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CHAPTER 1



1.1 Gene-Therapy

Thanks to the substantial progress that has beete nra the
development of gene transfer technologies, geneaplye is

emerging as promising therapeutic option for theatment of
several genetic disorders, including monogenicram@monogenic
disorders, and, more recently, for acquired diseaSene therapy
is defined as the introduction of nucleic acidshiitthe cells by
means of vectors, with the aim of altering generesgion to
prevent, halt or reverse a pathological process aad be
accomplished through different gene-modificationgiene

replacement or gene addition, gene correctionAditer, gene
knockdown and gene knockout (Kay, 2011). Gene cepteent, the
most common adopted approach, allows for the repieat of a
functional copy of a gene whose endogenous coumteris

functionally inactive, while gene addition usualigfers to the
transfer of a therapeutic gene or a selectable enaftr cell

isolation, proliferation or conditional eliminatio@ene knockdown
exploits microRNA-mediated gene regulation to medubr

downregulate a gene product using RNAI, which canrnauced
both by short hairpin RNAs (shRNAs) and by shofRM#s with

complete complementarity to the target mMRNA (Ka91D). Gene
knockout, instead, allows for permanent inactivatiof a gene
function. To achieve the final goal, the treatmehta disease,
several hurdles must be overcome. First of allviietor of choice

must ensure good level of gene transfer, thougldéhgery of the



genetic information into the cells, without anyerference with the
endogenous transcriptional and regulatory machinery

Nucleic acids are delivered within the cells througectors,
distinguished into viral vectors, which harness Wl infection
pathway, and non-viral vectors.

Moreover, vector administration may be carried ont vivo,
through a local or systemic delivery, etvivo, using cells isolated
either from the patient or from normal dond£g.vivo therapies are
often preferable, since they allows for the setegtiexpansion
and/or differentiation of the transduced cells, levlavoiding direct
exposure of the patient to the gene transfer vebtaidini, 2011).
Once the gene transfer has been achieved, theig@lyeodified
cells should ensure the achievement of a therapéuteshold to
revert the disease, the gene-transmission to th@rogeny, long-

term survival and immunological escape (Naldini. 20

1.1.1 Vectors for gene-based therapy

In order to achieve therapeutic success, transthicles for gene
therapy must be able of transducing target celldewdwvoiding
impact on non-target cells. Two main vector systdérage been
used so far to deliver the genetic material witthie cells: viral

vectors and non-viral vectors.

1.1.1.1 Non-viral vectors
Non —viral vectors are composed of plasmidic DNAlenale and
the delivery platform. Since they do not containy awral

component, they do not activate pre-existing immuoesponse;



furthermore there is no limit in the size of the mkholecule they
can allocate. Although non-viral vectors are ablac¢hievesx vivo
gene transfer, they are quite inefficient for geleévery in most of
thein vivo applications (Kay, 2011).

Nucleic acids, to be delivered, have been admimdtein
association with polycationic-lipid-based systemg wvith
polylysine-, polyethylenimine-based macromoleculesor
polysaccharides. However administration of metlegdatpG DNA
molecules can induce toxicity by activating immuresponses,
while DNA-macromolecular complexes may be too lai@eross
vascular endothelial barriers or may be degradeth&yndosomal
compartments (Kay, 2011).

Many routes have been exploited to deliver DNA-ctaxes, as
oral ingestion or intravenous infusion; more retyeather delivery
technologies have been applied, as hydrodynamisfeation for
hepatic delivery or electroporation of ultrasounddgd DNA, but
the relevance for clinical application is not yeelwestablished
(Suda, 2007).

Although plasmids exist in an episomal form, thegymintegrate
into the host cell-genome by two different mecharsis The first,
based on DNA transposons or class Il transposalements,
exploits a transiently expressed transposase twvaihtegration
into the host chromosome. A second mechanism rehethe use
of bacteriophage recombinases, transiently proyidedachieve
integration into pseudosites which resemble thekammtic
integration sequences. The main disadvantage of D&l#Aors is

the low transgene expression level, which decreases weeks.
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For this purpose minicircle DNAs are often useddebieve higher
level of transgene expression, which is 100 to 1B@ber than
those achieved with standard plasmids. Thanksisofe¢ature, they
will likely replace routine plasmids for clinicapplications (Kay,
2011).

1.1.1.2 Viral vectors

Viruses have evolved a specific machinery to deliheir genes
into cells or to integrate into the host cell gemorAs such, viral
vectors are the most suitable vehicles for highiycient gene

transfer and for sustained expression of the temsgn primary
cells. At present, there are two main vector systeimt can
mediate delivery of the genetic material into remp cells:

integrating vectors such as retroviral vector (RWaier et al.,

2010) and lentiviral vectors (LV) (Matrai et al.021; Naldini,

2011), and non-integrating vectors as adenovirdMyA(Segura et
al., 2008) and adeno-associated vectors (AAV) (Payld Russell,
2009), that are essentially maintained as episaeabmes and
eventually diluted upon cell proliferation. Accandi to these
properties, non-integrating vectors have been é@eoldo achieve
persistent transgene expression in non-dividintg.cel

Adenoviral vectors, with their 36 kb-vector genomjch remains
episomal, can allocate very large sequences anédarve good
levels of systemic gene transfer. They have beeensiely

modified by deleting the early genes to reducedibxidue to an
innate immune response, which is induced especialhen

multiple administrations are required.
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Single-stranded, non-pathogenic Adeno-Associatedl wectors
(AAVs) are derived from small simple DNA virusesngoosed of
two genes: rep, required for viral replication, arap, responsible
for the packaging of the viral genome. Eight difer serotypes
have been isolated, capable to transduce differelhttypes with
variable efficiencies, but almost all the rAAV verg used so far
have been derived from AAV2. To allocate the tramsgcassette,
whose size is restricted to 4 kb, rep and cap leen removed,
while the viral inverted terminal repeats are metdi. Moreover, by
exploiting in vivo concatamerization of AAV, the gkaging
capacity has been increased. The vector can bedpiyped,
produced at high titres and used to transduce Hnlling and
non-dividing cells, always remaining in episomatnfoas linear
monomers, circular monomers and linear concata(Keng 2011).
HSV-1, with its high capacity, is the largest of @kuses to be
adopted for gene therapy. In fact it can allocateifjn sequences
up to 40 kb, thus allowing the delivery of multigengle cassette
or very large cassette. Moreover, because of iisat@pism, it has
been applied for the treatment of neuropathologidislorders
(Thomas, 2003).

Integrating vectors as RVs and LVs, thanks to thbility to stably
integrate in the host genome, are the best toadae transfer into
actively proliferating cells as hematopoietic steells (HSCs),
potentially allowing a lifelong expression of therected gene
product in the cells and its progeny.

Both RVs and LVs are derived from viruses belongtogthe

retroviridae family. This is a large family of enveloped RNA

12



viruses found in all vertebrates. The retrovirai@®e is composed
by a homodimer of linear, positive-sense, singtargted RNAs of
7 to 11 kilobases (Kb), surrounded by a cone-shapetdin core.
After infection of the host cell, the RNA genome rngverse
transcribed into double-stranded DNA and then besomtegrated
in the host genome in a semi-random manner (Lewiaskl

Bushman, 2005). In the retroviral life-cycle, theengtic

information goes from RNA to DNA and exists in twidferent

forms, as genomic RNA when inside the viral pagtieind as
proviral double-stranded DNA when integrated in tiost genome

(Engelman and Cherepanov, 2012) (Figure 1.1).
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Figure 1.1. HIV-1 life cycle.The incoming virion particle contains two single
stranded RNA surrounded by a lipid bilayer. Upocegor binding and fusion
of the viral and cellular membrane the core isaséeinto the cytoplasm (Entry).
The core is then disassembled (uncoating) and tiA Rgenome is
retrotranscribed in linear dsDNA (Reverse Trangimy), giving rise to the viral
pre-integration complex (PIC). The PICtiansported through the cytoplasm and
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through the nuclear membrane. The viral DNA integganto the host chromatin

to form the provirus. A) In the wild type HIV the integrated provirus lead
expression of the viral genes that generate theinfaetive particles (Engelman

and Cherepanov, 2012).

Taxonomic classification of retroviruses distindugs three groups:
C-type retroviruses (oncoretrovirus), lentivirusesl spumaviruses
(or foamyviruses). While the oncoretroviral genoemeodes only
for viral structural proteins, lentiviruses andfoasiruses present a
more complex structure, encoding for additionalutatpry and
accessory proteins. To date, vectors for gene feaimve been
developed from viruses belonging to each of thadsfamilies.
However, while oncoretroviral and lentiviral vecohave been
long studied, spumavirus-derived vectors have kmgglied only
recently in the field (Bauer et al., 2008; Tayloak, 2008).

The basic principle of turning these viruses ineng delivery
systems relies on the spatial segregation of ais- teans-acting
sequences in different constructs during the vaatoduction. The
development of oncoretroviral and lentiviral veestdras followed
the same three prototypic stages, referred to @asrgeons.
Cis-acting sequences are required for genome-pagkaggverse
transcription, nuclear translocation and proviragegration into
recipient cell's genomic DNA, and are maintainedthe transfer
construct together with the transgene expressissetee.
Trans-acting sequences are included in the pacaginstruct and
complement the transfer construct in the produedls,cencoding
both structural and enzymatic viral proteins. Tlakbows the
packaging of a virion similar to the parental virbsit containing

only the transfer construct-derived viral genonran@fer vector),
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which is the only one carrying the packaging sigkiéhile the gene
of interest, together with its transcriptional riegary elements, is
inserted into the vector construct, all pathogeamd dispensable
genes are deleted from the viral genome (Figure 1.2
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Figure 1.2. Four plasmids system for the productiorof third generation
LVs. Schematic drawing of the HIV provirus and the famnstructs used to
make a lentivirus vector of the third generatiomeTviral LTRs, the reading
frames of the viral genes, the majdrdplice donor site (SD), the packaging
sequenceY), and the RRE are boxed and indicated in bold.t¥be conditional
packaging construct, pMDLg/pRRE, expresses theagaypol genes from the
CMV promoter and intervening sequences and polyddgan site of the human
B-globin gene. As the transcripts of the gag andgeoles contain cis-repressive
sequences, they are expressed only if Rev prontb&ss nuclear export by
binding to the RRE. All tat and rev exons have bedeteted, and the viral
sequences upstream of the gag gene have beeneeplacnon-overlapping
construct, RSV-Rev, expresses the rev cDNA. Thensfea construct,
pPRRL.SIN-18, contains HIV-1 cis-acting sequenced an expression cassette
for the transgene. It is the only portion transfdrto the target cells and does not
contain wild-type copies of the HIV LTR. The BTR is chimeric, with the
enhancer/promoter of RSV replacing the U3 regiorRI(R to rescue the
transcriptional dependence on Tat. ThéBR has an almost complete deletion
of the U3 region, which includes the TATA box (framcleotides -418 to —-18
relative to the U3/R border). As the latter is thmplate used to generate both
copies of the LTR in the integrated provirus, tduion of this vector results in
transcriptional inactivation of both LTRs; thus,ist a self-inactivating vector
(SIN-18). The fourth construct, pMD.G, encodes #&fwogous envelope to
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pseudotype the vector, here shown coding for VS\D@ly the relevant parts of
the constructs are shown (Dull et al., 1998).

RV vectors based on the Moloney-murine Leukemia¥/i{MLV)
were the first viral delivery systems to be devebbgor gene
therapy applications (Kohn et al., 1987). Thesdarethave a good
infectivity, however, since they can enter in tiel aucleus only
when nuclear membrane breaks down, their applicatidimited
to ex vivo gene transfer approaches for dividing cells. Moegpv
because only a fraction of the cells divide in\gegitime in culture,
multiple hits of transduction or cytokine stimutatiare required to
infect most of the cells (Nolta and Kohn, 1990).isThas been
shown to be detrimental for HSCs, whose prolongadhtanance
in culture can induce their differentiation and aubtion (Dorrell et
al., 2000).

Many efforts have been focusing on the developroéméntiviral
vector, which have been derived from human immuhoeacy
virus (HIV) and primate lentiviruses. Unlike retinswses, lentiviral
cDNA interacts with the viral pre-initiation comple(PIC) to
translocate across the intact nuclear membrans, libing able to
transduce also non-dividing cell (Follenzi et 2000; Miyoshi et
al., 1999; Suzuki and Craigie, 2007). Because isfghoperty, they
have been used tex vivo transduce HSCs without the need for
cytokines stimulation, as well as cells from muscléver and
central nervous system (CNS) (Thomas, 2003).

In order to improve LV biosafety, deletions havemenade in the
viral long terminal repeats (LTRS) to create seHativating (SIN)
LV (Zufferey et al.,, 1998). This modification abmigs the
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function of the native viral promoter/enhancer ahahinishes the
possibility of vector mobilization. It further redes the
transactivation of neighbouring genes, thus inéngagector safety
(Montini et al., 2006). In this context, works dmetsafety of viral
vector integration have suggested that LV with £INRs and with
a moderate internal promoter are less genotoxicespect to a
prototypic MLV-based RV (Modlich et al., 2009; Mamtet al.,
2009; Montini et al., 2006; Zychlinski et al., 200&ontini et al.
used a sensitive tumour-prone mouse model to cantparn vivo
genotoxic potential of RV and LV in murine HSCs asitbwed
reduced genotoxic potential of SIN LV respect to, RWdorsing its
use for clinical purposes. In a more recent wokk $ame authors
demonstrated that the integration site selectiod #re vector
features, such as active LTRs, are the major datants in
defining the genotoxic potential of an integratvertor, and that
LV and RV with inactive LTRs results to be signdmdly less
genotoxic than their counterparts with active LTR®ntini et al.,
2009). Because of these and other features, LVs haen used to
correct a variety of genetic diseases in animal eteodnd have
now moved to application in clinical trials (Biféit al, 2014; Aiuti
et al. 2014).

Viral cellular tropism, dictated by the interactoomof the viral
envelope glycoproteins with the cellular receptors the target
cells, is another important aspect for vector dgwelent. Indeed
both RVs and LVs are able to incorporate proteprsyided in
trans during vector production, from related andelated viruses

in their envelope, in a process referred as psgpo@. This
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procedure can be exploited to allow broadening eecsively
restricting the vector tropism (Anliker et al., ZBuchholz et al.,
2009; Cronin et al., 2005; Frecha et al., 2008).

One of the major hurdles of gene therapy the imnmesponse is
that can be elicited by the vector itself or by ttemsgene product,
when is recognized as foreign. Vectors can be akz#d by
circulating antibodies, thus precluding efficierdrtsduction while
transgene or viral gene products can induce cyiotok-
lymphocytes. Also the capsid itself, as in the cac&dVs, may
cause a cytokine-mediated inflammatory responsevels as a

humoral response (Thomas, 2003).

1.1.1.3 Expression and regulation of the transgene

In the vast majority of the cases, the most impadrgoal is to
obtain the appropriate transgene expression pafferthis regard,
it is often required that the correct transgeneresgion level is
achieved in a tissue/stage-specific manner. Thasymefforts have
been made to optimize the reconstitution of thermi@r region
(Goverdhana et al., 2005; Maston et al., 2006; Riegnet al.,
2001) or to introduce post-transcriptional levdisegulation.
Moreover each integration site may influence tivell®f transgene
expression through local epigenetic mechanisms,lewttell
differentiation may lead to chromatin remodelliriExpression of
the transgene by-retroviral vectors can be altered by methylation,
which can occur in the LTR, while SIN-lentiviralater seem to be

more resistant to this phenomenon (Ellis, 2005).
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For instance, by including a microRNA- target seweeat the 3’
UTR of the transgene, it is possible to suppresexpression in the
cells that express that microRNA through post-tcapsonal
mechanisms, thus de-targeting transgene expressionthe
unwanted cell types (Brown et al., 2007; Brown &t a006;
Gentner et al., 2010). However, these strategiesnat always
feasible because it might be difficult or impraabte to identify
and reconstruct all the regulatory elements neeftedtissue

specific transcription of the transgene.

1.2 Hematopoietic stem cell therapy

Hematopoietic stem cells (HSCs) with their selfewing
properties and the gene transmission to their prpgare the best
target for ex-vivo gene therapy. For HSC gene ager
hematopoietic progenitors from the bone marrowddolood or
mobilized peripheral blood are purified from leuites by CD34
surface marker expression, maintained in cultureféav days in
presence of growth-stimulating cytokines and exgdsehe vector
containing the therapeutic transgene. Before adwnation of the
cells, the recipient may undergo to pre-conditignnegimen, to
deplete both endogenous progenitors and maturg icethe bone
marrow, thus promoting gene transferred cell-erigrait. This
treatment can expose the patients to toxicity edlab mucosal
damage, hematopoietic cells depletion and transient

immunodeficiency; in some cases are also abledoc® microglia
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progenitors depletion. The major issues for HSGQwegtherapy
include efficient gene transfer into long-term rpplating HSCs,
their ex vivo expansion, which may impact on theorestitution
potential, and the risk of haematological malignescrelated to
insertional oncogenesis and unregulated transgeqEession
(Naldini, 2011). Indeed the level of hematopoiggconstitution
achieved depends also on the disease, the comextibe lineages,
the preconditioning regimen and the vector adopied gene
transfer. Past trials gFRV-based HSC gene therapy have showed
so far low level and transient hematopoietic rettutson,
suggesting the limited ability of-RVs to transduce the most
primitive progenitor cells. Conversely, LVs-basethical trials
have shown high and stable-level of reconstitutamhieving up to
90% in some recipients. Moreover, since transfes lbeen
observed in all hematopoietic lineages, gene cboredas likely
occurred in self renewing multipotent hematopoigirogenitor.
Despite the high number of patients treated with-daged HSC
gene therapy, no adverse events have been repagotéd now,
although follow-up is still ongoing (Naldini, 2015)

Among the application of hematopoietic cell-basemeytherapy,
T-cells represent another cell type of intereseesly for cancer
therapies or treatment of infectious diseases. dloedls can be
harvested from the peripheral blood of the patientifure and
transduced with vector expressing antiviral prageifrcell antigen
receptors (TCR) or chimeric antigen receptors, ttargerring new
specificities to T-cells to target cancer or inétt cells
(Kochenderfer et al., 2015).
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1.3 Integrating-vectors based clinical trials

From 1989, when the first clinical trial for genketapy was
approved, hundreds of clinical studies have beeioqmeed all over

the world, between success and failure.

