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Abstract Monogenic disorder are inherited
mutation(s) in a single gene that result in abnormal
protein  synthesis impairing normal cellular
homeostasis and organ function that reduces patient
life-pan. Recently autologous transplantation of
genetically corrected patient’s hematopoietic stem
cells (HSCs) defined as ex vivo gene therapy (GT) has
emerged as a promising curative approach for such
genetic diseases. In ex vivo GT, targeted integration
of a therapeutic transgene into a tolerant and safe
locus appears to be a powerful approach to produce
the therapeutic protein above physiological level in a
broad type of hematopoietic cells using endogenous
promoter (Morgan et al., 2017; Naldini, 2019). Such
genome editing strategy relies on DNA double-
strand break and delivery of a functional copy of the
mutated gene in the locus of interest. Here, we
exploited the a-globin locus (HBA) as a safe harbor
locus for transgene integration to develop a universal
platform for expression and secretion of therapeutic
proteins into erythroid cells. In HSCs, we induced
double-strand breaks (DSBs) in HBA locus with
CRISPR-Cas9 and delivered a therapeutic transgene
using AAV-6 to target integration by homology
directed repair. Due to the abundance of erythroid
cells in human (5X108 RBCs/microliter of blood) and
the high HBA expression in erythroid population
(around 1,5g/day), the HBA platform would require
minimal transgene integration events in HBA locus to
provide sufficient amount of therapeutic proteins
reducing as consequence the potential off-target and
toxicity due to editing and DNA donor delivery.

Firstt we applied the HBA platform for B-
thalassemia : a genetic condition impairing the
hemoglobin formation and triggering toxic ao-
globin chain precipitation. The genetic correction
of B-thalassemia using our HBA platform results in
1 copy of a-globin gene deletion decreasing the a-
globin chain precipitation while B-globin gene
integration into HBA locus restore the normal
hemoglobin formation. Then, we evaluated the
HBA platform for erythroid-specific secretion of
therapeutic proteins into bloodstream and, in
particularwe focused on a genetic metabolic
disorder: lysosomal acid lipase (LAL) deficiency
caused by LIPA gene mutation(s) that lead to toxic
lipid accumulation especially in liver. We achieved
efficient expression and secretion of LAL enzyme
that retained enzymatic activity and cross-
corrected the lipid accumulation in patients’
fibroblasts. We then focused on the optimization of
LIPA cDNA transgene using lentiviral vectors (LVVs)
to maximize the LAL expression and secretion. The
optimized LIPA transgene will serve for LVV-based
ex vivo GT and for our HBA targeted platform in the
purpose of enhancing the LAL expression while
minimizing the targeting integration events
required to fully correct the disorder. Finally, to
better characterize LAL-D phenotype and to
evaluate the therapeutic potency of our GT
strategy, we set-up a multimodal cytometry
approach using flow cytometry and image flow
cytometry. We evaluated this pipeline on mainly
patient's  fibroblasts and on  peripheral
mononuclear blood mononuclear cells (PBMCs) for
LAL-D mouse model.




ECOLE DOCTORALE
Structure et dynamigue
des systémes vivants
(SDSV)

[ ]
universite
PARIS-SACLAY

Titre : Thérapie génique ex vivo pour les B-hémoglobinopathies et les maladies métaboliques

Mots clés : -hémoglobinopathies, déficience en lipase acide lysosomale, thérapie génique, CRISPR-Cas9,

platforme HBA

Résumé : Les maladies monogéniques sont des
mutations héréditaires d'un seul géne qui entrainent une
synthese anormale de protéines, altérant I'hnoméostasie
cellulaire normale et la fonction des organes et réduisant
la durée de vie des patients. Récemment, la greffe
autologue de cellules souches hématopoiétiques (HSCs)
de patients génétiquement corrigés appelée thérapie
génique (TG) ex vivo, est apparue comme une approche
curative prometteuse pour ces maladies. Dans la TG ex
vivo, l'intégration ciblée d’un transgene thérapeutique
dans un locus tolérant apparait comme une approche
puissante pour produire les protéines thérapeutiques a
un niveau supérieur au niveau physiologique dans un
large type de cellules hématopoiétiques en utilisant un
promoteur endogene. Une telle stratégie d'édition du
génome repose sur la cassure double brin d'ADN et la
livraison d'une copie fonctionnelle du gene muté dans le
locus d'intérét. Ici, nous avons exploité le locus de I'a-
globine (HBA) comme un locus tolérant pour I'intégration
de transgénes afin de développer une plateforme
universelle pour I'expression et la sécrétion de protéines
thérapeutiques par les globules rouges (GR). Dans les
HSCs, nous avons induit des cassures double brin dans le
locus HBA avec CRISPR-Cas9 et délivré un transgéne
thérapeutique en utilisant un AAV-6 pour cibler
I'intégration par réparation dirigée par I’homologie. En
raison de |'abondance des globules rouges chez 'homme
(5X10° globules rouges/microlitre de sang) et de la forte
expression de HBA dans cette population (environ
1,5g/jour), la plateforme HBA nécessiterait un minimum
d'événement d'intégration du transgene pour fournir une
quantité suffisante de protéines thérapeutiques,
réduisant ainsi les risques de toxicité et d’édition non
spécifique induit par CRISPR-Cas9 ou I’AAV6.

Dans un premier temps, nous avons appliqué la plate-
forme HBA a la B-thalassémie : une condition génétique
altérant la formation de I'hémoglobine (composé de 2
a-globine et 2 B-globine) et déclenchant la précipitation
toxique de la chaine a-globine. La correction génétique
de la B-thalassémie a I'aide de notre plateforme HBA
entraine la délétion d'une copie du gene de I'a-globine,
ce qui diminue la précipitation de cette chaine, tandis
que l'intégration du gene de la B-globine dans le locus
HBA rétablit la formation normale d'hémoglobine. En-
suite, nous avons évalué la plateforme HBA pour la sé-
crétion spécifique de protéines thérapeutiques par les
GRs dans la circulation sanguine et, en particulier, nous
nous sommes concentrés sur un trouble métabolique
génétique : la déficience en lipase acide lysosomale
(LAL) causée par une ou plusieurs mutations du gene
LIPA qui entrainent une accumulation toxique de li-
pides, notamment dans le foie. Nous avons obtenu une
expression et une sécrétion efficaces de I'enzyme LAL
qui a conservé son activité enzymatique et corrigé I'ac-
cumulation de lipides dans les fibroblastes des patients.
Nous nous sommes ensuite concentrés sur |'optimisa-
tion du transgeéne LIPA en utilisant des vecteurs lentivi-
raux (LVVs) pour maximiser I'expression et la sécrétion
de la LAL. Le transgene LIPA optimisé servira a dévelop-
per une TG ex vivo basée sur les LVVs et a notre plate-
forme ciblée HBA dans le but d'améliorer I'expression
de LAL tout en minimisant les événements d'intégration
nécessaires pour corriger complétement la maladie.
Enfin, pour mieux caractériser le phénotype la défi-
cience en LAL et évaluer le pouvoir thérapeutique de
notre stratégie de GT, nous avons mis en place une ap-
proche de cytométrie multimodale utilisant la cytomé-
trie en flux et la cytométrie en flux d'images. Nous
avons évalué ces techniques principalement sur les fi-
broblastes du patient et sur les cellules mononucléaires
du sang périphérique (PBMCs) provenant de souris dé-
ficiente en LAL.
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ABBREVIATIONS :

A
AAV : Adeno-associated vectors
AAVST1 : AAV integration site 1
AAP : Assembly activated protein
ABE : Adenine base editors
ADA-SCID : Adenosine deaminase defi-
ciency severe combined immunodeficiency
ALB : Albumin
ARSA : Arylsulfatase A
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B
BCL11A : B cell lymphoma/leukemia 11A
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C
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CFU-E : Colony-forming unit-erythroid
CFU-GEMM : Multipotential colony-form-
ing unit
cHS4 : Chicken B-globin HS4
CMP : Common myeloid progenitor
CNS : Central nervous system
CRISPR-Cas : Clustered regularly inter-
spaced short palindromic repeats (CRISP)
associated (Cas) protein
crRNA : CRISPR RNA
CXCR4 : CXC chemokine receptor type 4
D
dCas9 : Dead Cas9
DDR : DNA damage response
DNA : Deoxyribonucleic acid
Ds : Double-strand
DSB : Double-strand break
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G-CSF : Granulocyte colony-stimulation
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GT : Gene therapy
H
HA : Homology arm
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HbA : Adult hemoglobin
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HbS : Hemoglobin S
HDAd5/35 ++ : Helper-dependent adeno-
virus
HDL : High-density lipoprotein
HDR : Homology-directed repair
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HIV : Human immunodeficient virus
HMGAZ2 : High mobility group AT hook 2
HPFH : Hereditary persistence of fetal he-
moglobin



HPLC : High-performance liquid chroma-
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HRE : Heme Responsive Elements
HS : Hypersensitive site
HSCs : Hematopoietic stem cells
HSCT : Hematopoietic stem cells transplan-
tation
HSPCs : Hematopoietic stem and progeni-
tor cells
HUDEP-2 B0 : B-thalassemic HUDEP-2
I
IDL : Intermediated density lipoprotein
IdLV : Integration-defective lentiviral vector
IDUA : a-L-Iduronidase
I[EM : Inborn error of metabolisms
IFC: Image flow cytometry
IL-3 : Interleukine-3
Indels : Integrations and/or deletions
ITR : Inverted terminal repeat

K
Kda : Kilodalton
KI : Knock-in
KO: Knock-out
L
LAMP : Lysosome-associated membrane
protein

LAL : Lysosomal acid lipase

LAL -/-: LAL KO mouse

LAL-D : LAL-deficiency

LCR : Locus controlling region

LD : Lipid droplet

LDL : Low density lipoprotein

LDLR : Low-density lipoprotein receptor
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LPL : Lipoprotein lipase
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LVV : Lentiviral vector

LYNUS : Lysosomal nutrient-sensing ma-
chinery

y-RV : y-retroviral vector
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MDSCs : Myeloid derived suppressor cells
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MLD : Metachromatic leukodystrophy
MLV : Murine Leukemia virus
MMEJ Microhomology-mediated end
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MPP : Multipotent progenitor
M6P : Mannose 6 phosphate
M6P-R : Mannose 6-phosphate receptor
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mTOR : Mammalian target of rapamycin

N
nCas9 : Nickase Cas9
NHEJ : Non-homologous end joining
NR : Nile Red
Nts : Nucleotides

O

02 : Oxygen
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P

PAM : Protospacer adjacent motif
PB : peripheral blood
PBMCs : Peripheral blood mononuclear
cells
PBS : Phosphate-buffered saline
PE : Prime editor
pegRNA : Prime editing guide RNA
PES : Polyethersulfone
PGK : Phosphoglycerate kinase promoter
PIC : Pre-integration complex
PITCH : Precise integration into target chro-
mosome
PRT : Protein replacement therapy
R
rAAV : Recombinant AAV
RBCs : Red blood cells
RNA : Ribonucleic acid
RNP : Ribonucleoprotein
RT : Reverse transcription
RV : Retrovirus



RVD : Repeat Di-residues

S
ScAAV : Self-complementary AAV
SCD : Sickle cell disease
SCF : Stem cell factor
SCID-X : X-linked severe combined immunodeficiency
SDF-1 : Stromal cell derived factor 1
SFSV : Spleen focus forming virus
SGSH : Sulfamidase
SH-HSCs : Short-term HSCs
SIN : Self-inactivated
Sp: Streptococcus pyogenes
SREBP : Sterol regulatory-element binding protein
SRT : Substrate reduction therapy
Ss : Single strand
ssAAV: Single stranded AAV
SSC : Side scatter
ssODN : Single stranded
ODN
T
TALE : Transcription activator-like effector
TALEN : Transcription activator—like effector nuclease
TG : Triglyceride
TPO : Thrombopoietin
TracRNA : Transactivating-CRISPR RNA
TSS : Transcription site
V)
UTR : Untranslated region
\'
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VSV-G : Vesicle vesicular stomatitis virus
w
WB : Western Blot
WBCs : White blood cells
WD : Wolman disease
y4
ZFN : Zing-finger nuclease
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17



18



Introduc

19



20



1 EX vIvO GENE THERAPY TO TREAT MONOGENIC DISORDER

Gene therapy (GT) is defined as a genetic modification -introduction, removal, or change- into patient
genome in the attempts to treat or cure a disease, e.g. either correct a genetic defect in inherited
disorders or activate the immune response for cancer therapy. The two main GT approaches are: i)
ex vivo GT that consists in genetic correction/modification of patient's hematopoietic stem or
differentiated blood cells, such as T lymphocytes, outside the body and their transplantation back
into patients; ii) in vivo GT that relies on the direct injection into patient’s body of vectors encoding
the therapeutic sequence (Alnasser, 2021). Nowadays, GT is applied for a wide range of monogenic

disorders from metabolic diseases to neuromuscular diseases (Figure 1) (Arabi et al., 2022).

Genetic

Diseases

Figure 1) Representation of monogenic disease treated with gene therapy in clinical trials from 2010

to 2020 (Arabi et al., 2022).
1.1 LENTIVIRAL-BASED EX VIVO GENE THERAPY FOR MONOGENIC DISORDER

1.1.1 Monogenic disorder

Monogenic disorders are rare inherited mutations in a single gene leading to morbidity and reduce
patient lifespan. While the description of hereditary phenotype began in XIX century by Mendel
(Mendel, 1886) providing the first basis for genetics, it is only upon double-strand deoxyribonucleic
acid (DNA) discovery by Watson & Crick in XX century (Watson and Crick, 1953) that precise

hereditary unit called gene was described as coding protein region involved in the normal cellular
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function. Now, around 5000-8000 monogenic diseases have been identified including cysticfibrosis,
sickle cells anemia, Duchenne muscular dystrophy ... (Prakash et al., 2016). All these disorders result
in abnormal protein synthesis that impairs normal cellular homeostasis and organ function. The
understanding and treatment of monogenic disorders have been the subject of major scientific
research over the past decade. The development of genome sequencing allows to identify the
mutated gene(s) and therefore the impaired cellular mechanism. Overtime therapeutic options have
been developed to counterbalance the morbidity phenotype as organs transplantation, blood
transfusion or allogenic hematopoietic stem cells transplantation (HSCTs). HSCTs shown successful
disease management improving the life quality or lifespan in a wide broad of monogenic disorders
such as hemoglobinopathies and metabolic disorders. The treatment involves replacing the patient's
own hematopoietic stem cells (HSCs) with healthy cells from a donor (Copelan, 2006). HSCs are
multipotent cells able to reconstitute a healthy blood system that can deliver the missing proteins to
the affected tissues (Figure 2). In human, hematopoietic stem and progenitor cells (HSPCs) are
located in bone marrow (BM) microenvironment called niches. The BM niche offers the proper
environment for HSCs differentiation or self-renew. HSPCs are composed of long-term HSCs (LT-
HSCs), short-term HSCs (ST-HSCs) and multipotent progenitor (MPP) (Figure 2). The LT-HSCs are the
multipotent stem cells able to generate all the blood-lineage population : white bloods cells (WBCs)
as myeloid and lymphoid lineages, red blood cells (RBCs) and platelets, and of self-renewing their
own population. Whereas ST-HSCs and MPP have differential potential but no self-renewal capacity

(Skulimowska et al., 2021; Hawley et al., 2006).
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Figure 2) HSCs are located in BM niche and divided in LT-HSC, ST-HSC and MPP able to provide the
entire blood cells. LT-HSC is the only HSCs population able to self-renew (adapted from G. Ferrari et
al, 2021).

Although therapeutic for some monogenic disorders, HSCTs are limited by availability of suitable
donor and the immune reaction induced by donor lymphocytes against the recipient (Graft-versus-
host disease, GAVHD) (Skulimowska et al, 2021; Hawley et al., 2006). Recently autologous
transplantation of genetically corrected patient's HSCs defined as ex vivo GT has emerged as a
promising curative alternative. In fact, ex vivo GT bypasses the requirement of a well-matched donor

and therefore provides the potential to treat virtually all patients (Morgan et al., 2017).
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1.1.2  Principle of ex vivo gene therapy

In ex vivo GT, patient’'s own HSCs are recovered and isolated from peripheral blood (PB) or BM (Figure
3.1-3, described in Introduction Part 1.1.3), genetically modified (Figure 3.4, described in Introduction
Part 1.2) and transplanted back into patients (Figure 3.5, described in Introduction Part 1.1.4). Upon
engraftment, modified HSCs will be able to restore healthy hematopoietic system that can produce
the therapeutic proteins above physiological level in a broad type of hematopoietic cells from WBCs
(lymphocytes, monocytes, natural killer cells), platelets and RBCs (Morgan et al., 2017; Naldini, 2019).
Correction of HSCs can take different forms from the insertion of a functional copy of mutated gene
(described in Introduction Part 1.1.5) to the editing of the underlaying mutation(s) using nuclease
(described in Introduction Part 1.2). Both strategies involve modification of patient’s HSCs genome
and require the transport of DNA sequence into the nucleus using viral vector as retrovirus (described

in Introduction Part 1.1.5) or non-viral-vectors as nanoparticle (described in Introduction Part 1.2.4).

5. Reinfuse modified cells

4. Modify cells ex vivo

3. Isolate CD34* cells

u )
.
ECD

— 1. Collect BM or mPB

Figure 3) Principle of gene therapy (adapted from Morgan et al, 2017). Patient’s HSCs are

collected, isolated, and corrected prior re-transfusion

Nowadays, ex vivo GT is under clinical evaluation for a wide range of genetic disorders as metabolic

disorders or hemoglobinopathies (Arabi et al., 2022).

24



1.1.3  Recovering and culturing of HSCs

Originally, HSCs were harvested directly from the patient's BM in the iliac crests by syringe aspiration,
but the amount of cells recovered was small and the process was quite painful and could lead to
infections. This technique is now only used in case of poor mobilization by chemical agents.
Nowadays, HSCs harvesting is mainly performed via leukapheresis after HSCs PB mobilization with
chemical agents as granulocyte colony-stimulation factor (G-CSF) and/or Plerixafor. G-CSF is a pro-
inflammatory cytokine that promotes the maturation and proliferation of myeloid stem cells as well
as their migration from BM into the blood (Morris et al., 2014). Although, G-CSF enhances by 6-7
fold the HSCs cells in circulation (Grigg et al., 1995), it appears to be ineffective for 5-30% of patient
(Skulimowska et al., 2021). The combination of Plerixafor and G-CSF enhances the mobilization
compared to the single used of G-CSF by 10-fold and becomes a gold standard protocol of HSCs
mobilization. Plerixafor (as called ADM3100) is a selective inhibitor of CXC chemokine receptor 4
(CXCR4) receptors preventing the binding of its ligand the stromal derived cell factor 1 (SDF-1)
produced by BM stromal cells to retain HSCs in the niches. Therefore, blocking the SDF-1/CXCR4 axis
facilitates the migration of HSCs from BM to bloodstream (Fricker, 2013). Nevertheless, developing
new mobilizing agents remains necessary for patient poorly mobilized with G-CSF. Recently, new
compounds have been analyzed such as Ixazomib that modulate the VLA4/VCAM1 axis involved in
the adherence of HSCs to the BM niche (Ghobadi et al., 2014, 2018), Grop an CXCR2 agonist for
neutrophil mobilization (Hoggatt et al., 2018) or an inhibitor of Cdc42 involved in the exit of HSCs

from the niche (Skulimowska et al., 2021)...

During leukapheresis, HSCs are enriched via their cluster of differentiation (CD) 34+ marker using
magnetic beads. Other cell surface markers have been tested as CD34+ CD38- population in order
to isolate LT-HSCs with higher purity. The amount of CD34+ CD38- cells recovered is lower than with
the CD34+ marker alone, but it is enriched in LT-HSC (self-renewing HSC population) and therefore
would require less reagents and culture volume for their modification/correction prior
transplantation, simplifying scale-up and reducing costs (Naldini, 2019). After purification, CD34+
cells are modified and cultivated in a well-defined medium containing cytokines (human

Thrombopoietin (TPO), human interleukine-3 (IL3), human stem cell factor (SCF), human Fms-like
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tyrosine kinase receptor 3 (FIt3)) to maintain their stemness prior re-transplantation into patients
(Gentner et al., 2021; Kohn et al., 2021). Overtime, new molecules have been tested to improve the
HSCs culture medium such as StemRegin-1 (Boitano et al., 2010) which is described to enhance the
expansion of HSCs. However, a protocol for expanding ex vivo LT repopulating HSCs from BM or PB
mobilized is still missing, even if some progress has been done recently on murine HSCs (Naldini,
2019; Wilkinson et al., 2019). In addition, some research aims to improve ex vivo culture to replicate
as closely as possible the BM niche to maintain HSC self-renewal. For instance, co-culture of CD34+
cells with mesenchymal stromal cells enhances the survival and proliferation of cord-blood
progenitor cells and results in an significant improvement of engraftment (de Lima et al., 2012). To
provide more HSCs, some groups are working on the HSCs generation via pluripotent stem cells

(Sugimura et al.,, 2017) and endothelial cells (Lis et al., 2017).

1.1.4 Mobilization and re-infusion of HSCs

After modification, HSCs is transplanted back into patient by intravenous injection (Figure 3). To
assure a successful engraftment, patient BM niches should be emptied in order to let the space for
corrected HSCs. Therefore, prior transplantation, patients must undergo myeloablation. Overtime,
different methods have been used to clear the BM niches from lethal irradiation to chemical agent
as Busulfan (Ciurea and Andersson, 2009). Total body irradiation was abandoned due to the severe
morbidity and mortality on patients for the benefit of chemical myeloablation. Busulfan have been
initially employed as chemotherapy but is now also used a myeloablation agent due to
immunosuppressive effect on BM and microglia (Ciurea and Andersson, 2009). New depleting agents
are currently under evaluation such as monoclonal antibody directed on a specific BM cells
population (for instance : anti-c-kit alone (Czechowicz et al., 2007, NCT02963064) or associated with
CDA47 blocking agent (Chhabra et al,, 2016), or combined strategy with immunotoxin as Saporin to

inactive ribosome thus blocking protein synthesis (Bergamaschi et al., 1996; Skulimowska et al., 2021).

Nevertheless, myeloablation suffers from several short and long-term side effects as fatal infections
caused by immunosuppression or BM niches architecture modification that could alter HSCs

engraftment. Alternative treatments without myeloablation have been tested on mouse model to
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assure good engraftment while removing the conditioning toxicity. One strategy involves in
increasing the amount of HSCs via ex vivo expansion prior transplantation (Wilkinson et al., 2019)
and another one used the competitive advantage of corrected cells over non-corrected one to

reinforce the engraftment (Omer-Javed et al., 2022).

1.1.5 Lentiviral-based correction of HSCs

Ex vivo GT has been initially developed using viral vectors to deliver therapeutic gene. Among all
viruses, retroviruses have been mainly and successfully employed as viral vehicle. Retroviruses (RV)
are enveloped single-strand (ss)-Ribonucleic acid (RNA) virus belonging to Retroviridaea family
composed of 7 genera: a-, B-,y-, 8-, e-retroviridae, spumaviridae and lentiviridae. Lentiviral vector
(LVV) coming from Human immunodeficient virus (HIV) and y-retroviral vector (y-RV) coming from
Murine Leukemia virus (MLV) are the main viral vectors used for ex vivo GT in clinical trials due to
their abilities to integrate double-strand (ds)-DNA into host genome and their high transgene
packaging ability (7-10kb) (Worgall and Crystal, 2014; Poletti and Mavilio, 2018).

MLV

Y
5'LTR| U3 |R|US|—| gag | pro | pol | env [— U3 [R|us|3'LTR

HIV
— RRE
5 (TR [ U3 [RJUS{ gag | pol [virkprHvpu] env [nefH U3 [R[Us] 3 11w
O--tat--O
0-rev--J

Figure 4) Structure of MVL and HIV virus (adapted from G. Ferrari et al, 2021) encoding essential genes

as gag, pro, pol and env; long terminal repeat (LTRs) and Psi sequence.

Both HIV and MLV viral genomes contain 4 essential genes (gag, pro, pol and env) and important
non-coding sequences, such as the long terminal repeat (LTRs) sequences, which are involve in the
initiation and termination of transcription, and the Psi sequence (y), the packaging signal essential
for encapsulating the viral genome (Figure 4). The gag gene codes for the primary structural poly-

protein involved in the assembly of non-infectious and immature viral-like particle. The pro gene
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encodes a protease responsible of maturation of viral particles. The pol gene includes the reverse
transcriptase, RNase H and integrase. The env gene encodes for the envelope proteins of retrovirus.
The HIV genome contains additional specific accessory proteins (vif, vpr, vpu and nef) involved in the
infectious cycle and in the pathology (G. Ferrari et al., 2021; Ghosh et al., 2020). The mechanism of

infection of RV is described in the figure 5.
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Figure 5) Mechanism of infection of RV (from Stoye, 2012) A: Upon virus entry, the viral ss-RNA is
released, reverse transcribed in ds-DNA and integrated into host genome. B: Viral genome uses

the host machinery to produce new viral particles.

In Retroviridaea family, the viral entry is receptor recognition dependent. Upon host cells infection,
the genetic material is released and reverse transcriptase results in the synthesis of ds-complemen-
tary DNA (cDNA) and its assembly into a pre-integration complex (PIC) that can be targeted to the
nucleus. The integration of ds-cDNA into host genome occurs via integrase enzyme present in the
retrovirus particle. Upon integration, viral genome uses the host transcription and translation ma-
chineries to produce new viral particles that can be released in extracellular matrix and infected other
cells (Yi et al,, 2011; Poletti and Mavilio, 2018; Stoye, 2012). The main differences between LVV and

y-RV vectors come from their infecting target cells and their viral integration. In fact, y-RV virus infects
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dividing cells while LVV infect both non-dividing and dividing cells. To enhance LVV HSCs infection,
the culturing medium changes the cell phase from GO (non-dividing phase) to G1 (dividing phase)
as HSCs are slowly dividing cells. Moreover the integration of y-RV occurs into promoters, enhancers
or around transcription site (TSS) while LVV integrates into active gene bodies (G. Ferrari et al., 2021;

Poletti and Mavilio, 2018).
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Figure 6) A : Initial structure of RV (adapted from G. Ferrari et al, 2021) and B : the y-RV construction used in
GT with the complementary plasmids required for viral formation (adapted from G. Ferrari et al., 2021 and Sinn

et al, 2005).

In order use viral vector as vehicle for transgene delivery, replicative machinery of retrovirus genome
has been removed in order to avoid any replication and spreading of the modified vectors (Figure
6). In this attempt, several optimizations have been performed first by removing env protein and
accessories genes (vif, vpr, vpu and nef) (Figure 6A), in order to reduce the virulence and the
replication of the y-RV construction, and then by eliminating the transactivator gene (tat) and by
splicing gag, pol and rev genes in 2 different plasmids to reduce the potential vector recombination
(Figure 6B) (Sinn et al., 2005). Since HIV can naturally infect only lymphocyte T, the viral env gene was
replaced with the spike G glycoproteins of vesicle vesicular stomatitis virus (VSV-G) from rhabdovirus

vesicular stomatitis virus (figure 8). This new VSV-G envelope broads vector tropism to transduce a
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wide range of cells types including CD34+ HSCs and is more stable than original envelope, therefore
easier to produce and concentrate in order to increase vector titer (Okimoto et al., 2001), and lacks
pre-existing human immunity (Hastie et al., 2013). The non-replicative y-RV developed was used in
clinical trial to treat deficiency X-linked severe combined immunodeficiency (SCID-X) caused by a
deficiency of Interleukin 2 receptor resulting in immunodeficiency in patient. Although ex vivo GT
was successful for restoring immunity in patient, 25% of them develop leukemia caused by y-RV
transactivation of pro-oncogene (Fischer et al.,, 2010; G. Ferrari et al., 2021). Even with limitations,
clinical trials continue with y-RV (NCT01129544) and the first y-RV treatment Strimvelis for adenosine
deaminase deficiency severe combined immunodeficiency (ADA-SCID) was approved by Food and

Drug Administration (FDA) in 2016 (NCT04959890).
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Figure 7) LV and y-RV SIN construction containing inactive U3 promoter, Psi sequence, exogenous

promoter and therapeutic transgene used for GT (G. Ferrari et al., 2021)

Nonetheless, this unwanted event leads to the development of self-inactivated (SIN) vectors in which
the natural retrovirus promoter U3 has been deleted in both 5" and 3’ LTR to prevent pro-oncogene
transactivation (Figure 7) (Sinn et al., 2005; Hacein-Bey-Abina et al., 2014). The removing of U3
structure requires the use of exogenous promoter that must be added before transgene sequence.
Moreover, LVV appears to be less genotoxic than y-RV, therefore LVV are preferentially used now in

ex vivo GT (G. Ferrari et al,, 2021).
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Figure 8) SIN-LVV and y-RV production in HEK293T cells adapted from (Martinez-Molina et al., 2020).

4 different plasmids (A, B & C) are co-transfected in HEK-293T cell line. After cell expansion,

supernatant is filtrated, concentrated, and titrated.

