system allows efficient targeting of the WAS locus in K562 cells. A) Scheme of the LV 

plasmids expressing the optimized Cas9 under the SFFV promoter (SCas9) (SC9WP- top) and the gRNA driven by 

the U6 promoter in (SELgRNA9- bottom). B) Scheme of the procedure to deliver the plasmids into K562 cells by 

nucleofection. C) 2% Agarose gel showing the bands obtained after PCR of the intron region (WASP5F and 

WASP5R primers) using control  K562 cells NT (left),  cells nucleofected with the SCas9 plasmid (SCas9) and cells 

nucleofected with the Scas9 and  SELgRNA9 plasmids (Cas9 + gRNA9) with  (+) or without   (-) treatment with 

Surveyor.   
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b. Efficacy of WAS-specific ZFNs in K562 cells using plasmid nucleofection. 

As for the CRISPR/Cas9 system, the ZFNs, both homodimeric, ZFN24 and ZFN55 (ZFNs_wt) and 

heterodimeric, ZFN24EL and ZFN55KK (ZFNs_mt) were cloned into a lentiviral vector backbone 

harboring the SFFV promoter (Figure 19A) and we analyzed their cutting efficiency by nucleofection of 

K562 cells (Figure 19B). We observed that the efficiency for both nucleases was very similar, around 27%.  

c. Efficacy of the different endonucleases system using IDLVs 

IDLVs, as a non-integrating delivery system, are an interesting alternative to plasmid delivery because we 

can adapt their tropism and thus, entry into specific target cells. Moreover, they have the ability to 

incorporate different elements (endonucleases, donor DNA templates, iRNA). Finally, they have the 

potential to be used in vivo. We, therefore, generated IDLV particles expressing each of the CRISPR 

components; SCas9 and SELgRNA9 and each of the ZFNs_mt using the plasmids showed in Figures 18A 

and 19A. Table J shows the average number of particles per ml obtained with the different IDLVs.  

Vector PN/ml 

SZFN24W 2x109 ± 1x109 

SZFN55W 1,61x109 ± 1,32x109 

SZFN24ELW 1,89x1010 ± 7x109 

SZFN55KKW 1,87x1010 ± 9,7x109 

SCas9W 9,03x109 ± 1,40x1010 

SELg9W 8,72x109 ± 7,32x109 
 

 

Table J. Average of the number of particles (PC) per ml of the different IDLVs vector and the different 
endonucleases ± SD (Concentrated 100times)  

 
We first compared the efficiency of not concentrated IDLVs expressing the heterodimeric (ZFNs_mt) 

versus the homodimeric (ZFNs_wt) ZFNs. K562 cells were transduced using a PNC (particle number per 

cell) = 40 of each IDLV pair (SZFN24W/SZFN55W or SZFN24ELW/SZFN55KKW) and the cutting 

efficiencies determined by surveyor assay. The data showed that both IDLVs were able to cut efficiently 

the WAS locus. 

  

Figure 19. A) Scheme of the different ZFNs construct under the SFFV promoter and a LV backbone. ZFN24 and 

ZFN55 are the two homodimeric arms of the ZFNs_wt (two top) while ZFNs-24EL and 55-KK are the two 

heterodimeric arms of the ZFNs_mt (two bottom). B) Electrophoresis gel of the surveyor essay of nucleofected K562 

cell. First lane shows the surveyor control (blank) ,  second lane shows cells nucleofected with ZFNs_wt and third lane 

shows cells nucleofected cells with the ZFNs_mt. Percentage of cleavage is shown at the bottom of each lane. 
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We next compared the ZFNs_mt with the CRISPR system to see whether they reached similar efficacies. 

K562 cells were transduced using a PNC= 200 of each IDLV pair (SZFN24ELW/SZFN55KKW or 

SCas9/SELgRNA9) and the cutting efficiencies were determined (Figure 20A). Our data showed higher 

cutting efficacies of IDLVs-ZFNs_mt compared to the dual IDLV-CRISPR system (35.6% or ZFNs versus 

25.8% for CRISPR).  The analysis of the mRNA expression levels of both systems using primers directed 

to the WPRE (present in all constructs) showed that the CRISPR/Cas9 IDLVs expressed lower RNA 

levels compared to the ZFNs (Figure 20B). These differences in RNA expression could be responsible of 

the lower cutting efficacy of the CRISPR/Cas9 systems.  

i. Optimization for the delivery of CRISPR/Cas9 system as IDLVs.

In order to compare specificity of ZFNs and CRISPR, it is important to be able to achieve similar cutting 

efficiencies, so, we decided to improve the CRIPSR system by: 1- expressing both the gRNA and Cas9 in 

the same lentiviral plasmid 2- Introducing different modifications that could improve expression levels of 

the Cas9 or the gRNA (Figure 21A). We inserted the U6-gRNA9 expression cassette in three different 

positions; LTR (SCas9Lg9W), 3’ of the Cas9 (SCas9Xg9W), and 5’ of the Cas9 (SCas9Eg9W) and also 

analyzed whether the presence of the Woodcuck hepatitis virus Posttranscriptional Regulatory Element 

(WPRE) improved the system (SCas9Lg9 versus SCas9Lg9W).   

Figure 20.  Comparative analysis of dual IDLVs CRISPR and ZFNs systems to edit the WAS locus. A) 

Surveyor analysis of K562 cells transduced with IDLVs expressing ZFN24EL and ZFN55KK (Left lines) or Cas9 and 

gRNA9 (Right lines) at a PNC= 200 each. Nuclease activity at the target site was monitored by PCR and digestion with the 

Surveyor nuclease (+) and detection by agarose gel electrophoresis. The activity is shown as percentage of cleavage 

(estimated by densitometry of the bands) and indicated under each line. B) mRNA quantification of K562 cells transduced 

with SZFN24ELW/SZFN55KKW (ZFNs) or with Scas9W/SELg9W (Cas9) IDLVs. The total amount of mRNA expressing 

the nucleases, ZFNs or Cas9, was performed as described in material and methods using common primers to the WPRE 

region. 
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Vector PN/ml 

Eg9SC9W 4,31x109 ± 4,50x109 

SC9Xg9W 3,33x1010 ± 1,26x1010 

SC9Lg9W 3,74x1010 ± 7,93x109 
 

 
Table K. Average of the number of particles (PN) per ml of the different all-in-one IDLVs vector  ± SD 
(Concentrated 100times).  

 

We obtained IDLVs from the different constructs (Table K) and analyzed their efficacy in K562 cells using 

a PNC of around 300. As expected the WPRE sequence enhanced the efficacy of the IDLVs (30.6% for 

SCas9Lg9 versus 35.5% for the SCas9Lg9W IDLVs) (Figure 21B).  

We observed a similar percentage of cutting efficiency in all of them, although the vector harboring the 

gRNA in the LTR and including the WPRE (SC9Lg9W) showed the higher cutting efficiency. We 

therefore decided to continue our further studies with this construct.  

3. Specificity of WAS-specific nucleases. 

Once we had improved the CRISPR system that could render similar efficacies than ZFNs we decided to 

compare the specificity of the homodimeric ZFNs_wt pair (SZFN24W, SZFN55W), the heterodimeric 

ZFNs_mt pair (SZFN24ELW and SZFN55KKW) and CRISPR/Cas9 (SC9Lg9) using both delivery 

methods: Plasmid nucleofection and IDLVs.  

 

Figure 21. Optimization of the CRISPR/Cas9 delivery system. A) Drawing of the different all-in-one 

lentiviral plasmids constructs expressing human codon-optimized Cas9 gene through the SFFV promoter and the 

gRNA9 through the U6 promoter. The U6-gRNA9 expression cassette was inserted inside the 3’LTR (SC9Lg9 and 

SC9Lg9W), just 3’ the Cas9 gene (SC9Xg9W) or just 5’ the Cas9 gene (SC9Eg9W). The WPRE element was 

inserted in all constructs with the exception of the SC9Lg9 (top) for comparison with the SC9Lg9W. B) Analysis of 

cutting efficiency of all-in-one IDLVs represented in A. All of the IDLVs were used with equal PNC (300). Nuclease 

activity at the target site was monitored by PCR (-), digestion with the Surveyor nuclease (+) and detection by 

agarose gel electrophoresis. The activity is shown as percentage of cleavage (estimated by densitometry of the bands) 

and indicated under each line. 
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a. Comparison of the specificity of endonucleases delivered by plasmid

nucleofection.

Figure 22. Comparison of efficiency and specificity of WAS-specific zinc finger nucleases and 

CRISPR system delivered by nucleofection. A) Analysis of the cutting efficiency of the different specific 

nucleases. Nuclease activity at the target site was monitored by PCR, digestion with the Surveyor nuclease (left) and 

detection by agarose gel electrophoresis (right). The activity is shown as percentage of cleavage (estimated by 

densitometry of the bands) and indicated under each line. B) Graph showing increment in double strand breaks (γ-

H2AX positive cells) of K562 cells transfected with the different plasmid expressing ZFNs_wt, ZFNs_mut or 

CRISPR related to Mock K562. Average of at least two separate experiments. C) Representative histograms for 

K562 cells nucleofected with irrelevant plasmid (Mock), homodimeric ZFNs (ZFNs_wt pair), heterodimeric ZFNs 

(ZFNs_mut pair) or CRISPR-gRNA9 (Cas9 and gRNA9) stained with antibodies against phosphorylated γ-H2AX to 

detect double strand breaks. The percentage of cells positives for phosphorylated γ-H2AX is indicated in each 

histogram. D) Analysis of indel generation in K562 cells with ZFNs nucleofection of different off target sites (OT1, 

4, 5, 8) of no transduced cells and cells nucleofected with ZFNs_wt pair and ZFNs_mt pair. E) Analysis of index 

generation for the different off targets sites (OT1,2,3,4,6,7,8,9) for nucleofected K562 with SCas9 alone and 

SC9/gRNA using Surveyor assay (-) without the endonucleases and (+) with the endonuclease. The red asterisk 

shows unspecific bands with and without gRNA. 
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In order to compare specificity, we required populations that had similar cutting efficiencies with the 

different endonucleases. This was easily achieved by plasmid nucleofection since we observed around 20% 

efficacy in all systems (Figure 22A). To evaluate the unspecific DSB generation (off-targets) we stained the 

cells for ɣH2AX (Figure 22B and C).  

The H2AX is a variant of the H2A family that is phosphorylated (ɣH2AX) as the first step in recruiting 

DNA repair proteins upon DSBs. The repair processes generate foci that can be visualized by staining for 

ɣH2AX. These foci represent the DSBs in a 1:1 ratio and are used as biomarkers for DNA damage [238]. 

The differences observed in ɣH2AX staining on cells edited at similar efficiencies in the WAS locus will 

represent therefore differences in off-target activity. As can be observed in Figures 22B and 22C, ɣH2AX 

staining is similar between SC9Lg9W, the ZFNs_mt pair and the mock (nucleofected with irrelevant 

plasmid), indicating similar off-target activity of these two WAS-specific nucleases. Moreover, since we 

could not observe a ɣH2AX increment (related with the mock), we can say that the off-target activity of 

these two nucleases is below the limit of detection of this technique. However, the ZFNs_wt pair 

presented higher ɣH2AX staining compared to control and thus corroborate the potential of these 

technique to detect off-target activity as well as the higher off-target activity of ZFNs_wt compared to 

ZFNs_mt and our CRIPSR system.  

We next analyzed the potential of off-target sites by in-silico analysis. We used the genome-wide tag 

scanner for nucleases off sites [239] for the ZFNs and BLAST [240] and Bowtie [241] for CRISPR/Cas9. 

We selected the 8 highest scoring off-targets for CRISPR/gRNA9 (Table E) and ZFNs (Table F) ) and 

analyzed InDel generation using the surveyor assay, by amplifying the genomic DNA with the different 

primers directed against the off-target sequences followed by the surveyor assay and electrophoresis gel to 

see the cleavage. Only 4 and 7 off-target are shown for ZFNs and CRISPR respectively. However, no 

detectable off-target activity was observed when using this technology; most probably because the limit of 

detection of the surveyor assay is around 2% (Figures 22D and 22E for ZFNs and CRISPR respectively). 

b. Comparison of the specificity of endonucleases delivered by IDLVs 

We next generated SCas9Lg9W IDLVs particles as well as IDLVs expressing each ZFNs and compared 

their specificity to disrupt the WAS locus. K562 cells were co-transduced with IDLV-ZFN24W/IDLV-

ZFN55W (IDLV- ZFNs_wt), IDLV-ZFN24ELW/IDLV-ZFN55KKW (IDLV-ZFNs_mt) or with the all-

in-one SCas9Lg9W IDLV at different PNC in order to reach similar cutting efficiencies. 48 hours later we 

analyzed DSBs by ɣH2AX and InDels generation at the target site (WAS locus) by surveyor (Figure 23).  

It is important to take into account that in order to be able to compare the different nucleases in the target 

cells, these have to be edited at similar levels, as higher cutting efficiencies could be translated into higher 

off-target activities. We therefore selected the K562 cells edited between 19 to 25% to perform a 

comparative analysis (Figure 23).  