1.3.1 Gamma-RV based clinical trials

The first successful clinical trial based on a gdrexapy approach
was reported by Fischer and Cavazzana’'s grouphéotréatment of
X-linked Severe combined Immunodeficiency (SCID-Xa)rare
immunological disorder characterized by completk laf T-cells
and Natural Killer (NK) cells and profound B-celidbnormalities.
SCID-X1 is caused by naturally occurring mutatioms the
cytokine receptor common gamma chain. Because réasptor,
encoded byL2RG gene, is part of several interleukin receptors for
IL-2, IL-4, 1I-7, IL-9, IL-15, IL-21, its geneticnactivation leads to
both cellular and humoral immune deficiency. SCID-Xs
invariably fatal, unless treated, and the only-§iing option is
HLA-matched bone marrow transplantation. In 1999eni
paediatric patients, who lacked an HLA-identicalndig were
enrolled for ex vivoy-RV mediated gene replacement with
autologous bone marrow (BM) derived-stem cells @zaana-
Calvo et al., 2000: Cavazzana-Calvo and Fischdy7R20n 2004 a
similar SCID-X1 clinical trial started in UK condigd by Trasher
and his group (Gaspar et al., 2004, Trasher e2@05). Briefly
patients underwent transplantation of autologous34€D cells

transduced with retroviral vector containing?RG cDNA without
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pre-conditioning regimen. In both studies reconstn of cellular
and humoral immunity was achieved in most of theepés. The
key for the successful achievements was clearlgtedl to the
selective growth advantage of the genetically meditells, thus
allowing reconstitution of the immune function acdrrection of

the disease phenotype (Figure 1.3).
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Figure 1.3 Schematics of a prototypic protocol foex vivo-based HSC gene
therapy. HSC isolated from the bone marrow (or mobilizedgeeral blood) of
a patient that, in this cartoon, is affected byranpry immunodeficiency, are
culturedex vivo in conditions to stimulate cell proliferation, atiten exposed to
a retroviral vector expressing a functional copythef defective gene. After this
procedure, the corrected cells are transplantek inéa the patient. Usually, cell
infusion is preceded by a pharmacological conditignregimen that creates
space in the BM niche of the patient. This treatmediminates the endogenous
HSCs and favours the engraftment of the transpiacédis, that can long-term
30 correct the disease phenotype. The engrafted,-crmmected HSCs generate
functional progenies that reconstitute all lineaged restore immune functions
of the patient. If the gene-corrected cells haveekective growth advantage
compared to the unmodified cells, full reconstaatiof the immune cell
compartments is obtained even from a few engrafstsduced progenitor cells,
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as depicted in the figure, and this may occur ewvighout conditioning (Naldini,
2011).

In 2002 the group of Alessandro Aiuti reported sssful results
for the treatment of another immunodeficiency, t#enosine
deaminase (ADA)-SCID by HSC-gene therapy (Aiutavéh et al,
2002; Aiuti and Roncarolo, 2010). ADA-SCID is adaautosomal
recessive disorder characterized by impaired immu@sponses,
which is caused by deficiency of adenosine dearein@sven the
role of this enzyme for nucleic acid turnover,deficiency leads to
accumulation of toxic level of purine metabolitegsulting in
sensorineural deafness and in skeletal, hepatizological and
behavioural alterations. In this study childreneaféd by ADA-
SCID, who lacked HLA-sibling donor, underwent non-
myeloablative conditioning followed by infusion bbne marrow
derived-CD34+ cells previously transduced wRKBA-containing
y-retroviral vector. Treated patients experiencedyiterm immune
reconstitution and metabolic detoxification wittbstantial clinical
benefits and no evidence of adverse events. Onineofcrucial
factors in the successful outcome of this trial whs use of
nonmyeloablating conditioning, which allowed engraént of
transduced stem cells and immune reconstitutiomt(ACattaneo
et al., 2009). Encouraged by these promising resalso patients
affected by Wiskott-Aldrich syndrome (WAS), a coeplprimary
immunodeficiency caused BYAS mutation and characterized by
autoimmunity, thrombocytopenia, eczema and rectifrrdactions,
were treated with gene therapy. Because of thetpdgiic role of

the affected WAS gene, which is involved in signalling,
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immunological-synapse formation and cell locomatioits
deficiency results in multiple leukocyte dysfunciso In patients
that were treated with autologous genetically iee
hematopoietic stem cells considerable clinical bBenevas
observed, with marked improvement in susceptibtlitynfections,
autoimmunity and bleeding. In this setting, the usé
nonmyeloablating conditioning, which promotes thgraftment of
hematopoietic progenitor, and the proliferativevgioadvantage of
the WAS protein (WASP) -positive cells could explathe
favourable result observed.

Although preliminary encouraging evidence arosemfrohese
clinical trials, therapeutic benefit has been terageby the
occurrence of leukemia reported in 5 out of 20 S&IDtreated
patients, in the two studies combined (Hacein-Beira, 2003,
Howe, 2008).

Genetic analysis of the malignant cells showed ftinatthree
patients the retroviral vector had inserted intod activated an
oncogene called LIM domain only ENIO-2) (Hacein-Bey-Abina,
2008, Howe, 2008). Vector-mediated transactivatioh the
oncogene, called also insertional mutagenesis, weasthe only
cause of malignancy, but most likely the event tiigigered it.
Indeed, some reports suggest that cell transfoomatiay have
been facilitated by the constitutive and unregualag&pression of
the IL2RG therapeutic transgene (Ginn, 2010; Scobie, 2009;
Woods, 2006). In the WAS trial, one case of leukaenvas
reported and, even in this patient, molecular aedyshowed

vector-mediated up-regulation of the proto-oncogdnidO-2.

24



Insertional mutagenesis was also reported in and\ébased
clinical trial by Grez and colleagues (Ott, 200)this study RV
vectors were used to replace the non-functionayraezgp91phox
of the chronic granulomatous disease (CGD) inteepis HSPCs.
CGD results from mutation in the NADPH oxidase ctawp an

enzyme normally used by phagocytes to kill microb&shough

the restoration of this function in the myeloid geaitors should
not confer a growth advantage to the correctedemogys cells, an
unexpected sustained engraftment of functionallyrexbed cells
with therapeutically relevant levels of superoxml®duction was
shown in the two treated patients. This expansias waused by
vector insertional activation of some oncogen®DE1-EVI1,

PRDM16 or SETBP1) that prompted proliferation of cell clones
that were able to reconstitute the immune funciiptetais and
Dunbar, 2008; Ott et al., 2006). Unfortunatelysthiinical benefit
was lost after some months by the inactivationha transgene
expression due to methylation of the retroviral teeqromoter
used to express the therapeutic transgene (theerspi®cus
Forming Virus —SFFV_LTR). Moreover, this silencimid not

affect the enhancer sequences responsible forgipateon of the
oncogenes and, more recently, it was reportedhibit patients in
this trial progressed to myelodysplasia, a pre-gmalnt condition
and, for one of them, this clonal expansion proggdsto acute
myeloid leukemia (AML) (Ott, 2006; Stein, 2010)niust be noted
that no adverse effects have been reported in tb&-8CID

clinical trials based on RV-transduced HSPCs, ssijug that

disease-, vector-, or transgene specific factory roaoperate
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together with insertional gene activation in inghgcimalignant or
premalignant transformation.

Thus, both the SCID-X1, the WAS and the CGD trladse raised
serious concerns about the safety of integratingovemediated
gene therapy in HSPCs and the consequences oftiomseér
mutagenesis. Indeed, the unexpected frequency esletladverse
events fuelled debate over the future of gene pyerand led
investigators and gene therapy societies to clljica-examine the
risk/benefit ratio of gene therapy as a clinicabtment for diseases
(Gansbacher, 2003). In this perspective, a lohgéstigations are
being conducted in order to determine the safeth@iectors with
particular attention to the integration site analyd retroviral and
lentiviral vectors, and to improve vector desigmdded, although
the mechanisms of proto-oncogene activation by ovetl
insertional mutagenesis and oncogene cooperatitnmorigenesis
have been established (Collier and Largaespadab)20iis
occurrence to a relatively high frequency in aichh trial using
replication defective gene transfer vector had be®n anticipated

in the preclinical studies.

1.3.2 Lentiviral vector based clinical trials

LVs have been now proposed as an alternative gearesfér
delivery platform to RVs for in HSPCs-based generdpy. The
major advantages of the LV system is the high iefficy by which
it can transduce HSPCs with minimal manipulaticgading to

robust and stable gene expression in their progeny.
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In 2009 Cartier et al. reported for the first tithe use of lentiviral
vectors for gene transfer in hematopoietic sterh bethis clinical
trial patients affected by X-linked Adrenoleukodgthy (ALD), a
severe neurodegenerative disease of the centrabusersystem
(CNS), were treated with lentiviral vector-mediatgehne transfer
of ABCD1 gene, which encodes for a peroxisomal adenosine
triphosphate-binding cassette transporter. Giverrate in myelin
turnover in microglia and oligodendrocyte8BCD1 deficiency
results in demyelination and nervous system dysiomgs. The use
of lentiviral vectors, superior tgretroviral vectors to achieve gene
transfer, allowed both high level of transductioh stem and
progenitor cells as well as stable transgene egjmesand its
combination with total myeloablating regimen resdlin effective
engraftment of transduced HSCs. Thus, despite dhelével of
gene correction and the absence of a selectivetigradvantage
over the non-corrected counterpart, geneticallyrexded HSCs
were able to reconstitute CNS microglia and to smwsrect the
disease, paving the way for HSC-gene therapy fberogenetic
CNS diseases.

More recently metachromatic leukodystrophy (MLD)hother
lysosomal storage disorder, was treated with L\edagene
therapy. MLD is an autosomal recessive diseaseedaby the
deficiency of the lysosomal enzyme arylsulfatas¢ ARSA). The
enzymatic defect results in the accumulation ofARSA substrate
galactosylceramide (sulfatide), a major sphingdligf myelin.
Despite the fact that the enzymatic deficiencyystemic, disease

manifestations are restricted to the nervous systerd are
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characterized by myelin degeneration in both thatreé and
peripheral nervous system. Children affected by MdBplay
progressive neurologic symptoms, including ataseizures, and
guadriplegia, culminating in decerebration and évandeath early
in infancy. Currently, no available treatment canerse the fatal
outcome of this devastating disease. HSPCs tramsyilen
combined with gene therapy represents a candidatdegy
because, as demonstrated by pre-clinical studigsnbines
advantages of an autologous HSPCs source with ¢hefits of
enzyme over-expression in transplanted cells. #catirole for the
success of this strategy is the expression at sumraal levels of
the therapeutic enzyme by hematopoietic cells teptace brain
microglial cells and become a quantitatively effieetsource of
functional enzyme for neural cells (Biffi, 2004h 2013 Biffi and
colleagues reported the short-term clinical besefibserved in
three pre-symptomatic patients treated with LV-dagene therapy
for MLD. Briefly, these patients with genetic, biamamical, and
neurophysiological evidence of late infantile MLIdere treated
with HSCs transduced with LV carrying functionalpgoof the
ARSA gene. After reinfusion, the patients showed stadhel
extensive ARSA gene replacement, which led to high enzyme
expression in cerebrospinal fluid and throughoum&i@poietic
lineages. There were reported measurable and objective
improvements in brain imaging, electrophysiological
measurements and biochemical studies; the resuls aa
impressive arrest in the disease progression. B9 of the cells

in the blood contained vector sequences that legxpmession of
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ARSA at >10- fold the levels in healthy controls, amohdtional
protein was found in the cerebral spinal fluidetdls comparable
to those in normal controls at 1 and 2 years pdsision of
genetically modified HSPCs (Biffi, 2013).

In the same year Aiuti et al. reported another ystuith third
generation LV to achieve gene transfer into HSP&sveld from
patients with Wiskott-Aldrich syndrome. Althoughetlefficacy of
WAS gene-therapy was already provided in a previduscal
trial, one subject developed leukemia from insedlanutagenesis.
To further increase the safety of this LV approaekpression of
the WAS cDNA was controlled by cis-regulatory elenseof the
WAS gene in an attempt to restrict transgene esmesto the
target cells required for phenotypic correctionysthpotentially
reducing enhancer effects in other lineages. Thpagents
received infusion of autologous genetically modifidSPCs after
reduced chemotherapy conditioning to enhance emngeat of
these cells. The treatment resulted in improvetel@acounts with
increased platelet size and reduced bleeding, eltpthe patients
to become transfusion independent. Moreover, imgafomnmune
function and reduced autoimmune symptoms were weder
Vector integration analyses of the common integrasites (CIS)
showed a high polyclonal engraftment derived fréma torrected
cells. Up to now, no evidence of vector genotoyicstuch as
selection of integrations near oncogenes or aberdonal
expansion is reported (Aiuti et al., 2013).

Completely different diseases gr¢halassemias. These are a group

of hereditary blood disorders characterized by aal@m® in the
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synthesis of thel chains of haemoglobin resulting in variable
phenotypes ranging from severe anemia to clinicglymptomatic
individuals.p-thalassemias are caused by mutations irBgebin
gene, leading to decreasdit) or absent{0) synthesis of th@-
chains of hemoglobin. Correction of theglobinopathies using LV
carrying thep-globin genes and elements of the locus control
region (LCR) has been well established in murinedem A
clinical trial started in France exploiting a SIN lthat encodes for
the B-globin gene under the control of humpsglobin promoter
and thep-LCR elements. The first patient treated failecebhmgraft
because the HSCs had been compromised by the ¢athandling
of the cells without relation to the gene theraggter. A second
patient, B+/B0 thalassemic dependent on transfusions since early
childhood received LV gene therapy and had becoarestusion
independent with a significant improvement in kfeguality.
However at the moment it is not clear if the thetamx effect
obtained in this patient is either coincidental tbe result of a
benign cell expansion caused by vector-inducedgidméon of the
HMGAZ2 gene in stem/progenitor cells. Molecular analysesaled
that the predominant form of the HMGAZ2 protein ascated by
alternative splicing of the third intron with a ptic splice signal
located within the cHS4 insulator core and polyathkgion within
the adjacent R region of the left LTR. This leadddss of let-7
MiRNAs target sites that are located in distal extour and five
and consequent accumulation of the aberrant pr¢@avazzana-
Calvo, 2010).
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A crucial issue for the success of gene theraghiesregulation of
the expression of the therapeutic gene insertediray vectors in
the host genome. In some clinical settings, akercase of MLD, a
stable and strong level of transgene expressioan éu supra-
normal levels, is essential to partially supply tediciency of the
non-corrected cells, thus allowing the correctidntiee disease
phenotype (Biffi, 2006), while in other settinggnestitutive and
non-physiological expression might be detrimenfadeed for
certain application, as in the case of globin tg@nes used for
HSC gene therapy of- thalassemia, tight regulation of the
therapeutic gene is required. In those -cases, driatisnal
regulatory elements derived from the endogenousslamr from
other genes with a similar expression pattern meynborporated
into the vector (Cavazzana-Calvo, 2010).

When instead forced ectopic expression of the fgwréic gene
transgene in the target cell type is reported ttokie and results in
the counterselection of the gene-modified cellsinathe case of
GALC in HSCs for the treatment of globoid cell leakystrophy
(GLD), the inclusion of the target sequence forieraRNA in the
3’ UTR of the transgene, which is differentially exgpsed across
different cell types, will result in the suppressiof the transgene
expression specifically in the cells that exprdsat tmicroRNA
(Gentner, 2010). Moreover, each integration site ioluence the
level of transgene expression, probably througlall@pigenetic
features and the underlying endogenous gene exqmepattern,
resulting in unpredictable and unreliable transgex@ression
(Naldini, 2011; Bushman and Lewinski, 2005).
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1.3.3 Insertional genotoxicity

When facing the choice of the vector to be usedgrtional
mutagenesis is one of the factors to take into @aictor clinical
applications. Retroviruses contain in their longri@al repeats
(LTRs) two sets of promoters and enhancers andoagstsplice
donor site downstream the 5 LTR. This configuratiallows
activation of the proto-oncogenes near the integradite through
the enhancer /promoter of the LTRs or through amérsplicing
from the vector transcripts, mediated by capturdarfking genes
by splicing of the 5 originating vector transcsptor by
transcriptional readthrough from the 3’ LTR. SeVestadies aimed
at defining the integration target site selectibn-&V showed that
they preferentially integrate near transcriptiostrt site, CpG
islands and DNAse | hypersensitive sites (Bushnwauyinski et
al., 2005). This has been confirmed in both SCIDatid ADA
trials, in which vector integrations in those retgded viral LTR-
associated (LTR) enhancer to alter the expressfotneo nearby
genes, including proto-oncogenes.