The production of SIN-RV is based on the co-transfection, in a producer cell line HEK293-T, of 4
plasmids: 1 plasmid encoding gag and pol genes, 1 plasmid encoding the reverse transcriptase (rev
gene), 1 plasmid encoding the envelope protein, 1 plasmid encoding the transgene of interest under
control of an exogenous promoter. Upon viral production, the supernatant is filtrated, concentrated,
and titrated (Figure 8). Although the process of viral production is the same for LVV and y-RV, the
isoforms of gag and pol as well as LTR sequences differ (Martinez-Molina et al., 2020). The SIN-LV
transduction and integration can be improved in CD34+ HSCs by using chemical drugs as
Cyclosporine A, H, prostaglandine-2, protamine sulfate or LentiBoost (Naldini, 2019; Jang et al., 2020).
The ex vivo GT results in a stable and safe long-term hematopoietic engraftment able to reconstitute
the complete blood system while producing the therapeutic protein for a wide range of disorder as
hemoglobinopathies (described in Introduction Part Il) and metabolic defects (described in

Introduction Part 1) (Naldini, 2019; G. Ferrari et al., 2021).
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1.2 GENE EDITING OF HSCS FOR MONOGENIC DISORDERS

Precise modification of genome in order to insert a specific DNA sequence takes different forms
overtime. It started in 1980 and relied on DNA microinjection into cell nuclei to integrate the gene
into the locus of interest upon homologous recombination or in a random site. Unfortunately, such
strategy was very inefficient and was mostly used to generate mouse embryonic stem cells containing
desired mutation(s) or gene insertion to create a murine model to study gene function or a particular
phenotype (Capecchi, 2005). Nowadays, genome editing using nuclease is the holy gray in GT as it
allows to perform precise modification of the patient underlying mutation(s) or efficient targeted
integration of functional gene into specific locus. Editing of the genome requires 2 sequential events :
nuclease cleavage at the locus of interest and precise DNA reparation to introduce the desired
modification. In this attempt, three generations of programmable nucleases (ZFNs, TALENs, and
CRISPR-Cas system) have been developed and are now evaluated in clinical trials (Shamshirgaran et

al., 2022).
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1.2.1  Zing-finger nuclease (ZNF) and Transcription activator-like effector nuclease (TALEN)

1.2.1.1  ZNF
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Figure 9) Representation of ZFN strategy A : Zing finger protein (ZFP) recognizes the DNA sequence of
interest and Fokl induce double-strand break (DSB). B : Array of ZFP must be proper design to recognize
the correct DNA pattern (adapted from Urnov et al,, 2010).

Zing-finger nuclease (ZFN) are artificial endonucleases composed of a succession of Zinc finger
protein (ZFP) fused to the Fok/ nuclease (Figure 9). The 30 amino acid ZFP is able to bind DNA via
Cys2-His2 fingers and each ZPF recognize individual 3-base pairs (bps) of nucleic acid. Therefore, the
combination of 3 to 6 Zinc finger motifs allows the recognition and the binding of a specific DNA
sequence. The DNA double-strand break (DSB) occurs only upon dimerization of Fokl on the ZFP-
targeted sequence that particularity increases the specificity of editing (Urnov et al, 2010).
Nonetheless, DSB requires the engineering of each ZFP to bind one nucleotide triplet of interest and
the design of 2 different ZFNs for both DNA strands, therefore developing 30 amino acid ZFP to
recognize 3 nucleotides and a functional ZFP array to target a sequence of interest is quite difficult
and time consuming and limits the use of this editing technology (Shamshirgaran et al., 2022). When

properly designed, ZNF is quite specific and efficient with low immunogenicity both in vitro and in
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vivo (Lietal, 2011; Ou et al,, 2019), and has been developed as ex vivo GT for genetic blood disorders

(Sickle cells disease and B-thalassemia, Mullard, 2020).

1.2.1.2 TALEN
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Figure 10) A : Representation of the TALEN system (adapted from Shamshirgaran et al,, 2022) B : TALE
repeat sequences recognize the locus of interest that is cleaved by Fokl upon TALEN dimerization. The
engineering of RVD domain of TALE results in the recognition of a unique nucleotide (adapted from Becker

and Boch, 2021)

TALENSs are based on a similar strategy that ZFN : tandem of DNA-binding protein and Fok/ nuclease
except that DNA-binding occurs via Transcription activator-like effector (TALE) from bacterium
Xanthamonas causing plant disease (Becker and Boch, 2021). Each TALE differs on 2 amino acid
residues called Repeat Di-residues (RVD) able to recognize a single nucleotide and the array of TALE
allows to construct a DNA recognition protein. The dimerization of TALEN on the targeted DNA
sequences results in DSB via Fok/ nuclease (Shamshirgaran et al., 2022) TALEN technology has been
used in a clinical trial for immunotherapy against cancer (Mullard, 2020). Although TALEN offers
higher DNA binding specify in an easier way to design, the system suffers from the same limitation

than ZNF technology namely the difficulty to design.
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1.2.2 CRISPR
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Figure 11) Mechanisms of DSB with CRISPR-cas9 system A : A RNA duplex (crRNA:tacrRNA) complex with
Cas9 are able to recognize the sequence of interest via proto-spacer-adjacent motif (PAM) and cleaves the
dsDNA. B : The strategy has been simplified using a single guide RNA (gRNA) instead of the RNA duplex
(adapted from Doudna and Charpentier, 2014)

While ZFN and TALEN require protein engineering for DNA interaction, CRISPR-Cas system is RNA-
guided DNA endonuclease and requires only a change in RNA sequence to target different genomic
locus. CRISPR-Cas system originates from prokaryote immune system that cleaves foreign DNA from
viruses or plasmids. CRISPR-Cas system has been divided in 2 classes : the class 1 is composed type
[, Il and V using multi-Cas proteins to cleave foreign DNA while the class 2 including type I, V and
VI using a single Cas protein for DSB. The most spread CRISPR-Cas system is a class Il, the Cas9
nuclease from Streptococcus pyogenes (SpCas9). Cas9 nuclease is composed of 2 nuclease domains :
HNH and RuVC able to respectively cleave RNA targeted strand and the complementary one to
induce DSB (Figure 11.A). Initially, the CRISPR-Cas system consisted of a spCas9 protein coupled with
RNA duplex of transactivating-CRISPR RNA (tracrRNA) and CRISPR RNA (crRNA) (tracrRNA:crRNA)

(Figure 11.A). The 5’ sequence of crRNA is composed of 20 nucleotides (nts) RNA sequence (spacer
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sequence) complementary to the DNA target site and the 3’ sequence contains CRISPR repeat
sequences able to base pair with the 5' sequence of tracrRNA. Therefore, tracrRNA:crRNA duplex
forms a guide RNA structure able to recognize DNA sequence, spacer, and recruit the Cas9 enzyme,
via the 3" tracrRNA scaffold , to perform DSBs at the target site (Jiang and Doudna, 2017). Currently,
a fused guide RNA (gRNA) was engineered with 5° RNA complementary sequence for DNA target
site (20 nucleotides spacer) and a Cas9-RNA binding structure in 3' (Figure 11.B). For cutting the
intended DNA, the Cas9/gRNA complex needs to find the 20 nts sequence complementary to the g-
RNA, flanked to its 5' by a short 3 nts, proto-spacer-adjacent motif (PAM) sequences, which is fixed
and depends on the specific Cas used, for SpCas9 the NGG motif (N = A, T, C, or G). Once the DNA
target sequence is recognized, the Cas9 nuclease induces a blunt-end DSB 3bps upstream of PAM
sequence (Figure 11.A) (Doudna and Charpentier, 2014; Liu et al., 2022). CRISPR-Cas9 system can be

employed with a gRNA or multiplex gRNA to target multiple locus or to induce large DNA deletion.

1.2.3  DNA repair

Upon DSB, 3 main pathways of DNA repair can take place (Figure 12) :

DSB
e = = X
| NHEJ lH[;Foaabp l MMEJ

Figure 12) The 3 way of DNA reparation upon DSB adaptated from (Yanik et al, 2018). NHEJ : Non-

homologous end joining, HDR : Homology-directed repair, MMEJ : Microhomology-mediated end joining.

Non-homologous end joining (NHEJ) is an error prone pathway resulting in insertion and/or deletion
(indels) of few nts at the cleavage site. It could result in a reading frame shift or a premature stop

codon insertion that disrupt the normal gene function and is mainly used to knock-out (KO) genes.
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Homology-directed repair (HDR) aims at targeted insertion of sequence of interest or correct a spe-
cific gene via homologous recombination. In fact, HDR relies on a template DNA containing large
homology arm (HA) surrounded cleavage site to precisely insert a DNA sequence. Upon CRISPR-cas9
editing, single-stranded oligodeoxynucleotides (ssODNs) or double-strand DNA, delivered via viral
vectors, non-viral vectors, or transfection methods, can be used as template DNA in the targeted
genomic locus.

Microhomology-mediated end joining (MMEJ) results also into DNA sequence integration or correc-
tion, but required minimal HA (5-25bps) around the cutting site and results in indels generation at

the targeted site (Yanik et al., 2018).

) e

Figure 13) Mechanisms of DNA reparation depends on the cell cycle (adapted from Taleei and Nikjoo,

2013). S : DNA replication phase, M : Mitosis, G1 & G2 : interphase

The mechanism of cells reparation upon DSB depends on the cell cycle phase that is composed of 4
phases : the S phase corresponding to the DNA replication phase, Mitosis (M) phase leading to cells
division and 2 interphases : G1 & G2 (Figure 13). NHEJ is mainly active during interphase, while HDR
is preferentially used during S and G2 phases explaining the low HDR events in non-dividing cells
such as HSCs. Finally, the MMEJ reparation mechanism is involved during G1 and S phases (Figure

13) (Taleei and Nikjoo, 2013).

CRISPR-Cas 9 technology has a wide range of application from disruption of gene to study its
function or insertion of DNA sequence into the break site via HDR or MMEJ reparation. The last one

represent one of the promising approach to treat monogenetic disorder (S. Ferrari et al., 2021).
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1.24 Targeted integration

To treat monogenic disorder, a functional copy of the mutated gene can be targeted either into its
natural locus under the control of its physiological promoter (Figure 14.A) or under the control of a
superactive promoter (Figure 14.B) or into a tolerant to integration locus (Figure 14.C) (Pavani and
Amendola, 2020). All together, these strategies aim to produce strong and efficient therapeutic

proteins at a physiological or supraphysiological level to correct the monogenic disorder.

Integration strategies Advantages Disadvantages
A Endogenous locus transgene Physiological Gene-specific
. transgene strategy
xmtx---.—nm expression Limited to gene
,X, Corrects body mutations

multiple mutations

B Superactive Accommodates Partial gene
promoters (ALB, Enh \ . different disruption
HBA) W transgenes Limited to non-cell
X Supraphysiological autonomous
expression disorders
Few Extensive
integrations required validation required
C Tolerant to Accommodates Artificial promoters
integration = = different required
(AAVS1, CCRS5, xmm transgenes Variable expression
Rosa26) X

Figure 14) The different integration strategies and their advantages/disadvantages (adapted from
Pavani and Amendola, 2020)

Developing such strategies in ex vivo GT requires both efficient editing in the targeting locus and
delivery of DNA template into HSCs nucleus. The most adopted method for ex vivo editing consists
of electroporation of Cas9 and gRNA Ribonucleoprotein (RNP) complex that results in efficient
editing with a reasonable cytotoxicity in HSCs (Lattanzi et al.,, 2019). Polymer-based nanoparticles
have recently emerged as new delivery system for nuclease in HSCs resulting a lower toxicity and a
better LT-HSCs reconstruction (El-Kharrag et al., 2022). The DNA template delivery methods upon
DSBs are based on 2 approaches : Viral or non-viral and mostly rely on HDR-based integration

(Drysdale et al., 2021).

38



1.2.4.1 Viral based HDR strategy

Viral based HDR-method mainly relies on the transduction of HSCs with Adeno associated virus (AAV)
or Integrative deficient LV (IdLV). AAVs has been discovered as contaminant of Adenovirus
preparation. In fact, AAVs belong to the family of Parvoviridae and requires co-infection with a helper
virus as adenovirus for its replication. AAV genome is 4,7 kbp ss-DNA flanked by Inverted Terminal
Repeats (ITRs), essential for virus replication and packaging signal, and encodes 2 genes : rep and
cap respectively for viral replication and capsid subunits. The cap gene determines the viral tropism
and encodes also for the assembly activating protein (AAP) involved in the virus assembly. 12 natural
serotypes have been identified with different tissue tropism, e.g., AAV-2 targeting especially brain,
eyes, and liver. Moreover, human presents a high seroprevalence of AAVs ranging from 15% to 90%

depending on serotypes without cause any disorder (Wang et al., 2019; Meier et al., 2020).
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Figure 15) A: Representation of AAV infection into eukaryote cells (adapted from Wang et al, 2019 ) Upon
virus entry, the viral ss-DNA is released and could be converted into ds-DNA (ssAVV) or not (scAAV). ITR
sequences lead to viral genome circularization B : Structure of AAV construction used for gene integration
must contain a therapeutic transgene that may be expressed either by an exogenous or endogenous

promoter upon targeted integration (from Li and Samulski, 2020)
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The cell infection with AAV depends on recognition of glycosylated cell surface receptor that result
in virus endocytosis. Cytoskeletal system traffics viral endosome through nucleus to deliver viral
genome (Figure 15A). Upon AAV infection, viral genome can integrate in AAV integration site 1
(AAVST) locus due to homology of ITR and Rep gene for this locus (Wang et al., 2019). To be used as
vectors of gene therapy, AAVs have been engineered to avoid viral replication by removing from
their genome replicative and capsids genes. Only ITRs sequences have been conserved as they are
mandatory for viral production and transgene expression (Figure 15.B)(Li and Samulski, 2020). There
are 2 types of recombinant AAVs (rAAV) : single stranded AAV (ssAAV) and self-complementary AAV
(scAAV). The ssAAV are transcriptionally inactive and must be converted to dsDNA in the nucleus to
be transcribed. Whereas scAAVs are designed to be dsDNA and can be directly transcribed. ITR
sequences result in circularization of rAAV that can persist into the nucleus. The removal of rep gene
decreases the genome integration of AAVs in AAVST (Wang et al., 2019). In ex vivo GT, AAV6 capsid
provides the highest tropism for HSCs and has been employed to target insertion of gene of interest.
To assure efficient HDR, AAV6 has been designed to encode transgene of interest with long
homology arms (~ 300-800bps) for the targeted locus (Azhagiri et al., 2021). The expression of the
transgene depends on the promoter (Figure 15). AAV6 HDR-donor has been tested to correct X-SCID
(Rai et al., 2020) and metabolic defects (Gomez-Ospina et al., 2019; Scharenberg et al., 2020).
Nonetheless, AAV6 infection results in cytotoxicity reducing the LT-HSCs repopulation and limiting
their employment (Romero et al., 2019). Besides, AAV ITRs remain the most integrated sequence into
the targeted locus in HSCs and are transcriptionally active suggesting possible gene transactivation
around integration site (Ferrari et al., 2022). Therefore, other safer delivery templates are currently

under investigation among them IdLV vector.

IdLVs are integrase defective lentiviral vector due to mutations disrupting reverse transcriptase en-
zymatic activity or interaction with key cellular cofactors (Qamar Saeed et al., 2014) and have been
developed initially to avoid insertional mutagenesis (Banasik and McCray, 2010; Azhagiri et al., 2021).
The IdLV generation and production are similar of LV in the exception that for the production the
pol plasmid encoding the mutated integrase must be used (Vijayraghavan and Kantor, 2017). IdLVs
are used in HDR strategy due to cargo potential up to ~ 10kbs. Romero et al., 2019 compares IdLV
and AAV6 donor templates after ZNF or CRISPR-Cas9 editing on sickle cell disease (SCD) and shown

40



that IdLV is less cytotoxicity with a limited HDR efficiency compared to AAV6. Besides, improvement
of IdLV transduction has been shown to enhance HDR frequency in LT-HSCs with less genotoxicity
compared to AAV vector (Ferrari et al.,, 2022). Thus, AAV or IdLV HDR-method could integrate con-
catemer of full or partial viral transgene into the CRISPR-Cas 9 DSBs affecting the safety of the strat-
egy (Hanlon et al., 2019; Wang et al,, 2017) and, therefore, required better safety assessment and

development of alternative technology.

1.2.4.2 Non-viral HDR based method

One of the non-viral HDR based method relies on ssODN delivery into the desired locus. sSODN is a
short oligo (~ 200 nts) flanked by two homology arms (HA) of 30-60 nts allowing insertion into the
locus of interest. sSODNR-HDR based method is easier to design and implement and results in
efficient HDR in HSCs but it is limited by its small DNA size that can correct only precise mutated
portion of gene (Azhagiri et al., 2021). Plasmid based method has been also used to provide DNA
template upon nuclease cleavage. For instance, the homology-independent targeted integration
(HITI) using NHEJ reparation machinery. In the strategy, plasmid encoding transgene of interest is
flanked with the same gRNA sequences that is used to delete the gene targeted. Upon nuclease,
both the genomic DNA and plasmid are cleaved generating DNA deletion in the locus of interest
that could be repaired via NHEJ machinery using plasmid as template. With this method, the
orientation of the transgene is mediated with gRNA direction (Suzuki et al., 2016). The HITI strategy
has been recently employed in murine HSCs and result in a rescue of X-SCID phenotype (Byambaa
et al., 2021) offering a non-viral based method to deliver a full functional gene. More recently,
CRISPR-HITI has been adapted for AAVs in vivo delivery in retina and liver. It requires co-delivery of
an AAV encoding spCas9 and an AAV coding the cassette of interest flanked by two gRNA targets
similar to the one targeting the genomic DNA for in vivo linearization. Upon cutting, NHEJ reparation
induces stop codon on the endogenous gene and the precise integration of the start codon and
transgene results in expression of the inserted sequence (Tornabene et al.,, 2022). A similar strategy,
precise integration into target chromosome (PITCH), has been employed using MMEJ reparation
machinery in which the plasmid contains gene of interest surrounded with small homology arms for

the targeted locus. The system has been used in vitro into human and animal cells (Nakade et al,
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2014 ; Sakuma et al., 2015) and in vivo in Fah-/- mice to integrate Fah donor sequence into its natural

locus (Yao et al.,, 2017).

1.2.5 CRISPR drawbacks

An important drawback of CRISPR-cas9 system is the off-target editing than can occur out of the
locus of interest. In fact, gRNA can tolerate few mismatch and therefore can target non-desired DNA
sequence affecting its expression (Cullot et al., 2019; Kosicki et al., 2018). Nowadays, online software
such as CRISPOR used for gRNA selection provides prediction of potential off-target sites (Concordet
and Haeussler, 2018). Off-target editing could be evaluated in vitro using Digenome-seq or SITE-seq
technique: purified genomic DNA is CRISPR/Cas9 cleaved with gRNA of interest. After cutting, a
library of fragmented sequences is next generation sequenced and aligned with a reference genome.
The identification of off-target sequence(s) is based on the detection of Indels into the fragmented

DNA compared to the genome of reference (Atkins et al., 2021).
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Figure 16) Representation of IdLV capture and GUIDE-seq for the experimental determination of gRNA
off-target (adapted from Tasan and Zhao, 2017).

The in cellulo identification of off-target site is based on capturing of either ds-ODN (GUIDE-seq Tsai
et al,, 2015) or IdLV into the DSB sites induced by the nucleases (Gabriel et al., 2011; Wang et al.,

2015). Then, the site(s) of integration are amplified and sequenced with next-generation sequencing
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(Figure 16) (Tasan and Zhao, 2017). The sequencing data are mapped on the human genome to
identify the locus of insertion thus the off-target nuclease site(s) (Gabriel et al., 2011; Wang et al,,
2015). In order minimize off-target events and maximize the on-target edition, new Cas9 orthologes
have been studied with different PAM recognition sequences such as Cas 12 (type V CRISPR-cas) or
Cas13 (Type VI) (Cebrian-Serrano and Davies, 2017; Gasiunas et al., 2020) and High Fidelity (HiFI) Cas

9 was also engineered (Vakulskas et al., 2018).

CRISPR-Cas9 editing has been reported to induce on-target chromosomal re-organization as large
deletion, loss of allele heterozygosity, chromothripsis or chromosome loss which could result in
cancer development and therefore require careful evaluation (Cullot et al., 2019; Wen and Zhang,

2022).

In addition, DSBs result in the activation of p53-mediated DNA damage response (DDR) that induces
cell growth arrest and the apoptosis of edited cells. AAV-mediated delivery of DNA template triggers
a cumulative effect of p53 activation in HSCs and results in a decrease of cell proliferation and
engraftment efficiency (Schiroli et al., 2019). Temporary inhibition of P53 was reported to increase
the percentage of editing (Haapaniemi et al, 2018) and HDR-mediated DSB repair. Finally, pre-
existing humoral response with anti-Cas9 antibodies was found in human serum as well as anti-Cas9
T cells in human donor blood limiting the in-vivo delivery of CRISPR-Cas9 system (Charlesworth et

al., 2019; Wagner et al., 2019).

1.2.6  Alternative to CRISPR-Cas9 systems

The inactivation of one of the two active domains of Cas9 nuclease results in nickase Cas9 (nCas9):
D10A that cleaves the targeted DNA strand or H840A cleaving the gRNA complementary DNA se-
qguence. nCas9 gives raise to base (BE) and prime editor (PE) technologies to precisely edit gene of
interest without inducing DSB. Also, nCas9 offers the advantage to reduce indels at off-targets and

chromosomal rearrangement (Cullot et al., 2019).
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Figure 17) Base editor and prime editor strategies to precisely edited a locus of interest without inducing
DSB (adapted from Uddin et al., 2020). A: Base editor is composed of cytosine base editor (CBE) inducing
C to T conversion and adenine base editor (ABE) inducing A to G modification. B: Prime editor uses

pegRNA to insert a small nucleotide sequence (up to 44 nucleotides) upon reverse transcription.

BE consists of nCas9 fusion with either deaminase such as Cytosine base editor (CBE) changing C:G
to T:A and Adenine base editor (ABE) editing A:T to G:C (Figure 17.A) (Uddin et al., 2020). PE instead
consists of nCas9 fused with a reverse transcriptase complex with a prime editing guide (peg) RNA.
The pegRNA is a template for insertion of the desired modification via reverse transcription (RT). It
is composed of primer binding site to initiate the RT and a template containing the desired edit. The
reverse transcriptase synthetizes complementary DNA from template containing the desired
modification on the targeted site. Upon RT, the 5’ flip DNA containing the non-desired mutation is
cleaved during DNA reparation (Figure 17.B) (Uddin et al., 2020). Contrary to BE that modify a single

base, PE could tolerate insertion up to 44 bp of desired genetic modification (Anzalone et al., 2019).
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Whereas the inactivation of the 2 nuclease domains of Cas9 results in dead Cas9 (dCas9) able to bind
DNA on a targeted locus without inducing cleavage. dCas9 can be fused to different enzymes such
as transcriptional repressor (CRISPR interference) or activator (CRISPR activator), methylase,
demethylase in order to regulate gene expression by altering transcription or chromatin context

(Kanafi and Tavallaei, 2022).
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2 HEMOGLOBINOPATHIES

2.1 ERYTHROCYTES

2.1.1  From HSCs to erythrocytes

Erythrocytes are a major blood component involved in the oxygen transport via their tetrameric
protein : hemoglobin (Hb). In human, RBCs circulate in bloodstream with a lifespan of 120 days and
everyday = 200 billons of RBCs are produced from HSCs differentiation called erythropoiesis
(Hattangadi et al.,, 2011; Caulier and Sankaran, 2022).
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Figure 18) Erythroid differentiation from HSCs with the cytokines involved and the cell marker surface
(adapted from Caulier and Sankaran, 2022; Munley et al., 2022). CMP : common myeloid progenitor,
CFU-GEMM : multipotential colony-forming unit; MEP : megakaryocyte erythroid progenitor; BFU-E :

blast-forming unit-erythroid; CFU-E: colony-forming unit-erythroid

The different steps of erythropoiesis are represented in the Figure 18. In brief, this 14-days
differentiation results in massive Hb production, nucleus condensation and enucleation in
reticulocytes. The early phase of differentiation occurs in the BM niches and result in erythroid-

committed progenitors. While the late phase of differentiation takes place in erythroblastic island in
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BM composed of macrophages able to phagocyte nuclei from erythroid-precursors enucleation
(Figure 18) (Dzierzak and Philipsen, 2013; Caulier and Sankaran, 2022). Erythropoiesis requires
cytokines to control and activate downstream regulatory pathways among them : IL-3 is involved in
the proliferation of early erythroid-committed progenitors, SCF to enhance the proliferation and
survival of BFU-Es and CFU-Es and the kidney-derived cytokine erythropoietin (EPO) to promote the
expansion of mature precursors from CFU-E to orthochromatic reticuloblast (Hattangadi et al., 2011;
Caulier and Sankaran, 2022). The final maturation into erythrocytes occurs into the blood circulation.
Along with differentiation, cell surface markers change and allow to follow erythroid-cell population
by flow cytometry and to enrich for a population of interest (Caulier and Sankaran, 2022; Munley et

al., 2022) .

2.1.2 Hemoglobin
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Figure 19) A: Representation of globin synthesis in function of gestational ages (adapted from Cantu
and Philipsen, 2014) and B: adult hemoglobin (HbA) structure (adapted from Ahmed et al, 2020;
Dailey and Meissner, 2013)

The oxygen-carrier protein hemoglobin in adults is composed of 2 pairs of globin-like chains : o
associated with B-like chains either 3 or & or y-chains. Each globin chain contains a heme acting as a
cofactor. In embryo, erythroid cells from the yolk sac produce embryonic Hb composed of the pre-

a chains : & and B-like chains : € or y-chains (Figure 19.A). At 12 week of gestation, fetal hemoglobin
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(HbF) composed of a- and y-globin chains (a2y2) is expressed from erythroid cells located in spleen
and liver. After birth, the adult Hb (HbA) is predominant (95%) and is composed of 2 a-chains
coupled with 2 B-chains (a.2f32), while the HbF decreases to reach only 1% of total Hb 6-month after
birth (Figure 19. A) (Cantu and Philipsen, 2014; Clarke and Higgins, 2000; Dzierzak and Philipsen,
2013). Heme is synthetized during erythroid differentiation from proerythroblast following 8
enzymatic reactions. It consists of a porphyrin ring with iron atom Fe2+ able to bind 1 oxygen (O>)
molecule (Figure 19.B). HbA contains 4 heme and therefore carries 4 molecules of O, (Ahmed et al.,
2020; Dailey and Meissner, 2013; Pittman, 2011) to be delivered into organs and tissues. Also, heme
regulates the transcription of different genes upon cis Heme Responsive Elements (HRE) binding or

to modulate its own production or others erythroid specific proteins (Chiabrando et al., 2014).

2.1.3 Globin expression

The a-globin gene are located in the chromosome 16, while 3-globin like genes are found in a cluster
on the chromosome 11. Diploid cells encode for 4 a-globin genes and 2 B-globin genes. The
expression of the different of B-like globin chains are closely regulated by the locus controlling region
(LCR) that contains chromatin opening and DNA enhancer elements as 5 DNase hypersensitive sites

(HSs) within 200-400 bps size and separated from each other by 2-4 kbps (Liang et al., 2008).
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Figure 20) Representation of the transcriptional loop of « and y-globin synthesis (adapted from
Cavazzana et al, 2017). A: The fetal hemoglobin is composed of the 2 y- and 2 « chains. B: The adult
hemoglobin results in the switch of globin expression from y- tof- globin chains and is therefore

composed of the 2 - and 2 a-chains.
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The LCR forms a regulatory loop able to interact with B-globin chains via a pentametric structure
composed of 2 transcriptional activators : GATA1 and E2A, a transcription co-factor : TAL-1, a
transcriptional regulator element : LMO2 and loop formation and stabilization protein : LDB1 (Figure
20) (Brandt and Koury, 2009; Kim and Dean, 2012; Katsumura et al., 2013). GATA1 is a master
regulator of Hb subunit expression and heme biosynthesis and is involved in megakaryocytes,
eosinophils, and mast cells maturation. The GATA1 recognition DNA motif consists of
(A/T)GATA(A/G) sequence present in the cis-regulatory elements of globin promoter. Upon LCR
binding, GATA1 recruits the RNA polymerase Il to initiate transcription (Katsumura et al., 2013).
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Figure 21) Representation of BCL11A and ZBTB7A inhibition of y-globin synthesis resulting in the fetal
to adult hemoglobin switch (from Caulier and Sankaran, 2022). Both transcriptional factors bind -

globin promoter and recruit actors of DNA condensation to inhibit the y-globin chains expression.

The formation of a pentameric complex composed of the transcriptional co-regulator B cell
lymphoma/leukemia 11A (BCL11A) and ZBTB7A (called also LRF), a transcriptional factor, on the f-
globin locus prevents y-globin expression and is responsible of the switch from fetal to adult HbA
(Figure 21). In fact, BCL11A and ZBTB7A transcriptional factors bind y-globin promoter and recruit
the chromatin remodeling complex NuRD that condensate chromatin and block the y-globin
expression (Cavazzana et al., 2017; Caulier and Sankaran, 2022). Natural mutation(s) in the y-globin
promoter removes the y-globin repression and results in a persistent expression of HbF described as
hereditary persistence of fetal hemoglobin (HPFH) (Cavazzana et al., 2017; Caulier and Sankaran,

2022).
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2.2 HEMOGLOBINOPATHIES

The 2 main B-hemoglobinopathies are sickle cells disease (SCD) and B-thalassemia, both of them

result in patient anemia and represent each year 400 000 affected births (Frati and Miccio, 2021).

2.2.1 Sickle cell disease

The SCD is caused by a A-to-T point mutation in the B-globin gene resulting in a E6V amino acid
substitution in B-globin chains (B°) forming Hemoglobin S (HbS). SCD is mainly found in sub-Saharan
Africa, the Mediterranean basin, the Middle East, and India due to the malaria protective effect of the

HbS. Migration flux increases the spread of the disorder in the world.