We required 2-9 times higher PNC of the IDLV-CRISPR than IDLV-ZFNs in order to reach similar 

efficiencies (Figures 23 and 24A). Interestingly, as observed with nucleofection, we observed similar levels 

of ɣH2AX positive cells in CRISPR- and ZFNs_mt- treated K562 cells when edited at similar levels 

(Figures 23 and 24B and C).  
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However, cells edited at similar levels with ZFNs_wt showed always higher ɣH2AX staining compared to 

ZFNs_mt or CRISPR, indicating higher off-target activity (Figure 23 and 24B and C).  

Figure 23. Comparison of the specificity of WAS-specific zinc finger nucleases and CRISPR system 

delivered by IDLVs at different PNC. Graph showing the percentage of cells stained positive for γ-H2AX 

(indicative of DSB) after transduction with different IDLVs expressing each homodimeric ZFNs (ZFN24 and 

ZFN55), heterodimeric ZFNs (ZFN24EL and ZFN55KK) or a unique IDLV expressing Cas9 and the gRNA9 

(CRISPR). K562 cells were transduced with different volumes of each concentrated IDLVs. For ZFNs-IDLVs we 

used 50μl, 25μl and 12μl (achieving 60-70%, 35-40% and 20-22% cutting efficiency respectively) and for 

SC9Lg9W IDLVs we used 150μl to obtain 14% cleavage. The number of particles per cell was estimated by RT-

PCR and is indicated at the top of each bar. The different samples were stained with antibodies against γ-H2AX and 

analyzed by flow cytometry to determine the % of γ-H2AX positive cells related to an isotype control. Nuclease 

activity at the WAS site at the different samples was monitored by Surveyor nuclease and indicated at the bottom of 

each bar. 
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4. Efficacy and specificity of ZFNs and CRISPR/Cas9 for homology direct 

genome editing of WAS locus in K562 cells. 

Above, we evaluated the endonuclease activity of the ZFNs and CRISPR/Cas9 for gene disruption of the 

WAS locus by NHEJ. In a next step, we aimed to investigate the efficiency and specificity of WAS-specific 

ZFNs_wt, ZFNs_mt and CRISPR systems for homology direct genome editing of WAS locus.  

 

Figure 24. Comparison of efficiency and specificity of WAS-specific zinc finger nucleases and 

CRISPR system delivered by IDLVs. A) Analysis of the cutting efficiency of the different specific nucleases 

using different PNCS (61 and 137 for ZFNs_wt and mt respectively and 336 for CRISPR) to reach 19-25%. 

Nuclease activity at the target site was monitored by PCR and digestion with the Surveyor nuclease (left) and 

detection by agarose gel electrophoresis (right). The activity is shown as percentage of cleavage (estimated by 

densitometry of the bands) and indicated under each line. B) Graph showing increment in DSB (γ-H2AX positive 

cells) related to untreated K562 cells or transduced with the different IDLVs combinations reaching 15-20% cutting 

efficiency. Average of at least two separate experiments. C) Representative histograms for human control K562 

cells (NT), K562 cells transduced with IDLVs expressing each IDLV-ZFNs_wt pair, each IDLV-ZFNs_mt pair or a 

unique IDLV expressing Cas9 and the gRNA9 (IDLV-CRISPR) stained with antibodies against γ-H2AX to detect 

double strand breaks. The percentage of cells positives for γ-H2AX is indicated in each histogram.  
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We designed a donor DNA fragment containing eGFP and Neomycin resistant gene expression cassettes 

flanked by 1kb homologous arms to the WAS locus (Figure 25A). The plasmids expressing the different 

endonucleases were nucleofected together with the donor DNA into K562 cells and the eGFP expression 

was analyzed at day 3 and 20 (Figure 25B). We achieved 30 to 45% eGFP+ K562 cells 72 hours upon 

nucleofection (Figure 25B, top plots). Upon culture for 20 days between 0.3% and 6% of the K562 cells 

were stably expressing eGFP, in the case where nucleases were co-transfected (Figure 25B, bottom plots). 

These cells stably expressing eGFP, have integrated the donor DNA into the cells’ genomic DNA. To 

investigate whether the integration has occurred in the WAS locus, we sorted the eGFP+ cells and 

generated clones in the presence of neomycin in order to select those clones that have integrated the 

complete donor DNA.  

Figure 25. Analysis of the efficiency and safety of ZFNs and CRISPR/Cas9 for HR-directed WAS 

genome editing. A) Scheme showing the procedure to insert a donor DNA (harbouring eGFP and NeoR 

expression cassettes) into the WAS locus using different specific nucleases. B) Plots indicating the GFP percentage 

after 72 hours (top graphs) and 20 days (bottom graphs) after nucleofection with donor DNA and ZFNs_wt (left), 

ZFNs_mt (second-left), the CRISPR/Cas9 system containing the gRNA (second-right) and the CRISPR/Cas9 

system without gRNA (Right). After 20 days, eGFP+ cells were sorted and over 100 clones were grown in medium 

with neomycin for further analysis.  
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To differentiate between donor integrations in the WAS locus (In-target) and integrations outside the WAS 

locus (Out target) a PCR was performed with primers described in figure 26A. The different clones, 

analyzed by PCR as depicted in Figures 26A and 26B, showed that ZFNs_mt and CRISPR achieved 88 and 

83% of the insertions in the targeted locus, respectively (Figures 26B and 26C). In contrast, cells 

transfected with the donor DNA and the ZFNs_wt had only 45% of the insertions that landed inside the 

WAS locus, meaning that the majority of the inserts were outside of the target site (Figure 26C). 

 

Figure 26. WAS locus and donor modifications. A) The top diagram shows a scheme of the first 5 exons of 

the WAS locus (E1-E5) and the target site for ZFNs and CRISPR (top). The middle diagram shows the donor DNA 

used to edit the WAS locus containing the eGFP (Green) and the NeoR (Red) expression cassettes and the homology 

arms in 5’ and 3’ (in blue). The lower diagram shows the expected outcome of the edited WAS locus after 

homologous recombination with the donor DNA. The different primers are shown as black arrows and expected size 

of the different PCR products are shown with arrows of different colors. B) Representative analysis of the expected 

bands that should appear in clones in which the donor DNA has landed in the WAS locus (In Target: heterozygous 

WAS -/+ and homozygous WAS -/-) or outside the WAS locus (Out Target: homozygous WAS +/+). C) Table 

showing the specificity of donor integration with the different endonucleases. The Table shows the total number of 

clones analyzed, the number of clones containing donor integration outside WAS locus (Out) and the number of 

clones harboring donor integration at the WAS locus (In), as well as the percentage of clones harboring donor 

insertion at the correct site (% (In)). 
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The above data are in line with the cutting specificity data of the different endonucleases obtained 

previously (Figure 22). To further confirm the integration of the donor DNA in the WAS locus, we 

analyzed WASP expression levels in homozygous and heterozygous clones by FACS analysis. Figure 27 

shows the absence or reduction of WASP expression in homozygous and heterozygous clones, 

respectively. 

5. Nucleofection delivery of ZFNs and CRISPR/Cas9 system into CD34+

cells.

Once we established the best system in the K562 cell line, we compared the different endonucleases into 

our target cells, the CD34+ cells. We nucleofected CD34+ cells with the two plasmids of ZFNs_mt and 

with the all–in-one plasmid containing the Cas9 and the gRNA (SC9Lg9W). 

We also put a control eGFP plasmid in parallel to verify that the nucleofection was performed efficiently 

and obtained 40% GFP+ CD34+ cells upon nucleofection (Figure 28A). 48h post-nucleofection we 

harvested the cells and examined the cutting efficiency.  For both system, ZFNs and CRISPR/Cas9, we 

were not able to reveal cutting at the WAS locus (Figure 28B). The absence of cutting efficiency could be 

due to the resistance of the HSCs to be nucleofected, especially since the endonuclease plasmids were quite 

big in size.   

Figure 27. WAS expression after HR editing.  WASP expression on K562 clones edited using CRISPR and 

ZFNs. Left: WT K562 cells stained with rabbit anti-WASP (abcam) antibody (bottom) or Isotype control (top). 

Right:  Heterozygous (left; WAS -/+)) and homozygous (right: WAS -/-) clones for WAS gene disruption using the 

CRISPR (top) and ZFNs_mt (bottom). All clones express eGFP due to the integration of the Donor DNA. 

Heterozygous clones (WAS -/+) express around 50% of the WASP levels compared to WT K562 (49% and 30% 

compared to 70.5%) and homozygous clones (WAS -/-) showed no expression of WASP. Staining was as follow: 105 

cells were washed with PBS, fixed with PFA (2%) and permeabilized with 0.2% saponine in PBS with BSA3%. Cells 

were then incubated with FcR, washed and incubated with rabbit anti-WASP antibody (1/100) or rabbit control 

(1/100) both from abcam. Secondary anti-rabbit alexa fluor 647 (Abcam) were added at a dilution of 1/1000. After 

washing with PBS, cells were analyzed for WASP expression using a FACSCanto II Flow Cytometer (Becton 

Dickinson, Franklin Lakes, NJ) equipped with the FACS Diva analysis software (BD Biosciences). 
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6. IDLVs delivery of ZFNs and CRISPR/Cas9 system in HSCs. 

Next, we used IDLV delivery system. As control we used IDLV-SE expressing eGFP from the same 

promoter as the ZFNs and CRISPR systems (the SFFV promoter). Using IDLV-SE, we observed up to 

15% of transduced cells using a PNC of 500 (Figure 29A). We next transduced CD34+ cells with IDLVs 

containing the two different vectors for ZFNs and SC9Lg9W at PNCs around 3000 each. However, we 

obtained a similar result as with nucleofection; we were not able to detect any cleavage for any of the 

different IDLVs (Figure 29B).  

 

We thought that the absence of WAS genome edition of CD34+ cells with our IDLVs was probably due to 

the difficulty to obtain highly concentrated IDLVs and/or to their low expression levels. Improving the 

IDLVs could render better results, since IDLV-ZFNs have been shown to be able to edit CD34+ cells by 

other groups.  

We therefore focused on trying to improve the all-in-one CRISPR vector system by modification of the 

backbone and by pseudotyping with different envelopes.  

 

  

Figure 28.  CD34+ cells nucleofected with ZFNs and CRISPR/Cas9 system. A) Representative plot of GFP 

expressing cells 48h post nucleofection B) Representative electrophoresis gel, showing efficiency of cutting in CD34+ 

cells after the surveyor assay (n>3). 

  

Figure 29. IDLV delivery system of ZFNs and CRISPR/Cas9 system to CD34+. A) Representative plots of 

stimulated CD34+ cells transduced with eGFP IDLVs. B) Representative electrophoresis gel, showing efficiency of 

cutting in CD34+ cells after the surveyor assay (n>3). C+- positive control, NT- no transduce cells, mt- ZFN_mt 

and Cas9- SC9Lg9W. 
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7. Improvements in the IDLV delivery system

a. Improving the LV backbone: HS4 based insulators

IDLVs achieve usually low gene expression levels [149, 150, 242-245]  due to their tendency to undergo 

epigenetic silencing [246, 247]. Different strategies have been pursued to improve titer and/or transgene 

expression of IDLVs. 

 The inclusion of insulators based on the chicken β-globin locus control regions (LCRs) hypersensitive 4 

(HS4) has been somehow a successful approach. Even though their long size reduced the titers, they 

improve the transgene expression levels.  

In order to study whether these elements could enhance the titer and/or expression levels of IDLVs, we 

incorporated the HS4-core [152] into the LTR of the lentiviral vector backbone (Figure 30A). LVs and 

Figure 30. HS4-based insulators. A) Schematic diagram of the HS4 insulator and the LV constructed based on 

the SE LV. The HS4 elements were inserted into the U3 region of the 3’ and the effect of the different HS4 elements 

on vector titer (Left) and transgene expression (right) compared to the SE LV (B) or SE IDLV (C). Only 

populations having less than 15% eGFP+ cells were used for the analysis to avoid the effect of multiple LVs 

integrations. Values represent mean of at least three separate experiments and the error bar indicates the standard 

deviation of the mean. (* = p<0.05 Student’s t-test; two tails, assuming equal variances). 
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IDLV particles of the SE and SEHS4-core were obtained and analyzed for titer and expression levels in 

K562 cells (Figure 30B and C, respectively).  

Surprisingly, although we observed that the HS4-based integrating LV vectors suffer a significant decrease 

in titer and expression levels in K562 cells (Figure 30B), their SE-HS4c-IDLVs counterpart had increased 

titer and better expression levels compared to SE-IDLVs (Figure 30C). To gain a further insight into the 

nature of IDLVs which promote the high expression levels achieved using the insulated IDLVs, we 

quantified the different viral DNA genomes (total, 2LTR). The inclusion of the tested insulator enhances 

expression levels by favoring the formation of 1LTR rather than 2LTR molecules and this could be related 

to the negative effects that LTR modifications can have in retroviral integration. The next step in this 

direction would be to insert the HS4c element in the SCas9Lg9W backbone to see if the new IDLV 

(SCas9Lg9WHS4c) would be able to edit HSCs, since we could achieve higher titers and higher Cas9 

expression levels (work in progress in the laboratory).  

b. Adapting IDLVs pseudotyping to CD34+ cells and T cells  

Another aspect that can be modified in order to improve the efficiency of IDLVs is the envelope used to 

generate the particles (pseudotyping). Different envelope glycoproteins can be used to generate LVs that 

target different cell types. We hypothesized, that the production of LV vectors with certain envelopes 

[133, 144] that improve the transduction of HSCs and T cells can also be applied to the non-integrative 

vectors.  