However, despite both RV and LV vectors potentiaiiegrate at
or near expressed genes, only RV show a stronddniastegration
near promoter region. This behaviour may incredmse risk of
transcriptional crosstalk between the two transicnpunits, i.e. the
provirus and the endogenous gene, leading to veuctoliated
deregulation of the targeted endogenous gene. mibghanism is
mediated by promoter/enhancer sequences presehe invector,
which may recruit ubiquitous and cell type-specitiianscription

factors to upregulate expression of flanking gandsependently on
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the orientation of the integration (Figure 1.4)déed, it has been
shown that LTR insertions are able to upregulatpression of
proto-oncogenes as far as 300 Kb from the insesi@n

In addition, proviral integration may occur withilme transcription
unit of a gene, causing different effects on theulteng protein
(Baum, 2004; Naldini, 2011). The R region of theRsT which is
also present in the SIN vectors, contains both reomaal and a
cryptic polyA signal. Because these two polyAs iadependently
on either genomic strand, integrations within angciption unit
can elicit premature termination of endogenous straption
independently on the orientation of the integrapedviruses (C

terminus truncation in Figure 1.4).
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Figure 1.4. Mechanisms of insertional mutagenesisf sandom integrating
vectors. Certain genotoxic events could lead to activatiérihe transforming
potential of a cellular proto-oncogene after intdigm of a retroviral vector
within or near the proto-oncogene. A vector intéigrasite is depicted in the
first intron of a proto-oncogene. The grey arrowdmsth the gene indicates the
normal transcript, with the broken segments indicaintronic sequences that
are removed by splicing. SD indicates a splice daite and SA indicates a
splice acceptor site. (Up) A conventionatetroviral vector is integrated. The
two LTRs contain strong enhancers and promoter exiésrin the U3 region; the
R and U5 regions are also indicated. The white variodicates the vector
transcript, which encodes the transgene. This iatem could lead to up-
regulated transcription of the proto-oncogene friisn cellular promoter by
enhancer-mediated effects. Alternatively, splicetgeee from the promoter in the
vector 3 LTR could give rise to a chimeric transcript enogdan N-terminally
truncated form of the oncogene with constitutivdivity and transforming
potential. Another possible mechanism giving riseat N-terminally truncated
form of the oncogene is readthrough transcriptingimating from the vector’3
LTR. This event is less likely when the vector ate® a transgene because of
promoter interference (occlusion) between the epstrand downstream LTRs.
Finally, truncation of the endogenous transcripgmioccur as a result of
transcription termination at the polyA sites con&l in the vector LTR, with or
without aberrant splicing between the cellular &@mel vector splice sites. This
transcript gives rise to a C-terminally truncatednf of the oncogene that may
have constitutive activity and transforming potahti(Bottom) All LTR-
dependent events previously shown are abrogateithdoyise of a vector with
self-inactivating (SIN) LTRs. Here, the U3 trangtional control elements are
deleted AU3) from both LTRs during the transduction processl the vector
expresses the therapeutic gene from an internahqtey. A residual concern is
long-range transcriptional activation of the onaogewhich could be mediated
by the enhancer elements of the internal promoter.d¥ew this concern can be
alleviated if an exogenous promoter with only maderactivity is used in the
vector, resulting in lower proto-oncogene exprasshman given by intact LTRs
(Naldini, 2011).

More in detail, insertion in the 3'UTR of a gene ynemove
mRNA-destabilizing motifs, such miRNA target sitdepm the
endogenous transcript. This would result in inoedastability of
both the endogenous mRNA and its protein. With Hane
mechanism and moving from the 3’ to the 5 of tlageéted
transcriptional unit, insertion may induce the fatran of a 3'-
truncated mRNA. On the contrary, transcription retrt from the
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viral promoter (being this either an LTR or an mg promoter)
and enter into the endogenous transcriptional geiterating a 5'-
truncated mRNA (N terminus truncation in Figure )1.Zhe

resulting C-terminally or N-terminally truncated opgins may
possess oncogenic properties and induce tumorige(@sard et
al., 1996; Uren et al., 2005; van Lohuizen et E89). In the case
of SIN LVs, the strength of the internal promotafliences the
level of proto-oncogene transactivation (Cesanaalet 2014).

Moreover, aberrant vector/genome splicing eventy generate
mutant protein with enhanced or reduced activitgoAn this case,
the aberrant protein may display oncogenic actiMityhas to be
noticed that all this mechanisms may synergisycaltt in the

generation of high levels of a mutant protein.

1.4 Tailored genome editing

Although integrating vectors have clearly shown rapeutic

potential for stable gene transfer, their semi-candintegration

into the host cellular genome may alter the fumctd the nearby
cellular genes found, resulting in deleterious eguences, thus
calling for the development of safer therapeutiprapches for
gene transfer.

Gene targeting is now emerging as a powerful telckyyofor

designed genomic modifications. This strategy, Whexploits

homologous recombination (HR), a process that etoe resolve

stalled DNA replication forks, enables incorporatiof the site-
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specific genetic changes in the chromosome of targiés (Ciccia
and Elledge, 2010; Moynahan and Jasin, 2010).

As such, when DNA molecules with homology to theyé locus,
including also mismatches or intervening sequenaes delivered
to the target cells, HR can mediate the incorponatif novel DNA
sequences in site-specific fashion. Furthermore, itgtuding
selector genes within the donor sequence, it wellpossible to
select and expand of the genetically modified cells

1.4.1 Gene targeting: a historical perspective

In the eighties Smithies and colleagues reported fhist

chromosomal gene targeting in mammalian cells uairgnstruct
containing a neomycin-resistance (neoR) gene inhilm@an -

globin locus, delivered by transfection into huntahbladder cells
or by electroporation into the mouse erythroleulk@miman
fibroblast hybrid cell line (Smithies et al., 198%) this study the
absolute targeting frequency achieved was one tedgevent per
4x1@ transfected bladder cells. One year later Capecarioup
reported an increase in targeting efficiency up wf 1 cells that
received plasmid DNA, by using microinjection terjues

(Thomas and Capecchi, 1986; Thomas et al., 198&3piie being
labour-intensive and time consuming for the sebectf the poor
fraction of edited cells, gene targeting has alldwe knock-in and
knock-out of several genes in rodent embryonic stets, thus
enabling the generation of mutant mice of relevat@rest studying

both for gene function and pathogenesis of humaetgediseases
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(Capecchi, 2005; Evans, 2001; Smithies, 2001). b\EEg

conditional mutations can be generated by coupge targeting
with a designated site-specific recombination sys{8randa and
Dymecki, 2004), such as Cre-LoxP or Flp-FRT, towlkevaluation
of a gene’s function in specific tissues and/omaestricted time
(Capecchi, 2005).

These studies provided evidence of the potentiglenmie targeting
technology, which has allowed both the knock-in #mel knock-

out of several genes in rodent embryonic stem,ddlls proving to
be an invaluable tool for gene discovery; however very low

frequency, ranging from 1 to 1@o 1 to 106, and the need for
selection of the edited cells have hampered itsrapeitic

application (Porteus and Carrol, 2005; Capeccti520

While vector-mediated gene addition results in candntegration
of the transgene in non-homologous chromosomak,sitene
targeting allows for site-specific editing of a eka gene.
According to this, the gene targeting technolodgves for direct

correction of the mutation(s) occurring in a digeaausing gene.
This approach, called gene correction, resultggtaration of both
function and physiologic expression of the corréctene, thus
overcoming one of the major limitations of curregene

replacement strategies (Figure 1.5) (de Semir arah,A2006;

Hanna et al., 2007).

Transgene insertion may be also targeted to “gemosafe

harbours” (GSHSs), regions in which insertion of lerapeutic
cassette leads to transgene expression withoutrseleffects on

the flanking endogenous genes. Safe genomic regiams be
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intragenic or extragenic regions. Extragenic regjonas
heterochromatin, may be preferable, however thégnafesults in
unreliable and unstable expression. In contrasageiic regions,
as non-essential genes, may provide more robustpesttictable
transgene expression levels.

An ideal site for gene transfer intent would enstuyestable and
robust transgene expression in different cell typés no
transcriptional perturbation due to integration tbe transgene
cassette, iii) no disruption of coding or regulgtasequences
(Figure 1.5).

In humans, indication of such transgene accept®s snay be
obtained by combining the emerging knowledge onusege
variation among genomes (Frazer, 2009) and onceliyi silent
homozygous gene deficiencies, with the informatwgailable from
gene expression atlases (de Boer et al., 2009 ftbromatin
remodelling analyses (Ho and Crabtree, 2010) aonh fthe few
identified functional vector insertions associatedh a benign
outcome in gene therapy clinical trials (Aiuti aRdncarolo, 2009;
Cartier, 2009).

In 2011 a comprehensive study by Lombardo et didatd the
AAVSIL genomic locus as a safe harbour for genomic madién.
In this study the transcriptional and epigenetipaat of different
transgene expression cassettes, targetedAds1l by ZFNs were
analysed in many cell types, including primary hama
lymphocytes, providing evidence of robust transgempression
without detectable transcriptional perturbatiortited targeted locus

and its flanking genes. Genomic modification witl&VSL can be
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exploited to achieve efficient and neutral tranggsertions, thus
further improving the safety of ZFNs-mediated geéaeting for

therapeutic applications ((Lombardo, 2011; Sadedaith Bushman,
2012)
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Figure 1.5. Types of therapeutic genome modificatis. The specific type of

genome editing therapy depends on the nature oftltation causing disease.
(a) In gene disruption, the pathogenic functionaofprotein is silenced by
targeting the locus with NHEJ. Formation of indielghe gene of interest often
results in frameshift mutations that create preneatiiop codons resulting in a
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non-functional protein product or nonsense-medidizay of transcripts,

suppressing gene function. Gene disruption may &ksoused to introduce

protective loss of- function mutations into wildsy genes to generate a
therapeutic effect. (b) In NHEJ gene correctioryp MSBs targeted to both sides
of a pathogenic expansion or insertion may be vesoby NHEJ, causing a
therapeutic deletion of the intervening sequentéss form of treatment would

require multiplexed targeting of disease-causingtatons. (¢) HDR gene

correction can be used to correct a deleterioustiont A DSB is induced near
the mutation site in the presence of an exogenouslyided, corrective HDR

template. HDR repair of the break site with thegetmous template corrects the
mutation, restoring gene function. (d) An altermatio gene correction is HDR
gene addition, which introduces a therapeutic trane into a predetermined
locus. This may be the native locus, a safe harlwmwis or a non-native locus. A
DSB is induced at the desired locus, and an HDRpliae containing sequence
similarity to the break site, a promoter, a tramggand a polyadenylation
sequence is introduced to the nucleus. HDR repatores gene function in the
target locus, albeit without true physiological toh over gene expression
(Turitz-Cox et al., 2015).

1.4.2 The DNA-damage response: a focus on the DNA
Double Strand Break (DSBs) repair pathways

To preserve the genetic information, cells havelvad different
mechanisms to counteract DNA insults. Those caspo&taneous
(dNTPs misincorporation, loss of bases due to deation,
deamination, alkylation, oxidation of DNA bases) or
environmental, as those induced by physical soufe@sizing
radiation, ultraviolet light) and chemical sour¢akylating agents,
crosslinking agents, topoisomerase-inhibitors);togadther, they
accounts for up to £Gpontaneous DNA lesions per day.

DNA lesions can occur in a single strand (singtersl breaks-
SSB) or involve both DNA strands (double-strandakeeDSBS).
In the latter case, these lesions, if left unregghiwould quickly
cause chromosome breakdown and loss of genes dceihgar

division.
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To ensure that cells pass accurate copies of gegiomes to the
next generation, evolution has overlaid the cordl-oyele
machinery with cell-cycle checkpoints, a seriessafveillance
pathways that detect damaged or abnormally stredtNA and
coordinate cell-cycle progression (typically byvgiliog or arresting
the cell-cycle) with DNA repair (Branzei and Foiak010).

41



DHA DAMAGE

A t‘y \B. ﬁ ::pmmawu

"

TR

Replication
delay Apoplusls rogulation

fork stability
Tranaription and
DM regpair Sanescence Bplicing oo

@ Phosphate

W Acetyl group

i Ubigquitin

& suma

2 Methyl group

S polyiane.itoss) (PAR)

p /m e LA

Cofl cycle 0
deiiy escence  Apaplasis segulation
Trarriplion and
DHA rapair =plicing comral

Figure 1.6. Schematic model for ATM and ATR activaibn in response to
DNA damage A) Formation of DSBs following IR treatment acttes PARP1,
which mediates the initial recruitment of the MRNM complex at DSBs.
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Activation of the ATM kinase activity by MRN and H60 leads to the
phosphorylation of CHK2 and p53, in addition to @levnumber of other DDR
factors, and the induction of théd2AX-dependent signalling cascade, which
results in the recruitment of MDC1, RNF8, RNF16&R®A1l and 53BP1 to
DSBs, as described in greater details in the meih (B) DNA lesions induced
by UV light or replication stress (denoted by rexttangular shapes) lead to
replication fork stalling and accumulation of RP#ated ssDNA regions, which
recruit the ATR/ATRIP and the RAD17/RFC2-5 complex&hen the 9-1-1
complex is loaded by RAD17/RFC2-5 and ATR kinaskviyg is stimulated by
the 9-1-1 associated protein TOPBPL1, activatiothefATR signalling cascade
and CHK1 phosphorylation will occur. Post-tranglatil modifications of the
DDR factors here depicted are represented by diffecoloured shapes, as
indicated by the legend at the bottom of the figi@cia and Elledge, 2010).

Among these checkpoint proteins, the RAD group,luigiag
RAD17, RAD1, RAD9, RAD26 and Husl, is widely exgsed in
all eukaryotic cells and is thought to play criticale in DNA-
damage sensing (Abraham, 2001; Ciccia and Elle2igfe)). Other
proteins responsible for early signal transmissiwough cell cycle
checkpoints include member of the family of phospbsitide 3-
kinase related kinases (PIKK). In mammalian ceigp PIKK
family members, ATM (Ataxia- Telangiectasia Mutgtasd ATR
(ATM and RAD 3-related), mediate the activationtioé pathway
for the cell cycle arrest, the DNA repair or, ietHamage cannot be
repaired, the apoptosis (Figure 1.6) (Abraham, 2@it&cia and
Elledge, 2010).

Mammalian cells have evolved different mechanismsrepair
DNA damage: SSBs are repaired by single-strandkbresgpair
(SSBR), including mismatch repair (MMR) and singbase-
excision repair (BER), while DSBs are repaired ryainy non-
homologous end-joining (NHEJ), by homologous recmaion
(HR) and, to less extent, by alternative NHEJ /HIEN) and single-
strand annealing (SSA) (Figure 1.7). Among thenty &R, which
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uses sister chromatids as donor template can phgaisstore the
genomic sequence of the broken DNA.
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Figure 1.7 Alternative DNA repair pathways involved in the repair of
double-strand breaks. A Rapid association of Ku to DSBs promotes NHEJ by
recruiting DNA-PKcs. Sequential phosphorylation mgeon multiple DNA-
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PKcs amino acid clusters favours the initial preoes of DNA ends by
ARTEMIS, followed by DNA-PKcs-dependent protectiohDNA ends required
for DNA ligation. B, Alternatively to NHEJ, MRN, which is initially reaited to
DSBs by PARP in competition with Ku, mediates tindial stages of DSB
resection together with CtIP and BRCAL to promaieblogous recombination
in S and G2. 53BP1 has an inhibitory role on DS8ection and is negatively
regulated by BRCA1 by unknown mechanisms. The MRNIBRCA1
complex can also promote DSB resection followingrdeection of DNA ends
when NHEJ fails. Extensive DSB resection and foiomabf RPA-coated '3
ssDNA ends is induced by EXO1 and BLM. ATM playgentral role in the
regulation of DSB resection as described in thennext. Displacement of RPA
from the 3-ssDNA ends and assembly of RAD51 filaments mediateBRCA2
leads to strand invasion into homologous DNA seqasn Recruitment of
RAD51 to ssDNA ends is regulated by the ATR pathwalgich is activated
following DSB resection. D-loop structures formefteastrand invasion can be
cleaved by MUS81/EME1 or displaced by RTEL1 durBQSA to generate
crossover or non-crossover events, respectivelyn-édossovers are generated
also by dissolution of Holliday junctions (HJs) the BLM/TOPOIIl complex,
whereas HJ resolution by the nucleases GEN1 and 18LX4, which
associates with MUS81/EME1, can generate both evessand non-crossover
eventsC, Limited DSB resection carried out by CtIP and MRNG1 results in
alternative NHEJD, Following DSB resection, '3dsDNA ends with
homologous sequences can be directly annealed B35RACiccia and Elledge,
2010).