In deoxygenated condition, HbS polymerizes since in B° chain the residue V6 can connect the
phenylalanine and leucine residues in positions 85 and 88 of adjacent HbS (Cavazzana et al., 2017).
This polymerization damages erythrocytes by forming an inflexible sickle RBCs. As consequence,
sickled RBCs cause hemolytic anemia and vaso-occlusion that result in ischemic damage to tissues
triggering pain and organs failure such as acute chest syndrome. Overtime, chronic complications
can occur as vasculopathy (pulmonary hypertension, cerebral vascular disease ...) or progressive

organs dysfunction (liver damage, renal failure ...).

The severity of SCD depends on the polymerization of HbS that correlate with the amount of Hb in
RBCs. Patient suffering from SCD could have different hemoglobin traits improving their phenotype
as o-thalassemia traits or as expression of HbF caused by HPFH due to mutation in y-globin
promoter. In a-thalassemia, 1 or 2 copies out of the 4 a-globin genes are deleted decreasing a-
globin production and thus Hb formation. The reduction of Hb in SCD patient presenting o-
thalassemia traits could decrease HbS polymerization and severity of the disorder and increase
patient survival (Belisario et al., 2010; Rumaney et al., 2014; Piel et al., 2017). Moreover, the production
of HbF caused by disruption of BCL11A or ZBTB7A y-globin repression reduces also HbS

polymerization.
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Figure 22) Representation of the HbS, HbF and hybride HBF/HbS structure, (from Eaton and Bunn, 2017).

In fact, y-globin chains can form hybrid Hb (Figure 22) : (cyB®) that can polymerize less efficiently
with HbS due to the glutamine at position of 87 of y-globin chains which is less favorable of lateral

contact with Valine 6 of B*-chains (Eaton and Bunn, 2017).
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Figure 23) Genetic and nongenetic factors influencing the severity of SCD (from Piel et al, 2017). The
severity of the phenotype depends on the levels of HbF and the number copy of a-globin gene and

could also be influenced by non-genetic conditions as the humidity, the altitude and the infections
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Others environmental factors have been described to influence HbS polymerization such as climatic
and meteorologic factors, air quality and infectious disease (Figure 23). Current treatments consist of
hydroxyurea that relies on increase HbF and prevents patient from acute pain and chest syndrome,
on penicillin prophylaxis in children, and on blood transfusion. Allogenic HSCT represents a curative
option SCD patient. In fact, 20% of donor granulocyte chimerism is sufficient to produce 100% of
normal RBCs thus correct the SCD phenotype (Drysdale et al., 2021). Nevertheless, HSCT suffers from
severe limitations such as the availability of suitable donors and remains quite expensive especially

for lower-income countries.

2.2.2 B-thalassemia

B-thalassemia results in a wide range of mutations in the 3-globin genes from single point mutation
to large deletions affecting 1,5% of worldwide population. Mutation in B-globin genes triggers a
decrease of B-globin production thus amount HbA. As for SCD, the B-thalassemia are mainly found
in from Africa to south Europe and middle East toward Southeast Asia. The severity of the phenotype
relies on the underlying mutation: B* indicates a mild mutation(s) with a relative decrease of B-globin
chains expression; B° corresponds to a severe mutation(s) resulting in complete abrogation of B-
globin chains synthesis. Absence of B-globin chains causes a-globin chains precipitation in erythroid
precursors and erythrocytes which are associated with impairs erythropoiesis and hemolysis

(Cavazzana et al,, 2017; Taher et al., 2021).

3 forms of disease have been described :

- B-thalassemia minor, an asymptomatic form, resulting from heterozygous mutation(s) of the
B-globin gene that is associated with no hematologic impairment (3-thalassemia silent carri-
ers).

- B-thalassemia intermediate results in mild anemia and symptoms that occurs later in life and
are transfusions independent although they may undergo blood transfusion occasionally

(pregnancy, surgery, during infection or childhood ...)
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- B-thalassemia major suffers from severe anemia and symptoms in earlier life-stage that re-

quire lifelong treatment and are transfusion-dependent for their survival

B-thalassemia intermediate and major forms are caused by either heterozygous or homozygous
mutations in B-globin genes. The diagnosis of patients is based on physical examination, family
history and on hemoglobin electrophoresis or high-performance liquid chromatography (HPLC)

(Taher et al., 2021).
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Figure 24) Representation of the phenotype of thalassemia patients, (from Taher et al, 2021). A: Represent

Hematologic and
other cancers

the risk factors of p-thalassemia patient that could suffer from anemia caused by hemolysis induced by a-

globin precipitation. B: Represent all the complications that could develop S-thalassemia patient
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As consequence of impaired Hb, B-thalassemic patients suffer from hypercoagulability, anemia,
primary iron overload that result in complications such as thrombosis, hepatomegaly, liver fibrosis
(Figure 24). The ineffective erythropoiesis induced by B-thalassemia results in blockage in the
erythroid differentiation in polychromatic erythroblasts and in erythroid precursors death (Taher et

al,, 2021).

In SCD, two condition can reduce the amount of free a-globin chains : i) a-thalassemia trait, which
decreases the severity of the disease caused by a-globin chains precipitation; ii) expression of y-
globin chains which replaces the B-globin and reduces the imbalance between a-globin chains and
B-globin chains and ameliorates the phenotype (Taher et al,, 2021; Magrin et al., 2019; Cavazzana et
al, 2017). The management of the disorder not only relies on blood transfusion but also on iron
chelation and splenectomy. The treatment of transfusion-dependent B-thalassemia relies on drug
administration as luspatercept therapy and on allogenic HSCs transplantation. Luspatercept therapy
consists of injection of a recombinant protein able to increase the erythroid maturation, but it
required frequent injections and long-term efficiency is still under evaluation. Allogenic HSCT results
in 90% of disease free-survival in children transfusion dependent, but are limited by availability of

suitable donors and its cost (Taher et al.,, 2021).

In order to offer a curative treatment for both SCD and B-thalassemia, ex vivo GT approaches have
been developed and mainly focus on the insertion of a functional B-globin gene or enhancement

the HbF synthesis.

2.3 EX VIVO GENE THERAPY FOR HEMOGLOBINOPATHIES

2.3.1 Lentiviral-based gene therapy

Insertion of a functional copy of healthy -globin gene (HBB) in patient’s HSCs offers the opportunity
to produce heathy B-globin chains correcting the HbS precipitation in SCD and adjusting the normal
HbA synthesis in B-thalassemia. Long-term HBB insertion takes advantage of SIN-LVV transduction

to deliver therapeutic transgene into HSCs (Cavazzana et al., 2017; Drysdale et al., 2021).

54



Overtime, several constructions have been tested in clinical trials (described in
https://clinicaltrials.gov/) to maximize the -globin chains production while reducing LVV insertional

mutagenesis (Figure 25).
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Figure 25) Representation of different LV constructions used to treat S-thalassemia in clinical trials

(adapted from Cavazzana et al, 2017; Drysdale et al,, 2021)

In 2007, a HPV569 LVV construction encoding a modified HBB gene with anti-sickling property
induced by T87Q substitution in B-globin chains has been tested in clinical trial in France for -
thalassemia. The BT87Q-globin gene was inserted under control of 3 LCR HS site from B-globin
promoter (HS2, HS3, HS4, Clinical trial : LGOO1 phase 1/2) using chicken B-globin HS4 chromatin
insulator (cHS4) to reduce the neighboring gene transactivation upon genome integration. The B-
thalassemic patient becomes transfusion independent 1 years after GT, but insertion analysis reveals

a clonal dominance of integration in high mobility group AT hook 2 (HMGAZ2) gene (Cavazzana-Calvo
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et al, 2010). In 2013, a France (NCT02151526) and international (NCT01745120) clinical trials started
for both B-thalassemia and SCD with SIN-LVV BB305 encoding BT87Q-globin. The BB305 vector
developed contains 5'LTR cytomegalovirus promoter and the cHS4 was removed due to its low viral
production and transduction efficiency as well as its ability to induce vector rearrangement
(Cavazzana et al., 2017; Drysdale et al., 2021). The GT in B-thalassemic patient results in reduction or
abrogation of blood transfusion without development of integration clonal dominance (Thompson
et al., 2018). In SCD patient treated in the French clinical trial an increase of Hb 15 months after GT
has been described but with a modest clinical benefit (Ribeil et al., 2017). Improvement on the CD34+
mobilization by using Plerixafor alone instead of BM harvest and myeloablation with Busulfan
provide better outcome in SCD patient with an absence of blood transfusion and severe SCD
complications (Kanter et al., 2019). SIN-LV BB305 are now under evaluation in a phase 3 clinical trials

for SCD open for younger pediatric patient (NCT04293185) (Drysdale et al., 2021).

In 2015, GLOBE SIN-LV clinical trial (NC702453477) started in Italy with vector encoding WT HBB
under control of B-globin promoter and only 2 LCR HSs from B-globin promoter (HS2 and HS3)
(Miccio et al, 2008). In the GT trial, patients undergo treosulfan and thiotepa myeloablation
conditioning and corrected CD34+ were injected directly in the BM cavity. Pediatric patients undergo
successful HSC engraftment with a stable vector integration and become transfusion independent

after GT (Marktel et al., 2019).

In order to reach a curative level of hemoglobin in SCD, a B-globin chain able to overcompete the
affinity for a-globin chain of the B*-globin chain is required (Levasseur et al., 2004). Therefore,
alternative therapeutic transgenes have been proposed as the y-globin transgene (NCT02186418) or
anti-sickling B-globin (AS3) transgene containing 3-point mutations leading to T87Q, E22A and G16D
substitutions (NCT02247843) that have higher affinity for a-globin that B*-globin as consequent
inhibit HbS formation. The two LVs strategies show successful engraftment and therapeutic benefice
for patient. Consequently, HBB addition with LVV transduction of patient HSCs provides a clear

therapeutic benefit for SCD and B-thalassemia patients.
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2.3.2 Gene editing-based gene therapy

Alternative HSCs corrections have been proposed based on gene editing to enhance HbF production

or correction of the underlying B-globin mutation.

2.3.2.1 HDR-correction on underlying SCD mutation :

HDR correction of the pathologic B-globin locus relies on the delivery of exogenous DNA donor
template containing homology arm (HA) for the targeted locus (B-globin gene). The donor sequence

can be carried by ssODN, or viral vectors as IdLV or rAAV6.
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Figure 26) Representation of the - globin gene repair consisting of replacement of mutated portion

of f-globin gene (adapted from Frati and Miccio, 2021).

HDR-based correction has been developed in SCD using RNP complex targeting B-globin locus in
the E6V point mutation and HBB template delivered (Figure 26) with ssODN (DeWitt et al., 2016) or
AAV6 (Dever et al, 2016). In SCD HSCs cells, the implementation of HDR correction results in a
sufficient production of HbA improving SCD RBCs phenotype. In xenotransplantation, the HDR
corrected population declines suggesting that HDR is less efficient in LT-repopulation HSCs (DeWitt
et al, 2016). Recently, HDR-modified CD34+ using RNP electroporation and ssODN has been
evaluated in SCD rhesus macaque and shown successful engraftment of edited CD34+ in PB at 3-4

months but the required therapeutic threshold (20%) wasn't reached due to low HDR (around 1%)
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ratio (Uchida et al., 2021, 2019). HDR-based therapy has been evaluated for B-thalassemia in patient-

derived iPSCs and concentrated on disease-causing point mutation (Frati and Miccio, 2021).

2.3.2.2  Strategies to restore y-globin expression :

Both for SCD and B-thalassemia, the expression of HbF ameliorates the disease phenotype. To restore
the synthesis of y-globin, CRISPR and ZNF based technologies have been designed to delete the
GATA1 binding site of BCL11A erythroid specific-enhancer thus disrupting its expression. In fact,
BCL11A is a repressor of y-globin synthesis, therefore blocking the expression of BCL11A by
disrupting its GATA1 transcription factor binding site will restore the expression of y-globin in
erythroid cells. The CRISPR-based therapy gives rise to 2 clinical trials for SCD (NCT03745287) and
B-thalassemia (NCT03655678) started in 2018. One year after treatment, the patients treated show
successful engraftment of modified CD34+ with a high level of editing (80 % and 60%, respectively).
Both patient produce HbF and become transfusion independent with a elimination of vaso-occlusion

events for SCD patient (Frangoul et al., 2021).

In 2018, a clinical trial with ZNF-based strategy (NCT03432364) started for B-thalassemia. All 5
patients undergo successful autologous transplantation of edited CD34+ that result in on-target
indel generating a BCL11A KO, disrupting BCL11A expression in any blood cells and increasing HbF
synthesis in erythroid population. Nonetheless after 1 to 2 years of GT, the level of HbF drop down

by 64% requiring blood transfusion resumption (Smith et al., 2019; Walters et al., 2021).

Both CRISPR-Cas9 and ZNF nuclease induce DSB that remains quite toxic for cells and could result
in chromosomal rearrangement. Moreover, off-target editing could be also observed with CRISPR-
cas9 systems that is a major concern for - hemoglobinopathies gene editing due to strong sequence
homology among B-like globin locus. Therefore, base editing strategy for -hemoglobinopathies are
now under investigation to precisely modified a desired sites without inducing DSB (Antoniou et al,,

2021; Frati and Miccio, 2021).
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Base editing can be applied to reactivate the HbF by generating HPFH mutations or by disrupting
erythroid-specific enhancer of BCL11A. Different point mutations have been tested to mimic HPFH
modifications at position : -115 & -114, -198, or -175 of the y-globin promoter 1/2 using optimized
ABE and lead to respectively 20%, 50% and 58% of modifications able to restore a strong y-globin
expression. Moreover, precise edition of GATA1 binding site in BCL11A enhancer using ABE to
convert 2 A>G sites leads to strong editing (90%) and restores HbF up to 32% in erythroid

differentiated SCD HSCs improving erythropoiesis in B-thalassemic patient (Antoniou et al.,, 2021).

2.3.2.3 Base editors to correct the SCD mutation :

Base editor has been proposed as a new strategy to correct the underlying mutation in SCD. The
current A>T mutation cannot be corrected with BE in SCD. Nonetheless, ABE can be applied to
generate a Makassar allele (HbG) described to be non-pathologic by converting GTG codon to GCG
triplet coding for Alanine. New engineering ABE nuclease was able to correct 45 to 80% of SCD allele
in SCD HSCs and produced 52 to 72% of HbG in erythroid differentiated cells rescuing the SCD
phenotype (Brendel and Williams, 2020; Antoniou et al., 2021).

Base editor represents a promising therapeutic approach for SCD but some challenges remain as BE
delivery and possible off-target activity. Prime editing could offer another therapeutic benefit since

it manages to correct the SCD mutation in HEK293T cells (Anzalone et al,, 2019).
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3 LYSOSOMAL STORAGE DISORDER AND GENE THERAPY

3.1 ROLE OF LIVER AND INBORN ERROR OF METABOLISM

3.1.1  The liver

The liver is one of the largest human organs with a weight around 1,4 kg in adults and is divided in
2 functional units called lobules. The liver plays a central role to maintain body homeostasis via the
synthesis, the degradation, and the metabolism of a wide range of complex molecules. Basically, liver
is able to convert the nutrients absorbed from gut into useable substances for the body. It manages
the storage of these substances and their release upon body request. Liver is also the organ of
detoxification as is able to degrade toxic compounds in harmless substances that can be, further
later, eliminated. The liver synthetizes the bile that is delivered in the digestive tract via the bile duct
aiming to digest lipids. Liver plays a role in the coagulation as it produces factors of clotting and in
the degradation of old RBCs. In fact, the liver is responsible of 85% of synthesis of the circulating

protein volume (Trefts et al.,, 2017).
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Figure 27) Structure of the liver with the 3 zones and all different cell types involved in liver function

as hepatocytes, stellate or Kupffer cells aiming to degrade and synthetize organic compounds

(adapted from Trefts et al,, 2017).

Liver is composed of different cell types as hepatocytes, sinusoidal endothelial cells, stellate cells
(storage of vitamin A), and macrophages as Kupffer cells. Hepatocytes are primary epithelial cells
involved in the metabolic activity of the liver (Figure 27). The sinusoidal endothelial cells are located
between blood circulation and hepatocytes and form pores to allow the exchanges of proteins and
particles between plasma and liver cells. Meanwhile, macrophages eliminate pathogens, endotoxins
and contribute to the clearance of cellular debris via their phagocytosis ability (Trefts et al., 2017).
Each liver lobule is composed of 3 zones, the blood circulation in liver is driven be a sinusoid network
in which the oxygen-rich blood from the hepatic artery is mixed with nutrient-rich blood from portal
circulation Then blood progress through the 3 zones to reach the central vein, during blood flowing
oxygen is absorbed and the hepatocytes process with the different metabolism activities (Figure 27).
In fact, Zone 1 is involved in oxidative metabolism : gluconeogenesis, bile formation, and cholesterol
formation while the zone 3 plays a role in detoxification, lipogenesis and glycogen synthesis (Kalra
et al.,, 2022). The metabolic activity of hepatocytes differs in function of the lobules zones and is

tightly regulated by the gene expression activation.
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3.1.2 Lipids metabolism

3.1.2.1 Lipid’s structure and transporters

Lipids are essential macromolecules degraded by hepatocytes. They act as source of energy
production and are involved in the synthesis of vitamins, hormones, bile acid, cellular membranes,

and cell signaling.
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Figure 28) Representation of the 3 main lipids in human : Fatty acid saturated or unsaturated,

triglycerides and phospholipids (adapted from Chandel, 2021).

The 4 main lipids in human are fatty acid (FA), cholesterol, phospholipids, and triglycerides (TG). FAs
are organized in function of the number of carbon bonds and the presence (mono or poly-
unsaturated FA) or not (saturated FA) of double bonds (Figure 28). Phospholipids and triglycerides
derive from FA. In fact, phospholipids are 2 FAs linked with glycerol, a glucose derived product, and
a polar molecule as choline while TG are FAs combined with glycerol (Figure 28). The hydrolysis of
TG into FAs and glycerol is mediated by lipase enzyme and called pB-oxidation. It occurs only in the
liver and remains a large source of energy when blood level of glycose is low. In contrary, the FA
synthesis is regulated by metabolites from glycolysis as citrate and palmitoyl-CoA, by hormones or

posttranslational modification of enzymes. Cholesterol is a precursor of vitamins D and steroid
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hormones as testosterone or estrogen. Cholesterol and phospholipid are essential components of
membranes within the cell. Cholesterol could also be synthetized in liver by the enzyme : HMG-CoA

reductase from Acetyl-coA ,a metabolite of glycolysis (Nguyen et al., 2008; Chandel, 2021).

Mainly, lipids are coming from the digestion and are transported in circulation by 4 types of
lipoproteins (Figure 29), all of them differing by their level of protein, phospholipid, cholesterol and

triglyceride or by their functions (Callahan et al., 2020).
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Figure 29) Composition of the different lipoproteins to transport lipids from digestion through liver

% of Particle Mass

or tissues (adapted from Callahan et al, 2020). VLDL : very-low density lipoprotein, IDL :
intermediated density lipoprotein, LDL : low density lipoprotein HDL
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3.1.2.2 Lipids absorption and degradation
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Figure 30) Representation of transport of lipids from intestine to tissue cells with the different

lipoproteins involved (adapted from Callahan et al., 2020).

The transport of lipids from intestine to tissue is schematized in Figure 30. Initially, the transport of
lipids from the digestive tract are mediated by chylomicron. In enterocytes, FAs are converted into
TGs while cholesterol is esterified to form cholesterol-esters (CEs) and both are packaged into
chylomicrons. Chylomicrons are then released into the lymph and further later in the bloodstream to
be uptake by skeletal tissues or adipocyte. The tissues lipoprotein lipase (LPL) degrades TG from
chylomicron into FAs and glycerol that can be used as energy sourced or stored. Hydrolysis of TGs
results in a size decrease to form chylomicron remnant enriched of CE. Chylomicron remnants are
then captured by liver and CEs are used to form very-low-density- lipoproteins (VDHL), bile acid or
hormones. VDHL transports TGs and CEs into peripheral tissues that degrade TG into FAs while CEs
are concentrated in intermediated density lipoprotein (IDL) particle, then in low density lipoprotein

(LDL). LDLs continue to circulate in bloodstream and deliver cholesterol and TG into peripheral
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tissues. The production rate of LDLs is regulated by cholesterol content of hepatocytes and by the
LDL-receptor (LDL-R) activity in the liver that mediate the internalization of LDL: High activity due to
high level of LDLs in circulation reduced the LDLs production. In peripheral tissues, the release of
cholesterol reduces the activity of HMG-CoA reductase and the production of LDL-receptor. In fact,
cholesterol from LDL is delivered in the lysosome and move toward endoplasmic reticulum (ER) to
inhibit the production of LDL-receptor. As the level of cholesterol is already high in hepatocytes and
peripheral tissues, there is no need to further increase the amount of cholesterol into cells by LDL-

uptake. Excess of circulated LDL leads to atherosclerosis.

Finally, high density lipoprotein (HDL) is produced by peripheral tissues when cholesterol is in excess
and corresponds to reverse cholesterol transporter require to transport excess of cholesterol into the
liver. Macrophages play a central role in this HDL formation and maturation. Thus, HDL delivered in

the liver serves to bile formation or are released into bile (Feingold, 2000; Callahan et al., 2020).

3.1.3 Inborn error of metabolisms

Inborn error of metabolisms (IEMs) is caused by genetic defect on a metabolic pathway resulting in
an impairment on metabolic function disrupting homeostasis. IME was first described in 1909 by Sir
Garrod, but it was not until the discovery in 1948 by Beadle and Tatum that biochemical systems are
regulated by specific genes and that metabolic dysfunctions were associated with genetic mutations
in the corresponding gene. Nowadays, around 1000 IEMs have been described with a cumulation
incidence around 1/800. IEMs are classified based on the group of enzyme defectives, the
accumulated toxic substrates or affected organelles. Therefore, IEMs are heterogenous groups of
disease including amino acid disorders, fatty acid oxidation diseases, mitochondrial dysfunctions,
lipid storage diseases and lysosomal storage disorders (LSD). The genetic defect can be caused by
point mutations, deletions, insertions, or chromosomal rearrangements that lead to either a loss of
active enzyme, or transporter or co-factor triggering dysfunction on the metabolic pathway or toxic
accumulation of metabolites. Disease burden depends on the residual enzymatic activity and clinical
manifestation may start from birth to adulthood. Therefore, the diagnosis relies on genetic tests and

enzymatic assays that are available as newborn screening or prenatal diagnosis. Management of
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IEMs includes specific diet, enzyme replacement therapy (ERT), substrate inhibition or even organs

transplantation (Mak et al., 2013; Ezgu, 2016).

3.2 LYSOSOMAL STORAGE DISORDERS

3.2.1 Lysosome

LYNUS machinery
" Lysosomal membrane 5 L@l ijfl
. proteins SRR \T ; y
i ) ¢ V-type | Transporters |
H* ATPase © o © |
VP2 8 e ° W%
Cytosol ° ° . NPC1 255
Lysosome membrane — ° iAbins >
® o Lumen Yo IR
& -
=R °© o e o
LIMP2 &5
o
> (<}
P s ° Microtubules
- - B °
pmean e MCOLN1 (e
fusion proteins | 4
Hydrolases - 3
© Proteases: cathepsins lon channels |
© Glycosidases

@ Lipases © Nucleases

Figure 31) Structure and composition of lysosome (adapted from Platt et al., 2018)

Lysosomes are intracellular acidic organelles (pH 4.5-5.5) playing a central role in cellular homeostasis
performing complex molecule degradation and cell signaling. Lysosomes are composed of a single
phospholipid membrane including membrane proteins, transporters, and ion channels. Among them,
transporters as lysosome-associated membrane protein 2 (LAMP2) allow the transport of substrates
from cytoplasm to lysosome; ion channels as mucolipin 1 (MCOLNT1) fine-tune the ion concentration
in lysosomes; the lysosomal nutrient-sensing machinery (LYNUS) is responsible for the sensing of
nutrient environment within lysosome (Figure 31). The mobility of lysosomes in the cytoplasm is
mediated via microtubules that interact with the lysosome-associated membrane protein 1 (LAMP1)
and their acidification is driven by a ATP proton pump (V-type H* ATPase) (Platt et al., 2018; Lawrence
and Zoncu, 2019). The lysosomal lumen contains around 100 lysosomal proteins, mainly hydrolases
that are activated in acidic environment and able to degrade lipids, nucleic acids, proteins, and

carbohydrates. Lysosomes degrade products from endocytosis, phagocytosis, or autophagy of
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cytoplasmic compound as ERs, mitochondria or other lysosomes and export the digestive products
to serve as new building blocks. Nonetheless, the role of lysosome is not limited to degradation and
recycling, as it is involved also in cells signaling and in energy or amino acid sensing (Lawrence and
Zoncu, 2019; Yang and Wang, 2021). Lysosomes can interact also with other cytoplasmic organelles
as mitochondria or ERs to mutually regulate homeostasis. Lysosome biogenesis is closedly linked to
intra- and extra- cellular signals to conserve their own homeostasis. The generation of new lysosomal
vescicle by fission requires hydrolase synthesis and post-translational modification adding an
oligosaccharide group phosphorylated : mannose 6-phophate (M6P) that can be specifically
recognized via Mannose 6-phosphate receptor (M6P-R) present into early-endosome. Early-
endosome are then maturated to late-endosome and later in lysosomes (Platt et al., 2018; Yang and

Wang, 2021).

3.2.2 Lysosomal storage disorders

LSD are subfamily of IEMs, that cause around 70 monogenic diseases mainly autosomal recessive or
X-linked inherited. LSDs are the result of mutation(s) in gene encoding lysosomal proteins (nucleases,
lipases, glucosidases ...) or membrane transporters that generate accumulation of toxic substrates
(lipids, proteins, carbohydrates) impairing the normal function of the lysosome. Due to its role in
complex molecules degradation, the liver is often affected by LSDs even if the severity of the
impairment depends on the deficient gene product. Macrophages (Knupfer cells in liver or microglia
cells in the central nervous system (CNS)) play also a central role in clearance of cells debris and
impaired metabolic products resulting in a dysfunction on this immune population in LSD that can
trigger inflammation and worsen disease progression (Parenti et al., 2021; Platt et al., 2018; Ezgu,
2016). Overall, the incidence of LSD is around 1:5000 live births, but taking individually the
monogenic disorders incidence are rare : 1:50000 - 1:250 000 live births. Although the LSD prevalence
increases in some ethnicities due to founder effect (Platt et al., 2012, 2018). The most common LSDs

are represented in the table 1.
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Table 1) List of the major LSDs with the corresponding deficient enzyme, compound accumulated, and

main tissues affected with or without CNs involvement (adapted from Platt et al,, 2018)

LSDs are heterogenous disorders, but common clinical phenotypes have been described in LSD

patients as hepatomegaly and splenomegaly. Other phenotypes can be observed according to the

nature of toxic accumulation as cardiac involvement in Pompe disease or CNS dysfunction in Hurler

syndrome or metachromatic leukodystrophy. The severity of the disease depends mainly on the

mutation(s) that cause either an early onset of the disease in pediatric patients (severe form) or a late

onset in young people or adults (mild to asymptomatic form) (Platt et al., 2018; Ezgu, 2016). In LSD
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caused by deficiency of hydrolase (Table 1), the severity of the disease corresponds with the residual

enzymatic activity.

The diagnosis of LSD is based on clinical symptoms, on determination of toxic compound
accumulation as measure of glycosaminoglycans in the urine for Mucopolysaccharidoses (MSP). The
final diagnosis consists in enzymatic activity assays in peripheral blood mononuclear cells (PBMCs)
and single gene sequencing (Parenti et al., 2021; Platt et al., 2018). Nonetheless, diagnosis of late-
onset form remains delayed due to the non-specific clinical symptoms which are weakness or
abnormal movement or ataxia or mild muscular impairment for Pompe disease (Platt et al., 2018).
Alternative approaches have been tested to better understand the LSD phenotype such a
transcriptomic analysis, genome-wide association studies (Parenti et al., 2021). In order to decrease
the incidence of LSD, carrier screening to identify couple that carries a mutation(s) for the same
metabolic gene could be applied. Also newborn screening would increase the efficiency of the
treatment but, it is performed only for disorders that have a suitable treatment (Platt et al., 2018). For

LSD, there are 5 main therapeutic strategies :

- Enzyme replacement therapy (ERT) is a common treatment for LSD caused by hydrolase de-
ficiency (Table 1) and consists of an intravenous injection of the recombinant missing enzyme
aiming to degrade the lysosomal toxic accumulation. In patient, enzyme delivered by blood-
stream could be uptake via M6P-R receptor present on the surface of many cell types and
targeted to the lysosomes to replace the missing enzymatic function. Nowadays, all diseases
presented in the Table 1 have a corresponding ERT. The treatment improves the patient clin-
ical phenotype and increases lifespan but remains quite expensive and required weekly ad-
ministration throughout the patient's lifetime. ERT is limited by the development of immune
response against the recombinant enzyme that can decrease the treatment efficiency and
lead to anaphylactic shock. Thus, ERT is also not able to cross the blood brain barrier to cor-

rect the neurological impairment and is inaccessible for certain organs as cardiovascular sys-
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tems or ocular function (Platt et al., 2018). In order to improve the targeting or pharmacoki-
netic of ERT, second generation of enzymes have been build up as glycoengineered GAA for

Pompe disease (Parenti et al., 2021).