 

Figure 31.  HF-LV/IDLV allows high levels of transduction in activated CD34+. Freshly isolated CD34+ 

from the same donor  were stimulated with a cytokine cocktail (TPO, SCF, Flt-3) and subsequently transduced with 

BRL- and HF-IDLV GFP at MOI= 10 and BRL+VSVG- and VSVG-IDLV GFP at MOI 50. The percentage of GFP+ 

cells (A) and the MFI (B) of those cells was determined by FACS analysis (Mean ± SD, n=8)  in logarithmic scale. 
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Figure 32.  HF-LV/IDLV allows high levels of transduction in activated IL-7 T. Freshly isolated T cells from the same donor were stimulated through the TCR 

receptor or by IL-7 for 3 days and subsequently transduced with BRL- and HF- LV/IDLV GFP at MOI= 10 and BRL+VSVG- and VSVG- LV/IDLV GFP at MOI 50. The 

percentage of GFP+ cells was determined in activated CD3/CD28 T cells (A), activated IL7 T cells (C) and the MFI of those cells, CD3/CD28 T cells (B) and IL-7 T cells 

(D) by FACS analysis (Mean ± SD, n=8) in logarithmic scale. 
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In order to select the best envelope for HSCs transduction, we transduced CD34+ cells, cultured under a 

cytokine cocktail (material and methods, with the SE vectors (expressing eGFP) pseudotyped with different 

envelopes; BRL, HF, VSVG and a mixture of BRL and VSVG using both integrative and non-integrative forms 

at the MOIs indicated in Figure 31. 

Brieftly, BaEV wild type cytoplasmic tail was deleted for the R peptide sequence giving the BRL. The 

Edmoston’s glycoprotein H and F were deleted for 24 and 30 aminoacids (aa) at their cytoplasmic tail and 

inserted under the control of the CMV promoter obtaining the plasmids encoding for H and F.  As expected 

for what has been described previously using integrative LVs at these MOIs we observed low transduction 

levels of IDLV-VSVG (around 10%) while the IDLV-BRL and IDLV-HF transduced over 60% of CD34+ cells. 

Remarkably, we observed that when we combined the BRL envelope with the VSVG the percentage of GFP+ 

cells reached similar levels to those of BRL and HF alone.  

Another interesting cell type for WAS gene therapy is the T cells. In order to select the best envelope for T 

cells, we transduced T cells activated with CD3/CD28 or with IL7 with the SE vectors (eGFP+) incorporating 

different envelopes; BRL, HF, VSVG and a mixture of BRL and VSVG in both integrative and non-integrative 

form and at the MOIs indicated in figure 32. We observed that T cells activated by the TCR receptor pathway 

(CD3/CD28) were transduced at similar levels with LV or IDLVs pseudotyped with the different envelopes 

(Figure 32A). However, when the T cells are activated with IL7, a survival cytokine, the best performing 

envelope for both LV and IDLV transduction was the HF pseudotype (Figure 32) resulting in a 3- and 6-fold 

higher transduction, respectively, in comparison with the rest of the envelopes.  

Taking all this data into account we used the best envelopes for each cell type when producing the IDLVs with 

the CRISPR/Cas9 system. However, when we tested the SC9Lg9W vector in either T cell or HSCs, we were 

not able to see any cleavage of the WAS locus (Figure 33), suggesting that there must be a reduction of IDLV 

transduction efficacy when the IDLV encodes for Cas9. However, since the number of particles produced by 

IDLV-Cas9 is very similar to the IDLV-SE (Table J), we hypothesize that the main problem of IDLVs-Cas9 

could be the low Cas9 expression levels in the cell.  

8. A new CRISPR/Cas delivery tool: the Nanoblades  

a. Development and characterization of HIV and MLV derived nanoblades 

As an alternative to IDLVs, we next used VLPs that are called here nanoblades, which are designed to obtain a 

transient endonuclease delivery. They incorporate de Cas9 as a protein fused to the lentiviral or 

gammaretroviral structural protein gag and they form a VLP that incorporates the gRNA(s) (Figure 34) [165]. 

  

Figure 33. Pseudotyped-IDLV delivery of CRISPR/Cas9 system to CD34+ and stimulated T cells. 

Representative electrophoresis gel, showing efficiency of cutting in CD34+ cells after the surveyor assay. 
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The nanoblades are patented and were kindly donated by the group of Dr. Théophile Ohlmann (Eukaryotic 

and viral translation group) at the Centre international de recherché en infectiologie (CIRI, Lyon, France). 

The totality of the nanoblade experiments was performed during 2 consecutive short stays in the group of 

E.Verhoeyen, CIRI, Lyon. 

Figure 34. Schematic representation of the different components of the VLPs, and the envelope 

glycoprotein. A) Schematic of the different parts that compose the VLP. The Gag, the gag-pol, the gag-Cas9, the 

different gRNA and the envelopes. B) Schematic representation of the mutant BaEV (BaEVRless-BRL). The 17 

amino acid long cytoplasmic domain was exchanged for the one of the MLV-A glycoprotein resulting in the chimeric 

BaEVTR-gps, and the R-peptide of the cytoplasmic tail of BaEVwt was deleted resulting in the BRL mutant gp. C) 

Schematic presentation of mutant F and H gps from the Edmonston MV strain. HD24 is a H mutant with deletion of 

the cytoplasmic tail. FD30 contains only 3 residual amino acids of the F wt cytoplasmic tail. CT: cytoplasmic tail, 

TM: transmembrane. D) Schematic of the assembly of the nanoblade particle. 
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The nanoblades incorporated the Cas9, different to our OptCas9, in different backbones, MLV and HIV. They 

also incorporated two gRNAs targeting the exon 1: The gRNA 301 is located before the ATG of the exon 1 

and the gRNA 305 is located at the 5’ extreme of the exon 1 and finally they were pseudotyped with the 

different envelopes. The original nanoblades included the VSVG envelope [164] but we hypothesized that the 

inclusion of the Baboon envelope (BRL) would increase their specificity to transduce primary cells. We first 

transduced 293T cells with nanoblades containing the VSVG envelope, the BRL envelope and a combination 

of both envelopes: BRL and VSVG.  We quantified the amount of Cas9 protein incorporated into the 

nanoblades by ELISA (Figure 35A) and observed that the VSVG envelope somehow increased the packaging of 

the Cas9gag fusion protein into the nanoblades, as we observed a higher amount of Cas9 protein, both in the 

MLV and HIV backbone when they carried both envelopes. Then, we tested the cleavage efficiency of the 

 

Fiure 35.  Nanoblades efficiency in cell lines. A) Graph showing the amount of Cas9 present in the VLPs by 

ELISA assay, (B-BRL and V- VSVG envelops) B) Efficiency of deletion of WAS gene in 293 cells and C) efficiency of 

deletion in WAS gene in K562 cells.  
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different nanoblades into 293T cells (Figure 35B) and K562 cells (Figure 35C) by PCR of the WAS gene with 

the WASP2 primers (Table D) observing two bands: an uncleaved band of 811bp and another 647bp band that 

reflects the expected deletion of exon 1 if Cas9 cut in both gRNA target sites. We obtained around 50 % of 

deletion when both of the envelopes were present and around 20% when there was only one envelope. These 

data are in line with the amount of Cas9 observed in the ELISA (Figure 35A). 

b. Nanoblades for gene editing at the WAS locus in primary human T cells

From the above data, we concluded that the co-display of BRL and VSVG on the nanoblades allowed the best 

delivery of Cas9 protein and the gRNAs as RNA into the cells. Therefore, we concluded that the nanoblades 

based on HIV and MLV pseudotyped with both BRL and VSVG envelopes would be the best choice to 

transduce primary cells. We pre-activated T cells either by the T cell receptor using anti-CD3 and anti-CD28 

microbeads or by IL7.  

 After 3 days of activation we incubated them with the nanoblades and studied the cutting efficiency. We 

observed on average 20% editing with the MLV backbone while the percentage of the HIV backbone was 

consistently a bit lower, around 13% (Figure 36A) for CD3/CD28 activated T cells. However, this efficiency 

was lower in IL7 activated T cells, only reaching a 10% with the MLV backbone (Figure 36B). 

 We also isolated T cells expressing L-Selectin (CD62L) at their membrane, as it is known to be a subset of 

memory T cells strongly enriched in stem cell memory T cells (TSCM) [248]. The gene therapy modification of 

these cells would lead to restoration of the WAS locus and expression of WASP resulting in functional TSCM in 

WAS patients that can persist long term. After CD62L T cell isolation we activated them by the TCR receptor 

Figure 36. Nanoblades cutting efficiency in primary T cells. Graphs showing the percentage of dilution in WAS 

gene of (A) activated IL7 T cells, (B) Activated CD3/28 T cells  and, (C) activated CD3/28 CD62L T cells measure 

by densitometry of the bands of electrophoresis gels after PCR of the WAS gene (n>2). Red arrows show no deletion 

detected when using 250, 230 220nM of Cas9 measured by Elisa for MLV B+V, HIV B+V and HIV HF, respectively. 
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and incubated them with the same nanoblades, observing similar gene editing efficiency at the WAS locus 

(Figure 36C) as compared to activated T cells (Figure 36A and B). 

c. Nanoblades for gene editing at the WAS locus in primary human CD34+ cells 

Since we obtained 50% of cutting with the nanoblade CRISPR/Cas9 system in K652 cell line, we decided to 

transduce primary human CD34+ cells. For CD34+ cells we attempted 3 different pseudotypes: HF, BRL and 

BRL/VSVG-LVs. All of these 3 envelope combinations incorporated in IDLV efficiently transduced  CD34+ 

cells (Figure 31) and T cells (Figure 32)  confirming efficient entry of these IDLV pseudotypes into these cells 

types. However, because of the high efficiency obtained in T cells, we tested the MLV-based nanoblades 

pseudotyped with BRL and VSVG, while we used HIV-based nanoblades pseudotyped with BRL and VSVG or 

H /F in CD34+ cells. 

In CD34+ cells the efficiency of cutting with the MLV derived nanoblades was better than in T cells, reaching 

up to a 30% (Figure 37). Although we obtained some WAS locus cutting with the HIV-based nanoblades the 

MLV BRL/VSVG nanoblades performed better (Figure 37). 

d. Nanoblades for gene editing at the WAS locus in CD34+ cell derived 

progenitor T cells 

For the differentiation of CD34+ cells into T cells (Figure 38A) we activated CD34+ cells with a cytokine 

cocktail in a plate coated with DL4 and differentiated them for  14 days (Figure 38B). We observed how the 

cells changed phenotype from and early progenitor, CD34+/CD7- , to a progenitor T cell CD34-/CD7+ 

during the 14 days of differentiation (Figure 38C). 

 

Figure 37. Nanoblades cutting efficiency in primary CD34+ cells. Representative agarose gels after electrophoresis 

of WAS gene PCR of activated CD34+ cells.  The graph shows the mean of deletion percentage of each cell type 

(n>2). Red arrows show no deletion detected (n>3). 

 

 

 

 

Figure 38 Pro-T cells differentiation from CD34+. A) Scheme of the protocol for the differentiation of 

CD34+ into pro-T cells. Cells were thawed and plated in DL4 coated plate with a cytokine cocktail and they were 

left to differentiate up to 14 days. B) Representative plots of the differentiation at different time points. 
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During this T cell differentiation process on DL4 coated plates, we transduced the cells at different days after 

the cytokine stimulation (Figure 39A) and observed by PCR the nanoblade deletion efficiency (Figure 39B) 

seeing a 10% with the MLV nanoblades at day 5 post differentiation. At the same time we transduced the 

progenitor T cells with IDLVs expressing eGFP at different time points of differentiation to determine the 

most suitable for transduction with an IDLV incorporating the donor template (Figure 39C) as well as to 

choose which envelope would be the one to give the higher expression. We saw that we achieved a 30% of 

eGFP positive cells at the different types of pro-T cells when transduced with the BRL envelope at day 4, not 

seeing any transduction with the rest of the envelopes and in the different days of transduction. 

Figure 39 Optimization of pro-T cells transduction with nanoblades. A) Timeline of transduction 

protocol, B) Electrophoresis of the PCR amplification of the WAS gene with percentage of deletion at different days 

(day 4, day 5 and day 7), C) Representative plots of eGFP percentage of different pro-T cells types at different time 

points (day 4,day 5 and day 7). ELP- early lymphoid progenitors, ETP- early thymic progenitors. 
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e. Off target effect of nanoblades 

To analyze the potential off-target effect of the nanoblades with the new gRNA we used the program 

CRISPRseek (http://www.bioconductor.org) [237] and selected all the possible off-target sequences for 

gRNA 301 and the 4 highest ones scoring for gRNA 305 (Table G and H and figure 40). We checked InDels 

generation in the genomic DNA of the different cells types (K562, CD34+, stimulated CD3/28 or IL7 T cells 

and pro-T cells), in which we have seen deletion by amplification with the different primers against the 

different off-target sequences followed by surveyor assay and electrophoresis gel to see the cleavage. 

Nevertheless, we were not able to detect any off-target activity using this technology, most likely because the 

sensitivity of detection of the technique has to be above 2%. The use of whole genome sequencing, especially 

in CD34+ cells might be more adapted for estimating off target activity of the WAS targeted nanoblades.  