The DSBs repair by HDR and NHEJ can vary signifigan
according to cell type and cell state. MoreoverjleviNHEJ has
been observed in several cell types, includingdiing and post-
mitotic cells, HDR occurs primarily during S/G2 pglea thus
limiting its application to mitotic cells.

1.4.2.1 The DSBs repair: Non-homologous end joiningathway

Once a DSB has been made, non-homologous end gocan
rapidly repair the DNA damage by simply re-join kea ends,
when proximal, by DNA ligation. Although there istandency,

45



known as microhomology, to re-join sites with 1-dcleotides
complementary between the two ends, NHEJ oftenltsegu the
formation of small insertion either deletion mupati(indels). The
activation of the repair pathway requires Ku, tlaatytic subunit
of the DNA-dependent protein kinase (PK), whichbsdizes DSB
ends and activates DNA ends processive enzymed) sisc
ARTEMIS and the XRCC4/DNA ligase IV heterodimer.témis
and DNA-PKcs interact together to form a physiaainplex that
acts as an endonuclease at both 5 and 3’ overhdngation,
which requires a ligatable nick on each strands isatalysed by
XRCC4 (X-ray cross complementation 4)/DNA-ligaseddmplex
(Figure 1.7) (Lieber et al., 2003). Although inacde, this is a
common repair mechanism in somatic cells, wherbaage in the
DNA sequence may considered as an acceptable@olatia more

dangerous DNA damage.

1.4.2.2 Homologous recombination repair

A much more accurate mechanism to DSBs repair msahmgous
recombination (HR), which occurs in newly replichNA. This
process, which represents a genetic exchange hetwegmir of
homologous DNA sequences, may take place shortlgr dhe
DNA replication, in S or G2 phase of the cellulavision, when
sister chromatids are available as template to DNA repair
machinery.

DSB repair through HR starts with the DNA ends césea to form
3’ single-stranded overhangs (Mimitou and Syming®009), that

scan the genome for homologous sequences, thetaibimerades a
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homologous DNA strand and acts as a primer for @ypyhesis. In
the DSBs- repair model proposed by Szostak andeaglies
(Szostak et al., 1983), this strand invasion catiseslisplacement
of the (D)-loop, leading to capture of the secohd&rhang and
formation of a double Holliday junction (HJ). Restbn of this HJ
results in a gene conversion, with or without covess. To explain
the low number of associated crossovers in non4meeells, the
synthesis dependent strand annealing (SDSA) moaelproposed.
In this model, DSB repair is also initiated by sttanvasion, but
after copy synthesis the newly synthesized strardisiplaced from
the template and returned to the broken DNA mokadsulting in
repair of the break without associated crossovae(Cet al., 2007).
Central to all HR pathways is the strand exchangaction
catalysed by RAD51 that mediate the D-loop fornmatio
(Holthausen et al., 2010). Resolution of the D-l®pccomplished
to yield recombinants that either entails a re@ptexchange of
genetic information flanking the initiation site rgssover
recombinants) or not (non-crossover recombinai&)en a DSB
is formed between two nearly (400bp to 15kb) homols repeats,
an error-prone pathway called single-strand anng#&$SA) can be
eventually involved in the repair, thus resultimgtihhe deletion of
the sequence between the homologous sequencesn{jatike
DSB. SSA is a particular type of NHEJ that startghwthe
resection of the DSB ends by an exonuclease tloatupes long
single-stranded DNA overhangs. When two complenmgnta
sequences are exposed, they can anneal, leavingy dmgle-

stranded non-homologous DNA flaps. The Removahes¢ flaps
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is dependent on the RAD1/RAD10 flap endonucleasaso (
involved in nucleotide excision repair). When a D&Bformed
between two homologous repeats, SSA is the predorhirepair
pathway and is independent of RAD51 (Figure 1.7c¢@ and
Elledge, 2010).

1.4.3 Inducing site-specific DSBs

The seminal discovery, by Jasin and colleaguesn(JA3899), that
Scel-induced double strand breaks are able to Ktimu
homologous recombination by 2-3 orders of magnitinethe
yeast, encouraged the development of gene eddaimologies. In
fact, it has been demonstrated that, both in y@agtmammals, by
inducing site-specific double strand breaks, it pgssible to
increases chromosomal interaction with an exogedounsr DNA,
thus improving the gene targeting frequency by sdverders of
magnitude. To this aim artificial nucleases, whicarness the
effect of DSBs to stimulate homologous recombimgtivave been
developed to enable precise genome editing. To, date main
classes of nucleases have been developed: ZinerFihgcleases
(ZFNs), meganucleases and transcription activaéter-effector
nucleases (TALENSs), which bind to DNA through pmtBNA
interaction, and CRISPR-associated nuclease Cds@hwargets
specific DNA sequence through a short RNA guide.
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1.4.3.1 The Zinc Finger Nucleases technology

ZFNs were the first artificial nucleases to be deped in the 1996
(Kim, Cha et al., 1996). These are chimeric pratere composed
of tandem arrays (from 3-6) of C2H2 zinc proteihjch binds to
DNA, fused through a flexible peptide linker to anmspecific
nuclease domain from the type IIS restriction enzfokl (Urnov,
Miller, 2005; Carroll, 2011). Studies on the meakanof ZFNs-
mediated double-strand cleavage have shown thagrdhation of
the nuclease domain is required in order to cutDN& substrate
(Bitinaite et al., 1998). Indeed, it has been shdiat two ZFNs
with different sequence-specificities collaboradeacheterodimer to
produce a DSB when their binding sites are appatglsi placed
and oriented with respect to each other (the bondsites are
positioned in a head to tail orientation on the topd bottom
strands of the DNA). Given that each zinc fingestein, which is
composed of 30 amino acids, is able to bind tos2 Ipair sequence
in the major groove, total target DNA sequences 186 bps
length. Between the two binding site there is alentde spacer,
whose sequence does have a big impact on the tgctiithe
ZFNs, but a minimal space of 4-6 bp must be maethifor
efficient cleavage (Durai et al., 2005). In contrdsth sequence
and length of the flexible peptide linker that not@nnects thé& okl
domain with the ZFP array influence ZFNs activibdaspecificity
(Handel et al., 2009) (Figure 1.8).
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Zinc-finger motif consensus
X, ,CXFLX,HXH
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5'|T|C|C L 'L
3" |A|G|G|G|G|A|C|G|A|A|C

"""""""" Fokl (]
e % Do o

Left ZFP

Fig. 1.8. Structure of ZFNs. A schematic representation of a zinc-finger
nuclease (ZFN) pair is shown. Each ZFN is compaxfed zinc-finger protein
(ZFP) at the amino terminus and the Fokl nucleasmain at the carboxyl
terminus. In the zinc-finger motif consensus, Xresgnts any amino acid.
Target sequences of ZFN pairs are typically 18—B6 im length, excluding
spacers (Kim and Kim, 2014).

These features explain the high specificity of éhpsoteins. Indeed
custom-made ZFNs with desired specificity can beegated by
modular assembly of pre-characterized zinc fingéiswever,
although each zinc-finger can bind to 3 bp DNA ¢argequence,
there is no coverage of all the possible combinatiof triplets;
moreover newly assembled ZFNs sets need to beltiestefficient
DNA cleavage at the intended genomic site (Kim Kimd, 2014).
Zinc Fingers Proteins (ZFPs) of the classical Cys2Hype are the
most frequently used class of transcription faceord account for
about 3% of genes in the human genome (Klug, 2B3a0p et al.,
2001). The C2H2 motif consists of a sequence oftiaBO6 amino
acids containing two histidines, two cysteines atlee
hydrophobic residues, all at conserved positionforms a small,
independently folded domain stabilized by Zn2+, ahhican be
used repeatedly in a modular tandem fashion tcesehsequence-
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specific recognition of DNA (Miller et al., 1985 he domains,
which share the same structural framework, achielvemical

distinctiveness through variations in key residugisis modular

design thus offers a large number of combinatqaasibilities for

DNA recognition.

A variety of strategies have been described to geaeZFPs with

new binding specificities (Cathomen and Joung, 2@8ai et al.,

2005; Urnov et al., 2010). The first approach, Whitas been
termed ‘'modular assembly' (Segal et al., 2003 gdes candidate
ZFPs for a given target sequence by identifyingdns for each
component triplet and linking them into a multifergpeptide

(Figure 1.9). Fingers used for modular assemblyeh&een

developed for most triplet sequences (Bae et @8032Choo and
Klug, 1994; Segal et al., 1999).

a Modular assembly b Context-sensitive selection c 2+2 strategy
Zinc-finger archive Customized libraries Two-finger archive
gaa | gac | gag | gat 5'-xxxooget S—x_x'__c’gtm;ax §'-ggaxooc gaagaa | gacgaa | gaggaa | gatgaa
. . . . Anchor Anchor Anchor \2]_ _717_!‘\‘_721717, k2J 5l \?i ()
et s Bl sy L 15e\eclions l
oee® S D B
gta | gte | gkg | gtt 1
lShuﬂI\ng
QD
lSe\ectlon l Improvement
'*4 G @EED

5'-ggagtaget 5'-ggagtaget 5'- ggagtagct

Figure 1.9 The most common strategies for the desigof ZFN with novel
specificity. A, The modular assembly' approach: simple additibrdiscrete
modules with known DNA affinityB, The “OPEN"approach: context-dependent
preliminary selection strategy (aimed at the idaration of 61 zinc-fingers sets
that work well together). The relative position edch zinc-finger (1, 2, or 3)
affects the outcome of the first selection stem timpact of the respective
neighbour(s) on the overall affinity is determineda following selection step.
C, The “2 + 2 strategy”: a proprietary approach frBangamo BioScience. Most

51



likely, the four-finger domains are assembled franpool of two-finger units
with known DNA-binding specificities, followed by inor further optimization
(Cathomen and Joung, 2008).

Although this modular assembly approach is relasimple, the
designed ZFPs appear to have the highest affimty sequence-
specificity for their targets only when the indivad ZFP motif
designs are chosen in the context of their neighbguingers. In
addition, the presence of Asp2 at position 2 of dHeelix of the
preceding ZFP motif, that promotes a cross-stramdact to a base
outside the canonical triplet site, results in egeéd site overlap.
While this increases the affinity of the ZFP to thgget site, it also
precludes the presence of a simple general recognitode for
easy rational design of ZFP motifs-based DNA-bigdproteins
(Durai et al., 2005). However, many studies havewshthat a
number of ZFNs with sufficient affinity and specify could be
engineered using the known ZFP motif designs byassembly
strategy (Kim et al., 2009). Several alternatives rhodular
assembly have been developed to address the polikfimger—
finger cooperativity and cross-strand contact. @pgroach, called
the 'OPEN' system (Foley et al., 2009; Hurt et2003; Maeder et
al., 2008) uses bacterial selections to identifgdir combinations
that will work well together (Figure 1.9). A secoagproach for
identifying ZFPs with new specificities uses a lael selection
system that is similar to OPEN but a different tstyg for library
construction (Gupta et al., 2011; Meng et al., 3008nother
strategy is to use two-finger modules (insteachdfvidual fingers)

as the principle unit of DNA recognition (Hockemewe al., 2009;
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Lombardo et al., 2007; Moore et al., 2001) (Figlu®. The library
of 2- finger or 3-finger peptides was developedKaig’'s MRC
Laboratory in Cambridge, and then supplied to ttadif@nian
Biotech Company Sangamo BioSciences Inc. Advantdgthis
approach is that enables optimization of fingercjioms within
each module for more cooperative and specific lbasegnition.
Moreover, it reduces the number of untested finigeger
junctions in any new ZFP design and therefore tfle of a poor
interaction between newly joined fingers. A founger ZFP, for
example, will contain just one new junction insteafdthree if
assembled from one-finger units. Even if each eféhmethods has
been successfully used to generate endogenoushg @&iNs, they
differ substantially from each other in terms ohéi and cost for
reagent development and success rate.

Another hurdle in clinical exploitation of ZFNs amrns their
specificity of inducing site-specific DNA DSBs. DNRSBs are
rapidly resolved in live cells and, according oa gathway, can be
repaired perfectly leaving no marks or indéts indicate the
transient presence of the DSB (Ciccia and Elledgel0).
Consequently, comprehensive identification of ZHéheage sites
invivo has remained an open challenge.

To analyse ZFN activity, several independent assayse been
developed, which can be broadly divided into meshgdided by a
biochemical determination of the specificity of ttveo ZFP DNA
binding domains that encompass a given ZFN pair raethods
that are independent of such prior knowledge. Tits¢ &pproach

relies upon thein vitro determination of the consensus DNA
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binding site for a given ZFN pair by Systematic Ewion of
Ligands by Exponential Enrichment (SELEX) (Blackivaind
Weintraub, 1990; Phillips et al.,

2009; Tuerk and Gold, 1990) (Figure 1.10).

INITIAL LIBRARY

l POOL GENERATION

. TARGET

ACTGGTACC

GCTACCCGTA
TAAGGTCAA.
AN
\,
EVALUATION \
\/ REGENERATION

— BINDING .

The SELEX

AMPLIFICATION System
WASH

Figure 1.10. SELEX system.SELEX is employed for the identification of
RNA or DNA molecules that bind to their target mmlke with high affinity.
Starting with combinatorial libraries with up to 1@ifferent molecules, the
specific binders are isolated by an iterative psscef ligand binding, washing,
recovery (elution), and amplification.

This consensus can be used to bioinformaticallgringate the
genome and generate a rank order of potentialaoffet sites with
highest sequence similarity to the consensus. T &ctivity at
these in dglico identified sites can thus be studied by direct
sequencing of these loci (typically 5-15) in ZFMatred cells. This
analysis has been performed in primary human & ¢Ekrez et al.,
2008) and human ESC and induced Pluripotent Sterits Ce
(Hockemeyer et al., 2009) showing that all putaid¥eéN off-target
sites (with one exception) were found to be wilgetyMoreover a

cytogenetic analysis of ZFN-edited cells to lookr fgross

54



chromosomal changes showed that all possessed dtywé
karyotype (Hockemeyer et al., 2009; Santiago e2aD8).

Even if all these approaches provide a first lihewdence of the
exquisite specificity of these engineered nucleasdéise context of
the human genome, an unbiased genome-wide methatiréatly
detecting cleavage events at on- and off-targes sitvivo will be
preferable. Thus, to assess ZFN specificity genomde; our
group developed a strategy of DSB identificationsdsh on
Integrase Defective lentiviral Vector (IDLV) trapg. The
hypothesis was that linear double-stranded IDLVogess present
in the nucleus of transduced cells (Li et al.,, 20B&anasik and
McCray, 2010) could be ligated into DSBs by NHEQereby
stably tagging transient, otherwise undetectableBSWe
comprehensively mapped the locations of IDLV in&tigm sites in
ZFN-treated cells by linear amplification-mediatddAM)-PCR
(Schmidt et al., 2007) and non-restrictive (nr)LANGR (Gabriel
et al., 2009; Paruzynski et al., 2010). Using #tiategy we found
that with all ZFN pairs tested, the largest clusittagged IDLV
integration sites occurred at the intended gendamget site, but
clustered integration sites were also identifiedotiter locations
that bear substantial homology to the intended Z&iget site.
Notably, however, target homology alone was nofigaht to
determine whether ann silico-predicted off-target site was
actually cleavedn vivo. Thus, we provide for the first time a
snapshot of ZFN action in a living cell usingnhethod whichrequires
no a priori knowledge of ZFN specificity and is usded by in
silico homology-based predictions (Gabriel et2011).
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Introduction of nuclease and IDLV Transfection of nuclease and dsODNs Transfection of nuclease
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l Capture into DSB l l Capture into DSB l l Translocation at DSB l
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Whole genome Whole genome Whole genome
preparation preparation preparation
Amplification of integration sites Amplification of integration sites Amplification of translocation sites
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Figure 1.11 Methods for detection of off-target adtity of engineered
nucleases on a genome-wide scale.) A donor sequence together with an
integrase-defective lentiviral vector (IDLV) as@adign DNA bait is captured at
nuclease cleavage sites. The results are analysadlUAM-PCR. DSBs. If)
double-stranded oligodeoxynucleotides (dsODNs)uagezl as foreign DNA baits
and analyse captured sites by single-tail adapte(STAT)-PCR. ¢) A LAM-
PCR HTGTS is used to identify translocations of@gehous genome sequences
(Gabriel, von Kalle and Schmitt, 2015).

Very recently, three methods to identify off-targktuble strand-
breaks were reported; Tsai et al., 2015; FrocK.e2815). Wang
and colleagues reported the use of non-restric{ivg linear

amplification-mediated PCR (LAM-PCR) to identifyetirapping
of an integrase —defective lentiviral vector intoullle strand-
breaks, with a sensitivity close to 1% of the medasequence
(Wang et al., 2015). Another method, called “genomue

unbiased identification of double-strand breaksbésth by next-
generation sequencing (GUIDE-seq), was used by @sail. to
identify off-target profiles of Cas9 nucleases, Wsing passive
capturing of a double-strand oligodeoxinucleotidelenule into
nuclease-induced DSBs. Frock et al., instead, tised AM-PCR
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high-throughput genome-wide (HTGTS) to detect affjet DSBs
(Figure 1.11) (Frock et al., 2015).