HSCT : The principle is similar than ERT instead of enzyme injection, healthy cells will produce
the missing protein. Upon HSCT, BM-derived cells from healthy donor can produce functional
enzyme that can correct affected tissues via cross-correction. While improving clinically fea-
tures, the production of missing enzyme upon HSCT remains low and doesn't reach a correc-
tive level for patients. For Hurler syndrome, HSCT remains the standard care treatment as it
prevent neurological impairment that cannot be corrected with ERT (Nagree et al., 2019; Platt

et al.,, 2018).

Substrate reduction therapy (SRT) consists of the use of chemical molecule to prevent from
substrate toxic accumulation. For now, SRT has been approved only for Sphingolipidoses
(Hurler syndrome and Niemann-Pick disease) and inhibit the glycosphingolipid biosynthesis.
SRT is easier to employ as its orally administrated and doesn’t induce immune response, but
patients may undergo adverse effects due to drug metabolization. Thus, SRT requires to well
understood the underlying metabolic pathways to find the proper reaction to block. Other
SRTs have currently under clinical trials for Fabry disease or MSPIII (Platt et al., 2018). For
some LSDs as LAL-D, diet management can prevent substrate absorption and therefore its

accumulation.

Liver transplantation : The transplantation of healthy liver from donor could be an alternative
option for LSD to reduce the hepatic and peripheric organs burden (Liu et al., 2019). None-
theless, due to the multisystemic defect of LSD, liver transplantation doesn’t prevent from
disease progression and therefore not provide a long-term curative treatment for some LSDs

(Ramakrishna et al., 2022).
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- Exvivo GT : Correction of patient’s HSCs represents an promising approach to treat LSD since
they could lead to supraphysiological expression of lysosomal enzyme and cross-correct af-
fected tissues. Modification of patient’s HSCs prevent GAVHD and allows to treat patient with
no-matched donor. Thus, expression of enzyme by HSC-derived cells should be less immu-

nogenic than ERT (Saif et al.,, 2012).

The development of new therapeutic options can also take advantage of cell-based screening to
identify candidate molecules for LSD (Parenti et al., 2021). Drug screening in Niemann-Pick type C
patient fibroblasts by cell image-based quantification of lysosomes with specific marker as LAMP-1
or toxic accumulated products as cholesterol with Filipin staining resulted in the discovery of new
chemical drugs improving the cellular homeostasis (Pugach et al., 2018). Using such cell-based assay
to quantify lysosomes and them content using specific probes has been employed in other LSDs in
order to find therapeutic treatments or to follow the disease phenotype (Xu et al., 2012; Aguisanda
et al, 2017). Cell image-based vesicle quantification can also take advantage of newly developed
image flow cytometry (IFC) to further enhance the specificity and the precision of the measurement.
In fact, IFC combines flow cytometry that allows the single cell analysis of fluorescence signal or
scatter light from cells in suspensions with microscopy imaging that take a real image of the acquired
cells. Finally, the localization and the number of the fluorescence events into acquired cells can be
visualized and quantified with IFC algorithm. IFC has been recently employed for macrophage
phagocytosis analysis (Mochalova et al., 2022), or extracellular vesicles analysis in human plasma

(Woud et al., 2022) paving the way to use IFC as diagnosis or drug discovery pipeline for LSD.
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3.2.3 Lysosomal acid lipase (LAL) deficiency

The lysosomal acid lipase (LAL) is an enzyme involved in the degradation of TGs and CEs in the
lysosomes in almost all cell types, especially macrophages and hepatocytes. LAL is activated by acidic
pH and hydrolyzes CE and TG into free cholesterol (FC) and free fatty acid (FFA) that serve as source
of energy by fatty acid oxidation, membrane formation or biosynthesize of cholesterol-derived

compounds (Li and Zhang, 2019).
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Figure 32) Representation of the LAL enzyme as a prepropeptide and LAL export, post-translational

modification, lysosomal activation and extracellular secretion (adapted from Li and Zhang, 2019).

LAL hydrolase is a 399 amino acids prepropeptide. To be active, post-translational glycosylation of
LAL enzyme is required. Protein gel electrophoresis of LAL purified results in 2 protein bands at 41
and 56 kilodalton (kda). The 56 kda represents the propeptide with the elimination of the 27 amino
acids signal peptide. The signal peptide is cleaved in the lumen of the ER and then LAL traffics
through the Golgi apparatus to undergo post-translational modification especially M6P modification
that is present in all soluble LAL form. The 41 kda corresponds to the LAL enzyme without it 49 amino
acid of propeptide sequence that is cleaved in the lysosomes (Ameis et al., 1994; Zschenker, 2004;
Braulke and Bonifacino, 2009). As other lysosomal enzyme, LAL could be secreted in small amount
and uptake via M6P-R, even if the mechanism of LAL secretion is not clear (Figure 32) (Li and Zhang,

2019).
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The LAL is encoded by the lipase A (LIPA) gene (10g23.2-23.3, 10 exons, NCBI entry : 3988). 120 L/PA
mutations have been identified and are associated with LAL deficiency (LAL-D), an autosomal
recessive LSD. LAL-D triggers CEs and TGs accumulation in tissues and organs especially in the liver,
spleen, intestine, and macrophage, resulting in multi-organs failure. The severity of the disorder
depends on the remaining amount of functional enzyme. 2 forms have been characterized :
cholesterol esters storage disorder (CESD, prevalence 1/40 000 live births), less severe with later-
onset, with around 2-12% of functional enzyme; Wolman disease (WD prevalence 1/100 000 live
births), severe form of the disorder with early-onset, with less than 2% of functional LAL enzyme. The
diagnosis of LAL-D is based on the clinical phenotype, residual LAL activity from blood spot and on
the sequencing of the underlying mutation(s) (Witeck et al., 2022; Vijay et al., 2020; Li and Zhang,
2019). LAL-D patients suffer from hepatomegaly, splenomegaly, and hyperlipidemia without CNS
involvement (Table 1). WD patients undergo difficulty to thrive, intestinal malabsorption and adrenal
gland calcification, all of them leading to a premature death in first year after birth without treatment.
CESD patients present a milder clinical feature with premature atherosclerosis and cardiac affection

that could result in death in childhood or adolescence if not treated (Witeck et al., 2022).
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Figure 33) Representation of the LAL function into healthy cells (adapted from Gomaraschi et al,, 2019).
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In healthy cells, LDLs delivered into cytoplasm via endocytosis are targeted to the lysosomes and
transported CEs and TGs are then hydrolyzed to FC and FFA (Figure 33). The high FCs amount
inactivate transcription factors, as sterol regulatory element-binding proteins (SREBPs) that regulates
FA and cholesterol synthesis, cholesterol efflux or LDL uptake by controlling the LDL-R expression.
CEs and TGs are stored in lipid droplet (LD) that are degraded by LAL upon autophagy. In adipocytes,
FFAs are released in bloodstream or stored as TG while in hepatocytes, TGs are packaged into VLDL
to be delivered in all tissues. In immune cells, LAL enzyme plays a central role in cell proliferation and
activation due to the energy requirement for those process (Gomaraschi et al., 2019; Li and Zhang,
2019). In hepatocytes, LAL-D results in an increase of VLDL secretion and the decrease of FCs activate
SREBP promoting lipid synthesis and blocking cholesterol efflux and HDLs synthesis. In the liver, the

lipid accumulation occurs both in hepatocytes and Kupfer cells (Gomaraschi et al., 2019).

To further understand the LAL mechanism of action, a LAL-deficiency mouse (LAL -/-) model has
been generated (Du, 1998). LAL-/- mouse undergoes massive lipid accumulation in liver, spleen, small
intestine resulting in hepatomegaly, splenomegaly. The LAL-/- model mimics the CESD phenotype
in terms of survival (7-8 months) but the lipid accumulation resembles to the severe form of the
disease: WD (Du, 1998). In this model, the decrease of cholesterol efflux and the increase of
cholesterol content result in macrophage activation and myeloproliferation with an increased tissue
infiltration of myeloid derived suppressor cells (MDSCs) (Ding et al., 2014). Moreover, accumulation
of lipids impairs also the T-cell maturation in thymus and spleen leading to decrease of circulating
mature T-cells (Qu et al,, 2009; Li and Zhang, 2019; Gomaraschi et al., 2019). LAL-/- model adapts to
lipid homeostasis disruption by promoting the use of glucose as energy source and results in plasma
glucose reduction, as well as reduced liver glucose and glycogen (Du et al., 2001). Deficiency of LAL

causes also respiratory inflammation and modification of alveolar structure (Lian et al., 2004).

ERT is the standard care after LAL-D diagnosis and consists of weekly intravenous administration of
recombinant LAL enzyme called Sebelipase (Kanuma®, Alexion Pharmaceuticals, Inc.). This non-
curative treament improves the lifespan of patients and the clinical features mainly the liver function.

Nonetheless, ERT has be associated with the development of antibodies against the recombinant
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enzyme in 9% of treated patient, remains very costly and its long-term efficacy is still under
evaluation (Burton et al.,, 2022; Vijay et al., 2020). HSCT could be also used for LAL-D and shows
normalization of liver function but is associated with high procedure morbidity and is quite limited
by the donor suitability or GAVHD (Tolar et al., 2009; Potter et al., 2021). Liver transplantation from
healthy donor has been also employed in LAL-D patient but it is not sufficient to prevent from disease

progression (Bernstein et al., 2018).

3.3 GENE THERAPY FOR LSD

To treat LSD, there are several GT strategies that target either hepatocyte via in vivo GT or HSCs upon
ex vivo GT. Both strategies are based on classical gene replacement, addition or correction using
LVVs, AAVs, or genome editing. The main advantage of GT for LSD comes from the ability of the
produced enzyme by corrected cells to be secreted and uptake via M6P-R to correct even non-

modified cells and cross-correct affected tissues.

LVV-based ex vivo GT was first developed for metachromatic leukodystrophy (MLD) (Biffi et al., 2013)
and is now under clinical trials (Phase 1/2 : NCT01560182, Phase 2 : NCT03392987, Phase 3 :
NCT04283227). MLD is caused by arylsulfatase A (ARSA) deficiency and results in severe neurological
impairment due to toxic accumulation of sulfatides in central and peripheral nervous tissues that
lead to neuroinflammation and demyelination. The GT consists of recovering CD34+ from early-
onset to late juvenile MLD patient, transduction with LVV particle encoding ARSA cDNA under the
control of the ubiquitous human phosphoglycerate kinase promoter (PGK) and re-infusion of
corrected HSCs after busulfan myeloablation. The conditioning and the transplantation allow to
replace the pathologic microglia in brain by ARSA overexpressing microglia aiming to improve the
neurological function in MLD patient. Recent data from the NCT01560182 clinical trial shown a stable
HSCs engraftment and an efficient ARSA expression (up to 18-fold) that improve early-onset of MLD.
GT results in a motor skill acquisition and normal cognitive development especially in patient treated
before symptoms appearance. No clonal dominance was observed, but 4 patients out of 26 alive

developed transient antibodies against the ARSA enzyme (Fumagalli et al,, 2022).
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Different ex vivo GT have applied for other LSDs using different promoter to drive the expression of
the therapeutic transgene in cell specific population as macrophage or erythroid population or both.
In fact, the Mucopolysaccharidosis Type IlIA, a neurogenerative LSD caused by the deficiency of
sulfamidase, was initially treated with a spleen focus forming virus (SFFV) promoter encoding the
lysosomal enzyme sulfamidase (SGSH) gene but results in a low correction of the behavior
abnormalities compared to standard HSCT in MSPIIIA mouse model (Langford-Smith et al., 2012).
The employment of myeloid-specific CD11b promoter results instead in an efficient correction of the
neurological impairment in mouse model and put in light the fundamental aspect of using the proper

cell type to treat LSD (Ellison et al., 2019).

This LVV construction is currently under investigation in phase 1/2 clinical trial (NCT04201405). Ex
vivo GT under clinical trials evaluation (Table 2) mainly relies on the expression of therapeutic
lysosomal enzyme via specific as myeloid promoter for MSPIIIA or ubiquitous promoter as elongation
factor 1o (EF1a) for Fabry disease: NCT02800070, (Huang et al., 2017; Khan et al,, 2021), PGK for
MLD and Mucopolysaccharidosis Type | (Hurler syndrome, deficiency of IDUA) : NCT03488394
(Gentner et al., 2021).

Disease Gene cDNA | promoter | Clinical trials | Phase Clinical data
Fabry disease GLA EFla NCT02800070 I Khan et al., 2021
Metachromatic NCT01560182| I/l F“maggg'zet al.,
'e“k?&yig)ophy ARSA PCGK  INCT03392087 i
NCT04283227| Il|
Hurler syndrome |  IDUA PGK  |NCT03488394| 1/l Gemgg;ft al.,
Mucopolysacchari-
dosis Type 1A SGSH CD1lb |NCT04201405| I/l

(MSPIIIA)

Table 2) Sum-up of ongoing clinical trials for LSD with the promoter used and the clinical trials and

references of data
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Meanwhile, other promoters have been tested to maximize the expression and secretion of functional
enzyme to cross-correct tissues. Among them, erythroid specific expression of enzyme has been
tested for Hurler syndrome, a LSD caused by deficiency of IDUA and affected heart and liver function
(Wang et al., 2009). Erythroid lineage restricted expression of transgene could decrease the risk of
oncogenes activation and results in a strong secretion in bloodstream of the therapeutic enzyme
without interfering with the hemoglobin synthesis. Finally, RBCs delivery would reduce the
immunological response against the therapeutic enzyme (Grimm et al., 2015). In fact, for hurler
syndrome the erythroid secreted IDUA results in supraphysiological production of enzyme able to
correct Hurler phenotype even in the CNS. Authors claims that even with low gene transfer (<1%),
the erythroid secretion of enzyme would provide a clinical benefit for patient. Lastly, a combined
promoter with B-Globin LCR and EF1a short promoter provides a strong erythroid expression while
conserving the white blood cells expression. Such promoter associates the production of therapeutic
enzyme in bloodstream with the production by other HSC derived cell as macrophage to provide
local enzyme into affected tissues (Montiel-Equihua et al., 2012). LVV-based HSCs correction using
B-Globin LCR-EF1a promoter has been recently applied for Pompe disease. Pompe disease is caused
by deficiency in acid a-glucosidase (GAA) that results in glycogen accumulation impairing the heart
and skeletal muscle function. The transplantation in a mouse model of LVV B-Globin LCR-EF1a
expressing GAA results in stable engraftment and GAA expression correcting the cardiac and muscle

phenotype (Piras et al., 2020).

Alternative of blood re-infusion of the LVV corrected HSCs, an intracerebroventricular injection has
been evaluated by injecting LV-ARSA CD34+ into immunosuppressed mouse model to replace
microglia by overexpression ARSA microglia without required BM transplantation. It results in
extensive and quicker repopulation of microglia in brain with more ARSA expressing microglia
compared to conventional blood ARSA corrected CD34+ re-infusion (Capotondo et al., 2017).
Intracerebroventricular injection would be helpful for LSD with neurological impairment by

increasing the enzyme producing microglia.
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Genome editing strategy has been also tested for Hurler syndrome by integrating the IDUA cDNA
into the CCR5 safe-harbor locus. In this strategy, human HSCs were edited with RNP complex
targeting the CCR5 locus and then transduced with AAV6 particle encoding IDUA c¢cDNA under the
control of PGK promoter. Then corrected cells were transplanted in IDUA-/- immunocompromised
mice. Authors achieve efficient gene knock-in : 44 % in peripheral-blood HSCs resulting in IDUA
expression especially in liver and spleen leading to a decrease of toxic glycosaminoglycans (GAG)
accumulation, but no IDUA were found in the brain (Gomez-Ospina et al., 2019). This gene editing

paves the ways of universal platform for LSD genetic correction.
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4 THESIS INTRODUCTION AND OBJECTIVES

In ex vivo GT, targeted integration of a functional copy of a mutated gene into a safe harbor locus
provides a suitable therapy to treat wide range of monogenic disorder. In this context, we exploited
the a-globin locus (HBA) as a safe harbor locus to develop a universal platform for expression and
secretion of therapeutic proteins into erythroid cells. In fact, HBA locus expressed high a-globin chain
(around 1,5g/day) and the loss of 3 out of 4 HBA genes is asymptotic (Vichinsky, 2013). Therefore,
hijacking the HBA promoter should result in high transgene expression without interfering with the
normal Hb formation. LV- correction of HSCs using erythroid promoter demonstrated the ability of
erythroid cells to produce B-globin chains (described introduction Part 2.2.1) and to support the
secretion of functional proteins as clotting factor (Chang et al., 2006) or metabolic enzyme as IDUA
for Hurler syndrome (described Introduction part 3.3, (Wang et al,, 2009)). Due to the abundance of
erythroid cells in human (5X10° RBCs/microliter of blood) and the high HBA expression in erythroid
population, HBA targeted platform would require minimal editing and integration events to
maximize the protein production reducing potential off-target and toxicity due to editing and DNA

donor delivery.

My two main thesis objectives were i) the evaluation of the therapeutic potency of hijacking the HBA
promoter for both B-globin chain expression in B-thalassemia context and metabolic enzyme
secretion for erythroid delivery of the missing protein for metabolic diseases and ii) characterization

of LAL-D and development of LV-based ex vivo gene therapy for the disease.

During my thesis, | participated in the evaluation of CRISPR-based knock-in (KI) in HBA locus for j-
thalassemia which combined reduction the a-globin expression caused by HBA deletion and
insertion of B-globin gene into HBA locus to restore the a/f imbalance (Described Result Part 6.1).
Then, we applied the HBA targeted platform for erythroid expression and secretion in bloodstream
of therapeutic proteins as clotting factors IX responsible of Hemophilia B and different lysosomal
enzymes as a-galactosidase (GLA) responsible of Fabry disease, Iduronidase (IDUA) responsible of

Mucopolysaccharidosis and Lysosomal acid lipase (LAL) responsible of Wolman disease (WD)
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(Described Result Part 6.2). We then focused on the optimization of LIPA cDNA transgene to enhance
the LAL expression and secretion (Described Result Part 6.3.1). For this purpose, | developed LVVs
encoding LIPA cDNA under erythroid promoter to produce LAL in mature erythroid cells. The
optimized LIPA transgene will serve for LVV-based ex vivo GT for LAL-D treatment and for our HBA
targeted platform in the purpose of enhancing the LAL expression while minimizing the targeting
integration events required to fully correct the LAL-D. Finally, we set-up a multimodal cytometry
approach using flow cytometry and image flow cytometry (IFC) to better characterize LAL-D
phenotype and to evaluate the therapeutic potency of GT. We evaluated this pipeline on WD patient’s
fibroblasts, on LIPA KO engineered Jurkat cells and on PBMCs for LAL-D mouse model (Described
Result Part 6.3.2). This approach could be applied as a follow-up pipeline for LAL-D patient or to

assess therapeutic effect of viral construction or production slot.
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5 MATERIALS AND METHODS

5.1 CLONING AND LENTIVIRAL PRODUCTION

5.1.1 Cloning of LIPA transgenes into plasmids

Genscript (https://www.genscript.com) performed the LIPA cloning in plasmids encoding an
erythroid promoter (HS2HS3 B-globin LCR). All the LIPA transgenes have been synthetized and
cloned in pCCL_HS2HS3_B-globin_GFP_WPRE by removing GFP sequence and integration of LIPA
transgenes using restriction enzymes: PspLl and Xhol. The sequence of LIPA cDNA without signal

peptide and with HA-Tag was:

GGGAAACTGACAGCTGTGGATCCTGAAACAAACATGAATGTGAGTGAAATTATCTCTTACTGGGGATTCC
CTAGTGAGGAATACCTAGTTGAGACAGAAGATGGATATATTCTGTGCCTTAACCGAATTCCTCATGGGAG
GAAGAACCATTCTGACAAAGGTCCCAAACCAGTTGTCTTCCTGCAACATGGCTTGCTGGCAGATTCTAGTA
ACTGGGTCACAAACCTTGCCAACAGCAGCCTGGGCTTCATTCTTGCTGATGCTGGTTTTGACGTGTGGATG
GGCAACAGCAGAGGAAATACCTGGTCTCGGAAACATAAGACACTCTCAGTTTCTCAGGATGAATTCTGGG
CTTTCAGTTATGATGAGATGGCAAAATATGACCTACCAGCTTCCATTAACTTCATTCTGAATAAAACTGGC
CAAGAACAAGTGTATTATGTGGGTCATTCTCAAGGCACCACTATAGGTTTTATAGCATTTTCACAGATCCCT
GAGCTGGCTAAAAGGATTAAAATGTTTTTTGCCCTGGGTCCTGTGGCTTCCGTCGCCTTCTGTACTAGCCCT
ATGGCCAAATTAGGACGATTACCAGATCATCTCATTAAGGACTTATTTGGAGACAAAGAATTTCTTCCCCA
GAGTGCGTTTTTGAAGTGGCTGGGTACCCACGTTTGCACTCATGTCATACTGAAGGAGCTCTGTGGAAATC
TCTGTTTTCTTCTGTGTGGATTTAATGAGAGAAATTTAAATATGTCTAGAGTGGATGTATATACAACACATT
CTCCTGCTGGAACTTCTGTGCAAAACATGTTACACTGGAGCCAGGCTGTTAAATTCCAAAAGTTTCAAGCC
TTTGACTGGGGAAGCAGTGCCAAGAATTATTTTCATTACAACCAGAGTTATCCTCCCACATACAATGTGAA
GGACATGCTTGTGCCGACTGCAGTCTGGAGCGGGGGTCACGACTGGCTTGCAGATGTCTACGACGTCAAT
ATCTTACTGACTCAGATCACCAACTTGGTGTTCCATGAGAGCATTCCGGAATGGGAGCATCTTGACTTCAT
TTGGGGCCTGGATGCCCCTTGGAGGCTTTATAATAAAATTATTAATCTAATGAGGAAATATCAGGGAGGG
AGCGGCTATCCCTATGACGTGCCTGATTACGCCGGCACAGGATCCTACCCCTATGATGTGCCTGACTACG
CTGGCAGCGCCGGATACCCTTATGATGTGCCTGATTATGCTTAA
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With the Stop codon in red and HA-tag highlighted in yellow. All sequences started with Kozac

sequence: CACC

Sltgi:;zl(rs):;) i C\IZ:’::n DNA sequences of signal peptide Ref
WT LIPA sp1 ATGAAAATGCGGTTCTTGGGGTTGGTGGTCTGTTTGG- Unit-
TTCTCTGGACCCTGCATTCTGAGGGGTCTGGA prot
a-1 anti- sp2 ATGCCGTCTTCTGTCTCGTGGGGCATCCTCCTGCTGGCAGGCCTGT
trypsin GCTGCCTGGTCCCTGTCTCCCTGGCT
Iduronate SPE ATGCCGCCACCCCGGACCGGCCGAGGCCTTCTCTGGCTGGG-
2-sulfatase TCTGGTTCTGAGCTCCGTCTGCGTCGCCCTCGGA (Puzzo
Chymotryp- sp7 ATGGCTTTCCTCTGGCTCCTCTCCTGCTGGGCCCTCCTGGGTAC- etal.,,
sinogen B2 CACCTTCGGC 2017)
Ptf::;ai :}:’ cpg |ATGGCCTCCAGGCTGACCCTGCT-
bitor GACCCTCCTGCTGCTGCTGCTGGCTGGGGATAGAGCCTCCTCA
Serum al-
bumin pre- P9 ATGAAGTGGGTAACCTTTATTTCCCTTCTTTTTCTCTT- (Kober
) TAGCTCGGCTTATTCC
protein et al.,
Azurocidin spro |ATGACCCGGCTGACAGTCCTGGCCCTGCTGGCTGG- 2013)
preprotein TCTGCTGGCGTCCTCGAGGGCC

Table 3) The DNA sequences and related genes of signal peptides used for LIPA constructions

The plasmids were analysed by digestion profile using restriction enzymes and by sequencing. To

increase the amount of plasmids Maxiprep were performed according to the manufacturing protocol

(Nucleobond Xtra Maxi EF, Macherey-nagel).
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The codon optimizations of SP8 LIPA construction have generated using 3 softwares :

Software Online link
IDT https://eu.idtdna.com/pages/tools/codon-optimization-tool
Genescript | https://www.genscript.com/codon-opt.html?page _no=1&posi-
tion no=2&sensors=googlesearch
Thermofis- | https://www.thermofisher.com/fr/frlhome/life-science/cloning/gene-
her synthesis/geneoptimizer.html

Table 4) Software used for codon optimization

The sequences of LIPA optimization are presented in the patent : EP 20 306524.8

5.1.2 Lentiviral production

The production of SIN-LVV vectors was performed by transient transfection of HEK 293T with
packaging plasmid : pMDLg/p.RRE, plasmid encoding reverse transcriptase : pK.REV, and with VSV-
G pseudotyped envelope plasmid, and with our plasmid encoding LIPA transgene. 24h after
transfection, cell medium was changed, and LVVs were recovered at 48h and 72h. Then, LVVs were
filtrated with 0.22 um Polyethersulfone (PES) membrane (Corning) and concentrated using
ultracentrifugation 19 000 rpm for 2h (Beckman, LE-80K Ultracentrifuge). After ultracentrifugation,
the supernatant was removed, and LVVs were resuspended in X-Vivo 20 (Lonza) and stored at -80°C.
LVVs were titrated in HCT116 cells and HIV-1 Gag p24 content was quantified using ELISA (Perkin-

Elmer) according to manufacturer’s instructions.
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5.2 CELL CULTURE

52.1 K562

K562 (ATCC® CCL-243) cells were maintained in a RPMI 1640 medium supplemented with 2 mM
glutamine (Gibco by Life Technology), 10% fetal bovine serum (FBS, BioWhittaker, Lonza), 10 mM
HEPES, 1 mM sodium pyruvate (Gibco) and penicillin and streptomycin (100U/ml each,

LifeTechnologies).

522 (CD34+ HSCs

hHSCs cells were recovered from cord blood provided by Centre Hospitalier Sud-Francilien (CHSF,
Evry, France). CD34+ were isolated by immunomagnetic selection with AUTOMACS PRO (Miltenyi
Biotec, Paris, France) after immunostaining with CD34 MicroBead Kit (Miltenyi Biotec) and stored in
-80°C in FBS+10% DMSO solution. CD34+ were defrosted in a solution of 10 mL HBSS (Gibco)
supplemented with 10% of human serum AB male heat inactivated (Biowest) and equilibrated at
room temperature for 10 min prior centrifugation at 400g for 7 minutes. Then, CD34+ cells were pre-
stimulated in a StemSpan medium (Stemcell technologies) containing 300 ng/mL of hSCF (Miltenyi
Biotec), 300 ng/mL of hFIt3 (Miltenyi Biotec), 100 ng/mL of hIL-3 (Miltenyi Biotec), 750 nM of
StemRegenin-1 (Stemcell technologies), 350 uM of UM 171 (Stemcell technologies) and penicillin
and streptomycin (100U/ml each, LifeTechnologies). StemRegenin-1 and UM 171 were added just
prior used. CD34+ were erythroid differentiated for 14 days either with an erythroid specific medium
or in semisolid Methocult Medium. The liquid culture erythroid differentiation was initiated using a
Stem Span medium (Stemcell technologies) containing 20 ng/mL of hSCF (Miltenyi Biotec), 5 ng/mL
of hiIL-3 (Miltenyi Biotec), Tng/mL of EPO (EPEX syringe, Janssen), 2ng/mL of Dexamethasone (Sigma
Aldrich), 1Tng/mL of B-oestradiol (Sigma Aldrich), and penicillin and streptomycin (100U/ml each,
LifeTechnologies). The colony-forming cells (CFC) assay (H4435, StemCell Technologies) was
performed by seeded 1000 CD34+ in 3 mL methylcellulose that are further divided in 2 petri dishes.
Then, colonies were count and identified manually according to morphological criteria (BFU-E, CFU-

G/GM, and CFU-GEMM).
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5.3 LENTIVIRAL TRANSDUCTIONS AND VECTOR COPY NUMBERS DETERMINATION

5.3.1 LV transduction in K562

K562 were transduced at a MOI of 10 with LV particles. For the transduction, K562 were spin down
at 600g for 5 min, and re-suspended in 400 uL of medium supplemented with polybren (8ug/mL,
Sigma Aldrich). The proper volume of vector was added onto cells and the transduction occurs
overnight at 37°C 5% CO2. The day after, K562 were washed once in a volume of phosphate-buffered

saline (PBS) and re-suspended in the culturing medium. K562 were cultivated for 14 days.

5.3.2 LV transduction in CD34+ HSCs

Prior CD34+ transduction, a 12-well plate were coated with Retronectin (5 pg/well, Takara) at 4°C
overnight. CD34+ were transduced 1 days after pre-stimulation at a MOI of 30. CD34+ were washed
once with a volume PBS and spin down at 400 g for 5 min. Then, CD34+ were re-suspended in 300
uL of pre-stimulation medium supplemented with 4ug/mL protamine sulfate (Sigma Aldrich) and
disposed into retronectin-coated plate. Then the corresponding volume of LV was added and CD34+
were transduced overnight at 37°C 5% C02. The day after, cells were washed once in PBS and re-

suspended in erythroid medium.