 

 

 

 

 

  

 

Figure 40. Potential off-target detection of CRISPR/Cas 9 nanoblades. Representative electrophoresis gel 

of the different off-targets tested in K562 cells. C+ is the positive control provided by the surveyor kit. 





“Science is a way of life. Science is a perspective. Science is the process that takes us from 

confusion to understanding in a manner that's precise, predictive and reliable - a 

transformation, for those lucky enough to experience it, that is empowering and emotional.” 

 Brian Green 

DISCUSSION
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Discussion 

Only recently, gene editing has emerged as a new gene therapy (GT) strategy that can use HR as well as NHEJ 

to treat different disorders.  Nevertheless, although gene editing is very promising, it is not the Holy Grail yet, 

since it still needs several improvements before translation to the clinic. The fundamental parameters to 

improve are specificity, efficiency and fidelity of the gene editing tools. However, to be able to use them in 

the clinic not only all of them have to converge, but also improvements in the design of the specific nucleases, 

the donor and delivery efficiency of the tools need to be optimized.  

Efficiency is bounded to the delivery of the endonucleases and/or donor DNA into the target cells, which 

most of the time depends on the cell type. The ex vivo transfection used with physical, non-viral methods, such 

as electroporation of DNA or mRNA into HSCs, has provided high transfection efficiency, however it is 

associated with cellular toxicity. In the case of viral methods, retroviral and lentiviral vectors, have also been 

used for ex vivo delivery into HSCs. Even thought they can be used in different tissues due to their broad 

tropism, both ex vivo and in vivo can induce long-term transgene expression, an effect not yet totally studied 

for nucleases. This is why transient expression of the nucleases is more desirable [249]. 

 In this Thesis, we have tested different delivery methods: nucleofection, IDLVs and nanoblades in different 

cell types: K562 and primary cells; CD34+ cells and T cells. The efficiency to deliver ZFNs has been enough 

to produce high percentage of cleavage in the K562 cell line, both by nucleofection and IDLVs; however it did 

not lead to any detectable cleavage in CD34+ cells. We were able to observe a percentage of cutting with the 

dual version of the Cas9 by nucleofection similar to those achieved with ZFNs, however, the efficiency of the 

IDLVs was lower in comparison. We think that this might be due to quantity of the mRNA produced, as we 

observed that there was 3-5 times less CRISPR/Cas9 mRNA than ZFNs mRNA. We therefore designed an 

“all–in-one” vector, which included the Cas9 nuclease and the gRNA. This seemed to slightly improve the 

percentage of cutting in K562 cells with both nucleofection and IDLVs. In an attempt to further optimize gene 

editing, we decided to test different positions for the gRNA inside the vector and included the WPRE 

sequence (Woodcuck hepatitis virus Posttranscriptional Regulatory Element), which enhances the transgene 

expression. Even though the differences were not significant, the inclusion of the WPRE slightly improved the 

cutting efficiency by IDLV in K562 cells. The same observation was made when we positioned the gRNA into 

the LTR sequence. Therefore, we decided that adding the WPRE and positioning the gRNA in the LTR was 

the best vector to test specificity versus the ZFNs vectors. 

As expected, optimized IDLVs were highly efficient for gene editing in the K562 cell line. However, we did 

encounter problems transducing CD34+ cells with the IDLVs incorporating the CRISPR/Cas9 system. We 

decided first to try different envelopes for pseudotyping the IDLVs and LVs, as it has been shown that the 

VSVG protein, the most commonly used glycoprotein in LVs pseudotyping, is not ideal for transduction of  

human CD34+ cells[250] nor T cell [120], potential target cells for WAS gene therapy. We therefore 

compared IDLV pseudotypes with different envelopes that have been proved to enhance transduction 

efficiency of these cell types (VSV-G, BRL and MV H/F). For the CD34+ cells we observed that BRL and H/F 

enveloped lentiviral vectors transduced 6 to 8-folds better these target cells than the VSVG pseudotyped LVs 

and ILDLVs. What surprised us was to observe that the IDLVs that incorporated the BRL and the VSVG 

envelopes together showed an even higher transduction than the other envelopes alone. We hypothesized that 

the combination of the VSVG and the BRL envelopes is somehow improving the vectors entry through BRL 

receptors. When analyzing the T cells stimulated with anti-CD3/anti-CD28, there was no significant 

difference between the different IDLV pseudotypes although they seemed always slightly better than VSVG-

IDLVs.  However, in IL7-stimulated T cells (a situation that can improve gene therapy strategies based on T 

cells genetic modification) we clearly observed that IDLVs displaying the measles virus envelope (HF) gave 

over 60% transduction, which is 3-fold higher as compared to VSVG IDLVs, while the baboon endogenous 

retrovirus (BRL) enveloped IDLVs conferred the highest transduction levels (80% GFP+ cells).  
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We therefore decided to test the IDLV/CRISPR pseudotyped with the BRL envelope for transduction of anti-

CD3/28 stimulated T cells and CD34+ cells, and with the HF envelope for IL7-stimulated T cells. However, 

we did not observe any cleavage in any of these cells. We hypothesised that this might be due to the 

expression of the transgene GFP (MFI) being 100-fold lower in IDLV as compared to integrating LV. This 

probably means that Cas9 expression is not sufficient for Cas9 activity to reach a minimum level leading to 

cleavage in the cells.  

This is why we decided to use a new system based on VLPs, the nanoblades [164, 251]. We have observed that 

we are able to achieve around 50% of gene deletion in 293T cells and K562 cells. This efficiency of gene 

editing was similar to what we achieved in the same cell lines with concentrated all-in-one IDLVs-CRISPR 

system. Remarkably, CRISPR nanoblades achieved 30% and 20% cleavage at the WAS locus in CD34+ cells 

and primary T cells, respectively. The nanoblades were, in our hands, the only tool which allowed efficient 

gene editing in primary hematopoietic cells. It might be due to the delivery of the Cas9 directly as a protein 

and the gRNAs directly as RNA. This might indicate that there is enough Cas9 in the cell at early time points 

of transduction to produce the cutting when the gRNAs are present in the nucleus. This means that the 

successful cutting of the nanoblades at the WAS locus was probably due to the level of the two components, 

Cas9 and gRNAs, in the cells at the same time in sufficient amounts.  

Gene editing for its use in gene therapy has been growing in the last couple of years. So far in the current year, 

there have been more than 900 publications on this topic. The first clinical trials using specific nucleases as a 

therapy were performed using ZFNs, probably due to the fact that they were the first to be developed and 

have a quite high efficiency in HSC. There are different clinical trials ongoing using ZFNs targeting CCR5, a 

co-receptor of HIV. The purpose is to disrupt the CCR5 gene to treat HIV-1 patients by abolishing HIV entry 

in T cells and myeloid cells [81, 252]. 

Gene editing is also thought to allow specific TCR expression. This is based on the disruption of the 

endogenous TCR before expression of the new TCR which carries a specific anti-tumor recognition [253], 

therefore a more efficient CRISPR/Cas9 tool such as the nanoblades could mean an improvement for efficient 

TCR T cell modification.  

Moreover, we were able to efficiently achieve disruption of the WAS locus in CD62L+ T cells which are 

enriched in Tscm. Therefore, gene correction in these cell populations or CAR introduction in this particular 

population might provide a long-term cure since Tscm cells persist during the life time of an individual [254]. 

In the same line, we showed that progenitor T cells derived from HSCs were efficiently disrupted in the WAS 

locus. If we can achieve additionally also correction of an affected gene (ex. gamma C in the case of X-SCID or 

WASP in the case of WAS disease), T cell recovery might be much faster that upon correction of HSCs. This 

is important since the transplantation of these progenitor T cells would accelerate the reconstitution of T cell 

immunity as compared to introduction of corrected HSCs in a patient. 

The specificity of a nuclease depends on its ability to target a specific site without modifying any other 

sequences of the genome. These may vary depending on the cell type, the nuclease used and the target locus. 

Therefore, the development of designed nucleases is focused on maximizing specificity; such is the case of 

obligate heterodimeric variants in ZFNs [63].  

We wanted to corroborate the results obtained by Miller et al. using the WAS-specific ZFNs comparing the 

homodimer ZFNs pair versus the heterodimer ZFNs pair using nucleofection or IDLVs [63]. We first 

nucleofected K562 cells and at the same percentage of cutting we quantified the specificity of each system by 

measuring γ-H2AX. The phosphorylation of this key protein is used to detect DSB as it is recruited at damaged 

sites by the DNA repair machinery and then phosphorylated. It has been used as a biomarker for DNA damage 

and therefore was used to test the efficiency of drugs and for detecting tumours [238]. We observed, when 
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measuring the ɣH2AX by flow cytometry, that the homodimer ZFNs pair presents a higher percentage of 

ɣH2AX than the heterodimer ZFNs, corroborating Miller et al. findings. We also found that the 

CRISPR/Cas9 system has similar levels of those of the heterodimer ZFNs. When we tested the IDLVs vector 

in K562 cells we observed exactly the same thing, the homodimer ZFNs pair introduced 10-fold more damage 

than those observed in the heterodimer ZFNs and in the CRISPR/Cas9 system. However, to achieve the same 

percentage of cutting 2-4 times more vector of CRISPR/Cas9 was needed.  

We used nucleofection and IDLVs to transduce CD34+ (HSCs) with our optimized CRISPR/Cas9 system and 

the heterodimer ZFNs pair. Although, we obtained efficient transduction with a GFP encoding plasmid or 

vector, we were not able to see any cutting efficiency when using the nuclease encoding plasmids or vectors. 

For nucleofection, it might be due to the use of plasmids, it has been demonstrated that the use of mRNA 

nucleofection gives high efficiency of cleavage in CD34+ cells [84]. In the case of the IDLVs, it is probably due 

to the lower expression of the episomal forms [147]. It has been reported that IDLVs are organized into 

nucleosomal structures, enriched in histone modifications. This is characteristic for silenced chromatin 

resulting in transcriptional silencing of gene expression [255]. This is why the inclusion of insulators might 

help to improve the gene expression as they avoid silencing of the transgene [152]. We have confirmed this in 

K562 cells with lentiviral vectors and IDLVs, expressing the GFP gene. Insertion of insulators could be used to 

improve the expression of the Cas9, but it also could be used in the delivery of a donor DNA by IDLVs.  

The fidelity of genetic restoration implies that the donor DNA integrates appropriately in the targeted locus 

and that no insertion of the donor DNA occurs outside it. Thus, HR mediated by nucleases depends not only 

on the efficiency of the nuclease but also on the correct insertion of the donor DNA in the target site. The 

fidelity could be compromised by the insertion of the donor DNA into a non-homologous site using DSB 

generated by the normal activity of the cell or by DSB generated by off-target activity of the endonucleases. In 

addition, it has been shown that populations exposed to nucleases not all of the targeted alleles are going to 

follow HR after the DSB, but they are going to be disrupted. This is due to the fact that during the cell cycle 

NHEJ pathway is activated and competes with the HR when DSB are produced [256]. To overcome the 

preference for the NHEJ pathway, the use of nickase nucleases, which only generate single strand breaks, has 

shown to trigger the HR pathway rather than the NHEJ [257, 258].  

We have shown here that we were able to introduce into the WAS locus a donor template expressing GFP into 

K562. As expected, we observed higher levels of donor integration outside the WAS locus (55%) when the 

ZFNs_wt pair than the ZFNs_mt pair (20%). Interestingly, the CRISPR/Cas9 system showed similar 

behaviour compared to the ZFNs_mt, indicating that a good design of the gRNA can achieve similar fidelity 

than the heterodimeric ZFNs for HDR gene insertion. This 20% of out-target insertion could be caused by 

several reasons. One of them is an existent break that the cells overcome while divining and at the moment of 

the repair they come across the donor template and they use it. These insertions are random and do not have 

anything to do with the nuclease unspecific cleavage, as we have already seen that there are basal levels of 

H2AX. 

Some pre-clinical trials have been launched using gene editing for monogenic diseases, such as X-SCID [84]. 

The first clinical trial using CRISPR started in November 2016 [259, 260]. It has been done in an aggressive 

lung cancer, where patient T cells are modified with CRISPR to disrupt a gene, PD-1, which will reactivate 

the immune response due to interruption of PD-1 binding to PDL-1, making these modified T cells able to 

target and kill the cancer cells [261]. 

There is still a lot of optimization needed to improve gene editing tools, delivery and specificity. Now that we 

have been able to achieve nearly a 30% of cleavage in primary T cells and CD34+ cells we need to be able to 
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introduce the corrected WAS gene into these modified cells. Once this is done in vitro, the next step will be the 

engraftment of these cells in NOD/SCID gammac-/- mice to confirm correction in all the different lineages. 

As we have seen, the inclusion of insulators increases the expression levels of IDLVs. In this sense, maybe their 

inclusion together with Cas9 and the gRNA would give enough expression of Cas9 to be able to produce a 

cleavage in primary cells. However, new techniques, such as electroporation of mRNA or Cas9/gRNA 

ribonucleoproteins, or even the nanoblades we have studied in this thesis, show higher efficiency for gene 

editing. Nevertheless, Cas9 IDLVs with insulators are promising for in vivo genome editing. 