The major consequences of off-target ZFNs cleavage i)
reduced efficiency of on-target modification any aytotoxicity.
An off-target cleavage site may confound the intetation of the
intended genome editing event or, worse, lead taduerse event
in a therapeutic setting. To address these concetimee
approaches were taken. The

first approach consists in the assembly of ZFN#& fahger (12-18
bp) DNA recognition sites. Such long sites are piadly rare even
in complex genomes. However, it has been recemthgahstrated
that ZFNs with long recognition site (15-18 bp)aiissy a decreased
activity as compared to ZFNs with 9-12 bp long graton site,
and that long arrays of ZFP have the potentialotonf complex
binding behaviours (Shimizu et al., 2011), thusreasing the
possibility of off-site recognition. The second amgch consists in
the replacement of certain residues or even eathrelices in the
ZFP with those that are likely to perform bettervino (Urnov et
al., 2005). The third approach, which is compleragntto the
previous two, is to engineer the Fokl domain sa thaly two
heterodimeric ZFNs can induce a DSB. Recently, itvdependent
works addressed this issue (Miller et al., 2007¢z8pek et al.,
2007) (Figure 1.12).

Using in silico protein modelling and energy cadtidn, or using a
randomized mutagenesis method followed by an i \agtivity
selection, both groups obtained two mutateskl domains that

could only heterodimerize, because of electrostatic
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attraction/repulsion force, but that retain theizyanatic activity. In
addition it was shown that forced heterodimerizatid the ZFNs
reduced the levels of genome-wide cleavage andithprove the
specificity of the system. Several groups have nigereported
further refinements in the ZFNs engineering, re@sglin lower off-

target activity-related toxicity (Ramalingam et,aR011) and,
eventually, to the possibility of co-expressing taistinct ZFN sets
designed to target different loci without crosseteaty (Sollu et

al., 2010). More recently Doyon and colleagues stbwimilar
improvements in the design of obligate-heterodimarchitectures
by means of a peculiar temperature-sensitive strgein yeast,
which allowed them to identify cold-sensitiokl variants and
thus new important residues for dimerization atphatein-protein
interface. Introduction of oppositely charged amauids in these
positions in already established obligate hetereditmbackbones
resulted in a 2 fold increase in NHEJ and stimalatof HR at
targeted loci. Moreover co-expression in the samkés @of two

different optimized sets of ZFN (orthogonal ZFN rgairesulted
both in increased cutting activity and specific{fyoyon et al.,

2011).
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a Original architecture b Obligate heterodimer architecture

R* R
LW t L+
R R-

Figure 1.12 Schematics of the possible combinatioof two ZFNs to give
hetero- and homodimerization. A, ZFN heterodimer bound to its intended
target (top), and two corresponding ZFN homodimegrging to alternative
target sites in an architecture that permits (Apm@vents (B) heterodimerization.
If the ZFNs carry Fokl domains engineered to funttsolely as heterodimers
(indicated as shapes labelled with plus and mingsssin B, binding to the
intended target (top) will lead to DNA cleavagedsated by the lightning
symbol), but homodimerization (induced in the exarghown by the proximity
of two R- or two L+ binding sites) will be impedég the inability of the Fokl
domains they carry to form a productive dimer. wild type (Urnov et al.,
2010).

1.4.3.2 The Transcription activator-like effector rcleases
technology

Shortly after the coming of ZFNs, other DNA bindipgoteins
were discovered in plant pathogemManthomonas spp.bacterium
(Boch et al., 2009; Bogdanove et al., 2009). THEWA binding
domain, the Transcription Activator Like EffectafFALES), has
been engineered to be fused with a Fokl nucleassanioat their
carboxyl termini. Each TALE protein usually contsitandem
arrays of 33-35 amino acids repeat and each oktbesls to a
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specific single nucleotide in the major groove. Tamino acids
residues found in 12th and"Bosition, known as repeat variable
diresidues (RVD), were found to be specific forgegnnucleotide
recognition. Given the one-to-one correspondent&dan the four
bases and the four RVD modules, it is possible @ésigh new
TALENs with any desired sequence specificities. Toely
requirement for TALEN design is a thymine at theebd of the
target sequence, which is recognized by two crygjeat folds at
the amino-terminus. However their construction bantime and
effort consuming, both because each TALEN oftenaios up to
20 RVDs, each of those 3—4 times bigger than ZFi&] because
of possible recombination within the cells due ighhlevels of
sequence homology between each RDV. Moreover stdnda
TALEN cannot cleave DNA that contains methylatedosines,
when located in the minor groove (Kim and Kim, 2014

In 2011 two independent groups performed a rigorous sideiby
comparison between the gene editing efficienciesZBNs and
TALE nucleases in transfected cell line and hum&rcglls and, by
assessing the activities of these two platformanajahe same
genomic sites, they showed similar gene-editingviagtfor the
two platforms (Hockemeyer et al., 2011; Mussolinalk, 2011).
However, these two studies did not address onehef major
concerns associated with a possible therapeuticotiseese new
technologies, i.e. their genome wide specificity.hi®& these
information are reported for the ZFNs (Gabriel ét &011;
Pattanayak et al., 2011), they are still lacking tbe TALE

60



nucleases, making difficult to understand the chhivalue of the

latter technology.

LTPEQVVAIASEBIGGKQALETVORLLPVLCQAHG

LRk TALE 7 [

u'!
=T
@
H
n
™
[
[
]
(]
[
E
5
H
N
=]
B
=]
[
T
)
>
H
el
kel
el
=
=
bl
H]|
H
™
=]
B
)
>
H
n
7]
o)
T
@
)
n
n
]
)
Q
N
>
-
£
[
W

w
B
9]
[
[3]
H
H
o]
f
@
]
H
=]
F
Q
[
H
=
o
H
@
H
i

1621
=

!
b
e
;_]
el

-

Fokl (-

Spacer (12-21 bp)

Right TALE

Figure 1.13. Structure of TALENs. A schematic representation of a
transcription activator-like effector nucleas (TANE pair is shown. Each
TALEN is composed of transcription activator-likéfeetors (TALES) at the
amino terminus and thEokl nuclease domain at the carboxyl terminus. Each
TALE repeat is comprised of 33—-35 amino acids awbgnizes a single base
pair through the amino acids at positions 12 andwi8ch is called the repeat
variable diresidues (RVD; shown in red). Targetuseges of TALEN pairs are
typically 30—-40 bp in length, excluding spacersnikand Kim, 2014)

1.4.3.3 RNA-guided engineered nucleases

RNA-guided nucleases are derived from CRISPR/Cadeny

present in archaea and bacteria, which providegtagammunity

against plasmids or phages. In fact, when foreifADs detected,
this is cleaved into small fragments protospacers, which are
inserted into the bacterial genome to form a chesteregularly
interspaced short palindromic repeats (CRISPR).SPRI regions,
together with a trans-activating crRNA (tracrRNAje transcribed
as pre-CRISPR RNA (pre-crRNA) and then processethiaget-

specific crRNA. The so generated tracrRNA and crRblAd to

CRISPR-associated protein 9 (Cas9), an enzymesainomvo

conserved nuclease domains, HNH and RuvC, capdldieavage
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of DNA strand complementary and non-complementarythe

guide RNA, respectively.

The so-generated dualRNA-Cas9 complex cleaves 2&lhget

DNA sequence, composed of 20-bp guide sequendeeicrRNA

(the protospacer) and a sequence known as protrspagacent
motif (PAM, 5-NGG-3’). tracrRNA and crRNA can b&xgineered
to form a single-chain guide RNA (sgRNA), while Qawith

different PAM specificities can be retrieved byfeient bacterial
sources thafreptococcus pyogenes Cas9 (Figure 1.14).

The main advantage of the RNA-guided engineeredeases
(RGENS) is their easy design and construction. daot,fwhile

keeping the same Cas9 protein, RGENS with differemget

sequence can be simply constructed by cloning Bp28equence
(protospacer) into a vector encoding crRNA or sgRN&wever
targetable sites are limited by the Cas9 requirénien PAM

sequence.

The main drawback is the potential off-target attjwvhich may
hamper clinical application of RGENs. In fact RGENsn

recognize off-target sequences that differ up tops-from the
target sequence, thus potentially resulting in samds of off-target
mutations in the human genome which may lead torabsomal
translocation. Finally, their effective form as noomers further
results in reduction of specificity (Kim and KimQ24). To reduce
the frequency of off-target activity, the conversiaf the Cas9 into
a single-strand DNA nickase that generates DSBachyg on two

single DNA strands with two separate sgRNA, alloweduction
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of the nuclease activity in computationally predetbff-target sites
(Cho et al., 2014; Shen et al., 2014).
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Figure 1.14 Structure of RGENs.Schematic representations of RNA-guided
engineered nucleases (RGENSs) are shown. A, an R&Ebmprised of CRISPR
(clustered regularly interspaced short palindrongipeat)-associated protein 9
(Cas9), a CRISPR RNA (crRNA) and a trans-activattmBNA (tracrRNA),
which form the dualRNA—-Cas9. B, alternatively, aBEN can contain Cas9 and
a single-chain guide RNA (sgRNA). The guide seqeencthe crRNA (part a)
or sgRNA B) is complementary to a 20-bp target DN#quence known as
protospacer, which is next to the SGG-3" (where N represents any nucleotide)
sequence known as protospacer adjacent motif (PAvBy dots indicate weak

63



bonding. C, Target DNA cleaved by an RGEN yieldisignt ends is shown
(Kim and Kim, 2014).

1.4.4 Therapeutic application of genome editing

Therapeutic Genome editing can be achieved thradifferent
strategies, including insertion of therapeutic gecarrection or
inactivation of mutations. Artificial nucleases cha exploited to
achieve genetic disruption of an intended locuds Hpplication
takes advantage of small insertions and deletiordels) that are
introduced during NHEJ-mediated DNA repair, to djgr or
abolish the function of a gene or genomic regionthe case of
pathogenic mutations with gain-of-function (GOF)s #hose
responsible for achondroplasia or Huntington diseA#1EJ-based
approaches could be also useful to specificallyctimate the
mutated allele, leaving intact the wild type alleten the
homologous chromosome (Turizt-Cox).

In 2008 was reported the first ZFNs-based clintcal, in which
the ZFNs-mediated gene disruption was exploitedgémetic
inactivate CCR5, which encodes for the C-C chemokine receptor
type 5. This protein, which acts as a co-recepidtlg-1 on CD4+
cells, was found to be inactive in some individuafsNorthern
Europe, who appear protected from HIV infectionu(let al.,
1996). With this in mind, Sangamo BioSciences dgwved a gene
mutation approach aimed at permanently disruptinge t
endogenou€CR5 gene, based oex vivo transduction of primary
CD4+ T cells from healthy donors with an adenovizNs
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expression vector to knock-out th€CR5 gene located on

chromosome 3 (Perez et al., 2008).

HIV

CCR5
ZFNs expressed
by adenovirus
vector
—_— _—
T cells Q
HIV-infected g
<

individual Infusion into original patient

Figure 1.15. Exploiting targeted gene editing for Herapeutic applications.

(@) T cells from an HIV-infected individual are msduced by an adenoviral
vector expressing ZFNs targeting tB€R5 gene, a chemokine receptor essential
in HIV infection. Repair of the DNA DSB by the NHESpair pathway inserts or
deletes nucleotides, thus disrupting the codingisece of the gene. The treated
cells are then infused back into the patient—tHasking CCR5 are resistant to
HIV infection (Lombardo and Naldini, 2014).

Currently, the SangamBCR5-specific ZFNs are being assessed in
two clinical trials to treat HIV/AIDS patients (N©0842634;
NCT01044654). Another phase | clinical trial foettreatment of
glioblastoma (NCT01082926) started in 2010: heteganeic
CD8+ Cytolitic T-Cell Line (CTL) were genetically adified to
express the IL 13-Zetakine to specifically targenour cells and
treated with ZFN to disrupt the glucocorticoid retme and confer
resistance to anti-inflammatory glucocorticoids,isthare often
used in post-surgery profilaxis (Reik, ASGCT 2008).

A recent study, by combining genome-wide assoaiati@GWAS)
studies and chromatin immunoprecipitation sequenf@hlP-seq),
identified a non-coding mutation BCL11A gene, whose product

acts as a negative regulator of HbF in erythraiédiges (Xu et al,
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2011). The mutation resulted BCL11A enhanced expression, due
to promotion of transcription factor binding withen intron in
BCL11A, thereby decreasing HbF expression in red blods. ce

A therapeutic strategy for sickle cell anemia, whoseverity
decreases with HbF increased expression, wouleftirer aim at
disrupting the intronic region in erythroid cellhus augmenting
the HbF expression levels and alleviate clinicahgiomps (Bauer,
2013).

HDR instead, by introducing site specific mutatioran be
exploited to restore the wild-type sequence andgdree function.
HDR-based approaches are firstly required to tiasst-of-function
mutations (LOF). Therapeutic effect may be achieatsb by
inserting a gain-of function mutant, when this é¢sex protective
effect (Turitz Cox, 2015).

To achieve gene insertion, nucleases are co-detivavith a
targeting vector, in which the transgene casseiteldeen flanked
by homology arms with nucleotide sequence identahe region
nearby the endogenous target site, as a plasmibnantegrase
defective lentiviral vector (IDLV) or an adeno asistded viral
vector (AAVS). For point  mutation, single-strand
oligodeoxynucleotides (ssODNSs), which can be syi#bé in few
days, can be used instead of targeting vectors.

In 2005 Urnov and colleagues reported ZFN-medidtedeted
gene conversion into the exon 5 of the IL-2 Reaeptonmony-
chain {(L2RG). This gene encodes for a cytokine receptor that i
required for T-, NK-, and B-cell development and rutations

cause the most common form of severe combined
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immunodeficiency, SCID-X1. By this approach, thehaus were
able to achieve up to 18% of gene modification #6 cells and
5.3% in primary T-lymphocytes (Urnov, 2005).

In 2007 Lombardo et al. showed that the ZFN-teatpplcould be
used not only to edit a single nucleotide but asointegrate
transgene expression cassettes into desired genités
(Lombardo, 2007). To achieve this goal, they dgvetba delivery
platform based on Integrase- Defective Lentivirackors (IDLV)
to both introduce the donor template DNA and tramidy express
ZFNs in human cells. Using this means of delivéingy achieved
up to 30% gene conversion of the?RG gene in hematopoietic
cell lines and up to 40% targeted integration adnsgene
expression cassettes into tHe2RG or the CCR5 gene across a
panel of different human cell lines. Importantlyey broadened the
application of ZFNs technology by exploiting thefsedings to
knock-in a functional cDNA downstream of its endoges
promoter, thus achieving physiological expressibthe corrected
gene. In this setting, the same pair of ZFNs anmtbdwector can be
used to correct most mutations (including delefioascurring
within and downstream the insertion site (Figur&é6). IDLV-
mediated delivery was also successful, albeit Vaith efficiencies,
in human ESCs and cord blood-derived HSPCs, whbkey t
observed targeted integration @CR5 locus and stable transgene
expression in up to 5% and 0.1% of the cells, respdy
(Lombardo, 2007).
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Figure 1.16. Exploiting targeted gene editing forlerapeutic applications.In

a proposed strategy currently only demonstratddiiman cells transplanted into
SCID mice to correct a Mendelian disease, HSCs faanmdividual affected by
SCID-X1, a primary immunodeficiency caused by miotat in thelL2RG gene,
would be transduced by an integrase-defective Veati vector (IDLV)
containing a correctivdL2RG transgene and then transfected with mRNAs
encoding for IL2RG-targeting ZFNs. Repair of the DNA DSB using the
transduced IDLV as a template corrects the codagusnce of the gene and
maintains its physiologic expression pattern. Theated HSCs could be infused
back into the patient, where they would give rizdunctional lymphocytes that
would restore immunity long term. MPP, multipoteptogenitor; MEP,
megakaryocyte-erythroid progenitor; GMP, granuleeytacrophage progenitor;
LMPP, lymphoid-primed multipotent progenitor; CLRommon lymphoid
progenitor (Lombardo and Naldini, 2014).

Different groups provided additional evidences thhe ZFN
technology could be used to insert expression ttasseto the
genome of human cells. Indeed, the ZFN technologys w
successfully used for targeting six distinct lothuman ESCs and
induced Pluripotent Stem (iPS) cells, without detble alterations

in stem cell
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karyotype or in their pluripotency potential. Thiest proof-of-
principle of targeted integration in human iPSCmseafrom the
work of Zou and colleagues (Zou et al., 2009), whéhey
disrupted by HR-mediated insertional mutagenesis tbding
sequence of a disease-related g@h€A. This gene encodes for an
enzyme mutated in the hematopoietic stem cells fratients
suffering from paroxysmal nocturnal hemoglobinufldis study
was then extended by Hockemeyer and colleagueshtr three
genomic loci of human ESCs and iPSCs (Hockemeyal:,e2009).
First, using ZFNs specific for th©CT4 locus, they generated
OCT4-eGFP reporter cells to monitor the pluripotstate of ES
cells. Second, by targeting tReTX3 gene, they showed that ZFNs
can be used to generate reporter cells by targeimgexpressed
genes in ES and iPS cells.