5.3.3 Measurement of vecors copy number (VCNs)

The LV integration was measured by gPCR on DNA. The DNA extraction was performed on 50 000
cells using QuickExtract™ DNA Extraction Solution (Lucigen, Middelton, WI, USA) according to
manufacturer’s instructions. The extracted DNA was diluted in 1/25 in distilled water (Gibco). The
vector quantification was performed on PSI sequence and normalized with Albumin (ALB) sequence
(Table 4). The gPCR was performed with 6 pL of qPCR mix and 4L of diluted DNA. A standard was

used to determine the vector copy number of PSI and ALB in function of Ct.
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Namri é)rf pri- Sequences Re(ic,vlﬂ;) "
PSI Forward CAGGACTCGGCTTGCTGAAG 01
PSI Reverse TCCCCCGCTTAATACTGACG 01
PS('FE;;’)be CGCACGGCAAGAGGCGAGG 0.1
ALB Forward GCTGTCATCTCTTGTGGGCTGT 03
ALB Reverse ACTCATGGGAGCTGCTGGTTC 0.3
AL'?Vfé‘)’be CCTGTCATGCCCACACAAATCTCTCC 0.5

Table 5) Primer sequences and quantity (uM) for mix reaction for VCNs gPCR

The qPCR was run a LightCycler device (Roche) with the following protocol:

- Pre-incubation 95°C, 15min
- Amplification (45 cycles) : 95°C, 15s; 60°C, Tmin
- Cooling 40°C, 30s

The Copy number of Alb and Psi were determined from the standard curve equation. The VCN is

Copy number of PSI

Copy of ALB X2

calculated by a ratio between

5.4 LAL TRANSGENE EXPRESSION MEASUREMENT

54.1 Western Blot

To detect intracellular proteins, cells were lysed in RIPA buffer (Sigma-Aldrich) supplemented with
protease inhibitor (Roche) freezed/thawed twice and centrifuged 10 minutes at 14 000 rcf at 4 °C.
Total protein was quantified using BCA assay (Thermo-Fisher Scientific). Between 10-20 pg of protein
or 5-10pL of supernatant were denatured at 90 °C for 10 minutes, run under reducing conditions on
a 4-12% Bis-tris gel and transferred to a nitrocellulose membrane using iBlot2 system (Invitrogen).

After Ponceau staining (Invitrogen), membranes were blocked for 2 h with Odyssey blocking buffer
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(Odyssey Blocking buffer (PBS)) and incubated for 1 h with primary antibodies: mouse anti-hLAL
(Thermofisher, 9G7F12, 7G6D7, dilution 1:2000) or mouse anti-HA-tag (Eurogentec, 16B12, dilution
1:1000) followed by specific secondary antibodies in PBS:Blocking buffer respectively: goat anti-
mouse IgG (H+L) at 800CW or donkey anti-mouse IgG (H+L) at 680LT (Li-Cor Biosciences, dilution
1:15 000). B-tubulin (Li-Cor Biosciences, rabbit polyclonal, dilution 1:15 000) was used as loading
control and revelled with secondary antibodies in PBS:Blocking buffer : goat anti-rabbit IgG (H+L) at
680CLT (Li-Cor Biosciences, dilution 1:15 000). Blots were imaged at 169 um with Odyssey imager
and analysed with ImageStudio Lite software (Li-Cor Biosciences, Lincoln, NE, USA). After image
background subtraction (average method, top/bottom), band intensities were quantified and

normalized with B-tubulin signal or with the volume of supernatant.

54.2 LAL activity

Protein activity was detected in supernatants as previously described (Aguisanda et al., 2017;
Hamilton et al., 2012) with some modifications. Samples were incubated 10 minutes at 37 °C with 42
MM Lalistat-2 (Sigma-Aldrich), a specific competitive inhibitor of LAL, or with water. Samples were
then transferred to a Optiplate 96 F plate (PerkinElmer) where fluorimetric reactions were initiated
with 75 pl of substrate buffer (340 puM of 4-Methylumbelliferyl phosphate (4-MUP, Cayman
chemicals), 0.9% Triton X-100 (Sigma Aldrich) and 220 uM cardiolipin (Sigma Aldrich) in 135mM
acetate buffer pH 4.0). After 10 minutes, fluorescence was recorded (35 cycles, 30 seconds intervals,
37 °C) using SPARK TECAN Reader (Tecan, Austria). Kinetic parameters (average rate, RFU/min) were

calculated using Magellan Software and the relative LAL activity was calculated as follow:

Signal without Lalistat
Signal with Lalistat

Relative LAL activity =

54.3 HA-tag RNA expression with RT-qPCR

5.4.3.1 RNA extraction & cDNA synthesis

RNA was extracted using RNeasy Micro kit (Qiagen) from 200 000 cells and 40 ng of RNA were
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reverse transcribed in cDNA using the Transcriptor First Strand cDNA Synthesis Kit (Roche) with
oligo(dT) probe. The cDNA was diluted in 1/25 prior gPCR in distilled water (Gibco).

54.3.2 HA-tag gqPCR

The SYBR Green (Maxima SYBR GREEN/ Rox gPCR, thermofisher) qPCR mix was prepared with 0.3
UM of primers for GAPDH and HA-tag. Then 4pL of the diluted cDNA were loaded to 6L of mix

gPCR in a 384-well plate.

Name of
_ Sequences
primer
GAPDH CTTCATTGACCTCAACTACATGGTTT
Forward
GAPDH TGGGATTTCCATTGATGACAAG
Reverse
HA-taq TGATTACGCCGGCACAG
Forward
HA\;zgeRe' ATCAGGCACATCATAAGGGTATC

Table 6) Primer sequences for HA-tag RT-gPCR

The qPCR was run a LightCycler device (Roche) with the following protocol:

- Pre-incubation 95°C, 15min
- Amplification (40 cycles) : 95°C, 15s; 60°C, Tmin
- Cooling 40°C, 30s

The level of HA-tag expression was expressed as 27 (¢t GAPDH-Ct HA taq)

90



n
=
=
n
)

91



92



6 RESULTS:

The result section is subdivided in 2 main parts :

In the first part, we developed a HDR based genome editing strategy to provide a treatment for -
thalassemia. In this attempt, we combined deletion of a-globin gene (HBA) using CRISPR-Cas9
nuclease to mimic a-thalassemia trait and targeted integration of B-globin (HBB) cDNA into HBA
locus via HDR repair mechanism to achieve robust expression of B-globin chains and restore HbA
formation. HBA locus was selected as a safe harbour locus due both to its high and erythroid-lineage
specific (~1.5 g/day) expression allowing B-globin synthesis under physiological condition and its
asymptomatic deletion of 3 out the 4 a-globin genes in diploid cells. Using this HBA targeting
approach, we were able to restore the o/p imbalance that led to significant HbA formation (described
in part 6.1). Then, we applied the CRISPR-based Kl platform in HBA locus for erythroid expression
and bloodstream secretion of therapeutic proteins (described in part 6.2). In fact, hijacking the HBA
promoter to express therapeutic protein in erythroid population provides a universal platform for
monogenic disorders that require supplementation of the missing protein with a particular interest
for LAL. Due to the abundance of erythroid cells in human (5X10° RBCs/microliter of blood) and the
high HBA expression in erythroid population, HBA targeted platform would require minimal editing
and integration events to maximize the protein production reducing potential off-target and toxicity

due to editing and DNA donor delivery.

In the second part, we optimized the LIPA cDNA to further enhance the expression and erythroid
secretion of the therapeutic LAL enzyme to reach optimal correction of LAL-D phenotype. In this
context, we developed LVVs encoding LIPA ¢cDNA under GLOBE promoter (Miccio et al, 2008)
resulting in erythroid expression and secretion of the LAL enzyme in erythroid differentiated CD34+
populations (described in part 6.3.1). This study would allow us both to establish a curative LV-based
ex vivo GT for LAL-D and to develop an optimized LIPA transgene suitable for HBA targeting platform
that will minimize further the integration events on HBA locus require to reach therapeutic level

therefore the toxicity on CRISPR Kl platform. Finally, we developed multimodal cytometry tools using
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flow cytometry and IFC to better characterize the lipid accumulation of LAL-D and evaluate in vitro
the proper uptake and therapeutic potential of erythroid secreted LAL enzyme or LVV construction

(described in part 6.3.2).
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6.1 HBA TARGETING APPROACH FOR EX VIVO GT TREATMENT OF [3-THALASSEMIA
(PAVANI ET AL., 2021)

Introduction :

B-thalassemia is caused by mutation(s) in HBB gene that lead to a decrease or abruption of -globin
chains synthesis thus result in a reduction HbA and a-globin precipitation. Deletion of a-globin gene
has been already described to reduce the severity B-thalassaemic phenotype. Here, we exploited a
CRISPR-Cas9 technology for HBA locus to reduce a-globin precipitation by deletion of HBA copy
and target insertion of functional and optimized HBB gene into HBA locus in a thalassaemic HUDEP-

2 cells model and CD34+ HSCs.

Healthy Edited f-Thal
erythrocyte HBA2 deletion erythrocyte
% Cas9 m
o0 Chr16 R K
() O NVl Y T e @
o0 00 Enhancer HBA2 HBAT ——
p-Thal A
A erythroblast
:‘4
oo 00
% Chri6 . ; [0.6]
: (5] S S e
@’@/ Enhancer X HBA Qe ﬁ)@
A Caso A
(3-Thal HBA2 deletion + [ knock-in
erythrocyte

Figure 34) Representation of HBA-targeted platform for HBB expression (Pavani et al., 2021) that
combined a-globin gene deletion and S-globin gene insertion under control of the endogenous o-

globin promoter to restore the % imbalance.

Edited CD34+ cells were transplanted in immunocompromised mice to assure the proper
engraftment and multilineage potency of corrected HSCs. Then, we measured the therapeutic effects
of the platform in B-thalassaemic patients HSCs on the HbA formation by using HPLC. Finally, we
tested Nickase Cas9 complex with our HBA gRNA to increase the safety and decrease the cell toxicity

upon DSBs.

Contribution : In this paper, | participated on the experimentation and on the data analysis of HBA 2
deletion in HUDEP cells and of the targeting integration of B-globin transgenes into HBA locus in

HUDEP cells.
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B-thalassemias (B-thal) are a group of blood disorders caused by mutations in the p-globin
gene (HBB) cluster. p-globin associates with «-globin to form adult hemoglobin (HbA, «3p;),

* HBA2 gene deletion in the main oxygen-carricr in erythrocytes. When g-globin chains are absent or limiting, free
human HSPCs reduces

a-globin precipitates in
erythroblasts and amel-
iorates B "-thalassemia

«-globins precipitate and damage cell membranes, causing hemolysis and ineffective
erythropoiesis. Clinical data show that severity of B-thal correlates with the number of
inherited «-globin genes (HBA1 and HBAZ2), with a-globin gene deletions having a beneficial
effect for patients. Here, we describe a novel strategy to treat g-thal based on genome editing

henotype.
g yp of the a-globin locus in human hematopoietic stem/progenitor cells (HSPCs). Using CRISPR/
'Syne.rglstlc HBA2 gene Cas9, we combined 2 therapeutic approaches: (1) a-globin downregulation, by deleting the
deletion and HBB gene

HBAZ gene to recreate an o-thalassemia trait, and (2) p-globin expression, by targeted
integration of a B-globin transgene downstream the HBA2 promoter. First, we optimized the
CRISPR/Cas9 strategy and corrected the pathological phenotype in a cellular model of
B-thalassemia (human erythroid progenitor cell [HUDEP-2] g°). Then, we edited healthy
donor HSPCs and demonstrated that they maintained long-term repopulation capacity and
multipotency in xenotransplanted mice. To assess the clinical potential of this approach, we
next edited p-thal HSPCs and achieved correction of «/g globin imbalance in HSPC-derived
erythroblasts. As a safer option for clinical translation, we performed editing in HSPCs using
Cas9 nickase showing precise editing with no InDels. Overall, we described an innovative
CRISPR/Cas9 approach to improve o/ globin imbalance in thalassemic HSPCs, paving the
way for novel therapeutic strategies for p-thal.

replacement in HSPCs
ameliorate B°-thalasse-
mia phenotype

Introduction
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Adult hemoglobin consists of 2 pairs of globin subunits («sf,), whose production is strictly regulated to
ensure their balanced expression in erythroid cells. Disorders in hemoglobin synthesis cause
thalassemia, a severe anemia requiring lifelong supportive treatments." B-thalassemia is the most
common and severe form of thalassemia, with >70 000 new patients per year worldwide, caused
by mutations in the B-globin gene (HBB) cluster, which result in reduced or absent synthesis of
B-globin chain.? As a consequence, the free a-globin in excess forms toxic precipitates that cause
intramedullary apoptosis of erythroid precursors (ineffective erythropoiesis) and death of mature

Submitted 6 April 2020; accepted 4 January 2021; published online 26 February Requests for original data should be sent to Giulia Pavani (gpavani@genethon.fr).
2021. DOI 10.1182/bloodadvances.2020001996. The full-text version of this article contains a data supplement.
*A.F. and M.L. equally contributed to this work. © 2021 by The American Society of Hematology

‘GUIDE-seq datasets are available in the BioProject online repository (ID
PRINA676022; http://www.ncbi.nlm.nih.gov/bioproject/676022).
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red blood cells (hemolysis). Healthy individuals carry 4 «-globin
genes per cell (ea/aat), 2 genes in cis on each chromosome 16
(HBA1 and HBAZ2), which often undergo genomic rearrangements
and HBAZ2 gene loss because of their sequence homology
(96.67%, GRCh38). Clinical data have shown that the severity of
B-thalassemia directly correlates with the number of a-globin genes,
with HBA deletions having a beneficial effect for patients.® This
positive effect is especially pronounced in patients with hemoglobin
variant E (HbE) B-thalassemia, where the HbE allele still allows
residual expression of B-globin chain (~50% of all B-thalassemia
patients).*”

Current clinical management of B-thalassemia patients relies on
regular blood transfusion and iron chelation therapy, required to
reduce organ damage and iron overload, respectively.? Allogeneic
hematopoietic stem cell (HSC) transplantation is a definitive cure,
but it is limited by the availability of compatible donors.®?

Two alternative strategies have been proposed to counteract the
o/B globin imbalance in B-thal. The first consists in the expression/
induction of B-globins or B-like globins, such as y-globin, to complex
with the a-globins in excess and produce adult or fetal hemoglobin.'*8
In particular, ex vivo HSC gene therapy with lentiviral vectors (LV)
encoding for HBB transgene significantly ameliorates or resolves
B -thalassemia in patients, where the residual endogenous HBB
expression contributes to the clinical benefit; however, its effects
are less pronounced for B%thalassemia (no residual HBB
expression)."®'* The second approach to treat B-thalassemia
aims at reducing a-globin expression to avoid the formation of
toxic precipitates in erythroid cells.®'92°

Here, we propose to use the CRISPR/Cas9 system to combine
these 2 strategies: (1) a-globin chain reduction by recreating the
natural a-thalassemia trait (-o*7 deletion, -a/aa or -a/-o) and (2)
targeted integration and expression of a HBB transgene under
the control of the endogenous HBA promoter. Concomitant
downregulation of a-globin and upregulation of B-globin allows
successful amelioration of «/B globin imbalance in both B* and
Bo thalassemia cells.

Methods
Plasmids

We designed 2 different casseties for the expression of HBB (gene
ID: 3043): (1) the first cassette contains a -globin complementary
DNA (cDNA), with 3 antisickling point mutations (34%%),2" followed by
a woodchuck posttranscriptional regulatory element and a SV40polyA;
and (2) the second cassette contains the whole B2 gene with introns
and its original 3’ untranslated region (UTR) and polyA (pA) site, with 3
antisickling point mutations.

Each cassette, followed by a green fluorescent protein (GFP) reporter
gene under the control of the constitutive human phosphoglycerate
kinase 1 promoter with an SV40 pA, was flanked by arms of homology
(250 bp each) and cloned in a standard AAV vector backbone (AAV2)
in sense orientation with respect to its inverted terminal repeat.

To generate the double reporter AAV, we substituted the 3452 gene
with the human low-affinity nerve growth factor receptor cDNA.
Each cassette was synthetized by Genscript (Piscataway, NJ).

The LV encoding the B*%2 gene under the control of the erythroid
specific B-globin enhancer/promoter was already described.??

1138 PAVANI et al

All reagents and detailed sequence information are available upon
request.

Vector productions

All recombinant single-stranded AAV2/6 used in this study were
produced using a ftriple transfection protocol and purified by 2
sequential cesium chloride density gradients or chromatography, as
described earlier.?®* The vector titer of each preparation was
determined by realtime quantitative polymerase chain reaction
(gPCR)-based titration method using primers and probe corre-
sponding to the inverted terminal repeat region of the AAV
genome.2*

LV were produced by transient transfection of 293T using third-
generation packaging plasmid pMDLg/p.RRE and pK.REV and
pseudotyped with the vesicular stomatitis virus glycoprotein G
envelope. LV were titrated in HCT116 cells and HIV-1 Gag p24
content was measured by enzyme-linked immunosorbent assay
(PerkinElmer, Waltham, MA) according to the manufacturer's
instructions.

Cell culture and reagents

K562 cells (ATCC CCL243) were maintained in RPMI 1640
medium containing 2 mM glutamine and supplemented with
10% fetal bovine serum (Lonza, Basel, Switzerland), 10 mM
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, 1 mM so-
dium pyruvate, and penicillin and streptomycin (100 U/mL each;
Gibco, Waltham, MA).*®

HUDEP-2 B° cells were derived from a HUDEP-22° clone where
both B-globin alleles were knocked out using CRISPR/Cas9 and
a guide RNA (gRNA) targeting HBB exon 1 (HBB gRNA), as
previously described.'!” Both HUDEP-2 and HUDEP-2 B° cells
erythroid differentiation was performed in presence of doxycy-
cline in 2 phases, with and without stem cell factor to promote
erythroid maturation.2’

HUDEP-2 R° single cell clones with different HBA2 copy number
were obtained by limiting dilution.

Streptococcus pyogenes Cas9 protein (with 2 SV40 nuclear
localization signals) was provided by J.P. Concordet and was
expressed and purified as previously described.?® Streptococcus
pyogenes Cas9 D10A protein (Alt-R S.p. Cas9 D10A Nickase V3;
with 3 SV40 nuclear localization signals) was purchased from
Integrated DNA Technologies (Coralville, IA).

Chemically modified single guide RNA were purchased from
Synthego (with protospacer adjacent motif):

HBB gRNA: TCTGCCGTTACTGCCCTGT(GGG)

5’ UTR (HBA15) gRNA: GGGUUCUCUCUGAGUCUGUG(IGGG)
HBA knockout (KO) gRNA: GUCGGCAGGAGACAGCACCA(TGG)
HBA20 gRNA: CATAAACCCTGGCGCGCTCG(CGG)

Primer and probes for PCRs were purchased from Sigma-Aldrich
(St Louis, MO) and Integrated DNA Technologies (Coralville, |A).

CD34" cell culture, transfection, and transduction

Human umbilical cord blood (UCB) samples were provided by
Centre Hospitalier Sud-Francilien (CHSF; Evry, France) and
processed according to France bioethics laws (Declaration
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DC-2012-1655 to the French Ministry of Higher Education and
Research). CD34" cells were selected from patients affected
by B-thalassemia as described®® upon signed informed consent
approved by the Ethical Committee of the San Raffaele Hospital
(Milan, ltaly).

CD34" cells were purified by immunomagnetic selection with
AUTOMACS PRO (Miltenyi Biotec, Paris, France) after immu-
nostaining with CD34 MicroBead Kit (Miltenyi Biotec). Mobilized
peripheral blood (MPB) and UCB CD34* were also purchased
from Cliniscience (Nanterre, France).

MPB- or UCB-derived HSPCs were thawed and cultured in
prestimulation media for 48 hours (StemSpan, Stemregenin-1
0.75 uM, UM171 0.35 pM; StemCell Technologies, Vancouver, BC,
Canada; rhSCF 300 ng/mL, rhFit3-L 300 ng/mL, hTPO 100 ng/mL,
and rhiL-3 20 ng/mL; CellGenix, Freiburg, Germany).

Single guide RNA (sgRNA) was diluted following the manufac-
turer’s instruction and ribonucleoprotein complexes were formed
with 30 pmol of spCas9 (ratio 1:1.5). A total of 2.5 X 105
hematopoietic stem/progenitor cells (HSPCs) per condition were
transfected with ribonuclecprotein (RNP) using a P3 Primary Cell
4D-Nucleofector Kit (CA137 prograrn).25 In knock-in experiments,
10 minutes after transfection, HSPCs were transduced with AAV6
for 6 hours (multiplicity of infection, 10 000-30 000), washed, and
left in prestimulation media for additional 24 to 48 hours.

Lentiviral transduction was performed as previously described.?®

After manipulation, HSPCs were cultured in erythroid differentiation
medium (StemSpan, StemCell Technologies; rhSCF 20 ng/mL,
rhEpo 1 U/mL, IL3 5 ng/mL, dexamethasone 2 pM and beta-
estradiol 1 wM; Sigma-Aldrich) or in semisolid MethoCult medium
(colony-forming cells [CFC] assay, H4435; StemCell Technolo-
gies) for 14 days. Colonies were counted and identified according
to morphological criteria (burst-forming units-erythroid [BFU-E],
colony-forming unit-granulocyte/granulocyte macrophage, and colony-
forming unit-granulocyte, erythrocyte, monocyte, megakaryocyte).
In some experiments, BFU-E were picked and cultured in erythroid
progenitor expansion medium, as previously described.®°

Flow cytometry

Cells were fixed and/or permeabilized using Cytofix/Cytoperm (BD
Bioscience, San Jose, CA) according to the manufacturer's
instructions. For live cell analysis, viability was assessed using
Zombie Yellow dye (BioLegend, San Diego, CA) per manufacturers’
instructions to exclude dead cells from the analysis. Negative
controls were obtained by staining cells with isotype control
antibodies. For engraftment studies, an Fc Receptor Binding
Inhibitor antibody was used to block unspecific binding of mouse
antibody to human cells, as per manufacturers’ instructions. Cells
were analyzed using CytoFLEX S (Beckman Coulter, Pasadena,
CA) or SP8800 Speciral Analyzer (Sony, Tokyo, Japan); data were
elaborated with CytExpert (Beckman Coulter) or FlowJo software
(Tree Star, Woodburn, OR).

We used MoFlocell sorter (Beckman Coulter) to select live GFP™*
cells.

See supplemental Table 1 for the antibodies list and supplemental
Figure 3A for gating strategy of human engrafted cells.
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DNA analysis

Genomic DNA was extracted with QlAamp DNA Micro Kit, AllPrep
DNA/RNA 96 Kit (Qiagen, Hilden, Germany) or QuickExtract DNA
Extraction Solution (Lucigen, Middleton, WI).

Quantification of editing efficiency (InDels). Fifty nano-
grams of genomic DNA were used to amplify the region that spans
the cutting site of each gRNA using KAPA2G Fast ReadyMix (Kapa
Biosystem, Wimington, MA). After Sanger sequencing (Genewiz,
Takeley, United Kingdom), the percentage of insertions and deletions
(InDels) was calculated using TIDE®" and ICE {Synthego) softwares.
See supplemental Table 2 for primer sequences.

ddPCR. Digital droplet PCR (ddPCR) was performed according
to manufacturer’s instruction using ddPCR Supermix for Probes No
dUTP (BioRad, Hercules, CA) and 1 to 50 ng of genomic DNA
digested with Hindlll (New England Biolabs, Ipswich, MA). Droplets
were generated using AutoDG Droplet Generator and analyzed
with a QX200 Droplet Reader; data analysis was performed with
QuantaSoft (BioRad).

To quantify HBAZ2 copy number, primers and probes were designed
on the 3'UTR of HBAZ2 gene because it differs significantly
from HBAT.

To quantify on-target transgene integration events, primers and
probes were designed spanning the donor DNA-genome 3'
junction. Human albumin {(ALB) or ZNF843 genes were used as
reference for copy number evaluation (assay ID: dHsaCP2506312,
BioRad). See supplemental Table 2 for primer and probe sequences.

RNA extraction and reverse transcription-qPCR

Total RNA was purified using RNeasy Micro Kit or, in case of individual
BFU-E colonies, AllPrep DNA/RNA 96 Kit (Qiagen). RNA was
reverse-transcribed using Transcriptor First Strand cDNA Synthesis Kit
(Roche, Basel, Swiizerland). gPCR was performed using Maxima
Syber Green/Rox (Life Scientific, Thermo Fisher Scientific, Waltham,
MA). Primers and probe were optimized using the standard curve
method to reach 100% = 5% efficiency. The expression of each target
gene was normalized using human GAFPDH as a reference gene
(NM_002046.6) and represented as 22! for each sample or as fold
changes (24 relative to the control. See supplemental Table 2 for
primer sequences.

Off-target analyses

GUIDE-seq. GUIDE-Seq experiments were designed as previously
described.*2 Human embryonic kidney 203T/17 cells (2.5 X 105)
were transfected using Lipofectamine 3000 (Life Scientific, Thermo
Fisher Scientific) with 750 ng of SpCas9-coding and 250 ng of
sgRNA-coding plasmid or an empty pUC19 vector (background
contral), 10 pmol of the bait double-stranded oligonucleotide
containing phosphorothioate bonds at both ends and 50 ng of
a pEGFP-IRES-Puro plasmid, expressing both enhanced GFP and
the puromycin resistance genes. One day after transfection, cells
were replated and selected with puromycin (1 pg/mL) for 48 hours
to enrich for transfected cells.

Genomic DNA extraction was performed using DNeasy Blood and
Tissue Kit (Qiagen) following manufacturer's instructions. Genomic
DNA was sheared using a Covaris S200 sonicator to an average
length of 500 bp and subsequently end-repaired. Library preparation
was performed using adapters and primers previously described®? and
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quantified with Qubit double-stranded DNA High Sensitivity Assay Kit
(Life Scientific, Thermo Fisher Scientific). The sequencing reaction was
performed with MiSeq sequencing system (lllumina) using an lllumina
Miseq Reagent Kit V2 - 300 cycles (2 X 150 bp paired-end) and raw
sequencing data (FASTQ files) were analyzed using the GUIDE-Seq
computational pipeline.® Briefly, after demultiplexing, putative PCR
duplicates were consolidated into single reads and mapped to the
human reference genome GrCh37. Reads with a mapping quality
lower than 50 were filtered out. Upon identification of the genomic
regions integrating double-stranded oligonucleotides in aligned data,
off-target sites were identified if, at most, 7 mismatches against
the target were present and if absent in the background controls.
GUIDE-Seq datasets are available in the BioProject online repository
(ID PRINAB76022; http://www.ncbi.nlm.nih.gov/bioproject/676022).

Amplicon-sequencing. A total of 200 ng of genomic DNA of
RNP-edited HSPCs were used to amplify top 3 off-targets identified
with Guide-Seq using Phusion High-Fidelity polymerase (New England
Biolabs). After checking the correct amplification by Sanger sequencing
(Genewiz), amplicons were purified using NucleoSpin Gel and PCR
Clean-up Kit (Macherey-Nagel, Hoerdt, France), and 500 ng of DNA
were used for library preparation. lllumina-compatible barcoded DNA
amplicon libraries were prepared using TruSeq DNA PCR-Free Kit
(llumina). PCR amplification was then performed using 1 ng of
double-stranded ligation product and Kapa Tag polymerase
reagents (KAPA HiFi HotStart ReadyMix PCR Kit; Sigma-
Aldrich). After purification (Ampure XP beads; Beckman Coulter),
libraries were pooled and sequenced with lllumina NovaSeq 6000
(paired-end sequencing 100 X 100 bases). Data were analyzed
using CRISPRess02.%*

See supplemental Table 2 for primer sequences.

HPLC analysis of globin chains and tetramers

HPLC analysis was performed using a NexeraX2 SIL-30AC
chromatograph (Shimadzu, Kyoto, Japan) and analyzed with
LC Solution software. HSPC-derived erythroblasts were lysed
in water and globin chains were separated using a 250 X 4.6-mm,
3.6-pum Aeris Widepore column (Phenomenex, Torrance, CA).
Samples were eluted with a gradient mixture of solution A
(water/acetonitrile/trifluoroacetic acid, 95:5:0.1) and solution B
(water/acetonitrile/trifluoroacetic acid, 5:95:0.1), monitoring absor-
bance at 220 nm. Hemoglobin tetramers were separated by HPLC
using a cation-exchange column (PolyCAT A; PolyLC, Columbia,
MD). Samples were eluted with a gradient mixture of solution A
(20 mM bis Tris, 2 mM KCN; pH 6.5) and solution B (20 mM bis Tris,
2 mM KCN, 250 mM NaCl; pH 6.8). The absorbance was measured
at 415 nm.

In vivo experiments

NOD.Cg-Prkdc**“lI2rg™/SzJ (NSG) mice were purchased from
The Jackson Laboratory, Bar Harbor, ME (strain 005557) and
maintained in specific-pathogen-free conditions. This study was
approved by Ethical Committee CEEA-51, and conducted accord-
ing to French and European legislation on animal experimentation
(APAFiS#16499-2018071809263257_v4).

Forty-eight hours after editing, 5 to 7 X 10° CD34" cells were
injected intravenously into B-week-old female NSG mice after
sublethal irradiation (150 cGy). Human cell engraftment and
knockin (Kl) levels were monitored at different time points in
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peripheral blood by flow cytometry using anti-human CD45 and
HLA-ABC antibodies (supplemental Table 1). Sixteen weeks
after transplantation, blood, bone marrow, and spleen were
harvested and analyzed. Peripheral blood was stained and red
blood cells lysed during sample fixation (Versalyse Lysing
Solution and 10Test3 Fixative Solution; Beckman Coulter).

Cell purification and enrichment

Human CD34" or CD45" cells were purified from mouse periph-
eral blood or bone marrow by immunomagnetic selection with
CD34 or CD45 MicroBead Kit UltraPure in combination with
AUTOMACS PRO (PosselD2 Separation Program; Miltenyi
Biotec).