 In summary, we have been able to create a new CRISPR/Cas9 system for the WAS locus with good 

efficiencies and specificities using plasmid nucleofection or all-in-one IDLVs. However, the heterodimer ZFNs 

pair appears to be the best alternative if IDLVs are planned to be use as a method of delivery. Nevertheless the 

new approach with nanoblades is a more efficient alternative to CRISPR/Cas9 IDLVs, especially in primary 

cells such as T cells and HSCs. 



CONCLUSIONES/ CONCLUSIONS 

 “It is often said that science must avoid any conclusions which smack of the 

supernatural.” 

Michael Behe 
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Conclusiones 

 

1. El sistema CRISPR/Cas9 y las ZFNs optimizadas son similares en cuanto a eficiencia y seguridad en la 

edición génica de WAS. 

 

2. Los IDLVs de ZFNs son más robustos que los IDLVs de CRISPR para la edición genética. 

 

3. La introducción del aislador HS4c en el esqueleto del  vector lentiviral mejora la eficiencia de los 

IDLVs. 

 

4. El pseudotipaje de los IDLVs con las envueltas HF aumenta la eficacia de transducción en las CD34+ y 

en las células T activadas en comparación con la envuelta VSVG comúnmente utilizada. 

 

5. La entrega de las endonucleasas utilizando IDLVs requiere más optimizaciones para editar HSCs y 

células T, probablemente debido a los bajos niveles de expresión. 

 

6. Las nanoblades CRISPR/Cas9 pesudotipadas son capaces de introducir eficientemente Cas9 y los 

gRNA en CD34+ y células T y son una herramienta interesante para terapias futuras del gen WAS.  
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Conclusions 

 

1. The CRISPR/gRNA9 and the optimized ZFNs have similar efficiency and safety for WAS genome 

edition  

 

2. IDLVs-ZFNs are more robust than IDLVs-CRISPR for genome editing. 

 

3. The introduction of the HS4c insulator into the LV backbone improves the efficacy of IDLVs. 

 

4. The pseudotyping of the IDLVs with the HF envelope increased its efficacy of transduction in CD34+ 

and activated T cells in comparison to the commonly used VSVG envelope. 

 

5. The delivery of endonucleases using IDLVs requires further optimization to edit HSCs and T cells, 

probably due to low expression levels. 

 

6. Pseudotyped CRISPR/Cas9 nanoblades deliver efficiently Cas9 and gRNAs into CD34+ and T cells 

and are therefore a interesting tool for future WAS gene therapy approaches.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





BIBLIOGRAPHY

“The most important function of a bibliographic entry is to help the reader 

obtain a copy of the cited work.” 

Daniel J. Bernstein 





~ 115 ~ 

Bibliography 

1. Massaad, M.J., N. Ramesh, and R.S. Geha, Wiskott-Aldrich syndrome: a comprehensive review. Ann N Y
Acad Sci, 2013. 1285: p. 26-43.

2. Derry, J.M., H.D. Ochs, and U. Francke, Isolation of a novel gene mutated in Wiskott-Aldrich syndrome.
Cell, 1994. 78(4): p. 635-44.

3. Nonoyama, S. and H.D. Ochs, Characterization of the Wiskott-Aldrich syndrome protein and its role in the
disease. Curr Opin Immunol, 1998. 10: p. 407-412.

4. Jin, Y., et al., Mutations of the Wiskott-Aldrich Syndrome Protein (WASP): hotspots, effect on transcription,
and translation and phenotype/genotype correlation. Blood, 2004. 104(13): p. 4010-9.

5. Ochs, H.D., et al., The Wiskott-Aldrich syndrome: studies of lymphocytes, granulocytes, and platelets. Blood,
1980. 55(2): p. 243-52.

6. Ochs, H.D., et al., Wiskott-Aldrich syndrome: diagnosis, clinical and laboratory manifestations, and
treatment. Biol Blood Marrow Transplant, 2009. 15(1 Suppl): p. 84-90.

7. Zhu, Q., et al., Wiskott-Aldrich Syndrome/X-Linked Thrombocytopenia: WASP Gene Mutations, Protein
Expression, and Phenotype. Blood, 1997. 90(7): p. 2680-2689.

8. Albert, M.H., et al., X-linked thrombocytopenia (XLT) due to WAS mutations: clinical characteristics, long-
term outcome, and treatment options. Blood, 2010. 115(16): p. 3231-8.

9. Ochs, H.D. and A.J. Thrasher, The Wiskott-Aldrich syndrome. J Allergy Clin Immunol, 2006. 117(4):
p. 725-38; quiz 739.

10. De Meester, J., et al., The Wiskott-Aldrich syndrome protein regulates CTL cytotoxicity and is required for
efficient killing of B cell lymphoma targets. J Leukoc Biol, 2010. 88(5): p. 1031-40.

11. Wada, T., et al., Analysis of T-cell repertoire diversity in Wiskott-Aldrich syndrome. Blood, 2005. 106(12):
p. 3895-7.

12. Gauld, S.B., J.M. Dal Porto, and J.C. Cambier, B cell antigen receptor signaling: roles in cell development
and disease. Science, 2002. 296(5573): p. 1641-2.

13. Leung, D.Y., et al., New insights into atopic dermatitis. J Clin Invest, 2004. 113(5): p. 651-7.
14. Ozcan, E., L.D. Notarangelo, and R.S. Geha, Primary immune deficiencies with aberrant IgE production. J

Allergy Clin Immunol, 2008. 122(6): p. 1054-62; quiz 1063-4.
15. Trifari, S., et al., Defective Th1 cytokine gene transcription in CD4+ and CD8+ T cells from Wiskott-Aldrich

syndrome patients. J Immunol, 2006. 177(10): p. 7451-61.
16. Bosticardo, M., et al., Recent advances in understanding the pathophysiology of Wiskott-Aldrich syndrome.

Blood, 2009. 113(25): p. 6288-95.
17. Lum, L.G., et al., Splenectomy in the management of the thrombocytopenia of the Wiskott-Aldrich syndrome.

N Engl J Med, 1980. 302(16): p. 892-6.
18. Litzman, J., et al., Intravenous immunoglobulin, splenectomy, and antibiotic prophylaxis in Wiskott-Aldrich

syndrome. Arch Dis Child, 1996. 75(5): p. 436-9.
19. Ozsahin, H., et al., Bone marrow transplantation in 26 patients with Wiskott-Aldrich syndrome from a single

center. J Pediatr, 1996. 129(2): p. 238-44.
20. Parkman, R., et al., Complete correction of the Wiskott-Aldrich syndrome by allogeneic bone-marrow

transplantation. N Engl J Med, 1978. 298(17): p. 921-7.
21. Kapoor, N., et al., Reconstitution of normal megakaryocytopoiesis and immunologic functions in Wiskott-

Aldrich syndrome by marrow transplantation following myeloablation and immunosuppression with busulfan and
cyclophosphamide. Blood, 1981. 57(4): p. 692-6.

22. Ozsahin, H., et al., Long-term outcome following hematopoietic stem-cell transplantation in Wiskott-Aldrich
syndrome: collaborative study of the European Society for Immunodeficiencies and European Group for Blood and
Marrow Transplantation. Blood, 2008. 111(1): p. 439-45.

23. Naldini, L., Ex vivo gene transfer and correction for cell-based therapies. Nat Rev Genet, 2011. 12(5): p.
301-15.

24. Martin, F., A. Gutierrez-Guerrero, and K. Benabdellah, Gene Therapy for Primary Immunodeficiencies, in
Gene Therapy - Tools and Potential Applications, F. Martin, Editor 2013: InTech.

25. Naldini, L., Gene therapy returns to centre stage. Nature, 2015. 526(7573): p. 351-60.
26. Ginn, S.L. and I.E. Alexander, Gene therapy: progress in childhood disease. J Paediatr Child Health,

2012. 48(6): p. 466-71.
27. Friedmann, T., A brief history of Gene therapy. Nature Genetics, 1992. 2: p. 93-98.



~ 116 ~ 

28. Escors, D. and K. Breckpot, Lentiviral vectors in gene therapy: their current status and future potential. Arch
Immunol Ther Exp (Warsz), 2010. 58(2): p. 107-19.

29. Terheggen, H.G., et al., Unsuccessful Trial of Gene Replacement in Arginase Deficiency. Z. Kinderheilk,
1975(119): p. 1-3.

30. Kohn, D.B., et al., Engraftment of gene-modified umbilical cord blood cells in neonates with adenosine
deaminase deficiency. Nat Med, 1995. 1(10): p. 1017-23.

31. Hacein-Bey-Abina, S., et al., LMO2-associated clonal T cell proliferation in two patients after gene therapy
for SCID-X1. Science, 2003. 302(5644): p. 415-9.

32. Ginn, S.L., et al., Gene therapy clinical trials worldwide to 2012 - an update. J Gene Med, 2013. 15(2):
p. 65-77.

33. Cartier, N., et al., Hematopoietic stem cell gene therapy with a lentiviral vector in X-linked
adrenoleukodystrophy. Science, 2009. 326(5954): p. 818-23.

34. Montini, E., et al., Integration Site Analysis in a Clinical Trial of Lentiviral Vector Based Hematopoietic Stem
Cell Gene Therapy for Metachromatic Leukodystrophy. Molecular Therapy, 2012. 23(Article A13).

35. Sessa, M., et al., Lentiviral haemopoietic stem-cell gene therapy in early-onset metachromatic leukodystrophy:
an ad-hoc analysis of a non-randomised, open-label, phase 1/2 trial. Lancet, 2016. 388(10043): p. 476-87.

36. Fischer, A., S. Hacein-Bey, and M. Cavazzana-Calvo, Gene therapy of severe combined immunodeficiencies.
Nat Rev Immunol, 2002. 2(8): p. 615-21.

37. Aiuti, A., et al., Correction of ADA-SCID by stem cell gene therapy combined with nonmyeloablative
conditioning. Science, 2002. 296(5577): p. 2410-3.

38. Braun, C.J., et al., Gene therapy for Wiskott-Aldrich syndrome--long-term efficacy and genotoxicity. Sci
Transl Med, 2014. 6(227): p. 227ra33.

39. Boztug, K., et al., Stem-cell gene therapy for the Wiskott-Aldrich syndrome. The new england journal of
medicine, 2010. 363: p. 1918-1927.

40. Catucci, M., et al., Autoimmunity in wiskott-Aldrich syndrome: an unsolved enigma. Front Immunol, 2012.
3: p. 209.

41. Avedillo Diez, I., et al., Development of novel efficient SIN vectors with improved safety features for Wiskott-
Aldrich syndrome stem cell based gene therapy. Mol Pharm, 2011. 8(5): p. 1525-37.

42. Worth, A.J. and A.J. Thrasher, Current and emerging treatment options for Wiskott-Aldrich syndrome.
Expert Rev Clin Immunol, 2015. 11(9): p. 1015-32.

43. Aiuti, A., et al., Lentiviral hematopoietic stem cell gene therapy in patients with Wiskott-Aldrich syndrome.
Science, 2013. 341: p. 1233151.

44. Martin, F., et al., Genome editing: An alternative to retroviral vectors for Wiskott-Aldrich Syndrome (WAS)
Gene Therapy? Expert Opinion on Orphan Drugs, 2016. 4(3): p. 281-289.

45. Hacein-Bey Abina, S., et al., Outcomes following gene therapy in patients with severe Wiskott-Aldrich
syndrome. JAMA, 2015. 313(15): p. 1550-63.

46. Vasileva, A. and R. Jessberger, Precise hit: adeno-associated virus in gene targeting. Nat Rev Microbiol,
2005. 3(11): p. 837-47.

47. Martin, F., et al., Biased and Unbiased Methods for the Detection of Off-Target Cleavage by CRISPR/Cas9: An
Overview. Int J Mol Sci, 2016. 17(9).

48. Grizot, S., et al., Generation of redesigned homing endonucleases comprising DNA-binding domains derived
from two different scaffolds. Nucleic Acids Res, 2010. 38(6): p. 2006-18.

49. Paques, F. and P. Duchateau, Meganucleases and DNA double-strand break-induced recombination:
perspectives for gene therapy. Curr Gene Ther, 2007. 7(1): p. 49-66.

50. Chevalier, B.S. and B.L. Stoddard, Homing endonucleases: structural and functional insight into the catalysts
of intron/intein mobility. Nucleic Acids Res, 2001. 29(18): p. 3757-74.

51. Epinat, J.C., et al., A novel engineered meganuclease induces homologous recombination in yeast and
mammalian cells. Nucleic Acids Res, 2003. 31(11): p. 2952-62.

52. Shim, G., et al., Therapeutic gene editing: delivery and regulatory perspectives. Acta Pharmacol Sin, 2017.
53. Boch, J. and U. Bonas, Xanthomonas AvrBs3 family-type III effectors: discovery and function. Annu Rev

Phytopathol, 2010. 48: p. 419-36.
54. Moscou, M.J. and A.J. Bogdanove, A simple cipher governs DNA recognition by TAL effectors. Science,

2009. 326(5959): p. 1501.
55. Deng, D., et al., Structural basis for sequence-specific recognition of DNA by TAL effectors. Science, 2012.

335(6069): p. 720-3.



 

~ 117 ~ 

56. Wei, C., et al., TALEN or Cas9 - rapid, efficient and specific choices for genome modifications. J Genet 
Genomics, 2013. 40(6): p. 281-9. 