Recently, Zou and colleagues exploited A#f&/S1 locus to insert
an expression cassette for the gp@therapeutic minigene in iPS
cells derived from X-linked chronic granulomatousedse (X-
CGD) patients (Zou et al., 2011). This disease eaws reduced
reactive oxygen species (ROS) production from ogtnits, which
impairs their microbicidal activity. Upon neutropkifferentiation
of the gene corrected IPSCs the authors observethised
expression of gpQtox and functional restoration of ROS
production. However, the overall gene targetingiciefhcies
reported for ES and iPS cells in all these studiese lower (up to
0.24%) as compared to what has been achieved linirees, but
still is open the possibility to select and exp#émel clones carrying

the desired genetic modification.
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Genome editing is now established as a very véasthierapeutic
approach, although several factors could influettoe clinical
efficacy. First of all, correction of the diseasespotype would rely
on the genome modification threshold achieved. &dlgo if the
therapeutic gene imparts a proliferative advantayer the
unmodified counterpart, low numbers of edited celdl be
sufficient to reverse the symptoms. For examplehen SCID-X1
clinical trials, corrected hematopoietic progerstawere able to
reconstitute the affected lymphoid compartmentsttreating the
disease. For other diseases, in which the mutaadsgworks in a
non-cell autonomous fashion, a small number ofexted cells
may be sufficient to product the restored protenreéscue the
disease. Other factors that may influence the HD®ame are the
nature of the genome modification, the extent ohplementarity
between the target loci and the DNA template, dpology of the
delivered donor DNA. Moreover, inhibition of the mpeting
NHEJ pathway, by small molecules or viral proteihas been
shown to have positive effect in improving HDR Isve

(Maruyama et al., 2015).

1.5 Induced pluripotent stem cells: a new era for

regenerative medicine

One of the most important advances of the pastddewvas the
discovery, by Yamanaka and Takahashi, that soncatls can be
reverted to a pluripotent state by forced expressd defined
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transcription factors. In the past, cell reprogranmgnhad been
achieved by transfer of differentiated cell nudigio enucleated
oocytes (Gurdon, 1962) and by somatic cloning ofultad
differentiated cells to generate mammals (Wilmut9912),
demonstrating that somatic cells contain all théormation
required to specify for the entire organism and tweytes contain
factors able to reprogram adult cells. These figslinogether with
the identification of transcriptional factors dedth as “master
regulators” of the fate of a given lineage andhaf factors, as the
leukemia inhibitory factor (LIF), responsible foSE maintenance
in culture enabled to define the transcription destrequired for
pluripotency induction in somatic cells (Takahaahd Yamanaka,
2006).

Stem cells include embryonic stem cells (ESCs) amluced
pluripotent stem cells (iPSCs). Both ESCs and iP$&s be
propagated indefinitely in culture and can be défgiated into
several cell types. Importantly, while the use &ds, which are
derived from the inner mass of preimplantation groby requires
oocytes and embryo destruction, thus raising mamgad debates,
IPSCs can be generated from many easily accessdilgypes,
rendering them an attractive resource for regeiveratedicine and
many other applications. As such, iPSCs becameobject of
different research areas, not only those focusmthe mechanisms
of the stemness establishment and maintenancealbat those
studying differentiation and specification of hunsomatic tissues,
or to test phenotypic effects of small moleculed #or preclinical

toxicology screens for drug development.
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Moreover, given the possibility to generate iPS@smf any

individual, including patients with any disease,e\th hold

invaluable relevance to study pathophysiology ofmbho diseases
(Yamanaka, 2012; Wu et al., 2011).

1.5.1 Advances in cell-reprogramming technologies

The first reprogramming method was reported by hakhi and
Yamanaka to convert mouse embryonic fibroblasts K§)Eand
mouse-tail tip fibroblasts to IPSCs by overexpmgsthe four
reprogramming factorsSx2, Oct4, c-Myc and Klf4;, OSKM)
through a retroviral vector (Takahashi and Yaman2k@6). One
year later, Yu et al. exploited lentiviral vectois overexpress
OCT4, SOX2, NANOG, and LIN28 in human fibroblasts, thus
converting them into a pluripotent state (Yu et 2007). During
reprogramming, integrated proviruses are silencedhile
endogenous pluripotency-associated genes are tctiviaiis worth
notice that viral integration often occurs withindegenous genes,
thus potentially resulting in adverse events, daeinsertional
mutagenesis. Moreover, reactivation of transgenasied by
retroviruses or lentiviruses can lead to tumourkijlavtransgene
overexpression may impact on differentiation pagndf iPSCs
(Zhao et al. 2011, Nakagawa 2008; Okita, 2007).aBse of this,
integration-free reprogramming systems were dewslpps those
based on plasmids, synthesized RNAs, proteins,catters, Sendai
virus or even small molecules, eliminating the risk virally-

induced tumour formation. Although safer, their mdrawback is
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the poor reprogramming efficiency, if compared tdegrating
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Figure 1.17. Generation of patient-specific inducedluripotent stem cells
(iPSCs) and clinical applications thereaf Somatic cells isolated from a patient
are reprogrammed into iPSCs by transduction with fbur reprogramming
factors, octamer-binding transcription factor 4 {@)csex determining region Y-
box 2, Kruppel-like factor 4, and c-Myc. Geneticfet#s in iPSCs can be
corrected via gene editing with zinc finger nucksagZFNs), activator-like
effector nucleases (TALENSs), and the clustered legbyu interspaced short
palindromic repeats (CRISPR) system. Next, iPSCt wir without edited
modifications are differentiated into various targells for disease modeling,
drug screening, and stem cell therapy. DAPI, 4ig@nitlino-2- phenylindole
(Diecke, Jung, Lee and Ju, 2014).

1.5.2 Molecular and epigenetic reprogramming.

Although iPSCs can be generated ideally from amyagix cell, the
relative reprogramming efficiency is quite low deds than 1% of
the transfected cells are efficiently convertediR&C. Several
studies have reported the dedifferentiation to ipatency of

terminally differentiated cells, including post-otic neurons or

73



lymphocytes, leading to the idea that, if not migst of the somatic
cells hold the potential to become iPSC. The bt of the
process seems to be, not the initiation of the oggamming
process, rather than its completion. The molecelants that
govern reprogramming are: the epigenetic and trgtsmal
changes upon ectopic overexpression of the nudtedors, the
transition through intermediate cell states andjally, the
activation of a self-endogenous pluripotency cirqdiheunissen
and Jaenisch, 2014). To dissect the heterogendagsssof the
reprogramming process, cell surface markers haea kee&ploited
to follow the transition of somatic cell to plurigmcy.

A first attempt described the reprogramming process the
sequence of three waves of gene regulation (Han28dr2; Polo,
2012). The first wave, from day O to day 3, is eaderized by
upregulation of genes involved in metabolism, galbliferation
and cytoskeletal organization. The second wavestgkace from
day 3 to day 9, with an increase of activity of rgdotency-
associated genes in those cells positive for tlagesspecific
embryonic antigen 1SSEA-1) while, from day 9 starts the third
wave, with an increase in gene involved in stenh m@intenance
and in pluripotency associated-promoters demetioylaThe main
limit of this roadmap is that most of the cells SSEpositive
never achieve pluripotency. To overcome this litrota other
markers have been considered, as CD44 or ICAM, whs
homogenously expressed in iPSCs, although otheliestuhave

suggested that the expression of one or more tiptisoal
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determinants agsrrb, Utfl, Lin28 or Dppa2, would better predict
progression toward pluripotency (Buganim et al120

To explain the kinetic of the reprogramming, selvenadels have
been proposed. The stochastic model assumes thrgigiency is
the final result of the combination of one or maate-limiting
steps, while the deterministic model describesrépeogramming
process as serial ordered events with fixed late@tlier studies,
however, supported the stochastic nature of thly ehanges in
gene expression, while later stages, with the inesigin of the
endogenous pluripotency circuit, are in line wittdeterministic
fate.

Furthermore, reprogramming efficiency can be iniexl by
culture conditions, by levels and stoichiometry dhe
reprogramming factors, and by the gene deliveryesysadopted.
In addition, stochastic events, which are far belyerperimental
control, can impact the reprogramming effectivene3he
efficiency of this process, however, can be in@dasy
specifically removing barriers that hamper indupidipotency.
Despite preliminary studies, in which iPSCs werevahnto be very
similar to ESCs, there is substantial evidenceiftérénces in gene
expression, DNA methylation, teratomas propensitg i vitro
differentiation potential. Indeed, the clonal onigdf iPSCs may
account for copy number variations, while some otidterations
may be the result of culturing. However it is todbarified whether
these differences are associated to the reprognagnpriocess, if

they are solely the result of biological variatiamrshandlings of the
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cells or if they represent inherent differencesnveein ESCs and
iPSCs (Wu and Hochedliger, 2011).

In the original Yamanaka’'s combinatio®¢t4, Sox2, KIf4 and c-
Myc (OSKM) were used to induce pluripotency, but, redry,
each factor can be replaced by other transcripgtators. In the
2008, a three-factor OSK reprogramming combinatias used to
reprogram fibroblasts (Nakagawa et al., 2008; Wgetial., 2008);
IPSCs were still generated but the reprogrammirargss was
significantly delayed, respect to that in whicivlyc was included.
This gene is thought to promote open chromatin, to
transcriptionally amplify genes involved in proli&ion and to
promote the initial engagement of OSK with sevesiatomatin
sites (Buganim, 2012). Given the high redundancyhef nuclear
factors required for pluripotencilf-4 andc-Myc can be replaced
with Esrrb in mouse fibroblasts (Fheng et al., 2009), anch wit
NANOG andLIN28 in human fibroblasts (Yu et al. 2000ct4 can
be as well replaced b¥-cadherin, a master regulator of the
epithelial phenotype that prevents the nuclearlipaton of thep-
catenin, known to negatively regulate the early-agpamming
process phase (Ho, 2013). Buganim and colleagyestesl that
Sox2 activation is able to turn d®al4, which in turn activates four
downstream targets, includir@ct4. Moreover, this study revealed
other two four-factors cocktails that can replacBK®: Essrb,
Sal4 and Lin28 with either Nanog or Dppa2 (Buganim, 2012).
Other strategies to induce pluripotency exploitsrootatin-
remodelling enzymes, as corepresRoo2 (Yang, et al., 2012) or
the histone variants (TH2A and TH2B) (Shinigawalet2014) or,
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alternatively, the removal of epigenetic barriegygéprogramming
asDOTLL, a histone H3 lysine 79 (H3K79) methyltransferase.
Of particular interest isMbd3, the scaffold protein of the
nucleosome remodelling and deacetylase (NURD) cexnplhose
depletion in mouse and human somatic cells sigmfily enhanced
the reprogramming efficiency, up to 100%. Althouitth role in
reprogramming is still under investigation, Mbd3 ysgically
interacts with the four OSKM factors, maybe altgritheir
biological activity (Rais et al., 2013). Also miRNA which
promote reprogramming through different mechanisce be
used to replace transcription factors. ESCC miRMNwes a large
family of miRNAs highly expressed in ESCs, whichrevéound to
enhance the reprogramming efficiency of MEF to iBSThe miR-
302/367 cluster, one of the human orthologues ef BECCs
MIiRNASs, has been identified as a direct target ad@nd Sox2. In
2011 it was reported that miR-302/367 cluster,ambination with
valproic acid (VPA), which specifically degrades @@ protein,
can drive direct reprogramming of both mouse andndmu
fibroblasts in the absence of other pluripotencseamted
transcription factors, with an efficiency higheathtwo-magnitude
orders respect to OSKM reprogramming. Many reasoag have
contributed to this result, indeed miR302/367 tegdeundreds of
MRNA targets, including those responsible for chabom
remodelling regulation and cell proliferation (Salmanyam et al.,
2011; Anokye-Danso et al.,, 2011). One of the nésilenges
would be to develop robust transgene-free methgidao induce

pluripotency, as those based on chemical reprogmagirindeed it
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has been reported that the DNA-methyltransferakiibor 5-aza-
cytidine and the 2i cocktail, a combination of k&K inhibitor
PD0325901 and the GSK3 inhibitor CHIR99021, is ghiemote
the final stage of reprogramming. Other compounsls/aproic
acid (VPA), a histone deacetylase (HDAC) inhibitbgve been
shown to reprogram mouse fibroblasts in the abseh@aViyc or
human fibroblasts in the absencekdf4 andc-Myc (Huangfu et al.,
2008). Also vitamin C has been identified as atp@smodulator
of pluripotency. In fact, by promoting the activibf the Jhdml1b
demethylase, it reduces the methylation levelsiatoHe 3 lysine
36 and suppresses cell senescence. Moreover, mitamithought
to preserve the imprinted status of the lo@I&-Dio3 through
histone modifications that prevent Dnmt3a bindin@ther
compounds have been exploited to enhance reprograjras the
TGF{ inhibitor 616452 or forskolin (FSK), an AMP aganis
which has been successfully used G4 replacer (Hou et al.,
2013).

1.5.3 Road to the future: iPSCs clinical applicatio

IPSCs technology holds tremendous potential foremegative
medicine, allowing their differentiation into a widrange of
specialized cell types and tissues to be usedeiriuture to replace
damaged or diseased tissues in patients with expeiof trauma,
diabetes, cardiovascular diseases, metabolic derfi@s or
degenerative neurological disorders. Regarding puogential
clinical applicability of ESCs/iPSCs, Geron hasar@d the use of
ESCs-derived oligodendrocytes for the treatmensmhal cord
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injury (www.clinicaltrials.gov), while Advanced GeTechnology
has received FDA approval to conduct a clinicalltusing ESCs-
derived retinal cells for the treatment of Stargalidease and age-
related macular degeneration (Wu and Hochedlingr11).
Regarding the application of IPSCs for therapepticpose, the
most compelling study used iPSCs-derive hematopodetls for
the treatment of a humanized mouse model of sic&leanemia
(Hanna et al., 2007). In this study, iPSCs werdvddrfrom a
transgenic mouse carrying a mutated sequence ofhtiman
haemoglobin gene and then genetically correctedutjir HDR.
Transplantation of iPSCs-derived hematopoietic scefito the
transgenic mice resulted in restoration of haentmgldo normal
levels and improved phenotype. Although this rerabl& result,
the translational potential of this strategy fazkée cell anemia in
human beings remains to be determined. These studiaddition
with many pre-clinical studies in animal models,ynsaipport the
therapeutic potential of iPSCs for the treatmergefetic disorders
as well as for regenerative medicine. However, teefaringing
IPSCs biology into cell-based therapy, several lesrcieed to be
considered, as the efficiency of cell-lineage dpeation and of
cell-purification, to exclude the risks of teratmnaand the
development of new cell delivery methods for retevargans (Wu
and Hochedlinger, 2011). To overcome the potetirabrigenicity
of the cells, the use of progenitors or termindlififerentiated cells
may increase the safety of iPSCs for clinical aygpions. Also the
transdifferentiation of an adult cell type into #m&r one would

help to circumvent the tumorigenicity associatedptaripotent
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stem cells and would provide an alternative sowtelinically
relevant cell type. However this approach bringghwit the
disadvantage that somatic cells, contrary to iP$@se a limited
lifespan and are not expandable (Wu and Hochedlizgd 1).

To further limit the risk of insertional mutageresand the
consequent tumour formation non-integrant systasmshose based
on Sendai virus, DNA-based episomal reprogrammmgNA or
protein transduction, are obviously the most faedur
reprogramming techniques for safety issues. Far therapeutic
usage, IPSCs can be derived directly from patieiie require
therapy, thus minimizing the risk of transplant ectjon.
Fibroblasts, keratinocytes or peripheral mononuctedls are the
preferred donor cells, since they are easily obthifrom the
patients. However, the production of autologousicdl grade cells
for each patient would be difficult and financiajpyohibitive. An
alternative would be to create a bank of clinicaddg iPSC lines
from healthy volunteer donors, which can be expdnaad
differentiated for use in a large cohort of paterselected in order
to maximize HLA-matching, thus minimizing the risk allograft
rejection (Taylor et al., 2012).

IPSCs can be relevant also for disease modellmgectapitulate
pathological conditiongn vitro by patient-derived somatic cell
conversion to iIPSCs, followed by their differentatinto disease-
specific cell types. The factors that may influetice amenability
of diseases tm vitro modelling are: the disease onset in patients,
the complexity of the underlying genetic defectsd ahe cell-
autonomous nature of the disorder (Wu and Hochgeltir2011). If
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relevant iPSC and target cells would be globallpilable for
research and drug development purposes, this wesldt in better
standardized conditions and in a substantial imgment in safety,
feasibility and accuracy. Assuming that diseasdufea can be
reproduced in vitro, one of the major limitation tise lack of
established lineage-specific differentiation praisc to derive
purified cells for large-scale screenings. Morepvelisease
modelling with iPSCs is hampered by the heterodggnei the
maturation stage of the differentiated iPSC, dualdoor source

and to culture conditions (Diecke et al., 2014).

1.5.4 iPSCs as alternative source of HSCs

In principle, IPSCs can be exploited to derive HSE

hematopoietic progenitor cells (HPCs) of clinicalterest for
therapeutic application.

Seminal studies on embryogenesis and ESCs diffatiemt have
provided major insights into key pathways that colfESCs/iPSCs
hematopoietic commitment, allowing the identificati of the
essential role of Wnt, Notch, Hedgehog and B&mad signaling
pathways in HSCs development and maintenance (Blu2R12).