Statistical analyses

Statistical analyses were performed using GraphPad Prism, version
6.00, for Windows (GraphPad Software, La Jolla, CA). One- or
2-way analysis of variance (ANOVA) with Tukey's multiple comparison
posttest for 3 or more groups was performed as indicated. Values are
expressed as mean *+ standard deviation (SD) as otherwise indicated,
with "n" indicating the number of independent biclogical replicates used
in each group. Differences were considered significant at *P < .05
*P < .01, and P < .001.

Results

Deletion of HBA2 gene reduces a-globin precipitates
in a p° adult erythroid cell line

Clinical data suggest that a reduction of a-globin to 75% to 25% of
its physiological levels is safe and beneficial to patients with
B-thalassemia.®3% The most common natural mutations affecting
«-globin synthesis are gene deletions that remove a single HBA
gene from 1 or both chromosomes generating -a/aa or -af-a
genotypes (-a>7 and -a*2deletions®®) (Figure 1A). To mimic these
beneficial deletions with Streptococcus pyogenes (Sp)Cas9
nuclease, we designed a single gRNA that cuts both HBA?T and
HBA2 alleles removing 1 HBAZ2 gene per chromosome. To
minimize the possibility of generating a a-globin KO, the sgRNA
was designed to target the 5’UTR (HBA15) of HBA7 and HBA2
(Figure 1A), where the presence of InDels resulting from double-
strand breaks (DSBs) does not affect a-globin production.37 As
a B%thalassemia cell model, we used immortalized HUDEP-2,
which can differentiate and express adult hemaoglobin (supplemen-
tal Figure 1A-B), and we knocked out B-globin genes (HUDEP-2 g°)
(supplemental Figure 1C).

We transfected both wild-type HUDEP-2 and HUDEP-2 B° with
RNP targeting HBA and we achieved efficient editing (83.1% =+
12.1 and 77.3% = 18.2, respectively, n = 3; Figure 1B) and
genomic deletion of HBA2 gene (0.9 + 0.2 and 0.9 + 0.1 HBA2
copy per cell, n = 3; Figure 1C), which resulted in a decrease of
wa-globin messenger RNA (mRNA) expression upon erythroid
differentiation (Figure 1D). To establish a comelation between
a-globin expression and number of HBA genes, we generated
multiple cell clones with mono- or biallelic HBAZ deletions (-a/aa
and -a/-a, respectively, n = 3 per genotype) and we showed
a significant amelioration of the a/f-like globin imbalance upon
deletion of HBA2, with the -a/-a clones being indistinguishable
from wild-type HUDEP-2 cells (Figure 1D; supplemental Figure 1D).
Importantly, our HBA2 deletion strategy reduced but did not abolish
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Figure 1. Deletion of HBAZ2 red w-globin precip in HUDEP-2 B° cells. (A) Schematic representation of the a-globin locus. HBAT and HBAZ genes are

located in the subtelomeric region of chromosome (Chr) 18. Expression is regulated by 4 erythroid-specific enhancers (multispecies conserved elements [MCS-R]) located 10
to 50 kb upstream. Common occurring deletions are shown as gray bars and thin lines indicate regions of uncertainty of the breakpoints (adapted from Harteveld and Higgs®®).
gRNA cutting sites are indicated as scissors. gRNA nucleotide sequence is indicated on top (in bold/underlined the protospacer adjacent motif sequence). (B) Editing effi-
ciency in HUDEP-2 cells is expressed as percentage of modified HBA alleles. Bars represent mean + SD (n = 3). (C) HBA2 copies in edited cells in panel B. Red dashed line
indicates the number of expected HBA2 alleles in normal cells. (D) Reverse transcription-gPCR quantification of a/B-like globin mRNA ratios in HUDEP-2 B° {n = 3-5) and in
single-cell clones with monoallelic (a-fan; n = 8) or biallelic (a-/u-; n = 3) HBAZ deletions. B + RNP = HUDEP2 B° bulk population edited with gRNA HBA15/Cas9. B°
KO« = HUDEP2 B bulk population edited with gRNA HBB/Cas® to induce a-globin KO. Red dashed line indicates the physiclogical a/B-like ratio of 1. Bars represent

mean * SD (*P < .01, ANOVA, Tukey test). (E) Representative HPLC chromatog analysis in edited HUDEP-2 |3°. ~a, Hb Bart; acHbF, acetylated fetal
hemoglobin; HbF, fetal hemeglobin (aaya); @-p, a-precipitates; HbA, adult hemeglobin (x2B2). (F) Quantification of «-precipitates. Every tetramer is reported as percent of total
hemoglobins; bars show mean = SD (n = 3; **P < .01; ANOVA, Tukey test).

of globin
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a-globin production, as observed in «-globin KO control cells
obtained with a gRNA targeting the coding sequence within the first
exon of HBA1 and HBAZ2 genes (Figure 1D).

We also measured the relative abundance of the different hemoglobin
forms by HPLC analysis. In the absence of B-globin, a portion of the
a-globin pool complexes with B-like globins, such as y- and &-globins
(to form HbF and HbAZ2, respectively), whereas the excess
precipitates in insoluble aggregates (a-precipitates). Remarkably,
RNP deletion of HBAZ2 genes significantly reduced a-precipitates
without affecting hemoglobin synthesis (Figure 1E-F). This is in
sharp contrast with a-globin KO cells, where the predominant
hemoglobin observed was the toxic HbBart (y-globin tetramers),
typical of severe forms of a-thalassemia (Figure 1E). This result
clearly indicates that only a controlled reduction of a-globin results
in a beneficial effect.

Targeted integration of BAS° transgene restores HbA
expression in a B° adult erythroid cell line

To treat B%thalassemia patients, it is essential to express B-like
globin chains; however, reaching expression levels to balance the
endogenous a-globin has proven very challenging.'* Therefore, we
aim to lower the therapeutic threshold of B-globin expression by
reducing a-globin abundance. For this purpose, we combined
HBAZ2 deletion with the Kl of a B-globin transgene under the control
of the endogenous HBA promoter. The same gRNA that deletes the
HBAZ2 gene will facilitate the integration of the B-globin transgene at
this locus, whereas the endogenous HBA promoter will provide
strong erythroid B expression, as previously suggested.?®° To
discriminate exogenous vs endogenous B-globin expression, we

used an HBB transgene containing 3 antisickling point mutations
(3A59).21

To optimize B*52 expression, we designed 2 DNA donor cassettes:
(1) a p*? cDNA followed by a posttranscriptionally regulatory
element*' and SV40 polyadenylation signal (3*5* cDNA); and (2)
a B*5® transgene that includes full-length HBB introns and the
endogenous 3’'UTR and polyadenylation signal (852 full). Both
cassettes were cloned in an AAV6 vector with a GFP reporter gene
under the control of a constitutive promoter and flanked by
homology arms to favor homologous DNA recombination (HDR)*2
(Figure 2A).

To perform KI HUDEP-2 B° cells were transfected with RNP,
transduced with AAV6, and then GFP sorted to enrich for pAS®
integration (Figure 2B). A specific ddPCR confirmed on-target
integration at molecular level (—0.8 B*5® on-target copies per cell),
in good agreement with GFP expression (~95% GFP positive cells
after sorting) (Figure 2C).

Analysis of B*5® mRNA expression in sorted cells showed an

upregulation of about 100-fold for both cassettes upon erythroid
differentiation, as expected from the endogenous a-globin promoter
(Figure 2D). Although RNA levels were similar, we could detect
BAS3 globin protein only with the BAS3 full, but not with the p"S3
cDNA cassette (Figure 2E-F). This observation was further
confirmed by hemoglobin tetramer analysis, in which only B2 full
cassette successfully restored ~40% of HbA (aaB2) (Figure 2G-H).
Overall, these results demonstrate that Kl of BAS2 full cassette
under the endogenous HBA promoter can restore HbA expression
in [30 thalassemic cells.
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HSPCs can be efficiently edited and retain long-term
and multilineage engraftment potential

To evaluate this strategy in clinically relevant cells, we transfected
human umbilical cord blood HSPCs with RNP and then transduced
with AAV, as described for HUDEP-2 cells (Figure 3A). Without any
selection, we achieved robust genome cutting (Figure 3B), with an
InDel pattern consisting mostly of 1 T nucleotide insertion
(supplemental Figure 2A-C), together with efficient HBA2 deletion
and donor DNA Kl (Figure 3C-D).

Upon differentiation, HSPC-derived erythroblasts expressed pAS®
-mRNA, which accounted for ~15% (14.2 + 9.4, n = 6) of total B
globin RNA (Figure 3E-F).

We then plated HSPCs in methylcellulose containing cytokines
supporting erythroid and myeloid differentiation (CFC assay), and
we confirm that modified progenitors retained their multilineage
potential, although some toxicity was observed (supplemental
Figure 2D-E).

Single BFU-E genotyping showed that the majority of colonies
had HBA2 deletion (Figure 3G) and p*S® K| (Figure 3H) and
41% of them harbored both modifications (Figure 3l; supplemental
Figure 2F).

Both HBA2 deleted and B*5% KI HSPCs were then transplanted
in immunodeficient NOD/SCID/y (NSG) mice*® to evaluate their
in vivo homing, engraftment, and multilineage potential (Figure 4A).
Both edited HSPCs showed successful engraftment in bone marrow,
spleen and blood, and multiineage differentiation (Figure 4B; supple-
mental Figure 3B). Because NSG mice do not support human erythroid
differentiation,** we confirmed differentiation by CFC assay of
isolated human CD34™ cells from bone marrow of engrafted mice
(supplemental Figure 3C).

In addition, the percentage of InDels, as well as the extent of HBA2
deletion in RNP-treated HSPCs, remained similar ex vivo and in vivo,
confirming a similar efficiency in both stem and progenitor cells
(Figure 4C-D).

B"S3KI HSPCs (GFP*') were present at different time points
(Figure 4E) in different lineages (supplemental Figure 3D); however,
their engraftment was lower compared with unedited or HBA2-
deleted HSPCs (Figure 4B,E), in accordance with previous reports
describing AAV toxicity in HSPCs*®#® and less efficient Kl in
noncycling HSCs.*” Overall, these data show that we can achieve
efficient HBAZ2 deletion and "% Kl in HSPCs while preserving
their in vivo long-term engraftment.

Editing patients’ HSPCs ameliorates p*- and
B°-thalassemia phenotype

To test our strategy in therapeutic conditions, we assessed
correction of globin imbalance in patients' HSPCs. In particular,
we tested the HBA2 deletion approach in B* cells and the
combination of the a-deletion and B*S® Kl strategy in B*- and p°
-thalassemic HSPCs (supplemental Figure 4A-B).

HSPCs were transfected with RNP and transduced with AAV as
described previously (Figure 3A). As positive control, HSPCs were
transduced with a LV encoding for a p*S® transgene under the
control of the B-globin gene promoter and its mini-locus control
region, currently in clinical trial for thalassemia (LV BMSE).'E"'B
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Figure 2. Targeted integration of a "*° transgene in the «-globin locus corrects thalassemic phenotype in HUDEP-2 B° cells. (A) AAVE donors used for KI
experiments. Both vectors contain a promoterless B*5? transgene, followed by a phosphoglycerate kinase (PGK) promoter with a GFP reporter and simian virus pA. This
cassette is flanked by 250-bp homology arms (homolagy) to gRNA genomic target. ITR, inverted terminal repeats. Top: B*5? cDNA followed by the woodchuck posttranscrip-
tionally regulatory element (WPRE) and SV40 pA (B*5* cDNA); bottom: 3*5? transgene that includes endogenous introns, 3'UTR and pA (8" full). A 1-kb scale bar is
indicated at top. (B) Schematic representation of HUDEP-2 B° targeting experiments. (C) Kl efficiency of B*5? cDNA (blue) or B*5* full {red) in HUDEP-2 B° cells measured by
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RNP transfection was very efficient both in erythroid liquid culture
and CFC in generating InDels (90.5% = 7.1 for RNP and 90.4% +
9.0 for RNP+AAV, mean + SD; Figure 5A), HBAZ2 deletion (0.95 =
0.06 HBAZ2 copies/cell for RNP and 0.77 + 0.15 for RNP+AAV,
mean * SD; Figure 5B) and 5 Kl (0.80 + 0.21 copies/cell for
RNP-+AAV, mean = SD; Figure 5C).

Gilobin expression was monitored during erythroid differentiation.
mRNA globin imbalance (measured as a/p-like globins ratio) was
ameliorated in all conditions (Figure 5D), with "% KI cells
performing better than HBAZ2-deleted erythroblasts because of
p*S% expression (Figure 5E; supplemental Figure 4C). Of note,
modified HSPCs retained proper erythroid differentiation (sup-
plemental Figure 4D) and multilineage potential (CFC assay;
supplemental Figure 4F), although we observed some toxicity
associated with the editing procedure (supplemental Figure 4E).
Globin mRNA analysis of single BFU-E colonies derived from p°-
and B " -edited HSPCs showed that o/ imbalance was improved
in all conditions, in accordance with the reduced number of
HBAZ2 genes (supplemental Figure 4G) and with the stronger
effect resulting from the concomitant « downregulation and ana
expression (Figure 5F).

Overall, these data show that we can modify B-thalassemia HSPCs
and reduce their o/f globin balance, without affecting HSPCs
potential.

Cas9 nickase represents a safe tool for HSPC editing

To reduce HSPC toxicity associated with nuclease-induced DSBs,
we evaluated the use of Cas9 D10A nickase (Cas9 D10A).
Because nicked genomic DNA is correcied by the endogenous
base-excision repair pathway,*® Cas9 D10A is expected to have
minimal genotoxicty.5%°"

To compare the efficiency of HBAZ2 deletion and transgene
targeted integration with single vs trans paired nicking of genomic
DNA,%? we selected another gRNA targeting a-globin 5'UTR
(HBA20; supplemental Figure 5A-C) to combine with gRNA
HBA15. K562 erythroleukemia cells were transfected with 1 or
both gRNA complexed with Cas9 or Cas9D10A (RNP D10A) and
transduced with a dual-reporter AAV vector to detect HDR (via
a promoterless low-affinity nerve growth factor receptor) and non-
HDR (via a phosphoglycerate kinase 1-GFP) integrations (supple-
mental Figure 5D). We first confirmed that gRNA HBA20 was
comparable to HBA15 in generating InDels and HBAZ2 deletions
when complexed with wild-type Cas9 (RNP) (supplemental
Figure 5E-F). When using RNP D10A, we observed that, without
inducing any InDels (supplemental Figure 5E), both single and dual
gRNA induced efficient HBA2 deletion and HDR integration,
although to a lower extent compared with RNP (supplemental
Figure 5F-H). Finally, we confirmed that RNP and RNP D10A gave
the same ratio of HDR and non-HDR-mediated DNA integration
(supplemental Figure 5I). Single gRNA generating 2 in cis nicks
could induce genomic deletion by strand displacement, possibly
facilitated by the homology of HBAT and 2 genes, whereas nick

induced AAV integration can proceed via genome-AAV alignment,
followed by Holiday junction resolution and completion of homologous
recombination.®® Because we did not observe any difference between
HBA15 and dual gRNA RNP D10A, we decided to continue on
HSPCs using only HBA15.

HSPCs were transfected with RNP or RNP D10A and then
transduced with the AAV6 B*52 donor DNA. In both conditions, we
observed HBA2 deletion, B*52 Kl and, upon erythroid differentia-
tion, BA%% mRNA upregulation (Figure 6A-D), although on-target
InDels were observed only with Cas9 as a result of DSB repair
(Figure 6E). The lower number of DSBs could also explain the
reduced toxicity observed in CFC edited with Cas9 D10A
(Figure 6F-G).

By genotyping single BFU-E colonies, we observed that most of
RNP D10A-edited BFU-E had 1 HBAZ2 deletion, followed by
1 HBA2 deletion and 1 B*%® Kl (Figure 6H; supplemental
Figure 6A-B). In addition, we performed Sanger sequencing of
PCR products spanning deletion junctions and observed that,
whereas Cas9 left a composite pattern of InDels, Cas9 D10A
deletions were seamless, suggesting absence of exonuclease

processing (Figure 61).

Last, in bulk populations of RNP and RNP D10A edited HSPC,
deep sequencing of 3 top-scoring off-targets identified by GUIDE-
Seq®? in 2037 cells (supplemental Figure 6C) showed low to
undetectable off-target activity for both Cas9 and Cas9 D10A
(supplemental Figure 6D). This analysis, together with our previous
off-target ana\yses,37 confirms the target specificity of the selected
gRNA HBA15 sequence.

Overall, these data indicate that Cas® D10A performs HBAZ2
deletion and B*52 K, although less efficiently than Cas9, with no
InDels and lower cellular toxicity, representing a promising alterna-
tive strategy for HSPC editing.

Discussion

In this study, we demonstrated the possibility of correcting o/
globin imbalance in B-thalassemia cells using the CRISPR/Cas9
system. In particular, we showed an amelioration in both B*- and p°
-thalassemia patients’ HSPC-derived erythroblasts by combining 2
approaches: a-globin reduction by deleting HBAZ2 gene to mimic
a-thalassemia (-o/ac or -a/-a) and concomitant targeted integra-
tion and expression of a HBB transgene under the control of the
endogenous HBA promoter. Because edited HSPCs retained
engraftment and multiineage differentiation potential in vivo, the
proposed strategy has clear potential for future clinical testing.

Inspired by clinical data showing that a-thalassemia ameliorates
B-thalassemia,® several groups have proposed artificial down-
regulation of a-globin expression as potential treatment of p*
-thalassemia, where residual B-globin expression guarantees
sufficient hemoglobin formation (such as HbE, about one-half of
all p-thalassemias).®

Figure 2. (continued) on-target ddPCR before and after sorting. (D) B"** transcript upregulation in targeted HUDEP-2 B° upon erythroid differentiation (QPCR, n = 2, mean
+ SD). (E-F) HPLC analysis of globin monomers in differentiated HUDEP-2 BO. Representative chromatograms (E) and relative quantification (F) of B-like subunits are shown;
(mean + SD; n = 3). (G-H) HPLC analysis of globin tetramers in differentiated HUDEP-2 Bo. Representative chromatograms (G) and HbA (aoB3) quantification (H) are shown

(mean + SD, n = 3; ™P < .01; ANOVA, Tukey test). ns, not significant.
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Figure 3. HBA2 deletion and p"5® integration efficiency in HSPCs. (A) Schematic representation of HSPC targeting experiments. (B) Editing efficiencies in HSPCs

at day 12 of erythroid differentiation. Lines represent mean. HBAZ2 copies (C) and Kl efficiency (D) in edited HSPCs in erythroid liquid culture (@) or in BFU-E (m). Black lines
represent mean; red line indicates the number of expected HBAZ alleles in untreated HSPCs. (E) B*S* and glycopherin A (GYPA) transcripts in HSPC-derived erythroblasts
(gPCR, n = 2, mean = SD). (F) Relative abundance of endogenous B and KI—BASS mRNA at day 12 of erythroid liquid culture (n = 6, mean = SD). HBAZ2 deletion (G) and
B*5% integration (H) pattemn in single BFU-E. Bars represent mean =+ SD (colonies derived from 2 independent experiments); no integration (0}, monoallelic (1), and biallelic (2)
Kl or deletion (del). (I} Genotypes distribution of single KI—EASS BFU-E. Percentages are indicated (n = 58).
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Figure 4. HBA2-deleted and B*5° KI HSPCs engraft NSG mice and maintain their multilineage potential. (A} Schematic representation of engraftment experiments.
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mice at week 16. Black lines indicate mean; red line indicates the number of expected HBAZ2 alleles in untreated HSPCs. (E) GFP ™ cells in PB of transplanted mice over time.

GFP is expressed as percentage of CD45 " cells; line indicates mean.

Using a single gRNA targeting the 5' untranslated region of both
a-globin genes, we achieved efficient a-globin reduction by deleting
1 a-globin gene (HBA2), which corrected o/p imbalance and
reduced o-precipitates in HUDEP-2 R°. Because HBAT and HBA2
are similarly expressed,3* removal of 1 or 2 HBA2 genes should
reduce a-globin expression to ~75% to 50% of its normal level,
thus falling in the therapeutic window to benefit B-thal® This
a-globin reduction strategy could be used to treat moderate p*
-thalassemia or to complement pharmacological treatment aimed
at increasing expression of P-like globin in severe B or B°
patients.®*%7 To treat p%thalassemia, where there is no residual
B-globin expression, we combined a-globin reduction with B-globin
replacement. We optimized, delivered, and integrated an AAV6 BAS2
expression cassette under the control of the endogenous HBA
promoter by HDR using the same gRNA deleting HBA2 gene.
Remarkably, the expression of 1 B*5? transgene was sufficient to
reestablish almost one-half of normal hemoglobin level in HUDEP-2 B°.

Hijacking the endogenous HBA promoter for the expression of
R"S2 transgene has 2 main advantages: (1) it does not require the
genomic insertion of an exogenous promoter, which could result in
transactivation of neighboring genes; and (2) compared with HBB gene
correction strategies, it is a viable approach also for point mutations and
deletions that inactivate regulatory elements in the HBB prt)mt)ter.55

We confirmed that this “double” editing is feasible and effi-
cient in primary human HSPCs from healthy donors and B*- or
RO-thalassemia patients and does not affect erythroblast differentiation.

1146 PAVANI et al

Both HBAZ deletion and B*3° Kl improved /B globin imbalance to
levels that were comparable or better than current HBB gene
addition strategy based on LV. Additional experiments will be
performed to systematically compare these 2 gene therapy
strategies; however, our encouraging results support the development
of a CRISPR/Cas9-based gene therapy approach. In addition, by
transplanting HSPCs in humanized NSG, we demonstrated that
both HBA2 deletion and B*>* Kl occur in long-term HSCs and that
edited HSCs can give rise to multiple progenitors and differentiated
hematopoietic lineages.

The idea of downregulating the expression of a-globin alone or in
combination with increased expression of B-globin has already been
proposed by several groups in mice and human cells with mixed
outcomes.2%%%° The only test on thalassemic patient's HSPCs
was performed using a foamy viral vector encoding an HBB
transgene and a short hairpin against a-globin mRNA®;
however, this approach is hindered by limitations of this RNA
interference technology®?%* and the mutagenic potential of semi-
random integrating viral vector.5*%®

Alternatively, a-globin mRNA downregulation was obtained
in HSPCs with epigenetic drugs, such as broad-spectrum
histone demethylase or deacetylase inhibitor; nevertheless,
the effect on a-globin protein was not established and drug
specificity, toxicity, and mechanism of action still need to be
assessed.
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Figure 5. Genome editing of the «-globin locus liorates globin bal, in thal ic HSPCs. InDels (A), HBA2 copies (B), and BASS integrated copies (C)

quantification in edited thalassemic HSPCs in erythroid liquid culture (@) or in BFU-E (). Black lines represent mean. HSPCs from 1 patient of each genotype were used. (D)
w/B-like globin mRNA ratios in edited thalassemic erythroblasts at day 12. Black lines indicate mean; gray line shows the range of «/B-like globin ratio in healthy donor MPB
and UCB HSPCs (n = 5). (E) Relative abundance of endogenous B and integrated B*** mRNA at day 12 of erythroid liquid culture. Black lines represent mean. (F) o/B-like
globin mRNA ratios in edited thalassemic BFU-E. B%/B “colonies (n = 71) are plotted on the left axis, B“/B° (n = 63) on the right axis. Each dot represents a single colony.
Black lines indicate mean = SD (***P <X .001; =P < .01; ANOVA, Tukey test). HSPCs derived from 1 patient of each genotype were used for this figure.

promising, this modification is beneficial only for B* patients and
requires plasmid transfection combined with GFP-sorting enrichment,
a strategy that is not suited for clinical translation.?® Finally, the need for

Using genome editing tools, Mettananda et al elegantly demon-
strated the possibility of reducing a-globin expression in HbE
patients’ cells by deleting a powerful a-globin enhancer.?® Although
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2 gRNAs to perform enhancer deletion increases the risk of on- and
off-target side effects and can be technically challenging.

Qur approach has the advantage of combining « reduction
with B expression to restore a/B-globin balance and increase

1148 PAVANI et al

hemoglobin level to treat both BR° and B*-thalassemia
patients’ HSPCs. Technically, we deliver Cas9/gRNA as RNP,
which allows efficient HSPC modification without any selec-
tion and is already used in clinical trials (eg, NCT03164135,
NCT03655678). In addition, our strategy requires only 1
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gRNA, thus minimizing the possibility of on- and off-target side
effects.

To further reduce this risk and general cellular toxicity associated
with Cas9-induced DSB, we investigated the use of Cas9 D10A
nickase.®"7%72 |nspired by Metzger et al, who demonstrated that
site-specific nicking enzymes can induce HDR with an AAV-
delivered template in 293 cells,*® we showed for the first time that
a single Cas9 D10A/gRNA RNP can be used in HSPCs to achieve
seamless genomic deletion and AAV targeted integration, without
generating any InDels. Because the efficiency of targeted in-
tegration obtained with Cas9 D10A is lower than with Cas9, we will
further optimize this approach by improving RNP transfection with
nanoparticles,”® reducing AAV donor size,”* and using Cas9
nickase variants’® and drugs affecting cellular DNA repair.”®?7
Further in vivo studies will be performed with this strategy to
demonstrate effective editing of repopulating HSPCs.

By performing GUIDE-Seq analysis,®> we verified the target
specificity of the selected gRNA HBA15, confirming our previous
off-target analyses.” However, additional safety aspects need to be
carefully evaluated before clinical translation of this HSPC gene
therapy platform. It will be particularly challenging to qualitatively
and gquantitatively assess all the possible on-target editing
outcomes, especially low-frequency ones. We quantified HBA2
deletions, but we could not detect any HBAZ2 inversion by PCR
analysis of edited HSPCs, although inversions are reported to be
a frequent side product when generating CRISPR genomic
deletions.'””® This observation could be a true negative result, as
previously reported for HBG editing in HSPCs,”®%° or because of
technical difficulties associated with amplification of repetitive
inverted sequences with high GC content present in the «-globin
locus.®" In addition, on-target cleavage can generate undesired
chromosomal alterations,” 824 whereas integration of AAV donor
DNA can occur via HDR as well as via partial HDR or non-
homologous end joining with or without the HBA2 deletion.®587 A
combination of whole genome sequencing,®® long-range PCR,%°
long-read sequencing,®® next-generation mapping,®' andfor di-
rectional sequencinggz will help to address these concerns by
unraveling the full spectrum of editing outcomes.

In summary, we describe a novel CRISPR strategy to correct o/
globin imbalance in thalassemic HSPCs by a-globin downregula-
tion with or without HBB transgene expression. Future experiments
will elucidate the therapeutic potential of this strategy for treating
A*- and R°-thalassemia and, eventually, sickle cell disease, where
lower «-globin levels reduce HbS polymerization and sickle
hemoglobin concentration and BAsa compete with B sickling for
binding a-globin.21%%7
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Supplementary information
Supplemental Table 1 : antibodies for flow cytometry

Pavani et al.

Name Fluorochrome | Clone Company Catalog Number
human Fc Receptor binding
inhibitor polyclonal antibody eBioscience 16-9161-73
anti-human Fetal Hemoglobin | APC Life Technologies | MHFO5
anti-human Hemoglobin B PE 37-8 S?nta Cruz sc-21757
Biotechnology
anti-human HLA-ABC PE G46-2.6 BD Bioscience 555553
anti-human CD36 FITC C836 BD Bioscience 555454
anti-human CD235a (GYPA) PE-Cy7 GA-R2 BD Bioscience 563666
anti-human CD71 APC M-A712 BD Bioscience 551374
anti-human CD45 APC HI30 BD Bioscience 555485
anti-human CD33 BV421 P67.6 BD Bioscience 744761
anti-human CD19 BV605 HIB19 BD Bioscience 740394
anti-human CD3 BB700 SK7 BD Bioscience 566575
anti-human CD271 (NGFR) APC ME20.4-1.H4 | Miltenyi Biotec 130-113-418
anti-human CD34 PE AC136 Miltenyi Biotec 130-113-179
IgG1, k isotype control APC Life Technologies | MG105
1gG1, k isotype control APC BD Bioscience 550854
1gG1, k isotype control FITC BD Bioscience 555748
IgG1, Kk isotype control BvV421 BD Bioscience 562438
IgG1, k isotype control BV605 X40 BD Bioscience 562652
IgG1, k isotype control BB700 X40 BD Bioscience 566404
1gG2a, Kk isotype control APC G155-178 BD Bioscience 551414
IgG2a, k isotype control PE BD Bioscience 555574
IgG2a, Kk isotype control PE $43.10 Miltenyi Biotec 130-113-272
IgG2b, k isotype control PE-Cy7 BD Bioscience 560542

All antibodies were mouse monoclonal antibodies, unless differently specified.
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Supplemental Table 2: primer list

Pavani et al.