57. Benjamin, R., et al., TALEN gene editing takes aim on HIV. Hum Genet, 2016. 135(9): p. 1059-70. 
58. Mussolino, C. and T. Cathomen, TALE nucleases: tailored genome engineering made easy. Curr Opin 

Biotechnol, 2012. 23(5): p. 644-50. 
59. Boch, J., et al., Breaking the code of DNA binding specificity of TAL-type III effectors. Science, 2009. 

326(5959): p. 1509-12. 
60. Delacote, F., et al., Identification of genes regulating gene targeting by a high-throughput screening approach. 

J Nucleic Acids, 2011. 2011: p. 947212. 
61. Gabriel, R., et al., An unbiased genome-wide analysis of zinc-finger nuclease specificity. Nat Biotechnol, 

2011. 29(9): p. 816-23. 
62. Pattanayak, V., et al., Revealing off-target cleavage specificities of zinc-finger nucleases by in vitro selection. 

Nat Methods, 2011. 8(9): p. 765-70. 
63. Miller, J.C., et al., An improved zinc-finger nuclease architecture for highly specific genome editing. Nat 

Biotechnol, 2007. 25(7): p. 778-85. 
64. Doyon, Y., et al., Enhancing zinc-finger-nuclease activity with improved obligate heterodimeric architectures. 

Nat Methods, 2011. 8(1): p. 74-9. 
65. Maeder, M.L., et al., Rapid "open-source" engineering of customized zinc-finger nucleases for highly efficient 

gene modification. Mol Cell, 2008. 31(2): p. 294-301. 
66. Maeder, M.L., et al., Oligomerized pool engineering (OPEN): an 'open-source' protocol for making customized 

zinc-finger arrays. Nat Protoc, 2009. 4(10): p. 1471-501. 
67. Chira, S., et al., CRISPR/Cas9: Transcending the Reality of Genome Editing. Mol Ther Nucleic Acids, 

2017. 7: p. 211-222. 
68. Jinek, M., et al., A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. 

Science, 2012. 337(6096): p. 816-21. 
69. Gasiunas, G. and V. Siksnys, RNA-dependent DNA endonuclease Cas9 of the CRISPR system: Holy Grail of 

genome editing? Trends Microbiol, 2013. 21(11): p. 562-7. 
70. Fu, Y., et al., High-frequency off-target mutagenesis induced by CRISPR-Cas nucleases in human cells. Nat 

Biotechnol, 2013. 31(9): p. 822-6. 
71. Fu, Y., et al., Improving CRISPR-Cas nuclease specificity using truncated guide RNAs. Nat Biotechnol, 

2014. 32(3): p. 279-84. 
72. Cong, L., et al., Multiplex genome engineering using CRISPR/Cas systems. Science, 2013. 339(6121): p. 

819-23. 
73. Martin, F., et al., Gene Delivery Technologies for Efficient Genome Editing: Applications in Gene Therapy, in 

Modern Tools for Genetic Engineering, M. Kormann, Editor 2016: InTech. 
74. Cox, D.B., R.J. Platt, and F. Zhang, Therapeutic genome editing: prospects and challenges. Nat Med, 

2015. 21(2): p. 121-131. 
75. Yin, H., et al., Non-viral vectors for gene-based therapy. Nat Rev Genet, 2014. 15(8): p. 541-55. 
76. Gao, X., K.-S. Kim, and D. Liu, Nonviral Gene Deliver: What We Know and What Is Next. The AAPS 

Journal, 2007. 9(1): p. 92-104. 
77. Mali, S., Delivery systems for gene therapy. Indian J Hum Genet, 2013. 19(1): p. 3-8. 
78. Wang, L., et al., In Vivo Delivery Systems for Therapeutic Genome Editing. Int J Mol Sci, 2016. 17(5). 
79. Wang, W., et al., Non-viral gene delivery methods. Curr Pharm Biotechnol, 2013. 14(1): p. 46-60. 
80. Liu, J. and S.L. Shui, Delivery methods for site-specific nucleases: Achieving the full potential of therapeutic 

gene editing. J Control Release, 2016. 244(Pt A): p. 83-97. 
81. Holt, N., et al., Human hematopoietic stem/progenitor cells modified by zinc-finger nucleases targeted to 

CCR5 control HIV-1 in vivo. Nat Biotechnol, 2010. 28(8): p. 839-47. 
82. Ye, L., et al., Seamless modification of wild-type induced pluripotent stem cells to the natural CCR5Delta32 

mutation confers resistance to HIV infection. Proc Natl Acad Sci U S A, 2014. 111(26): p. 9591-6. 
83. Kim, S., et al., Highly efficient RNA-guided genome editing in human cells via delivery of purified Cas9 

ribonucleoproteins. Genome Res, 2014. 24(6): p. 1012-9. 
84. Genovese, P., et al., Targeted genome editing in human repopulating haematopoietic stem cells. Nature, 

2014. 510(7504): p. 235-40. 
85. Liang, X., et al., Rapid and highly efficient mammalian cell engineering via Cas9 protein transfection. J 

Biotechnol, 2015. 208: p. 44-53. 



~ 118 ~ 

86. Liu, J., et al., Efficient delivery of nuclease proteins for genome editing in human stem cells and primary cells.
Nat Protoc, 2015. 10(11): p. 1842-59.

87. Dever, D.P., et al., CRISPR/Cas9 beta-globin gene targeting in human haematopoietic stem cells. Nature,
2016. 539(7629): p. 384-389.

88. Hultquist, J.F., et al., A Cas9 Ribonucleoprotein Platform for Functional Genetic Studies of HIV-Host
Interactions in Primary Human T Cells. Cell Rep, 2016. 17(5): p. 1438-1452.

89. Lin, S., et al., Enhanced homology-directed human genome engineering by controlled timing of CRISPR/Cas9
delivery. eLIFE, 2014. 3.

90. Kim, K., et al., Genome surgery using Cas9 ribonucleoproteins for the treatment of age-related macular
degeneration. Genome Res, 2017. 27(3): p. 419-426.

91. Saffari, M., H.R. Moghimi, and C.R. Dass, Barriers to liposomal gene delivery: from aplication site to the
target. Iranian Journal of Pharmaceutical Research, 2016. 15(Special issue): p. 3-17.

92. Hua, S. and S.Y. Wu, The use of lipid-based nanocarriers for targeted pain therapies. Front Pharmacol,
2013. 4: p. 143.

93. Xi, S. and J.R. Grandis, Gene Therapy for the Treatment of Oral Squamous Cell Carcinoma. J Dent Res,
2003. 82(1): p. 11-16.

94. Junquera, E. and E. Aicart, Recent progress in gene therapy to deliver nucleic acids with multivalent cationic
vectors. Adv Colloid Interface Sci, 2016. 233: p. 161-75.

95. Levine, F. and T. Friedmann, Gene therapy Techniques. Current opinion in Biotechnology, 1991. 2: p.
840-844.

96. Durand, S. and A. Cimarelli, The inside out of lentiviral vectors. Viruses, 2011. 3(2): p. 132-59.
97. Vannucci, L., et al., Viral vectors: a look back and ahead on gene tranfer technology. New Microbiologica,

2013(36): p. 1-22.
98. Martin, F., et al., Gene Delivery Technologies for Efficient Genome Editing: Applications in Gene Therapy, in

Modern Tools for Genetic Engineering, M. Kormann, Editor 2016, InTech.
99. Ran, F.A., et al., In vivo genome editing using Staphylococcus aureus Cas9. Nature, 2015. 520(7546): p.

186-91.
100. Cannon, P. and C. June, Chemokine receptor 5 knockout strategies. Curr Opin HIV AIDS, 2011. 6(1): p.

74-9.
101. Huang, S. and M. Kamihira, Development of hybrid viral vectors for gene therapy. Biotechnol Adv, 2013.

31(2): p. 208-23.
102. Holkers, M., et al., Differential integrity of TALE nuclease genes following adenoviral and lentiviral vector

gene transfer into human cells. Nucleic Acids Res, 2013. 41(5): p. e63.
103. Temin, H.M. and S. Mizutani, RNA-dependent DNA polymerase in virions of Rous sarcoma virus. Nature,

1970. 226(5252): p. 1211-3.
104. Maetzig, T., et al., Gammaretroviral vectors: biology, technology and application. Viruses, 2011. 3(6): p.

677-713.
105. Heinkelein, M., et al., Improved primate foamy virus vectors and packaging constructs. J Virol, 2002. 76(8):

p. 3774-83.
106. Naldini, L., et al., In vivo gene delivery and stable transduction of nondividing cells by a lentiviral vector. 

Science, 1996. 272(5259): p. 263-7. 
107. Negre, D., et al., Lentiviral vectors derived from simian immunodeficiency virus. Curr Top Microbiol 

Immunol, 2002. 261: p. 53-74. 
108. Matukonis, M., et al., Development of second- and third-generation bovine immunodeficiency virus-based gene 

transfer systems. Hum Gene Ther, 2002. 13(11): p. 1293-303. 
109. Poeschla, E., et al., Identification of a human immunodeficiency virus type 2 (HIV-2) encapsidation 

determinant and transduction of nondividing human cells by HIV-2-based lentivirus vectors. J Virol, 1998. 
72(8): p. 6527-36. 

110. Olsen, J.C., Gene transfer vectors derived from equine infectious anemia virus. Gene Ther, 1998. 5(11): p. 
1481-7. 

111. Derse, D. and L. Martarano, Construction of a recombinant bovine leukemia virus vector for analysis of virus 
infectivity. J Virol, 1990. 64(1): p. 401-5. 

112. Suerth, J.D., et al., Self-inactivating alpharetroviral vectors with a split-packaging design. J Virol, 2010. 
84(13): p. 6626-35. 



 

~ 119 ~ 

113. Watanabe, S. and H.M. Temin, Encapsidation sequences for spleen necrosis virus, an avian retrovirus, are 
between the 5' long terminal repeat and the start of the gag gene. Proc Natl Acad Sci U S A, 1982. 79(19): 
p. 5986-90. 

114. Gunzburg, W.H. and B. Salmons, Mouse mammary tumor virus mediated transfer and expression of neomycin 
resistance to infected cultured cells. Virology, 1986. 155(1): p. 236-48. 

115. Hirsch, V.M. and J.D. Lifson, Simian immunodeficiency virus infection of monkeys as a model system for the 
study of AIDS pathogenesis, treatment, and prevention. Adv Pharmacol, 2000. 49: p. 437-77. 

116. Froelich, S., A. Tai, and P. Wang, Lentiviral vectors for immune cells targeting. Immunopharmacol 
Immunotoxicol, 2010. 32(2): p. 208-18. 

117. Matrai, J., M.K. Chuah, and T. VandenDriessche, Recent advances in lentiviral vector development and 
applications. Mol Ther, 2010. 18(3): p. 477-90. 

118. Yanez-Munoz, R.J., et al., Effective gene therapy with nonintegrating lentiviral vectors. Nat Med, 2006. 
12(3): p. 348-53. 

119. Cronin, J., X.Y. Zhang, and J. Reiser, Altering the tropism of lentiviral vectors through pseudotyping. Curr 
Gene Ther, 2005. 5(4): p. 387-98. 

120. Amirache, F., et al., Mystery solved: VSV-G-LVs do not allow efficient gene transfer into unstimulated T cells, 
B cells, and HSCs because they lack the LDL receptor. Blood, 2014. 123(9): p. 1422-4. 

121. Girad-Gagnepain, A., et al., Baboon envelope pseudotyped LVs outperform VSV-G-LVs for gene transfer into 
early-cytokine-stimulated and resting HSCs. Blood, 2014. 124(8): p. 1121-1231. 

122. Hastie, E., et al., Understanding and altering cell tropism of vesicular stomatitis virus. Virus Res, 2013. 
176(1-2): p. 16-32. 

123. Finkelshtein, D., et al., LDL receptor and its family members serve as the cellular receptors for vesicular 
stomatitis virus. Proc Natl Acad Sci U S A, 2013. 110(18): p. 7306-11. 

124. Yee, J.K., T. Friedmann, and J.C. Burns, Generation of high-titer pseudotyped retroviral vectors with very 
broad host range. Methods Cell Biol, 1994. 43 Pt A: p. 99-112. 

125. Croyle, M.A., et al., PEGylation of a vesicular stomatitis virus G pseudotyped lentivirus vector prevents 
inactivation in serum. J Virol, 2004. 78(2): p. 912-21. 

126. Humbert, J.M., et al., Measles virus glycoprotein-pseudotyped lentiviral vectors are highly superior to vesicular 
stomatitis virus G pseudotypes for genetic modification of monocyte-derived dendritic cells. J Virol, 2012. 
86(9): p. 5192-203. 

127. McAllister, R.M., et al., C-type virus released from cultured human rhabdomyosarcoma cells. Nat New Biol, 
1972. 235(53): p. 3-6. 

128. van der Kuyl, A.C., J.T. Dekker, and J. Goudsmit, Discovery of a New Endogenous Type C Retrovirus 
(FcEV) in Cats: Evidence for RD-114 Being an FcEV(Gag-Pol)/Baboon Endogenous Virus BaEV(Env) 
Recombinant. Journal of virology, 1999. 73(10): p. 7994-8002. 

129. Tailor, C.S., et al., A sodium-dependent neutral-amino-acid transporter mediates infections of feline and 
baboon endogenous retroviruses and simian type D retroviruses. J Virol, 1999. 73(5): p. 4470-4. 