In the mouse embryo, the yolk sac is the first ®negate
hematopoietic cells, including macrophage, megai@megs and
red blood cells. The first HSCs able to full henpatietic

reconstitution are observed in the aorta-gonadmmegshros
region, vitelline and umbilical arteries. After exysion in the fetal
liver, HSCs migrate in the bone marrow, which beedime major

site of haematopoiesis in post-natal life. Givea ligh similarities
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of hematopoietic differentiation patterns betwe&$@8s and ESCs,
the knowledge on both molecular mechanisms andenfabtors
critical for hematopoietic specification has allavethe
establishment oin vitro protocols to generate hematopoietic stem
cells and progenitors, although further understagndof HSCs
biology is a prerequisite toward optimized hemaiepo
differentiation protocol.

To date, three different methods to derive hemaédioocells from
iPSCs have been described: co-culture with muriesemchimal
OP9 cells, dissociation of teratomas induced inG&$jected
immunodeficient mice (Amabile et al., 2013) or iBS@nsduction
with Lhx2, a LIM-homeobox transcription factor, laugh the
latter is eligible only for hematopoietic conversiof murine iPSC
(Sluvkin, 2012). Other strategies relies on thesatigation of
embryoid bodies formed by iPSCs at 7-10 days; thethods,
however, tends to be more variable into iPSC-ddrive
hematopoietic progenitor cells (Focosi et al., 201MAK
lymphocytes, with therapeutic potential both fornaa and
infectious disease have been generated, however ntapr
limitation is represented by the two-steps stroomdlis-co-culture
and the need for sorting of rare CD45+ CD34+ pdpuia

An interesting application of iPSCs is the generatf autologous
antigen-specific T-lymphocytes for immunotherapyegtually, T-
lymphocytes can be engineered with chimeric antigeeptors to
confer them new desired antigen specificities (Téleret al.,
2013). The most established system for iPSC-deriveatell

differentiation is the co-culture with the OP9-siva cell line,
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deficient in macrophage colony-stimulating factoMQSF),

engineered to ectopically express the Notch ligaatia 1 (DII1) or
Notch-ligand Delta 4 (Dll4) to support both muriaed human T-
lineage differentiation. In 2011 Carpenter reportal$o the
generation of iIPSC-derived B-lymphocytes, by shagwiPSC

differentiation when co-cultured with OP9 stromallg (Carpenter
et al., 2011).
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Figure 1.18 Blood cell types generated from iPSCSummary of blood cell
types successfully used as a source for iPSCgeankration and of blood cells
successfully redifferentiated to blood cells toed@ocosi et al., 2014).

Red-blood cells are the ideal candidate for iPS§ebaclinical
trials, because of the short half-life and absewicaucleus, thus
sparing the patients the risks of oncogenicity. GBShave the
potential to produce pathogen-free RBCs, however major
limitation for clinical translation are the largenaunt of RBSs
required to generate a unit (f)) the poor enucleation efficiency

and the switching to adult-typ@)(globin-forms. Also autologous
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iPSC-derived platelets have been generated ande&iloon tested

in clinical trials (Advanced Cell Technologies).
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Scope of the thesis

The aim of this work is to develop an optimizedastgy that
allows for efficient generation of disease-free @Srom primary
cells, by exploiting targeted genome editing torouee the risks
of insertional mutagenesis or unregulated gene esspn
associated to integrating-vector based gene-therapy

The feasibility of this approach, based on sitezdjme genome
editing of primary somatic cells through Integr&3efective
Lentiviral Vectors (IDLV) and engineered Zinc Fimgducleases
(ZFNs) and on cell-reprogramming of the so-generagene-
corrected cells, will be assessed on SCID-X1, amumological
disorder caused by mutations in the Interleukin 2cdptor
Common Gamma-chaihlL2RG) gene.

By inserting a correctivlL.2RG cDNA downstream its endogenous
promoter, this strategy will allow the correctiorbeoad spectrum
of SCID-X1 mutations downstream to the insertioie,swith the
same set of ZFNs and donor vector, resulting inréoenstitution
of both physiologic expression and function of therected gene.
Overall, the new strategy presented in this workjctv couples
gene-correction with cell-reprogramming, will alldihe generation
of disease-free IPSC, with tremendous potential deli-gene
therapy, paving the way for the development of hared safer
therapeutic approaches for SCID-X1, as well as @ther

monogenic disorder.
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Summary

Gene replacement by integrating vectors has bemressfully used
to treat X-linked Severe Combined Immunodeficie(8¢ID-X1),

an invariably lethal immunological disorder. Thestudies,
however, highlighted the risks of insertional mueagsis and
unregulated transgene expression, calling for tneeldpment of
safer gene therapy approaches based on targetedthgesditing.
Here, by optimizing donor design and Zinc Fingerclases
activity we relieved several blocks limiting genardeting and
achieved efficient knock-in of a correctivk2RG transgene
downstream its endogenous promoter in two SCID-Kfoblasts
cell lines. Because this cell type does not phgsjichlly express
IL2RG, we coupled correction with exogenous selectiamfithe
same genomic locus to enrich for gene-correctesblfibsts, and
reverted them to pluripotency using a Myc-less agpamming
lentiviral vector. Co-excision of this vector tofget with the
selector cassette allowed obtaining several gemeged,
reprogramming factor-free iPSCs with a normal k&yge. Finally,

by showing selective growth advantage of T-lymphaells

generated from the corrected iPSCs, we providedeece of the
efficacy of functional correction of the IL2RG mutaallele,

paving the way to the development of novel thertipepproaches
for the treatment of SCID-X1.
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Introduction

X-linked Severe Combined Immunodeficiency (SCID-Xd a rare
immunological disease caused by mutations occuthngughout
the Interleukin 2 Receptor commgrchain (L2RG) gene, with a
mutational hot-spot in exon 5. Becausgechain provides the
signalling subunit of several receptors for esséryimphopoietic
cytokines, its absence results in the lack of ¢tattog T and NK
cells and in profound B cell abnormalities (Kalmetnal, 2004).
SCID-X1 is invariably fatal unless treated by bonearrow
transplantation. In the presence of an HLA-matctaaily donor,
patients have high chances to be cured. For oyipesstof donors,
success rates are lower and full restoration ofumity may not be
achieved. Pioneering clinical trials have demomstrathe long
term therapeutic benefit of autologous Hematopoi&iem and
Progenitor Cells (HSPC)-based gene therapy usinginga
Retroviral Vectors | -RV) (Touzot et al, 2014). The success of
these trials can be ascribed to the strong seéegtiowth advantage
conferred by gene correction to the T-cell lineagheile functional
restoration of the NK and B cell compartments wess levident.
Because of the limited stem cell transductionybyRV and the
absence of patient preconditioning, most of theemed T cells
likely have originated from long-lived, transducddlymphoid
progenitors rather than HSC. Along with the cleapop of
therapeutic benefit, these studies also highlightedootential risks
associated with the use of semi-randomly integgatiactors, as

shown by the occurrence of vector-driven leukemia fraction of
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treated patients (Hacein-Bey-Abina et al, 2008; ditadBey-Abina
et al, 2003a; Hacein-Bey-Abina et al, 2003b; Howeale 2008).
Ectopic y -chain expression was also proposed as a possible
cofactor for leukemia development (Woods et al,60@lthough
this aspect remains to be clarified. Thus, thereaisieed for
developing safer gene transfer approaches aimiegratcting the
gene defect while sparing to the patients the wr$krandom
insertion and unregulated transgene expression.

Whereasy -RV and Lentiviral Vectors (LV), both carrying &el
inactivating Long Terminal Repeats (LTRs) and a aratkly
active internal promoter to drive IL2RG expressitiave now
entered clinical testing and may provide a saferegeeplacement
strategy for this disease, new technologies with plotential to
further improve safety and efficacy of gene transfiee emerging
as promising alternatives to the use of semi-rarigontegrating
vectors. To this regard, artificial endonucleasgs¢ch as Zinc
Finger Nucleases (ZFNs) (Urnov et al, 2010), Trdapson
Activator-Like Effector Nucleases (Joung & Sand2@l13) and,
more recently, RNA-guided Nucleases (Hsu et al420iave been
used to induce a DNA double-strand break into asptected site
of the genome, and locally activate the Homologi&r Repair
(HDR) pathway (Ciccia & Elledge, 2010). This patlywean be
exploited to custom edit the genomic site of irgeitgy delivering
into the cells a donor template DNA containing ttesired
sequence flanked by homology arms to the nucldasgst site. By
this approach it is possible to replace a speaifitant nucleotide

with its wild-type version or insert a correctiventplate in the
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locus in order to treat a broad spectrum of mutatieithout the
need of tailoring nucleases to each individual telusf mutations
(Lombardo et al, 2007a). Importantly, both strateghave the
potential to restore the function and physiologegbression of the
affected gene.

SCID-X1 represents a paradigmatic disease in wticiissess the
feasibility of targeted gene correction in HSPCs, plnenotypic
rescue of the disease can be achieved even withctevected
lymphoid progenitors. To this regard, we have rdgateveloped a
protocol that allows targeted correction of th@RG gene in long-
term repopulating human HSPCs (Genovese et al,)2@Aile
this achievement may pave the way for the developroé safer
HSC-based gene therapy approaches, its clinicdicagpn still
faces the relatively low efficiency by which targeétgene editing
occurs in the more primitive HSC compartment, thpossibly
relying onex vivo or in vivo expansion of the corrected cells in
order to achieve a therapeutic benefit in the pttieConversely,
the discovery that somatic cells can be revertedntdambryonic
Stem Cell (ESC)-like state by forced expressiorplofipotency
related transcription factors has opened new petisgs in
regenerative medicine (Takahashi et al, 2007). avelability of
autologous induced Pluripotent Stem Cells (iPSCkraable to
unlimited ex vivo expansion, selection and targeted genetic
correction may provide a source of immunologicahd ethically
compliant cells that can be differentiated into répeutically
relevant cell types, including T and NK cell progers
(Sterneckert et al, 2014)
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Results

The efficiency of targeted integration decreases tt increasing
ZFN exposure when aiming to correct the IL2RG gene.

We previously showed that ZFNs and Integrase-Difect
Lentiviral Vector (IDLV) delivery can be used to deck-in a
correctivelL2RG cDNA downstream of its endogenous promoter
in a human cell line and in lymphoid cells deriviedvivo from
CD34+ cells, and showed that transcription of théegrated
construct was driven by the endogenols2RG promoter
(Genovese et al, 2014; Lombardo et al, 2007a). ,Heeeextended
these studies and identified critical featuresafstruct design that
constrain proficiency of targeted gene correctioNe first
modelled targeted gene-correction in male B-lympdstoid cells
from a healthy donor. This line was selected bezaits
constitutively expresses tH&2RG gene from its single copy X-
chromosome, and is not counter-selected in culidmen this gene
is hypo-functional or inactive. To identify the Brhphoblastoid
cells that carry insertion of the corrective cDNAe wnserted
downstream of the corrective2RG cDNA of the donor-IDLV an
eGFP-expression cassette (cor.IL2RG-IDLMg. 1A). We also
redesigned the DNA binding domains of the2RG-ZFNs to
increase avidity while maintaining unaltered thegenomic
recognition site in exon 5 of th8.2RG gene. Indeed, when
compared to the previously reportéd?RG-ZFNs (Set_07), the
newly designed ZFNs set (Set_11) outperformed tegi@us one

by more than one log in terms of gene targetinigieficy in K-562
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cells Fig. 1B). We then transduced male B-lymphoblastoid cells
with the cor.IL2RG-IDLV with or without increasingoses of
IDLVs encoding for the new set ¢£2RG-ZFNs (ZFNs-IDLV),
and assessed efficiency and specificity of integnatAs a positive
control, we included in these experiments a dobdiM containing
only the eGFP-expression cassette (eGFP-IDLV) anuhd that
the percentage of eGFP+ cells increased propotyotmathe dose
of the ZFNs-IDLV usedKig. 1C). Conversely, in the cor.IL2RG-
IDLV treated cells, we measured a significant drop the
frequency of eGFP+ cells when increasing the dds&FiNs-
IDLV. We then analyzed by flow cytometry the relati
distribution of the eGFP+ cells between thechain positive and
negative cells. As expected from insertion of thie ® GFP cassette
(without the corrective cDNA) into the coding segoe of the
IL2RG gene, 91.7% of the eGFP+ cells lackegathain expression
(Fig. 1D; upper right plot), and this phenotype was indejeeh on
the dose of the ZFNs-IDLV used. These results werdirmed by
Southern blot analysis, which showed th&0% of thelL2RG
alleles contained a single copy of the eGFP-casgéaty. 1E). On
the other hand, editing of thH2RG gene with a functional
corrective cDNA (followed by the eGFP expressiorssedte)
should give rise to a population of cells doublsipee fory -chain
and eGFP. Accordingly, in the samples treated thighlowest dose
of ZFNs-IDLVs, 87.5% of the eGFP+ cells also expeely -chain
(Fig. 1D; bottom left plot), and 86% of thk2RG alleles of the
eGFP+ cells contained integration of the correctiddNA, either

as single cassette or as a concaterf@y. (LE). Unexpectedly,
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however, when we analysed the samples treated thatthighest
dose of the ZFNs-IDLVs, we found that only 37% bé teGFP+
cells werey-chain positive [fig. 1D; bottom right plot). Strikingly,
little -if any- detectable integration into the2RG gene of these
cells was found by Southern blot analydtsg( 1E). These data
indicate that, contrary to findings obtained witlte teGFP IDLV
donor, an increase in tH&2RG-ZFNs dose was associated to a
decrease in the efficiency of targeted integrabbithe corrective
IL2RG cDNA.
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Figure 1. Targeted integration intol L2RG in B-lymphoblastoid
cells. A’ Schematic representation of targeted insertionthef
correctivel L2RG cDNA plus the LoxP-flanked eGFP-cassette into
exon 5 of thelL2RG gene. Upon HDR-mediated repair of the
IL2RG gene with the donor-IDLV, expression of the cotiker
IL2RG cDNA is regulated by the endogenous promoter. IDLV
Integrase Defective Lentiviral Vector; cor.IL2RGiet promoter-
lessIL2RG cDNA, comprising exon 5 to 8 of tHe2RG gene; 3’
UTR: 3’ untranslated region of tie2RG gene; PGK-GFP-pA: the
eGFP-expression cassette flanked by LoxP sites; Sgice
acceptor; SD: splice donoB, Histogram showing the percentage
of GFP+ cells upon treatment with the old (Set_67)}the new
(Set_11)IL2RG-ZFNs, with or without a PGK-GFP Donor IDLV.

Data are represented as Mean = s.e.m. of 3 indepénd
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experiments.C, Percentage of GFP+ cells upon treatment with
either the eGFP-IDLV or the cor.IL2RG-IDLV donordaexposed
to low (1X ZFNs) or high (4X ZFNs) doses of the?RG-ZFNs.D,
Representative flow cytometry analysis of B-lymplashoid cells
from (C) treated with the indicated donor-IDLVs l{ematics on
the top of the plots). The percentage of positieliscfor each
guadrant is indicateds, Cells from (C) were sorted according to
eGFP expression and then analyzed by Southerrusilog a probe
that recognizes thH.2RG locus outside of the homology arms of
the donor IDLV. On the left of the blot are indiedtthe different
configurations of thdL2RG locus. At the bottom of the blot are
reported the percentages of HDR for each conditsnmeasured

by densitometric analysis.

Improved donor design rescues targeted correction fothe
IL2RG gene.

This inconsistency might be explained by the unédsactivity of
the IL2RG-ZFNs on the sequence of the corrective cDNA, which
contains a fully matchingL2RG-ZFNs target site. To investigate
this hypothesis, we introduced silent mutation® ittte IL2RG-
ZFNs target site, in order to abrogate ZFNs bindiwpile
maintaining the coding frame of the2RG cDNA (Fig. 2A). To
assess resistance of the recoded sequence to ZENt/awe first
introduced the wild-typdL2RG-ZFNs target site or its recoded
counterpart in K-562 cells by integrase competenttiviral Vector
(LV) transduction Fig. 2B). By this approach, we generated two

cell populations in which the two ZFNs target siteere semi-
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randomly distributed throughout the genome. We tbk&posed
these cells to a wide range of ZFNs doses and mezhsie rate of
insertions/deletions (indels) introduced by theoeprone Non-
Homologous End Joining (NHEJ) repair pathway (Gic&
Elledge, 2010) into the LV-bearind.2RG ZFNs target sites. By
using this assay we found that recoding of thetr#ffN target site
was sufficient to fully abrogate ZFNs activity dt ZFNs doses
tested Fig. 2C). This effect was not due to a different deliveaye

of the IL2RG-ZFNs, as the extent of indels measured at the
endogenoudL2RG gene was superimposable between these two
cell populationsKig. 2D). Based on this data, we then recoded the
right ZFN target site present in the correctit@RG cDNA of the
donor-IDLV (rec.IL2RG-IDLV), and compared the getaggeting
efficiency between the cor.IL2RG-IDLV and the ré2RG-IDLV

in male B-lymphoblastoid cells treated with a hidbse of the
improved [L2RG-ZFNs. Remarkably, the rec.IL2RG-IDLV
consistently outperformed (more than 6-fold) its repdal
counterpart in terms of eGFP+ cells at all ZFNsedagstedHig.