PCR
Gene/amplicon name sequence
3820 F TATCGCCAGAGGGAAAGGGA
HBA 1/2 4870R CTTGAAGTTGACCGGGTCCA
HBA1/2 sequencing 894 R TAGGTCTTGGTGGTGGGGAA
HBA2 611 F GCACTCTTCTGGTCCCCAC
1512R GCAGAGAGGTCCTTGGTCTG
HBA1 HBA EX1F CCGACAAGACCAACGTCAA
5614 R CTCTAGGGTCCAGCGTTTTTCC
MA359 CAGCTCAGGTTCTGGGAGAG
AAVSL MA360 CTTGTAGGCCTGCATCATCA
HBA1/del 3820 F TATCGCCAGAGGGAAAGGGA
5614 R CTCTAGGGTCCAGCGTTTTTCC
HBB F7895 AGGCCATCACTAAAGGCACC
R8327 AGTCAGGGCAGAGCCATCTA
HBB9 F CTGTCTCCACATGCCCAGTT
HBB promoter HBB9 R GGAGACGCAGGAAGAGATCC
¢ OT1-F CCTCTGCTGGCAGGATTT
Off Target 1 OT1-R AGCAAGGGTAAGAATCTGTCTC
OT2-F TCTCACAATTCAAGAGGCCAGA
Off-Target 2
0T2-R TCAGACACACACAGGGAGAG
0OT3-F GTTCTCCAGCAGCCTTTCA
Off-Target 3 OT3R AGCACTTCCAAAGGGTTGT
ddPCR
3'HBA INTF TGGACAAACCACAACTAGAATGC
On-target 3’junction 3'HBAINT 3R AAGTGCGGGAAGTAGGTCTT
3'HBA INT PRB 56-FAM/CTGTCTCCTGCCGACAAGACCAAC
HBA2 3'F GCCCTTCCTGGTCTTTGAATA
HBA2 HBA2 3'R ACCTCCATTGTTGGCACAT
HBA2 3' PRB 56-FAM/TGTGTGTGCCTGGGTTCTCTCTAT
ALB F GCTGTCATCTCTTGTGGGCTGT
ALB ALB R ACTCATGGGAGCTGCTGGTTC
ALB P CCTGTCATGCCCACACAAATCTCTCC
qPCR
GAPDH GAPDH F CTTCATTGACCTCAACTACATGGTTT
GAPDH R TGGGATTTCCATTGATGACAAG
HBA F CGGTCAACTTCAAGCTCCTAA
HBA1/HBA2 HBA R ACAGAAGCCAGGAACTTGTC
HBB F GCAAGGTGAACGTGGATGAAGT
HBB HBB R TAACAGCATCAGGAGTGGACAGA
HBBAS3 F AAGGGCACCTTTGCCCAG
HBB AS3 HBBAS3 R GCCACCACTTTCTGATAGGCAG
HBG12F CCTGTCCTCTGCCTCTGCC
HBG1/HBG2 HBG12R GGATTGCCAAAACGGTCAC
HBD F CAAGGGCACTTTTTCTCAG
HEBD HBD R AATTCCTTGCCAAAGTTGC
GYPA hGYPA F GGTGGCAATGCACACTTCAA
hGYPA R ACCCTTTCTCCGGTTTCCTC

F=forward; R=reverse, PRB=probe.
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Supplementary figure 1. Genotype of HUDEP-2 B°

(A-B) Representative HPLC chromatograms of globin tetramer (A) and b-like subunits (B) analysis. HbA,
adult hemoglobin (a2p.). (C) Schematic representation of the B-globin gene (HBB; hg38). Reference allele
(wt) is shown above HUDEP-2 B° Sanger sequencing profiles. Frameshift disruption occur at leucine 15.
gRNA target site is shown in green, PAM sequence is underlined and +1 insertions are shown in red. (D)
RT-gPCR quantification of B-like globin mRNA ratios in HUDEP-2 B° (n=3-5) and in single cell clones with
monoallelic (a-/aa; n=3) or biallelic (a-/a-; n=3) HBA2 deletions. B+ RNP = HUDEP2 b°bulk population
edited with gRNA HBA15/Cas9. B KOa= HUDEP2 B°bulk population edited with gRNA HBB/Cas9 to
induce a-globin KO. Bars represent meanzSD (n=3; ** p<0.01, ANOVA, Tukey's test).

116



Pavani et al.

85 101

80— R’=0.95 uT (88%)
" p<0.001 B a0 G (10%)
® 60— = p20.001 g 50 uC (2%)
[0 K A (0%)
0O 4p- [T
c 4 =
= =z
> 204 39. 20
47 45
0- —|—- |I l5 0
- . 0. . * . .
<-- deletion insertion --> +1 insertion
+1 ATGGTGGGTTCTCTCTGAGTCT) NGTGGGEACCAGAAG
wt ATEGGTGEGGEGTT T T TGAGT T;GTGGGG' AGAAGA
-4 ATGGTGGGTTCTCTCTGAGTCT! GG A A GAAGA
Bm BFU-E 150
120+ 1 CFU-GM
100 BN CFU-GEMM
-
S 100
o %0 @
' >
© 60 o
2 ] Q 50
20
04

wt 1A 2P Tot
wt 20 7 1 | 28
ldel 6 17 25
2del 0 5 5
Tot 26 29

wlo N

Supplemental Figure 2. Ex vivo characterization of edited HSPCs.

(A-C) Representative InDel spectrum (A), sequence (B) and 1+ nucleotide insertion probability (C) for
gRNA HBAI15. In (B) Red line: gRNA sequence; blue line: PAM sequence. (D) Colony formation unit (CFU)
frequency in edited HSPCs. CFU-GEMM, granulocyte, erythroid, macrophage, megakaryocyte; BFU-E,
burst-forming unit-erythroid; CFU-GM, granulocyte, macrophage. Bars represent mean +SD (n=3-5). (E)
CFC number expressed as percentage of untreated control (UT). Bars represent mean 15D (n=3-5), red
dashed line indicates 100%. (F) Colony genotypes shown in Figure 3I.

117



Pavani et al.

b‘luo' oape o UT
g e RNP
3 10l ® AAV+RNP
L ey @ H e AAV
o o -3 8080°
9 e !
Q1 - o®
g P e
= .

0.1 o

2 “ &

hCD19

SSC

hCD3

140 Il BFU-E 100 4
1 CFU-GM _
120 2
B CFU-GEMM 2 10l
100 2
5} =
o 80 - 1
5} 2
® 60 s
+
40 e o1
20 [}
0 0.01 .
? I ) & & & e~
¢ ‘.‘F‘l@ v €

Supplemental Figure 3. In vivo characterization of edited HSPCs.

(A) Gating strategy to analyze engraftment levels and cell lineages of human xenografts in NSG mice.
Representative plots for quantification of human hematopoietic (CD45+/HLA-ABC+), human B (CD19+),
human myeloid (CD33+) and human T (CD3+) cells. (B) Immunophenotyping of human xenografts in
bone marrow of NSG mice. Each dot represents one animal, lines indicate mean. (C) Colony formation
unit (CFU) frequency in bone marrow-derived CD34. CFU-GEMM, granulocyte, erythroid, macrophage,
megakaryocyte; BFU-E, burst-forming unit-erythroid; CFU-GM, granulocyte, macrophage. Bars represent
mean 15D (n=2-4). (D) GFP positive cells in HSPCs (CD34), myeloid (CD33), B (CD19) and T (CD3) cells in
BM of transplanted mice. Each line represents one animal.
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Supplemental figure 4. Characterization of edited thalassemic HPSCs.

(A-B) Sanger sequencing of HBB gene in patients’ HSPCs. Patient 1 carries the -87 C>T p*
mutation in heterozygosis with the codon 39 (CAG>TAG) B° mutation (A). Patient 2 is
homozygous for the codon 39 (CAG>TAG) B mutation (B). Blue boxes highlight the mutated
nucleotides. (C) B**3 RNA expression during erythroid differentiation in B* erythroblasts. Values
are normalized per copy number (CN). Black lines indicate mean. (D) Flow-cytometry analysis at
day 12 of erythroid differentiation of edited HSPCs. Results are shown as mean £SD (n=1-3). (E)
CFC numbers expressed as percentage of untreated control (UT). Red dotted line indicates
100%; bars represent mean +SD (n=1-3). (F) Colony-forming cell (CFC) frequency in edited HSPCs
(mean £SD). CFU-GEMM, granulocyte, erythroid, macrophage, megakaryocyte; BFU-E, burst-
forming unit-erythroid; CFU-GM, granulocyte, macrophage. (G) a/B-like globin mRNA ratios in
edited thalassemic BFU-E (n=67) are plotted. 2 HBA2 colonies come from untreated and wt
edited BFUE. Each dot represents a single colony. Black lines indicate mean (n=;*, p<0.01; 1 way
ANOVA, Dunn'’s test).
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Supplemental figure 5. Single vs dual nick editing of K562

(A) Genomic location of HBA15 and HBA20 gRNAs. The distance between the two cutting sites is
indicated. Red rectangle: HBA start codon. (B-C) Representative InDel spectrum (A) and 1+ nucleotide
insertion probability (B) for HBA20. (D) AAV6 donor used for K| experiments. Vector contains a
promoterless transgene encoding for the truncated inactive form of the human low affinity nerve
growth factor receptor (ANGFR), followed by a phosphoglycerate kinase (PGK) promoter with a GFP
reporter and simian virus polyA (pA). This cassette is flanked by 250 bp homology arms (homology) to
gRNA genomic target. ITR, inverted terminal repeats. 1KB scale bar is indicated on top. (E-F) InDels (E)
and HBA2 copies (F) quantification in edited K562 cells. Black lines represent mean. (G-H) AAV knock-in
efficiency in term of on-target DNA integration (G) and NGFR/GFP expression (H). Black lines represent
mean. (I) Percentage of cells with HDR or not HDR mediated DNA targeted integration (same data of H).
HDR+ = (GFP+ DNGFR+ / GFP+) * 100; HDR- = 100 - HDR+. Black lines represent mean.
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Supplemental figure 6. CFC and off-target analysis

(A) Colony genotypes shown in Figure 6H. (B) Genotype of CFC with B3 transgene integration using
Cas9 (WT, gray; n=121) or Cas9 nickase (D10A, red; n=29). Bar represent frequency tconfidence
intervals (**, p <0.01; Chi-square test). (C) GUIDE-Seq analysis. The on-target sequence and PAM motif
are shown in the top line. Off-targets and their mismatches to the on-target site (highlighted in color),
sequencing read counts, chromosomal position (hg19), strand and type of genomic region are reported.
The majority of off-targets map to intergenic regions or introns except OT-15, which lays in exon 2 of the
IRS1 gene that is not expressed in the hematopoietic system. (D) InDel quantification by deep-
sequencing of top 3 off-target sites identified by GUIDE-Seq in erythrablasts derived from control and
edited HSPCs (n=2 different healthy donors). On-target InDels were 92 and 98% (TIDE) for Cas9 wt. The
InDels measured in OT-2 come from amplification/sequencing errors, as mutations in the amplicons are
not specific to the gRNA matching sequence.
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Conclusion

HBAZ deletion in edited B-thalassaemic HUDEP or patient HSCs improves the a-globin precipitation
as observed in patient having an a-thalassaemic trait. Thus, hijacking the HBA promoter to produce
B-chains restores the o/p imbalance and lead to significant HbA formation. Edited CD34+ (RNP only
or RNP+AAV) cells have been successfully transplanted into immunocompromised mice and were

able to retain their multilineage potentiality.

To offer a safer editing strategy without DSBs, we applied RNP composed of Nickase D10A and HBA
gRNA. We observed a lower targeting integration in HSCs compared to spCas9 but without indels
generation and with a lower toxicity. Nickase is a promising strategy but requires optimisation such
as delivery methods or used of other Nickases variants. Finally, the analysis of off-target via GUIDE-

seq demonstrate the robustness and the safety of strategy as none of them were detected.
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6.2 Ex vivo EDITING OF HUMAN HSCS FOR ERYTHROID EXPRESSION OF THERAPEUTIC
PROTEINS (PAVANI ET AL., 2020)

Introduction

Protein replacement therapy (PRT) becomes a gold standard therapy for many monogenic disorders
that requires supplementation of the missing protein such as lysosomal enzyme or blood factors.
While lifesaving, PRT consists of weekly intravenous injection of a human recombinant protein that
could result in patient to immune response against recombinant protein and remains quite expen-
sive. By insertion of a functional copy of the deficient protein in patient’'s HSCs, ex vivo GT offers a
curative alternative for monogenic disorders. In this context, we developed a universal platform to
achieve targeted transgene integration into a safe-harbour locus : the a-globin locus (HBA). In HSCs,
we induced DSBs in HBA locus with CRISPR-spCas9 and delivered a therapeutic transgene with HA
for HBA using AAV6 allowing targeted integration with HDR. The integration of therapeutic
transgene into HBA locus leads to high and erythroid specific expression in erythroblasts. Therefore,
HBA platform would require minimal transgene integration events in HBA locus to provide sufficient
amount of therapeutic proteins reducing as consequence the potential off-target and toxicity due to

editing and DNA donor delivery.

Hematopoietic

stem Cell
Chr16
DSURBRNT I NZe §  § RGO
Enhancer/ x HBA
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Cas9
Common myeloid .
Transgene expression

progenitor

4 \ A Loy
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Figure 35) Representation of the HBA-targeted platform for protein expression in erythroid cells (from
Community, 2020). The integration of the therapeutic transgene under the control of the endogenous a-

globin promoter will allow specific protein expression in erythrocytes.
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We first selected gRNA targeting the non-coding 5 untranslated (UTR) region of HBA locus without
affecting erythroid differentiation or hemoglobin synthesis. Then, the efficiency of targeting
integration in HBA locus was evaluated upon AAV6 delivery of a promoterless GFP template flanked
by HBA HA. Finally, potential off-target sites were investigated via IDLV capture analysis to assure
the safety and specificity of our Cas9/gRNA strategy. To evaluate the erythroid-based platform for
protein secretion, we performed targeted integration of promoterless therapeutic transgenes in
HSCs. We tested the strategy on different disease model as hemophilia B (FIX),
Mucopolysaccharidosis (Iduronidase, IDUA), Fabry disease (a-galactosidase, GLA), and Wolman
disease (Lysosomal acid lipase, LAL) all of them currently treated with PRT. We then differentiated
edited HSC, towards the erythroid lineage for 14 days and monitored enzyme secretion. Finally, the
engraftment and multilineage reconstitution potency of edited CD34+ was evaluated in

immunocompromised (NSG) mice.

Contribution :

| worked on the in vitro evaluation of FIX, IDUA, GLA, LAL expression and secretion as well as cross-
correction assays in WD fibroblasts. | was also involved in the editing of CD34+ LIPA KI prior NSG

transplantation and in the 12-week mice follow up.
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tions, therapeutic transgenes can be inserted in a safe and highly transcribed locus to
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expression of clinically relevant proteins by the erythroid lineage. Using CRISPR-Cas9, we
integrate different transgenes under the transcriptional control of the endogencus a-globin
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targeted HSPCs secrete different therapeutic proteins, which retain enzymatic activity and
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multilineage differentiation potential in transplanted mice. Overall, we establish a safe and
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any diseases require protein replacement therapy (PRT)

to supplement a protein that is deficient because of a

genetic defect. PRT is approved or under investigation
to treat more than 40 inherited disorders, mostly involving blood
factors and lysosomal enzymes!. Although life saving for some
patients, this therapy has several limitations, that lead to treat-
ment failures and limited long-term efficacy®.

Genome editing technologies have a great therapeutic potential
for genetic disorders, as they can fix the underlying disease-
causing mutation®*. However, this approach requires the devel-
opment of countless gene-tailored editing strategies that can
hinder clinical translation.

To overcome this issue, a single “safe harbor” or a highly
transcribed genomic locus can be exploited to integrate and
overexpress different therapeutic transgenes®. Previous studies
successfully used adeno-associated virus (AAV) for nuclease-
mediated targeting of transgenes under the control of the endo-
genous albumin promoter in liver®”. The striking transcriptional
activity of this locus achieved therapeutic protein levels in dif-
ferent preclinical models and thus prompted the first in vivo
genome editing trial in humans (NCT03041324). Although pro-
mising, this approach is hampered by: (1) presence of pre-existing
antibodies against AAV capsid that precludes treatment to a
significant portion of patients®; (2) long-term expression of syn-
thetic nucleases in vivo, which could result in genotoxicity and
trigger immune responses against transduced hepatocytes®%; (3)
liver conditions that can alter AAV transduction and hepatic
protein expression!l:12,

As therapeutic alternative, hematopoietic stem cells (HSCs) can
be harnessed to overexpress transgenes in downstream hemato-
poietic lineages. Differently from liver, autologous HSCs can be
easily accessed for ex vivo gene manipulation and re-adminis-
tration, thus circumventing immunological issues; however, a
suitable locus for transgene integration (knock-in, KI) still needs
to be identified.

a-globin genes are expressed by the erythroid lineage at
extremely high levels (~1.5 g/day)'3, they are present in 4 copies
per cells and the loss of up to 3 a-globin alleles is mostly
asymptomatic'4, making this locus a promising candidate for KI
in HSCs. In addition, erythroid cells are the most abundant
hematopoietic progeny (~2 x 101! new erythrocytes per day!?)
and can secrete relevant amounts of therapeutic proteins, as
previously demonstrated by gene transfer using lentiviral vectors
(L\f)lS—l?.

Here, using CRISPR-Cas9 we integrate therapeutic genes under
the transcriptional control of the endogenous a-globin promoter
in human HSCs. We aim to combine strong transcription and
abundance of transgene-expressing erythroblasts to maximize
protein production, reducing the number of integration events
required to reach therapeutic levels.

This HSC platform for robust erythroid-specific expression of
therapeutic proteins opens possibilities for treating hemophilia
and lysosomal storage disorders (LSD), as well as other genetic
diseases.

Results

Selection of gRNA targeting the a-globin locus. To generate a
DNA double-strand break (DSB) for transgene integration in the
a-globin locus, we focused on Streptococcus pyogenes (Sp)Cas9
nuclease, the only Cas in clinical trials to edit HSCs
(NCT03164135; NCT03655678). We designed 14 guide (g)RNAs
targeting the non-coding sequences of a-globin genes, in parti-
cular the 5 untranslated region and introns (5'UTR, IVS! and
IVS2 respectively), avoiding known regulatory elements (Fig. la
and Supplementary Table 1A). gRNA were tested for on-target

DNA cleavage (InDels) in K562 erythroleukemic cells con-
stitutively expressing Cas9 (Fig. 1b). For the best candidates for
each region we analyzed the indels pattern (Supplementary
Fig. la) and we assayed their effect on a-globin production. As
control, we designed a gRNA (KO) targeting the first exon of
HBA1 and HBA2 genes, which abrogates a-globin production. In
K562, 5'UTR and IVS2 gRNA did not alter a-globin protein level
(Supplementary Fig. 1b) and were therefore selected for further
investigation.

To evaluate DNA cleavage efficiency in clinically-relevant
human HSPCs, cells were transfected with Cas$/gRNA ribonu-
cleoprotein complex (RNP). To control the effects of the editing
procedure, we included a gRNA targeting an unrelated genomic
locus (AAVS1). We observed efficient editing for 5'UTR and
IVS2 gRNA in both erythroid liquid culture and methylcellulose-
plated colony-forming cells (CFC) (Fig. 1c), which did not affect
HSPC viability and multilineage potential (CFC assay; Fig. 1d and
Supplementary Fig. 1c) or altered erythroid differentiation (flow
cytometry analysis, Fig. 1e). Remarkably, 5UTR and IVS2 gRNA
did not modify a-globin expression, measured as ratio between a-
and B-like globin chains (Fig. 1f and Supplementary Fig. 1d). In
accordance with these data, adult hemoglobin (2a+2f globin
chains; HbA) remained the predominant hemoglobin form in
both 5'UTR and IVS2 erythroblasts, while it strongly decreased in
KO controls where alternative homotetramers lacking a-globin
chains appeared, as in a-thalassemic patients!* (Fig. 1g and
Supplementary Fig. le). Lastly, since the two a-globin genes
(HBAI and HBA2) are the result of evolutionary duplication
(96.67% sequence homology, GRCh38), we evaluated if simulta-
neous cleavage of both genes can induce loss of HBAZ2 in edited
HSPCs. We observed a reduction of HBA2 copies per cell to 1.8 +
0.3 for IVS2 gRNA, which selectively targets HBA2, and to 1.4 +
0.3 for 5'UTR gRNA (Supplementary Fig. 1f); however, these
rearrangements had minimal effect on globin production, as
shown above. Detection and quantification of HBA2 inversions
was not possible due to technical issues associated with the
presence of repetitive sequences and the high GC content of the
a-globin locus.

QOverall, these results demonstrate that both 5UTR and IVS2
gRNA efficiently cut a-globin genes without affecting HSPC
viability, differentiation potential and hemoglobin expression,
thus representing an interesting genomic locus to test KI.

Targeted integration. To evaluate if the a-globin promoter can
drive the expression of an integrated heterologous transgene, we
generated KI cassettes containing a promoterless GFP (Supple-
mentary Fig. 2a). These cassettes were delivered in K562-Cas9
cells using integrase-defective lentiviral vector (IDLV) and inte-
grated by transfecting a gRNA encoding plasmid. Interestingly, all
gRNA/IDLV combinations resulted in GFP expression, which
increased upon erythroid differentiation (Supplementary Fig. 2b).
In addition, on-target integration by non-homologous end join-
ing was confirmed in GFP positive clones by PCR (Supplemen-
tary Fig. 2c) and the presence of a chimeric messenger RNA
showed correct splicing of intron traps (Supplementary Fig. 2d).
Similar results were obtained upon KI in the p-globin gene,
suggesting that KI in globin genes with different expression levels
could be a viable strategy to modulate transgene expression
(Supplementary Fig. 2e-j).

We further confirmed these a-globin KI data in immortalized
human erythroid progenitor cells (HUDEP-2)!8, which can
differentiate to reticulocytes. To perform KI, HUDEP-2 cells were
transfected with 5'UTR or IVS2 RNP and transduced with an
AAV6 carrying the aforementioned expression cassettes flanked
by homology arms to favor homologous DNA recombination
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Fig. 1 Editing of selected sites in the a-globin locus minimally affects globin production. a Locations of gRNA on HBAZ2 gene. All gRNA except 74 (in
purple) target both HBA1 and HBAZ. Selected gRNA are highlighted. b K562-Cas9 screening of gRNA targeting different region of the a-globin locus (5°
untranslated region/start codon (5'UTR/ATG), intron 1 (IVS1) or intron 2 (IVS2)). Each bar is a different gRNA, each dot a different experiment. Editing
efficiency is expressed as percentage of modified HBA alleles (bars represent mean; data from 1, 2 or 3 biological replicates). The gRNA selected for each
region are highlighted. ¢ Editing efficiencies in HSPCs in erythroid liquid culture (circles) or in BFU-E (burst-forming unit-erythroid, squares). Lines show
mean (2-4 donars; n=5 KO, n= 6 AAVS1, n=9 5'UTR and I1VS2). d Colony-forming cell (CFC) frequency in edited HSPCs (mean£5D; n=2, n=4 for
IV52). CFU-GEMM, granulocyte, erythroid, macrophage, megakaryocyte; BFU-E, burst-forming unit-erythroid; CFU-G/GM, granulocyte-macrophage.

e Flow-cytometry analysis of erythroid markers upon differentiation of edited HSPCs, day12 (green 5'UTR, purple IVS2 and gray AAVS1). Results are shown
as mean £ SO (n = 3 biological replicates, 3 different donors; p = 0.94, one-way ANOVA Tukey's test). f HPLC analysis of hemoglobin monomers of
erythroblasts derived from edited HSPCs (n=6 5'UTR, n=5 IVS2, n =3 KO and AAVS1, n =4 UT; 4 donors). InDels percentage mean is indicated. The
ratio o/fi-like globins in normal cells is close to 1 (red dashed line). Black lines show mean; BFU-E (squares), erythroid liquid culture (circles) (***p < 0.001
vs UT, 5'UTR, IV52, AAVST; one-way ANOVA, Tukey's test). g HPLC analysis of hemoglobin tetramers of erythroblasts derived from edited HSPCs (same
samples as in f). Every tetramer is reported as % of total hemoglobins (*p < 0.05; **p < 0.01, ***p < 0.001; two-way ANOVA, Dunnet's test). Black lines
show mean; BFU-E (squares), erythroid liquid culture (circles). Hb Bart, y4 (p = 0.017 5'UTR, p=0.013 IVS2, p = 0.006 AAVS1 vs KO); HbH, B, (p=
0.038 5'UTR, p=0.035 V52, p= 0.032 AAVS1 vs KO); HbF, fetal hemoglobin, ey, (p <0.001 5'UTR and AAVSI, p=0.002 IV52 vs KO); HbA, adult
hemoglobin, azfi; (p<0.001 vs KO). Source data are in the Source Data file.

(HDR)!? (Fig. 2a). After puromycin selection, GFP was expressed
from both genomic sites and increased about 100 fold upon
differentiation, with 5'UTR integration expressing ~10 fold higher
than IVS2 (Fig. 2b, ¢).

We then performed 5'UTR and IVS2 KI in HSPCs, where HDR
was more efficient and no enrichment was required. Again, we
observed a similar GFP upregulation after erythroid induction
(~100 fold) and a higher expression upon 5'UTR integration
(Fig. 2d-f and Supplementary Fig. 2k).

For this reason and considering that DNA targeted integration
in IVS2 could result in the expression of a truncated a-globin
chain, we selected the 5'UTR region for further investigation.

Importantly, even if PCR analysis of individual CFC showed
integration in both erythroid and granulocyte-monocyte colonies
(Supplementary Fig. 21), flow cytometry and microscopy data
demonstrated that GFP expression was restricted to erythroid
progenitors (Fig. 2g, h). Sanger sequencing of PCR products
spanning the AAV-genome junction of colonies showed that KI
occurred through HDR (1 = 10; Supplementary Fig. 21, m) Taken
together, these data show that KI into a-globin locus is efficient
and results in robust erythroid-specific expression.

Off-targets analysis. We performed off-target analysis for 5'UTR
gRNA in K562. Briefly, cells were transfected with RNP for 5/
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UTR or AAVS]1 (negative control), and 29 top-scoring off-targets
predicted in silico?®2! were PCR amplified for InDels quantifi-
cation. Although on-target activity reached >85%, we could not
detect any difference between HBA15 and control AAVS1 gRNA
at any of the predicted HBA15 off-target sites (Supplementa?
Table 2) (with a technical threshold of >2% of TIDE software)22.
To detect unpredicted off-targets, we also performed an unbiased
genome-wide screening by IDLV capture analysis. This method
exploits the tendency of IDLV genome to ligate into DSB, thereby
stably tagging otherwise undetectable DSB2324, To this purpose,
K562 were transduced in triplicate with an IDLV encoding for a
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constitutively expressed GFP and transfected with 5'UTR or IVS2
RNP. The latter sample was used as positive control, since IVS2
gRNA has a known off-target in HBAI. After GFP-based sorting,
we identified IDLV clustered integration sites (CLIS) by ligation
mediated (LM)-PCR coupled with next generation sequencing?®.
As expected, we observed high on-target activity for both gRNA
(92.5% and 91.2% of total reads for 5'UTR and IVS2 gRNA,
respectively), and we confirmed integration in the predicted
HBAL1 off-target for IVS2 (8.5%), in line with TIDE-based indels
analysis (8.5% + 4.9, n=5) (Supplementary Fig. 3a-c). Remark-
ably, no unique CLIS and none of the predicted off-targets were
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Fig. 2 Transgene integration into the x-globin locus results in robust erythroid-specific expression. a AAV6 donors used for Kl experiments in 5'UTR
(top) and IVS2 (bottom) of the a-globin genes. Both vectors contain a promoterless GFP with bovine growth hormone polyA (pA), followed by a
phosphoglycerate Kinase (PGK) promoter with a puromycin selection marker (puro) and simian virus polyA (pA). This cassette is flanked by 250 bp
homology arms (homology) to gRNA target. IVS2 trap also contains a synthetic intron (IVS), a splice acceptor (SA) and a self-cleaving peptide (2A). ITR,
Inverted terminal repeats. b Representative histograms of GFP expression of HUDEP-2 Kl cells at day O (light pink), day 7 (red) and day 9 of erythroid
differentiation (dark red). Untreated HUDEP-2 are shown in gray (n=1). ¢ Barplot of GFP median fluorescent intensity (MFI) as in b. d Schematic
representation of HSPC targeting experiments. e Representative histograms of GFP expression of 5'UTR Kl (red fill) and AAV6 only HSPCs (gray line)
during erythroid differentiation. Percentage of GFP positive cells is indicated (n = 3 different donors). f GFP median fluorescent intensity (MFI) during
differentiation of 5’'UTR KI HSPCs (lines indicate mean, n = 3 different donors indicated by open, gray and black circles). g Representative dot plots
showing GFP expression in erythroid (GYPA+) and leukocytes (hCD45+) CFC. h Representative overlay images (bright field and GFP channel) of different
erythroid progenitor-derived colonies (n = 24). Scale bars in red indicate 200 pm. CFU-GEMM, granulocyte, erythroid, macrophage, megakaryocyte; BFU-
E, burst-forming unit-erythroid; CFU-E, erythroid. Source data are in the Source Data file.

identified for 5'UTR gRNA after correction for random IDLV
integration, further assuring the lack of any predominant off-
target for this gRNA.

Hemophilia B. As first therapeutic target, we tested our platform
for hemophilia B (OMIM #306900), a disease model for gene-
based therapies caused by the absence of functional Factor IX
(FIX, F9). Initially, HUDEP-2 cells were transfected with 5UTR
RNP and transduced with an AAV6 carrying two 250bp
homoloﬁgy arms flanking a promoterless human FIX-R338L (FIX
Padua?®) and a constitutive GFP reporter to easily track KI cells
(Fig. 3a). Concordance between DNA integration and GFP
expression analyses before and after GFP sorting confirmed that
most integrations were on-target (Fig. 3b), with a preference for
HBAI integration (Supplementary Fig. 4a). FIX expression was
upregulated upon HUDEP-2 erythroid differentiation (Fig. 3c)
and its secretion (median 1161 ng/108 cells/FIX copy, 769.1-1885,
interquartile range) correlated with the number of integrated FIX
copies (Fig. 3d).