130. Marin, M., et al., N-linked glycosylation and sequence changes in a critical negative control region of the 
ASCT1 and ASCT2 neutral amino acid transporters determine their retroviral receptor functions. J Virol, 2003. 
77(5): p. 2936-45. 

131. Bell, A.J., Jr., et al., RD114 envelope proteins provide an effective and versatile approach to pseudotype 
lentiviral vectors. Exp Biol Med (Maywood), 2010. 235(10): p. 1269-76. 

132. Di Nunzio, F., et al., HIV-derived vectors for therapy and vaccination against HIV. Vaccine, 2012. 30(15): 
p. 2499-509. 

133. Frecha, C., et al., A novel lentiviral vector targets gene transfer into human hematopoietic stem cells in marrow 
from patients with bone marrow failure syndrome and in vivo in humanized mice. Blood, 2012. 119(5): p. 
1139-50. 

134. Benveniste, R.E., et al., Infectious C-type virus isolated from a baboon placenta. Nature, 1974. 248(5443): 
p. 17-20. 

135. Mang, R., J. Goudsmit, and A.C. van der Kuyl, Novel endogenous type C retrovirus in baboons: complete 
sequence, providing evidence for baboon endogenous virus gag-pol ancestry. J Virol, 1999. 73(8): p. 7021-6. 

136. Tatsuo, H., et al., SLAM (CDw150) is a cellular receptor for measles virus. Nature, 2000. 406(6798): p. 
893-7. 

137. Yanagi, Y., et al., Measles virus receptors and tropism. Jpn J Infect Dis, 2006. 59(1): p. 1-5. 



~ 120 ~ 

138. Kato, S.I., K. Nagata, and K. Takeuchi, Cell tropism and pathogenesis of measles virus in monkeys. Front 
Microbiol, 2012. 3: p. 14. 

139. Muhlebach, M.D., et al., Adherens junction protein nectin-4 is the epithelial receptor for measles virus. 
Nature, 2011. 480(7378): p. 530-3. 

140. Liszewski, M.K., T.W. Post, and J.P. Atkinson, Membrane cofactor protein (MCP or CD46): newest 
member of the regulators of complement activation gene cluster. Annu Rev Immunol, 1991. 9: p. 431-55. 

141. Frecha, C., et al., Improved lentiviral vectors for Wiskott-Aldrich syndrome gene therapy mimic endogenous 
expression profiles throughout haematopoiesis. Gene Ther, 2008. 15(12): p. 930-41. 

142. Frecha, C., et al., Efficient and stable transduction of resting B lymphocytes and primary chronic lymphocyte 
leukemia cells using measles virus gp displaying lentiviral vectors. Blood, 2009. 114(15): p. 3173-80. 

143. Levy, C., et al., Lentiviral vectors and transduction of human cancer B cells. Blood, 2010. 116(3): p. 498-
500; author reply 500. 

144. Frecha, C., et al., Advances in the field of lentivector-based transduction of T and B lymphocytes for gene 
therapy. Mol Ther, 2010. 18(10): p. 1748-57. 

145. Lombardo, A., et al., Gene editing in human stem cells using zinc finger nucleases and integrase-defective 
lentiviral vector delivery. Nat Biotechnol, 2007. 25(11): p. 1298-306. 

146. Holkers, M., A.A. de Vries, and M.A. Goncalves, Nonspaced inverted DNA repeats are preferential targets 
for homology-directed gene repair in mammalian cells. Nucleic Acids Res, 2012. 40(5): p. 1984-99. 

147. Ortinski, P.I., et al., Integrase-Deficient Lentiviral Vector as an All-in-One Platform for Highly Efficient 
CRISPR/Cas9-Mediated Gene Editing. Mol Ther Methods Clin Dev, 2017. 5: p. 153-164. 

148. Choi, J.G., et al., Lentivirus pre-packed with Cas9 protein for safer gene editing. Gene Ther, 2016. 23(7): 
p. 627-33.

149. Cornu, T.I. and T. Cathomen, Targeted genome modifications using integrase-deficient lentiviral vectors. 
Mol Ther, 2007. 15(12): p. 2107-13. 

150. Philippe, S., et al., Lentiviral vectors with a defective integrase allow efficient and sustained transgene 
expression in vitro and in vivo. Proc Natl Acad Sci U S A, 2006. 103(47): p. 17684-9. 

151. Knipe, D.M., et al., Snapshots: chromatin control of viral infection. Virology, 2013. 435(1): p. 141-56. 
152. Benabdellah, K., et al., A chimeric HS4-SAR insulator (IS2) that prevents silencing and enhances expression of 

lentiviral vectors in pluripotent stem cells. PLoS One, 2014. 9(1): p. e84268. 
153. Gaszner, M. and G. Felsenfeld, Insulators: exploiting transcriptional and epigenetic mechanisms. Nat Rev 

Genet, 2006. 7(9): p. 703-13. 
154. Emery, D.W., The use of chromatin insulators to improve the expression and safety of integrating gene transfer 

vectors. Hum Gene Ther, 2011. 22(6): p. 761-74. 
155. Hagedorn, C., M.N. Antoniou, and H.J. Lipps, Genomic cis-acting Sequences Improve Expression and 

Establishment of a Nonviral Vector. Mol Ther Nucleic Acids, 2013. 2: p. e118. 
156. Yusufzai, T.M. and G. Felsenfeld, The 5'-HS4 chicken beta-globin insulator is a CTCF-dependent nuclear 

matrix-associated element. Proc Natl Acad Sci U S A, 2004. 101(23): p. 8620-4. 
157. Chung, J.H., A.C. Bell, and G. Felsenfeld, Characterization of the chicken beta-globin insulator. Proc 

Natl Acad Sci U S A, 1997. 94(2): p. 575-80. 
158. Moreno, R., et al., The beta-interferon scaffold attachment region confers high-level transgene expression and 

avoids extinction by epigenetic modifications of integrated provirus in adipose tissue-derived human mesenchymal 
stem cells. Tissue Eng Part C Methods, 2011. 17(3): p. 275-87. 

159. McKnight, R.A., et al., Matrix-attachment regions can impart position-independent regulation of a tissue-
specific gene in transgenic mice. Proc Natl Acad Sci U S A, 1992. 89(15): p. 6943-7. 

160. Dang, Q., J. Auten, and I. Plavec, Human beta interferon scaffold attachment region inhibits de novo 
methylation and confers long-term, copy number-dependent expression to a retroviral vector. J Virol, 2000. 
74(6): p. 2671-8. 

161. Naskalska, A. and K. Pyrc, Virus Like Particles as Immunogens and Universal Nanocarriers. Polish Journal 
of Microbiology, 2015. 64(1): p. 3-13. 

162. Petri, W.A., Jr. and R.R. Wagner, Reconstitution into liposomes of the glycoprotein of vesicular stomatitis 
virus by detergent dialysis. J Biol Chem, 1979. 254(11): p. 4313-6. 

163. Okimoto, T., T. Friedmann, and A. Miyanohara, VSV-G envelope glycoprotein forms complexes with 
plasmid DNA and MLV retrovirus-like particles in cell-free conditions and enhances DNA transfection. Mol 
Ther, 2001. 4(3): p. 232-8. 



 

~ 121 ~ 

164. Mangeot, P.E., et al., Protein transfer into human cells by VSV-G-induced nanovesicles. Mol Ther, 2011. 
19(9): p. 1656-66. 

165. Marques, E.T., Jr., et al., HIV-1 p55Gag encoded in the lysosome-associated membrane protein-1 as a DNA 
plasmid vaccine chimera is highly expressed, traffics to the major histocompatibility class II compartment, and 
elicits enhanced immune responses. J Biol Chem, 2003. 278(39): p. 37926-36. 

166. Sykes, S.M. and D.T. Scadden, Modeling human hematopoietic stem cell biology in the mouse. Semin 
Hematol, 2013. 50(2): p. 92-100. 

167. Sabin, F.R., et al., Changes in the Bone Marrow and Blood Cells of Developing Rabbits. J Exp Med, 1936. 
64(1): p. 97-120. 

168. Ramalho-Santos, M. and H. Willenbring, On the origin of the term "stem cell". Cell Stem Cell, 2007. 
1(1): p. 35-8. 

169. Becker, A.J., C.E. Mc, and J.E. Till, Cytological demonstration of the clonal nature of spleen colonies 
derived from transplanted mouse marrow cells. Nature, 1963. 197: p. 452-4. 

170. Till, J.E. and C.E. Mc, A direct measurement of the radiation sensitivity of normal mouse bone marrow cells. 
Radiat Res, 1961. 14: p. 213-22. 

171. Zhang, C.C. and H.F. Lodish, Murine hematopoietic stem cells change their surface phenotype during ex vivo 
expansion. Blood, 2005. 105(11): p. 4314-20. 

172. Wisniewski, D., et al., Further phenotypic characterization of the primitive lineage- CD34+CD38-
CD90+CD45RA- hematopoietic stem cell/progenitor cell sub-population isolated from cord blood, mobilized 
peripheral blood and patients with chronic myelogenous leukemia. Blood Cancer J, 2011. 1(9): p. e36. 

173. Civin, C.I. and M.R. Loken, Cell surface antigens on human marrow cells: dissection of hematopoietic 
development using monoclonal antibodies and multiparameter flow cytometry. Int J Cell Cloning, 1987. 5(4): 
p. 267-88. 

174. Yin, A.H., et al., AC133, a novel marker for human hematopoietic stem and progenitor cells. Blood, 1997. 
90(12): p. 5002-12. 

175. Goussetis, E., et al., A functional hierarchy among the CD34+ hematopoietic cells based on in vitro 
proliferative and differentiative potential of AC133+CD34(bright) and AC133(dim/)-CD34+ human cord 
blood cells. J Hematother Stem Cell Res, 2000. 9(6): p. 827-40. 

176. de Wynter, E.A., et al., CD34+AC133+ cells isolated from cord blood are highly enriched in long-term 
culture-initiating cells, NOD/SCID-repopulating cells and dendritic cell progenitors. Stem Cells, 1998. 
16(6): p. 387-96. 

177. Schmelzer, E., et al., Human hepatic stem cells from fetal and postnatal donors. J Exp Med, 2007. 204(8): 
p. 1973-87. 

178. Lee, A., et al., Isolation of neural stem cells from the postnatal cerebellum. Nat Neurosci, 2005. 8(6): p. 
723-9. 

179. Baum, C.M., et al., Isolation of a candidate human hematopoietic stem-cell population. Proc Natl Acad Sci 
U S A, 1992. 89(7): p. 2804-8. 

180. Rege, T.A. and J.S. Hagood, Thy-1 as a regulator of cell-cell and cell-matrix interactions in axon 
regeneration, apoptosis, adhesion, migration, cancer, and fibrosis. FASEB J, 2006. 20(8): p. 1045-54. 

181. Terstappen, L.W., et al., Sequential generations of hematopoietic colonies derived from single nonlineage-
committed CD34+CD38- progenitor cells. Blood, 1991. 77(6): p. 1218-27. 

182. Lansdorp, P.M., H.J. Sutherland, and C.J. Eaves, Selective expression of CD45 isoforms on functional 
subpopulations of CD34+ hemopoietic cells from human bone marrow. J Exp Med, 1990. 172(1): p. 363-6. 

183. Kondo, M., Lymphoid and myeloid lineage commitment in multipotent hematopoietic progenitors. Immunol 
Rev, 2010. 238(1): p. 37-46. 

184. Foudi, A., et al., Analysis of histone 2B-GFP retention reveals slowly cycling hematopoietic stem cells. Nat 
Biotechnol, 2009. 27(1): p. 84-90. 

185. Domen, J., S.H. Cheshier, and I.L. Weissman, The role of apoptosis in the regulation of hematopoietic stem 
cells: Overexpression of Bcl-2 increases both their number and repopulation potential. J Exp Med, 2000. 
191(2): p. 253-64. 

186. Oguro, M., [Future directions of antibody therapy]. Nihon Rinsho, 2007. 65 Suppl 1: p. 629-36. 
187. Alenzi, F.Q., et al., The haemopoietic stem cell: between apoptosis and self renewal. Yale J Biol Med, 2009. 

82(1): p. 7-18. 
188. Shah, D.K. and J.C. Zuniga-Pflucker, An overview of the intrathymic intricacies of T cell development. J 

Immunol, 2014. 192(9): p. 4017-23. 



~ 122 ~ 

189. Terstappen, L.W., S. Huang, and L.J. Picker, Flow cytometric assessment of human T-cell differentiation in 
thymus and bone marrow. Blood, 1992. 79(3): p. 666-77. 

190. Gore, S.D., M.B. Kastan, and C.I. Civin, Normal human bone marrow precursors that express terminal 
deoxynucleotidyl transferase include T-cell precursors and possible lymphoid stem cells. Blood, 1991. 77(8): p. 
1681-90. 

191. van Dongen, J.J., et al., Human bone marrow cells positive for terminal deoxynucleotidyl transferase (TdT), 
HLA-DR, and a T cell marker may represent prothymocytes. J Immunol, 1985. 135(5): p. 3144-50. 

192. Six, E.M., et al., A human postnatal lymphoid progenitor capable of circulating and seeding the thymus. J Exp 
Med, 2007. 204(13): p. 3085-93. 

193. Haddad, R., et al., Dynamics of thymus-colonizing cells during human development. Immunity, 2006. 
24(2): p. 217-30. 

194. Blom, B., et al., TCR gene rearrangements and expression of the pre-T cell receptor complex during human T-
cell differentiation. Blood, 1999. 93(9): p. 3033-43. 

195. Spits, H., Development of alphabeta T cells in the human thymus. Nat Rev Immunol, 2002. 2(10): p. 760-
72. 

196. Galy, A., et al., Precursors of CD3+CD4+CD8+ cells in the human thymus are defined by expression of 
CD34. Delineation of early events in human thymic development. J Exp Med, 1993. 178(2): p. 391-401. 

197. Spits, H., et al., Early stages in the development of human T, natural killer and thymic dendritic cells. 
Immunol Rev, 1998. 165: p. 75-86. 

198. Ohsugi, T., A transgenic mouse model of human T cell leukemia virus type 1-associated diseases. Front 
Microbiol, 2013. 4: p. 49. 

199. Brandle, D., et al., Regulation of RAG-1 and CD69 expression in the thymus during positive and negative 
selection. Eur J Immunol, 1994. 24(1): p. 145-51. 

200. Vanhecke, D., et al., Characterization of distinct stages during the differentiation of human CD69+CD3+ 
thymocytes and identification of thymic emigrants. J Immunol, 1995. 155(4): p. 1862-72. 

201. Davis, M.M., T cell receptor gene diversity and selection. Annu Rev Biochem, 1990. 59: p. 475-96. 
202. Jenkins, M.K., et al., In vivo activation of antigen-specific CD4 T cells. Annu Rev Immunol, 2001. 19: p. 

23-45. 
203. Swain, S.L., A.D. Weinberg, and M. English, CD4+ T cell subsets. Lymphokine secretion of memory cells 

and of effector cells that develop from precursors in vitro. J Immunol, 1990. 144(5): p. 1788-99. 
204. Smith-Garvin, J.E., G.A. Koretzky, and M.S. Jordan, T cell activation. Annu Rev Immunol, 2009. 27: 

p. 591-619.
205. Acuto, O. and F. Michel, CD28-mediated co-stimulation: a quantitative support for TCR signalling. Nat 

Rev Immunol, 2003. 3(12): p. 939-51. 
206. Verhoeyen, E., et al., IL-7 surface-engineered lentiviral vectors promote survival and efficient gene transfer in 

resting primary T lymphocytes. Blood, 2003. 101(6): p. 2167-74. 
207. Marktel, S., et al., Immunologic potential of donor lymphocytes expressing a suicide gene for early immune 

reconstitution after hematopoietic T-cell-depleted stem cell transplantation. Blood, 2003. 101(4): p. 1290-8. 
208. Cavalieri, S., et al., Human T lymphocytes transduced by lentiviral vectors in the absence of TCR activation 

maintain an intact immune competence. Blood, 2003. 102(2): p. 497-505. 
209. Ducrey-Rundquist, O., M. Guyader, and D. Trono, Modalities of interleukin-7-induced human 

immunodeficiency virus permissiveness in quiescent T lymphocytes. J Virol, 2002. 76(18): p. 9103-11. 
210. Korin, Y.D. and J.A. Zack, Nonproductive human immunodeficiency virus type 1 infection in nucleoside-

treated G0 lymphocytes. J Virol, 1999. 73(8): p. 6526-32. 
211. Fry, T.J. and C.L. Mackall, Interleukin-7: master regulator of peripheral T-cell homeostasis? Trends 

Immunol, 2001. 22(10): p. 564-71. 
212. Rathmell, J.C., et al., IL-7 enhances the survival and maintains the size of naive T cells. J Immunol, 2001. 

167(12): p. 6869-76. 
213. Alpdogan, O., et al., Administration of interleukin-7 after allogeneic bone marrow transplantation improves 

immune reconstitution without aggravating graft-versus-host disease. Blood, 2001. 98(7): p. 2256-65. 
214. Webb, L.M., B.M. Foxwell, and M. Feldmann, Putative role for interleukin-7 in the maintenance of the 

recirculating naive CD4+ T-cell pool. Immunology, 1999. 98(3): p. 400-5. 
215. Soares, M.V., et al., IL-7-dependent extrathymic expansion of CD45RA+ T cells enables preservation of a 

naive repertoire. J Immunol, 1998. 161(11): p. 5909-17. 



 

~ 123 ~ 

216. Armitage, R.J., et al., Regulation of human T cell proliferation by IL-7. J Immunol, 1990. 144(3): p. 
938-41. 

217. Konno, A., et al., Differential contribution of Wiskott-Aldrich syndrome protein to selective advantage in T- 
and B-cell lineages. Blood, 2004. 103(2): p. 676-8. 

218. Palpant, N.J. and D. Dudzinski, Zinc finger nucleases: looking toward translation. Gene Ther, 2013. 
20(2): p. 121-7. 

219. Tebas, P., et al., Gene editing of CCR5 in autologous CD4 T cells of persons infected with HIV. N Engl J 
Med, 2014. 370(10): p. 901-10. 

220. Mandal, P.K., et al., Efficient ablation of genes in human hematopoietic stem and effector cells using 
CRISPR/Cas9. Cell Stem Cell, 2014. 15(5): p. 643-52. 

221. Matsubara, Y., et al., Transcription activator-like effector nuclease-mediated transduction of exogenous gene 
into IL2RG locus. Sci Rep, 2014. 4: p. 5043. 

222. Blaese, R.M., et al., T lymphocyte-directed gene therapy for ADA- SCID: initial trial results after 4 years. 
Science, 1995. 270(5235): p. 475-80. 

223. Bordignon, C., et al., Gene therapy in peripheral blood lymphocytes and bone marrow for ADA- 
immunodeficient patients. Science, 1995. 270(5235): p. 470-5. 

224. Buchschacher, G.L., Jr. and F. Wong-Staal, Approaches to gene therapy for human immunodeficiency virus 
infection. Hum Gene Ther, 2001. 12(9): p. 1013-9. 

225. Ren, J. and Y. Zhao, Advancing chimeric antigen receptor T cell therapy with CRISPR/Cas9. Protein Cell, 
2017. 

226. Delhove, J. and W. Qasim, Genome-Edited T Cell Therapies. Curr Stem Cell Rep, 2017. 3(2): p. 124-
136. 

227. Ren, J., et al., Multiplex Genome Editing to Generate Universal CAR T Cells Resistant to PD1 Inhibition. Clin 
Cancer Res, 2017. 23(9): p. 2255-2266. 

228. Lozzio, C.B. and B.B. Lozzio, Human chronic myelogenous leukemia cell-line with positive Philadelphia 
chromosome. Blood, 1975. 45(3): p. 321-34. 

229. Benabdellah, K., et al., Development of an all-in-one lentiviral vector system based on the original TetR for 
the easy generation of Tet-ON cell lines. PLoS One, 2011. 6(8): p. e23734. 

230. Moehle, E.A., et al., Targeted gene addition into a specified location in the human genome using designed zinc 
finger nucleases. Proc Natl Acad Sci U S A, 2007. 104(9): p. 3055-60. 

231. Frecha, C., et al., Stable transduction of quiescent T cells without induction of cycle progression by a novel 
lentiviral vector pseudotyped with measles virus glycoproteins. Blood, 2008. 112(13): p. 4843-52. 

232. Girard-Gagnepain, A., et al., Baboon envelope pseudotyped LVs outperform VSV-G-LVs for gene transfer into 
early-cytokine-stimulated and resting HSCs. Blood, 2014. 124(8): p. 1221-31. 

233. Sandrin, V., et al., Lentiviral vectors pseudotyped with a modified RD114 envelope glycoprotein show increased 
stability in sera and augmented transduction of primary lymphocytes and CD34+ cells derived from human and 
nonhuman primates. Blood, 2002. 100(3): p. 823-32. 

234. Levy, C., et al., Baboon envelope pseudotyped lentiviral vectors efficiently transduce human B cells and allow 
active factor IX B cell secretion in vivo in NOD/SCIDgammac-/- mice. J Thromb Haemost, 2016. 14(12): 
p. 2478-2492. 

235. Maurice, M., et al., Efficient gene transfer into human primary blood lymphocytes by surface-engineered 
lentiviral vectors that display a T cell-activating polypeptide. Blood, 2002. 99(7): p. 2342-2350. 

236. Ran, F.A., et al., Genome engineering using the CRISPR-Cas9 system. Nat Protoc, 2013. 8(11): p. 2281-
308. 

237. Zhu, L.J., et al., CRISPRseek: a bioconductor package to identify target-specific guide RNAs for CRISPR-Cas9 
genome-editing systems. PLoS One, 2014. 9(9): p. e108424. 

238. Kuo, L.J. and L.X. Yang, Gamma-H2AX- a novel biomarker for DNA double-strand breakS. In vivo, 2008. 
22: p. 305-310. 

239. Cradick, T.J., et al., ZFN-site searches genomes for zinc finger nuclease target sites and off-target sites. BMC 
Bioinformatics, 2011. 12: p. 152. 

240. Altschul, S.F., et al., Basic local alignment search tool. J Mol Biol, 1990. 215(3): p. 403-10. 
241. Langmead, B., et al., Ultrafast and memory-efficient alignment of short DNA sequences to the human genome. 

Genome Biol, 2009. 10(3): p. R25. 



~ 124 ~ 

242. Pelascini, L.P., et al., Histone deacetylase inhibition rescues gene knockout levels achieved with integrase-
defective lentiviral vectors encoding zinc-finger nucleases. Hum Gene Ther Methods, 2013. 24(6): p. 399-
411. 

243. Apolonia, L., et al., Stable gene transfer to muscle using non-integrating lentiviral vectors. Mol Ther, 2007. 
15(11): p. 1947-54. 

244. Joglekar, A.V., et al., Integrase-defective lentiviral vectors as a delivery platform for targeted modification of 
adenosine deaminase locus. Mol Ther, 2013. 21(9): p. 1705-17. 

245. Joglekar, A.V., et al., Dissecting the mechanism of histone deacetylase inhibitors to enhance the activity of zinc 
finger nucleases delivered by integrase-defective lentiviral vectors. Hum Gene Ther, 2014. 25(7): p. 599-
608. 

246. Takacs, M., et al., Epigenetic regulation of latent Epstein-Barr virus promoters. Biochim Biophys Acta. 
1799(3-4): p. 228-35. 

247. Knipe, D.M., et al., Snapshots: chromatin control of viral infection. Virology. 435(1): p. 141-56. 
248. Hengel, R.L., et al., Cutting edge: L-selectin (CD62L) expression distinguishes small resting memory CD4+ T 

cells that preferentially respond to recall antigen. J Immunol, 2003. 170(1): p. 28-32. 
249. Yin, H., K.J. Kauffman, and D.G. Anderson, Delivery technologies for genome editing. Nat Rev Drug 

Discov, 2017. 16(6): p. 387-399. 
250. Verhoeyen, E., et al., Gene Therapy in Fanconi anemia: a matter of time, safety and gene transfer tool 

efficiency. Curr Gene Ther, 2017. 
251. Ohlmann, T., P.E. Mangeot, and E. Ricci, Methods and products for genetic engineering, C.n.d.l.r.s.C. 

Institut national de la sante et de la rechercher medicale (Inserm), Ecole normale superiure de Lyon, 
Universitye claude bernard Lyon 1, Editor 2017: Franace. 

252. Perez, E.E., et al., Establishment of HIV-1 resistance in CD4+ T cells by genome editing using zinc-finger 
nucleases. Nat Biotechnol, 2008. 26(7): p. 808-16. 

253. Mastaglio, S., et al., NY-ESO-1 TCR single edited central memory and memory stem T cells to treat multiple 
myeloma without inducing GvHD. Blood, 2017. 

254. Alvarez-Fernandez, C., et al., A short CD3/CD28 costimulation combined with IL-21 enhance the 
generation of human memory stem T cells for adoptive immunotherapy. J Transl Med, 2016. 14(1): p. 214. 

255. Kantor, B., et al., Epigenetic activation of unintegrated HIV-1 genomes by gut-associated short chain fatty 
acids and its implications for HIV infection. Proc Natl Acad Sci U S A, 2009. 106(44): p. 18786-91. 

256. Kass, E.M. and M. Jasin, Collaboration and competition between DNA double-strand break repair pathways. 
FEBS Lett, 2010. 584(17): p. 3703-8. 

257. Wang, J., et al., Targeted gene addition to a predetermined site in the human genome using a ZFN-based 
nicking enzyme. Genome Res, 2012. 22(7): p. 1316-26. 

258. van Nierop, G.P., et al., Stimulation of homology-directed gene targeting at an endogenous human locus by a 
nicking endonuclease. Nucleic Acids Res, 2009. 37(17): p. 5725-36. 

259. Cyranoski, D., CRISPR gene-editing tested in a person for the first time. Nature, 2016. 539(7630): p. 479. 
260. Cyranoski, D., Chinese scientists to pioneer first human CRISPR trial. Nature, 2016. 535(7613): p. 476-7. 
261. Kick, L., M. Kirchner, and S. Schneider, CRISPR-Cas9: From a bacterial immune system to genome-edited 

human cells in clinical trials. Bioengineered, 2017. 8(3): p. 280-286. 