Editing of HSPCs showed that also in primary cells, without
any selection, we could obtain high levels of InDels (Supplemen-
tary Fig. 4b) and KI of FIX as measured by GFP (Fig. 3e) and on-
target ddPCR (Supplementary Fig. 4c), associated with a reduced
number of HBA2 copies (Supplementary Fig. 4d).

Once more, we could demonstrate that F9 mRNA and protein
secretion increased upon erythroid differentiation (Fig. 3f, g) and
that secreted FIX was functional (Fig. 3h; Supplementary Fig. 4e).
Interestingly, FIX expression achieved with targeted integration
was higher compared to a state-of-the-art LV carrying an artificial
B-globin promoter?” (Fig. 31, j), highlighting one of the
advantages of exploiting endogenous promoters in their chroma-
tin context. Analysis of HSPC derived colonies, confirmed that
high KI efficiency in CFC (both erythroid and granulocyte-
monocyte colonies, Supplementary Fig. 4f) did not affect HPSC
clonogenic differentiation capacity (Supplementary Fig. 4g),
although the total number of CFC was lower than control HSPCs
due to known AAV toxicity (Supplementary Fig. 4h)?%2%. In
addition, by analyzing KI HSPC derived burst-forming unit-
erythroid colonies (BFU-E) we showed that F9 integrations were
mostly monoallelic (Fig. 3k) and HDR-mediated (19/19 colonies;
Supplementary Fig. 4i), associated with a reduced number of
HBA2 copies (Supplementary Fig. 41). Importantly, also BFU-E
derived erythroblasts were capable of secreting FIX (Supplemen-
tary Fig. 4m).

These results clearly indicate that this platform can express and
secrete a functional protein with therapeutic relevance.

Lysosomal storage disorders. In light of these promising find-
ings, we expanded our strategy to other genetic diseases eligible
for PRT, such as LSD. These inherited metabolic conditions are
characterized by an abnormal build-up of toxic metabolites in

lysosomes as a result of enzyme deficiencies??. Here we tested
three different human transgenes encoding for: a-L-iduronidase
(IDUA; Hurler syndrome, OMIM #607014), a-galactosidase
(GLA; Fabry disease, OMIM #301500) and lysosomal acid
lipase (LAL; Wolman disease, OMIM #278000). To facilitate their
detection, each enzyme was tagged with 3 copies of hemaggluti-
nin epitope (HA) and cloned into AAV6 vectors (Fig. 4a). As for
FS, these transgenes were integrated into the a-globin locus of
HUDEP-2 and KI cclls were enriched by GFP sorting. Both
mRNA and protein analyses confirmed enzymes expression,
which substantially increased upon erythroid differentiation
(16-171 fold and 2.5-4.5 fold respectively, Fig. 4b, c). For addi-
tional experiments in HSPCs we focused on LAL transgene, since
Wolman disease (WD) is a life-threatening genetic condition with
a severe liver phenotype and no gene therapy options available.

Editing of HSPCs showed that, without any selection, we could
obtain high levels of InDels (Supplementary Fig. 5a) and KI of
LAL as measured by GFP (Fig. 4d) and on-target ddPCR
(Supplementary Fig. 5b), associated with a reduced number of
HBAZ2 copies (Supplementary Fig. 5c). In addition, LAL enzyme
was strongly expressed and secreted upon erythroid differentia-
tion (Fig. 4e, f) and retained its hydrolytic activity, in accordance
with antigen levels (Fig. 4g).

By analyzing KI HSPC derived burst-forming unit-erythroid
colonies (BFU-E) we showed that LAL integrations were mostly
monoallelic (Fig. 4h), associated with a reduced number of HBA2
copies (Supplementary Fig. 5d). After aggregation of the
genotypes of F9 and LAL BFU-E, we established that most of
edited BFU-E (87%) had transgene integration and/or HBA2
deletion and 53% harbored both modifications (Supplementary
Fig. 5e, f).

In order to be therapeutically relevant, secreted LAL enzyme
should cross-correct LAL deficient cells and reduce pathological
cholesterol accumulation in lysosomes. Thus, we exposed WD
patient’s fibroblasts to conditioned medium from untreated (UT)
or KI HSPC derived erythroblasts (LAL). After 3 days we
observed LAL uptake in WD fibroblast lysates (Fig. 4i), which
correlated with a significant decrease of total cholesterol (Fig. 4j)
and lipid deposits (Fig. 4k), clearly showing that the secreted
enzyme can ameliorate the metabolic dysfunction. Altogether, we
demonstrated that our platform is versatile and can express
several functional therapeutic proteins that require post-
translational modifications.

In vivo long-term analysis of edited HSPCs. To evaluate if LAL-
KI HSPCs maintain their homing, engraftment and multi-
lineage potential, we transplanted immunodeficient NOD/
SCID/y3! (NSG) mice and monitored human cells for 16 weeks
(Fig. 5a). All mice showed successful engraftment in bone
marrow, spleen and blood (Fig. 5b). GFP positive cells were
present at different time points (Fig. 5c, d; Supplementary
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Fig. 3 F9 Kl into the a-globin locus results in expression and secretion of functional enzyme. a AAV6 donor used for Kl experiments of FIX Padua. b FIX
Kl efficiency in HUDEP-2 cells was measured by flow cytometry (light green) or ddPCR specific for on-target integration (dark green) before and after
sorting (n = 1). € Quantification of FIX mRNA in KI HUDEP-2 upon differentiation (mean + SD, n = 2 undifferentiated, n = 3 differentiated). d Quantification
of FIX secretion in medium of HUDEP-2 clones (n= 28) with monoallelic or biallelic KI (ELISA), as detected by on target ddPCR analysis (AAV-genome
junction amplification). Lines represent median. e Kl efficiency in HSPCs at day 9 of erythroid differentiation. Lines represent mean (n=4). f g FIX
expression during HSPC differentiation at RNA (f, gPCR; n=2 day 9; n= 4 day 12) and protein level (g, ELISA on supernatants, n=3 day 7; n=4 day
9 and 12; 3 donors). Bars represent mean + SD. h Comparison of FIX antigen (ELISA) and activity (aPTT) in supernatants of KI HSPCs (mean; n= 2).
i, j Comparison of FIX RNA at day 9 and 12 of erythroid differentiation (i) and protein (j) in KI HSPCs (AAV + RNP) vs HSPCs transduced with an erythroid-
specific lentiviral vector (LvEry FIX). Bars represent mean (**p = 0.003 t-test Holm-Sidak correction for RNA at day 12; p = 0.08 for protein, n=2).

k Integration pattern in single BFU-E (2 donors): no integration (0), monoallelic (1) and biallelic KI (2). Source data are in the Source Data file.
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Fig. 6a) and in all cell subsets analyzed (Fig. 5e¢), including more
primitive HSPCs in the bone marrow (Fig. 5f), demonstrating
that KI HSCs were able to reconstitute the entire hematopoietic
system. However, in accordance with previous reports
describing AAV toxicity in HSPCs?%2% KI HSPCs showed
lower engraftment levels compared to unedited HSPCs (Fig. 5b)
and a reduction of KI GFP positive cells after transplantation
(Fig. 5¢).

MNATURE COM

NICATIONS | (2020011:3778 | https:// doi.org /10.1038/541467-020-1755,

Since NSG mice do not support human erythroid differentia-
tion®?, we isolated human CD34" cells from bone marrow of
engrafted mice and differentiated them ex vivo. In a CFC assay,
KI HSPCs were still able to generate both erythroid and myeloid
colonies, to express GFP (Supplementary Fig. 6b) and, most
importantly, to produce LAL in erythroblasts (Fig. 5g and
Supplementary Fig. 6¢). Similar in vivo and ex vivo results were
also obtained for FIX (Supplementary Fig. 6d-g).
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Fig. 4 Expression and therapeutic potential of different lysosomal enzymes. a AAV6 donor used for Kl experiments. All enzymes were tagged with
hemagglutinin tag (3xHA). b Transcript upregulation of different enzymes in targeted HUDEP-2 upon differentiation (gPCR, n= 2, mean). Fold increase is
indicated. € Representative western blot detecting different enzymes (HA-tag and anti-p tubulin) of targeted HUDEP-2 upon differentiation (n=2). d Kl
efficiency of LAL-AAVE in HSPCs at day 9 (lines indicate mean; AAV n=4, AAV + RNP n=05). e Representative western blot of LAL in HSPC lysates,
supernatants and BFU-E in untreated (UT), transduced (AAV) and KI-HSPCs (AAV + RNP). Anti-HA tag and anti-p tubulin antibodies were used.

f Quantification of secreted LAL during erythroid differentiation. Anti-LAL antibody was used. Data are shown as fold increase over untreated cells (UT,
donor=2). g LAL activity in HSPC supernatants during erythroid differentiation, data are shown as fold increase over untreated cells (UT, n= 2).

h Integration pattern in single BFU-E: no integration (0), monoallelic (1) and biallelic (2). Mean + SD, donor = 2). i Uptake of erythroid-expressed LAL by
WD fibroblasts, measured by western blot or activity assay (mean; n = 2). j Cholesterol levels in WD fibroblasts after incubation with conditioned medium
from untreated (UT) or LAL Kl-erythroblasts. WT fibroblasts are shown as control (n= 4; p= 0.003 WD-UT vs WD-LAL; p < 0.001 WD-LAL vs WT; one-
way ANOVA, Tukey's test). k Nile Red staining in WD fibroblasts after incubation with conditioned medium from untreated (UT) or LAL Kl-erythroblasts.
WT fibroblasts are shown as control. Black lines indicate mean £ SD; number of fibroblasts analyzed is indicated. (***p < 0.001 one-way ANOVA, Tukey's
test). Source data are in the Source Data file.

’ 2 @
%NSG mice Molecular analysis,

@ % Cas9/AAV6 Cytometry
r—*—m

T T 1 — >
0 2 4 -
Days Weeks

[
—_
2]

b c d 04
Wiy @ 5 s .
& o X P % o 2 2 104 °
& T 2% e 8 2 —
8 10 o e o % 5 3 14 o
< * 5 (-] 0 ® [ ]
3 ° L 2 e
2 ° e s 3 014 H
g 1{ eur ° g + e
o 0 AAV [ & 0.014 o
= 5 (] P
© AAV + ANP
0.1 0.001 Lese—oo0—ov—
2 & 2 &
& %Q\ee: Q}\&P NS
o
o
e f g AAV+
100 A . KDa  yr AAV RNP
g 10 ° B0 L&
% 9 3 1 70 4
— . .
B 1 ® ) 50 |- LAL
g B 2
3 0 d L — 80 B
: & — ° 70
14 ° '
& 001 o - « Tubulin
a 1] o
0.001 0 ; ;
o » @ “ W ;
Q2 & o d
£ ¢ § ,9’5'9
00

Fig. 5 KI HSPCs engraft NSG mice and express LAL upon erythroid differentiation. a Schematic representation of engraftment experiments. b Percentage
of human CD45+/HLA-ABC+ cells in hematopoietic organs of mice. BM = bone marrow. (UT and AAV n = 3; AAV + RNP n = 8). ¢ GFP positive cells in
peripheral blood of transplanted mice over time. Line indicates mean (n =4 week 4; n =8 week 8 and 16). d Edited cells in bone marrow of transplanted
mice. GFP is expressed as percentage of CD45+ cells, mean is shown (*p = 0.012 AAV vs AAV + RNP, two-tailed Mann-Whitney test). e GFP positive
cells in HSPCs (CD34), myeloid (CD33), B (CD19) and T (CD3) cells in bone marrow of transplanted mice. Each line represents one animal (n=8). f GFP
positive cells in HSPCs (CD34) and in a more primitive HSPC subset (CD34+CD387) in bone marrow of transplanted mice (n= 4; ns: p = 0.8, two-tailed
Mann Whitney test). g Western blot on CD34-derived BFU-E from mice engrafted with untreated (UT), transduced (AAV) or KI HSPCs (AAV + RNP).
Anti-HA tag and anti-p tubulin antibodies were used (n = 2, BFU-E pooled fram 2 mice). Source data are in the Source Data file.

MUNICATIONS | 2020011:3778 | https://doi.org/10.1038/541467-020-17552-3 | www.nature.com/naturecommunications

136



ARTICLE

Overall, these data show that KI HSPCs can engraft NSG mice
and reconstitute all hematopoietic lineages.

Discussion

We developed an ex vivo platform for efficient gene targeting in
human HSCs and robust expression of therapeutic transgenes by
the erythroid lineage. By inserting transgenes under the control of
the endogenous a-globin gene promoter, we demonstrated that
erythroblasts derived from KI HSPCs ex vivo can express and
secrete different therapeutic proteins, which retain their enzy-
matic activity and cross-correct the metabolic defect of patient’s
cells. In addition, KI HSPCs were able to engraft in vivo and
maintained multilineage differentiation potential, we thus expect
that our strategy can be used as platform to treat genetic and non-
genetic disorders.

We demonstrated that the a-globin locus can be used as a safe
harbor for transgene KI in HSCs. In particular, we showed that
our selected Cas9/gRNA targeting a-globin 5" UTR is: (i) efficient
in inducing DSB in HSPCs (up to 80%); (ii) safe, as no effect on
HSPC multipotency and hemoglobin expression was observed;
(iii) specific for a-globin genes, as no predominant off-targets
were detected. To further improve the safety profile of this
approach, we can envisage the use of Cas9 variants, e.g., high-
fidelity®3 or nickase®¥; nonetheless, ad hoc DNA analysis for
major chromosomal alterations will be required before moving to
clinical testing3”.

Using the described 5'UTR gRNA and an AAV6 vector car-
rying a promoterless transgene we achieved efficient HDR-based
integration in the a-globin locus (above 50%). Although trans-
gene integration will result in knockout of the targeted a-globin
allele, this should not be a concern since a-globin genes are
redundant and a reduction of 50% of a-globin chain is clinically
asymptomatic'?. In addition, while it is theoretically possible to
achieve 4 transgene integrations (1 for each HBA gene), KI effi-
ciency is mostly limited to 1 transgene per cell (Figs. 3d, k, 4h),
minimizing the risk of causing a-thalassemia.

Transgene expression was limited to the erythroid lineage and
increased following erythroid maturation, as expected from the
endogenous a-globin promoter. Importantly, we showed that
erythroblasts are able to synthetize and secrete different func-
tional enzymes; secreted LAL was uptaken by patient’s fibroblast
and correctly sorted to lysosomes to reduce pathological choles-
terol accumulation, suggesting that secreted enzymes are properly
processed to enter the mannose-6-phosphate pathway36. Overall,
these results show the versatility of our platform and support its
application to other LSD.

By transplanting HSPCs in humanized NSG, we demonstrated
that KI HSPCs can repopulate the bone marrow and give rise to
progenitors and differentiated hematopoietic lineages. Unfortu-
nately, since NSG and other immunodeficient mouse models do
not support significant human erythropoiesis and prevent the
in vivo assessment of this erythroid-based platform?237, we
performed ex vivo erythroid differentiation of bone marrow
isolated CD34+ cells confirming that HSCs can still differentiate
and express the integrated transgene. Future experiment of KI in
mouse HSPCs carrying the human a-globin locus will allow
in vivo erythroid differentiation and direct assessment of the
steady-state expression levels achievable with our strategy*®.

Protein replacement therapies have proven to be a life-saving
therapy for patients affected by rare genetic diseases!. However,
PRT requires frequent costly injections with a peak-and-trough
serum kinetics, which reduce patients’ compliance to the therapy
and efficacy of treatment3?, and it is affected by development of
anti-drugs antibodies, which negatively influence drug bioavail-
ability and activity®’. Instead, gene therapy can provide constant

serum level of therapeutic proteins with a single administration
and can induce immune tolerance to the expressed transgene*!.
In particular, the idea of integrating a therapeutic transgene in a
safe and highly transcribed genomic locus has been already
described for the albumin gene®” and is now under clinical
evaluation (NCT03041324, NCT02695160). However, this in vivo
approach is hampered by pre-existing liver conditions, pre-
existing neutralizing antibodies and cell-mediated immune
responses against AAV vectors used to deliver transgenes or
nucleases, thus severely limiting the number of potentially trea-
table patients®. To avoid these issues, autologous HSCs can be
successfully engineered ex vivo by LV to express transgenes in
ubiquitous?%#3 or lineage-restricted manner*-46, including ery-
throid lineage!®1647:48; however, the semi-random integration
pattern of LV is intrinsically associated with the risk of inacti-
vating an oncosuppressor and transactivating an oncogene. Our
strategy promises to be a safer option since transgene integration
is targeted to a safe locus, no exogenous promoter is required and
transgene expression is truly restricted to erythroid cells, which
can induce immune tolerance to exogenous proteins®*-2. In
addition, transgene expression achieved by targeted integration
outperformed a LV carrying an erythroid-specific promoter?”:33,
which can only partially replicate the complex regulation of a
genomic locus due to vector capacity limitations and different
chromatin context. The benefit associated to our strategy is
twofold: (i) need of fewer modified HSPCs; (ii) higher expression
potential.

Our approach still requires bone marrow transplantation of
HSPCs, but on-going improvements of HSC mobilization and
conditioning regimens will facilitate this procedure®53, In
addition, we will explore alternative DNA donor delivery system,
eg. IDLV or non-viral vectors®®, or transient p53 inactivation®
as means to avoid the negative effect of AAV6 on HSPC
engraftment potential®®, Finally, we will have to assess in vivo if
over-expression of transgenes in erythroid precursor cells can
have an effect on the HSCs niche in the bone marrow or on
erythrocyte differentiation, half-life and clearance®”. Previous
experiments using LV to express different proteins from ery-
throcytes did not show any impact on erythropoiesis!>~17:%;
however, transgene-specific effects should be carefully evaluated.

Finally, we will engineer transgene sequence with blood-brain
barrier shuttle peptides?®° to treat LSD with central nervous
system involvement, a severe limitation of current PRT®,

In conclusion, we identified the human a-globin gene as a safe
genomic locus for transgene KI in HSCs and erythroid-specific
overexpression of therapeutic protein. Future in vivo tests will
elucidate the therapeutic potential of this CRISPR-Cas9 based
HSC-platform for PRT, especially for LSD and hemophilia.

Methods
Plasmids. Different gRNA protospacers were cloned in hU6-gRNA encoding
plasmid (Addgene plasmid # 53188) after Bbsl disgestion®!.

Promoter trap encodes for a promoterless GFP reporter (with bovine growth
hormone polyA) followed by a puromycin resistance gene under the control of the
human phosphoglycerate kinase 1 (PGK) promoter with a $V40 polyA. For intron
traps, we added a synthetic intron with splice acceptor site (adapted from®? and a
self-cleaving peptide from porcine teschovirus-1 (P2A)* in frame (+0 or +2) at 5
of GFP cDNA (Supplementary Fig. 2a and Supplementary Methods). These
cassettes were inserted in a standard lentiviral vector (LV) backbone® in antisense
orientation with respect to its LTR.

According to the experiments, GFP and puromycin sequences were exchanged
with enzyme cDNA and GFP respectively. F9 (Gene ID: 2158, R338L
substitution?8, GLA (Gene ID: 2717), IDUA (Gene ID: 3425) and LAL (Gene ID:
3988) cDNA with a C-terminal 3xHA tag (IxHA: TATCCCTATGACGTGCCT
GATTACGCC) and arms of homology (250 bp each) were synthetized by
Genscript (Piscataway, NJ) and cloned in a standard AAV vector backbone
(AAV2) in sense orientation with respect to its ITR. Upon successful HDR,
transgene translation starts from the same ATG as the endogenous a-globin ATG
for 5" UTR integration or after translation of a fragment of a-globin chain for IVS2
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integration (a-globin-2A-GFP). Homology arms for 5’'UTR a-globin integration
are: upstream, chrl6:172,642-172,892; downstream, chrl6:172,893-173,142 (hg38).

Homology arms for IV52 a-globin integration are: upstream, chrl6:173,135-
173,385; downstream, chr16:173,386-173,636 (hg38).

Vector productions. LV were produced by transient transfection of 293T using
third-generation packaging plasmid pMDLg/p.RRE (or pMDLg/p.RRE.D64V for
integrase defective vectors; IDLV), pK.REV, and pseudotyped with the vesicular
stomatitis virus glycoprotein G (VSV-G) envelope. LV/IDLV were titrated in
HCT116 cells5 and HIV-1 Gag p24 content was measured by ELISA (Perkin-
Elmer) according to manufacturer’s instructions.

All recombinant single-stranded AAV2/6 used in this study were produced
using an adenovirus-free triple transfection method of HEK293 and purified by two
sequential cesium chloride (CsCl) density gradients or by single affinity
chromatography (AVB Sepharose; GE Healthcare, Chicago, IL). The final product
was formulated in sterile phosphate buffered saline containing 0.001% of pluronic
(F68; Sigma Aldrich, Saint Louis, MO), and stored at —80 °C®67,

Cell culture and reagents. K562 cells (ATCC® CCL-243) were maintained in
RPMI 1640 medium containing 2 mM glutamine and supplemented with 10% fetal
bovine serum (FBS, Lonza, Basel, Switzerland), 10 mM HEPES, 1 mM sodium
pyruvate and penicillin and streptomycin (100U/ml each; Gibco, Waltham, MA,
USA). HUDEP-2 cells'® were maintained in StemSpan SFEM (StemCell Tech-
nologies, Vancouver, BC, Canada) supplemented with 2mM glutamine, 100U/ml
penicillin and streptomycin (Gibco, Waltham, MA, USA), Epo 3 U/ml, SCF 50 ng/
ml (PeproTech, Rocky Hill, NJ, USA); 1 pg/ml doxycycline and 1 pM dex-
amethasone (Sigma Aldrich, St. Louis, MO, USA). Cells were differentiated in
Iscove’s Modified Dulbecco’s Medium (IMDM) with 2 mM glutamine, 100U/ml
penicillin and streptomycin (Gibco, Waltham, MA, USA Gibco, Waltham, MA,
USA), Epo 3 Ufml, SCF 50 ng/ml (PeproTech, Rocky Hill, NJ, USA), 5% AB
human serum (Biowest, Nuaillé, France), 10 pg/ml insulin, 330 pg/ml Holo-
Transferrin, 2 U/ml heparin, 1 pg/ml doxycycline (Sigma Aldrich, St. Louis, MO,
USA). Doxycyeline and SCF were removed after 5 days of differentiation®®.
HUDEP-2 single cell clones were obtained by limiting dilution. Human primary
fibroblasts were obtained from the NIGMS Human Genetic Cell Repository at the
Coriell Institute for Medical Research: GM 11851 A (Wolman disease fibroblasts)
and GM 08333 C (healthy donor fibroblasts). Fibroblasts were maintained in
DMEM medium supplemented with 2 mM Glutamax (Gibco, Waltham, MA,
USA), 15% of FBS (Lonza, Basel, Switzerland) and 100U/ml of penicillin/Strep-
tomycin (Gibco, Waltham, MA, USA). Streptococcus pyogenes (Sp)Cas9 protein
(with 2 nuclear localization signals, NLS; provided by ].P. Concordet) was
expressed in E. coli strain BL21 Rosetta 2. The protein was purified by a combi-
nation of affinity, ion exchange and size exclusion chromatographic steps®.
tracrRNA and crRNA were purchased from Integrated DNA Technologies,
resuspended and annealed by manufacturer’s instructions. Chemically modified
single guide RNA were purchased from Synthego. Primer and probes for PCR were
purchased from Sigma-Aldrich (St. Louis, ML, USA) and Integrated DNA Tech-
nologies (Coralville, IA, USA).

Editing experiments in K562. gRNA screening: To generate a stable clone of
Cas9-expressing K562 (K562-Cas9), K562 cells were transduced with a lentiviral
vector (Addgene #52962) expressing SpCas9 and a blasticidin resistance cassette,
selected with blasticidine (10ug/ml; Sigma-Aldrich, St. Louis, MI, USA) and sub-
cloned. 2.5 x 10° K562-Cas9 cells were transfected with 200 ng of gRNA-containing
plasmid using NucleofectorAmaxa 4D (Lonza, Basel, Switzerland) with SF Cell
Line 4D-Nucleofector Kit, K562 program. 48 hours after transfection, cells were
harvested and DNA was extracted for molecular analysis.

Targeted integration: 5x 10° of K562-Cas9 cells were transduced at multiplicity
of infection (MOI) 50 with integrase defective lentiviral vectors (IDLV) containing
a promoterless GEP and a constitutively expressed puromycin-resistance gene.
After 24 h cells were washed and 2.5 x 10” of transduced cells were transfected with
200 ng of gRNA-containing vector as previously described. Cells were selected with
puromycin (5 ug/ml, Sigma-Aldrich, St. Louis, MI, USA) and sorted for GFP
positivity using MoFlocell sorter (Beckman Coulter, Pasadena, CA, USA).
Erythroid differentiation was induced with 50 M Hemin (Sigma-Aldrich, St.
Louis, MI, USA) and monitored for 4 days. As K562 differentiation is
heterogeneous, to determine differentiation status cells were stained with an anti-
Glycophorin A (GYPA) antibody (see list) and GFP expression was analyzed by
flow cytometry.

Aieti

CD34 " cell culture, tr and tr Human umbilical cord blood
(UCB) samples were provided by Centre Hospitalier Sud-Francilien (CHSF, Evry,
France) and processed according to France bioethics laws (declaration DC-2012-
1655 to the French Ministry of Higher Education and Research). CD34+- cells were
purified by immunomagnetic selection with AUTOMACS PRO (Miltenyi Biotec,
Paris, France) after immunostaining with CD34 MicroBead Kit (Miltenyi Biotec,
Paris, France). Mobilized peripheral blood (MPB) and UCB CD34+ were also

obtained by Cliniscience (Nanterre, France). MPB- or UCB-derived HSPCs were
thawed and cultured in prestimulation media for 48h (StemSpan, Stemregenin-1
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0.75uM, StemCell technologies, Vancouver, BC, Canada; rhSCF 300 ng/ml, Flt3-L
300 ng/ml, rhTPO 100 ng/ml and IL-3 20 ng/ml, CellGenix, Freiburg, Germany).
Specific crRNA and scaffold tracrRNA were annealed (Integrated DNA Technol-
ogies, Coralville, IA, USA) or diluted (Synthego, CA, USA) following manu-
facturer’s instruction and ribonucleoprotein complexes were formed with 30 pmol
of spCas9 (ratio 1:1.5). 2.5 x 10° HSPCs per condition were transfected with RNP
complex using P3 Primary Cell 4D-Nudeofector kit (CA137 program). In KI
experiments, 15 min after transfection HSPCs were transduced with AAV6 vectors
for 6 h (MOI 10000-30000), washed and left in prestimulation media for additional
48 h. Lentiviral transduction of HSPCs was performed in retronectin-coated plates
(5ug/cm2; Takara, Japan) for 6h in the presence of 4 pg/ml protamine sulfate
(Sanofi Aventis, Paris, Fra.nce)ﬁs. After manipulation, HSPCs were cultured in
erythroid differentiation medium (StemSpan, StemCell Technologies, Vancouver,
BC, Canada; SCF 20 ng/ml, Epo 1 w/ml, IL3 5 ng/ml, Dexamethasone 2 pM and
Betaestradiol 1 uM; Sigma-Aldrich, St.Louis, MI, USA) or in semisolid Methocult
medium (colony-forming cells (CFC) assay, H4435, StemCell Technologies, Van-
couver, BC, Canada) for 14 days. Colonies were counted and identified according
to morphological criteria (BFU-E, CFU-G/GM, and CFU-GEMM). In some
experiments, BFU-E were picked and cultured in erythroid progenitor expansion
medium (StemSpan SFEM, StemCell Technologies, Vancouver, BC, Canada; Epo
20 ng/ml, SCF 100 ng/ml, insulin-like growth factor-1 (IGF-1) 50 ng/ml (Pepro-
Tech, Rocky Hill, NJ, USA); and 2 pM dexamethasone (Sigma Aldrich, St. Louis,
MO, USA) for 3-5 days™.

Flow cytometry. Cells were fixed and/or permeabilized using Cytofix/Cytoperm™
(BD Bioscience, San Jose, CA, USA) according to manufacturer’s instructions. For
live cells analysis, viability was assessed using Zombie Yellow dye (BioLegend, San
Diego, CA, USA) as per manufacturers instructions to exclude dead cells from the
analysis. Negative controls were obtained by staining cells only with the isotype
control antibodies. For engraftment studies, an Fc Receptor Binding Inhibitor
antibody was used to block unspecific binding of mouse Ab to human cells, as per
manufacturers’ instructions. Cells were analyzed using CytoFLEX § (Beckman
Coulter, Pasadena, CA, USA) or SP6800 Spectral Analyzer (Sony, Tokyo, Japan);
data were elaborated with CytExpert (Beckman Coulter, Pasadena, CA, USA) or
FlowJo software (Tree Star, OR, USA).

‘We used MoFlocell sorter (Beckman Coulter, Pasadena, CA, USA) to select for
live GFP positive cells. See Supplementary Table 4 for antibodies list and
Supplementary methods for gating strategy of human engrafted cells.

DNA analysis. Genomic DNA was extracted with QlAamp DNA Micro Kit
(Qiagen, Hilden, Germany) or QuickExtract™ DNA Extraction Solution (Lucigen,
Middelton, W1, USA).

Quantification of editing efficiency (InDel): 50 ng of genomic DNA were used
to amplify the region that spans the cutting site of each gRNA using KAPA2G Fast
ReadyMix (Kapa Biosystem, Wilmington, MA, USA). After Sanger sequencing
(Genewiz, Takeley, UK), the percentage of Insertions and deletions (InDel) was
calculated using TIDE software22, See Supplementary Table 3 for primer sequences.
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