2E), including higher doses than those previouslyetégreaching

up to 64%IL2RG editing, calculated as the sum of thehain
negative plus they-chain positive/eGFP+ cells). By using the
recoded construct, the percentage of eGFP+ celispn@ortional

to the dose of ZFNs used, and nearly every eGFPwas alsoy -
chain positive Fig. 2F). In summary, by recoding the ZFNs
binding site of the donor vector we were able thiege efficient
targeted insertion of the correctiMe2RG cDNA while maintaining

expression of the edited gene.
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Figure 2. Optimized design of the IDLV-donor for eficient
targeted integration into IL2RG.

A, Sequence of thH.2RG-ZFNs binding site before and after its
partial recodingB, Representative flow cytometry analysis of K-
562 cells transduced with the lentiviral vectorgpressing the
ALNGFR marker and containing the wild-type (top)tloe recoded
(bottom) ZFNs-Binding Site (ZBS). Arrows below eagkctor
indicate the location of the PCR primers used talya®e the cells
for activity of the IL2RG-ZFNs as described in ((JSC-A:
Forward Scatter-AreaALNGFR: truncated Nerve Growth Factor
Receptor C, Mismatched selective endonuclease assay performed
on genomic DNA from cells in (B) upon their expasuto
increasing doses of thH2RG-ZFNs. The indels rate for each
sample is indicated below the gdls.Top: schematic of thE.2RG
locus depicting the PCR primers (arrows) used tsess the
frequency of indels by the mismatched selectiveoandlease
assay. Bottom: indels analysis of tH&2RG locus on cells from
Figure 2C. The indels rate for each sample is atdit below the
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gels E, Representative flow cytometry analysis of B-
lymphoblastoid cells treated with the IL2RG-ZFNsdarhe
indicated donor-IDLVsF, Representative flow cytometry dot plots
of B-lymphoblastoid cells treated with rec.IL2RGHY) donor and
increasing doses of IL2ZRG-ZFNs.

Functional expression ofy-chain in primary T-lymphocytes

upon insertion of the corrective cDNA.

We then assessed functionality of the correctivil &by targeting
its integration in human primary T-lymphocytes, @l ¢ype that
depends on physiological expression of the IL2RGegdor
survival and proliferation (Kalman et al, 2004).cBase of this
dependency, T-lymphocytes are best suited to asisessrection
of the IL2RG gene would impart a selective growth advantage to
these cells over those carrying inactivating SCID-Xutations.
Thus, according to a previously optimized protodot gene-
targeting in hematopoietic stem cells (Genovesal,ef014), we
used mMRNA electroporation to transiently expressriaw set of
IL2RG-ZFNs into T-cells from healthy male donors aftaeit
transduction with the rec.IL2RG-IDLV. At short-ternpost-
treatment, nearly half of the treated T-lymphocylest surface
expression ofy-chain Eig. 3A; middle plot), likely because of
disruption of the open reading frame of the genéhleyerror-prone
NHEJ repair pathway. While these cells rapidly psared from
the culture due to a selective growth disadvantageater time-

point up to 27% of the treated T-lymphocytes weayalde positive
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for y -chain and eGFHR(g. 3A, right plot). Southern blot and PCR
analyses performed on the sorted eGFP+ T-cells iroved
targeted integration in up to 85% of the2RG gene and the
expected integration junctions between the coweatassette and
the IL2RG gene Fig. 3B). When analysed by flow cytometry for
expression of the CD4 and CD8 markers, the doubtatipe T-
lymphocytes were phenotypically indistinguishableni their
eGFP-negative counterparts and from untreated asnffFig.
3C).Within these subpopulations, the eGFP-positive aregative
cells displayed a similar distribution of T-cellbsets Fig. 3D).
Furthermore, eGFP-positive, -negative and untreatedtrols
expressed comparable levels of proinflammatory logtes, IL-2
and the activation marker CD107a upon stimulatiath WMA and
ionomycin fig. 3E). Overall, these data show that editing of the
IL2RG gene with the corrective cDNA supportshain expression
and its normal function in primary T-lymphocytes.
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Figure 3. Targeted integration into IL2RG of primary T-
lymphocytes

A, Representative flow cytometry dot plots of T-lymogytes from
a male healthy-donor treated or not with the IL2RENs and the
donor-IDLV in which the right ZFN binding site oie¢ corrective
cDNA was recoded. These analyses were performedl18 aays
post-treatmentB, Southern blot analysis of eGFP-positive and -
negative T-cells from (A) performed and analyzednakigure 1E
C, D, Distribution of CD4+ and CD8+ T-cellC} and, within
these populations, of the indicated functional T-sebsets D) at
20 days after treatment as measured by multiparaméow
cytometry analysis. Data are represented as Mearei. of 3
independent experiments. TEMRA: Terminally Effecddemory
T-cells, defined as CD45RA+ CD62L-; EM: Effector Mery T-
cells, defined as CD45RA- CD62L-; CM: Central Memadrcells,
defined as CD45RA- CD62L+; TMSC: T Memory Stem Eell
defined as CD45RA+ CD62L+E, Histogram showing the
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percentage of T-cells expressing the indicatedimftammatory
cytokines or the activation marker CD107a upon skation or not
with PMA plus lonomycin (PMA+1). Data are represshias Mean

+ s.e.m. of 3 independent experiments.

Generation of disease- and vector-free iIPSC from 3SD-X1
fibroblasts.

Having optimized the design of the donor vector ahdwn its
functionality in a relevant cell type, we then exifg¢d our strategy
to correct mutations in the exon 5I1&PRG of primary fibroblasts
from SCID-X1 patients. One patient had a 699C mutation
(namely F.690 cells) and the other had a 72&T mutation
(namely F.723 cellsFig. 4A). To enrich for gene-corrected
fibroblasts, which do not express IL2RG and thusnoa be
selected for its correction, we included downstream the
corrective cDNA an excisable eGFP- or a Puromycasiftance
(PuroR)-expression cassettei. 4B). We delivered these donor
DNAs by IDLV transduction and, 12hrs later, we sfatted the
fibroblasts within vitro transcribed mRNAs encoding for the
optimized IL2RG-ZFNs. This treatment yielded up to 5.9 or 4%
eGFP-positive F.690 or F.723 cells, respectivelyr43.3% for
F.609 or 3.5+0.1% for F.723; Meantsem; n=5 or 2epwhdent
experiments, respectivel¥ig. 4C left and Fig. 4C right. Similar
results were obtained by targeting an eGFP-exmessassette
within the AAVSL locus of these cells using IDLV with homology

regions to the AAVSL locus. Notably, these levels were
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significantly higher than those observed when th2RG or the
AAVSL donor IDLVs were either delivered alone or co-dsied
with unrelated ZFNs. These data would indicate, thatells co-
exposed to the ZFNs and their cognate donor IDLNsgrtion of
the eGFP cassettes likely occurred through HDR. wen
developed a novel Cre-excisable LV (Reprogrammiregdded
EXcisable LV: REX LV; Fig. 4D to reprogram the PuroR- or the
eGFP-sorted F.690 cells, and obtained 8 or 23 IES-tlones
respectively, containing the expected integrajiorctions of the
corrective cassette intdL2RG (Fig. 4E). Sanger sequencing
performed on the genomic DNA of a subset of thelmes
confirmed correction of the mutaht2RG allele Suppl. Fig. 2A).
Further analyses performed on randomly selectedeslshowed
that these cells homogeneously expredsat fide pluripotency
markers Fig. 4F), were stably maintained in culture for long
periods of time (up to 2-years) with an ES-like ptwlogy, and
contained on average 1.2 (for PuroR) or 2 (for e§Rd®pies per
diploid genome of the X LV. Interestingly, however, the iPSC
clones generated from reprogramming the eGFP-pesiti
fibroblasts did not express eGFRuppl. Fig. 2B. Yet, these cells
displayed a normal karyotype&iippl. Fig. 20, had reactivated
expression of the endogenous pluripotency gelfigs 4G-H), and
were competent fom vivo differentiation into tissues of the three
germ layersKig. 41). Similarly, we also generated iPSCs from the
parental non-corrected F.690 cells and from healthnyors-derived
fibroblasts. Finally, we exploited the IDLV techogly to

transiently express the Cre recombinase and olotageveral

132



reprogramming factors-free, gene-corrected F.698CH> still
displaying a normal karyotyp&(ppl. Fig. 2 and Supp. Fig. B

Concomitantly with the excision of the’BX LV, also the loxP-
flanked reporter cassette downstream of the caveecDNA was

excised Suppl. Fig. 3.

WT sequence WT sequence
G GG ABCCGC c GCTCAGC GGAGT G TG6
i I AAAS .\ 1 Al ﬂk . i T
AlA AN ANAAA I ARAAR - AR | I
A AN (A A A
690C—>T mutation: F.690 SCID-X1 fibroblasts 723T - C mutation: F.723 SCID-X1 fibroblasts
TaTTcG eAGC|Tlec TTT C G G lcles aeT e GG
J l T \/\A A.ﬂ NN IA A ﬂ Al
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Figure 4. Gene-correction and reprogramming of SCIBX1
fibroblasts.

A, Sanger sequencing of the region encompassinf-2RG exon

5 of wild-type, F.690 or F.723 fibroblasts showké presence of
the expected mutations in the latter two sam@esSchematic of
the IL2RG locus upon targeted integration of the correctiNA
and its accompanying PuroR or eGFP--expressiorettasé\rrows
indicate the location of the PCR primers used talyae the iPSC
clones for targeted integratio@, left, Percentage of eGFP-positive
F.690 cells measured by flow cytometry at 14 daysnf the
indicated treatments. Data are represented as Meamt of 5
independent experiments (for tH&2RG locus: Donor Alone,
ZFNs+cognate Donor, ZFNs+unrelated Donor, n=17, 36,
replicates, respectively; for théAVSL locus: Donor Alone,
ZFNs+cognate Donor, ZFNs+unrelated Donor, n=6, i@plicates,
respectively).C. right, Percentage of eGFP-positive F.723 cells
measured by flow cytometry at 15 days from the datid

treatments. Data are represented as Mean + sinthé IL2RG
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locus: Donor Alone, ZFNs+cognate Donor, n=2 or 8htecal
replicates, respectively; for thé&AVSL locus: Donor Alone,
ZFNs+cognate Donor, n=3 or 3 technical replicatespectively).

D, Schematic of the Reprogramming Recoded EXcisable L
(R’EX LV), which co-expresses the miRNA 302-367 cluste
(Anokye-Danso et al, 2011) together with codon roed
versions ¢od.) of the transcription factors OCT4, SOX2 and KLF4.
SFFV: Spleen Focus Forming Virus promoter; TaV.24d-type

or codon optimized (*) sequence of tfkosea asigna Virus 2A
self-cleaving peptide (de Felipe et al, 2006) tactionally link the
reprogramming genes, Analysis of the indicated iIPSC clones
from the PuroR or the eGFP-positive F.690 cellagisthe PCR
strategy depicted in (B). +: positive control; NTNo Template
Control. F, Immunofluorescence analysis of the indicated iPSC
clones for expression of the pluripotency markeiRATI-60,
NANOG, OCT4 and SOX2. DAPI: nuclear stainings,
Methylation analysis of theNANOG promoter of SCID-X1
fibroblasts and a gene-corrected iPSC clone. Matioyi and non-
methylation represented by filled and open circtespectivelyH,
Gene expression profile of pluripotency-associgieaes and of the
LV-encodedco.KLF4 in SCID-X1 fibroblasts and gene-corrected
iPSCs clones. Data are represented as fold chafggeve to HPRT
(for co.KLF4, KLF4 and OCT4) or to Let-7a (for miB2b,
miR302c, miR302a, miR302d, mIiR367)l, Representative
hematoxylin and eosin staining of teratomas frono tgene-
corrected iIPSC clones. Top: arrows indicate (i) afimomuscle

cells, cartilage and glandular epithelium from ntesmal and
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endodermal differentiation; (ii) cartilage and imor@ bone from
mesodermal differentiation; (iii) retinal cells fro ectodermal
differentiation; Bottom: arrow indicate the preserf (i) cartilage,
smooth muscle cells and epithelial cells from mesodl
differentiation; (ii) immature neuroglial cells anasette from
neuroectodermal differentiation; (iii) smooth musclcells,
respiratory epithelium and immature neuroglial <elfrom

mesodermal, ectodermal and endodermal differeatiati

IL2RG correction rescuesy-chain expression in hematopoietic
cells derived from SCID-X1 iPSC.

To assess if genetic correctionlbPRG leads to functional rescue
of y-chain expression in IPSC-derived T-cell progesitowe
exploited a previously described hematopoietic edéhtiation
protocol based on co-culture of embryoid bodies )(E&ived
hematopoietic progenitors with OP9-DL1 stromal £éHolmes &
Zuniga-Pflucker, 2009). EB-derived hematopoieticogamitors
from healthy-donor, SCID-X1 and gene-corrected iPg&@ve rise
to myeloid and erythroid colonies in Colony Formi@gll (CFC)
assay [Fig. 5A andFig. 5B). Cells dissociated from the EBs were
also cultured onto OP9-DL1 feeder cells in the @nes of T-
lymphoid promoting cytokines for 30 days, when tledls were
analysed by flow cytometry for expression of T-calirkers ang-
chain. These analyses showed that gene-correctediidrderived
IPSCs were capable of differentiation in hematojpoi€D45+
cells at comparable frequencies and, importantlypressed
similarly y-chain on the cell surfacd-ig. 5C, 5D and 5E). A
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detectable fraction of the-chain positive cells also expressed T-
lymphoid markers, including CD8, CD4, CD7 and CD3.
Intriguingly, SCID-X1 iPSCs failed to generate CB4&ells in the
latter culture conditions. Overall, these data shthat gene
correction rescuesy-chain expression in hematopoietic cells
derived from SCID-X1 iPSCs, and suggestianvitro selective
growth advantage of the corrected progenitors tveir isogenic,
not-corrected counterparts.

HD IPSC SCID-X1 IPSC Gene-corrected IPSC A7

B HD IPSC SCID-X11PSC  Gene-corrected IPSCAT
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Figure 5. Hematopoietic differentiation of the iIPSG.

A, Representative bright field pictures of EBs derifenin the
indicated iPSC linesB, Representative bright field pictures of
erythroid (top) and myeloid (bottom) colonies fradFU assays
performed with mechanically dissociated EBs frora thdicated
iPSC clones. HD IiPSC: Healthy-Donor derived iPSC,
Histogram showing the percentage of CD#-@hain positive cells
uponin vitro differentiation of Cord Blood (CB)-derived HSPQs o
iIPSC clones. For the excised iPSC clone E8 #9,péicde of the
differentiation is shownD, Histogram showing the percentage of
cells positive for the indicated markers upamwitro differentiation
of the indicated iPSC clone&, Representative flow cytometry
analysis of the differentiated iIPSC clones for espron of the

indicated hematopoietic markers.
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Discussion

Here we report targeted correction of SCID-X1 mots in
primary patient’s fibroblasts and their subsequsariversion to a
pluripotent state by an excisable low-copy reprograng LV. At
variance with SCID-X1 iPSC, the cells carrying kkae of the
corrective cDNA were competent for vitro differentiation into T-
cell progenitors expressingchain, a cell population of potential
therapeutic relevance for the treatment of SCID-Xlhis
achievement was made possible by identifying andramming
several limiting steps affecting the efficiency afidelity of
targeted gene correction. These studies showeddtsattion of the
nucleases target site within the corrective cDNAs veaprimary
cause of ineffective gene correction. Two indepehdaut not
mutually exclusive mechanisms might explain thiempdmenon.
First, the nucleases may induce a DNA DSB withia ithcoming
reverse transcribed donor-IDLV, which is then pssssl for
degradation by the endogenous cell machinery. Becafithis, the
pool of donor DNA template available for HDR is wvedd, thus
leading to a decrease in the overall gene targegdiffigiency.
Second, the nucleases may act on the already texirgene, which
is then repaired by the error-prone NHEJ repaihway. These
newly introduced mutations might abrogate expressud the
corrected gene or reduce stability of its encodedtep, as
suggested by the presence of a significant fractbny-chain
negative, eGFP positive B-lymphoblastoid celsg( 1E). While
being underestimated in cells treated with nuclegser with low-

binding activity, these issues were clearly evidientells treated
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with highly-active nucleases, thus affecting thgéting efficiency

in a dose-dependent manner. Importantly, both sssiexe solved
by abrogating activity of the nucleases on theeasiive cDNAvia
recoding of the ZFNs binding sites. Here, we weredd to recode
only the “right” ZFN target site, as nucleotide ngas within the
“left” ZFN target site would have impaired efficen of gene
targeting. Indeed, the left ZFN target site presesthin the
template DNA is used by the HDR pathway as anngadite for
the invading strand originating from the endogendasus.
Recoding of the “right” ZFN binding site in the cective cDNA
resulted in a 10-fold increase in gene-targetiniciehcy, with
nearly all eGFP-positive cells now expressingchain at
comparable levels to those measured in wild-type B-
lymphoblastoid cells Kig. 2D) or primary T-lymphocytesHjg.
3A). By combining delivery of the improved donor ctvast with
ZFN-encoding mRNAs in two SCID-X1 fibroblast celhés, we
were able to achieve targeted gene correction imoup?o of the
treated cellsKig. 4).

BecausdL2RG is not expressed in primary fibroblasts and iPSCs,
reprogramming of these bulk-treated populationsld/bvave come

at the cost of performing labour-intensive and tcnasuming
molecular screenings in order to identify the femrected clones.
To bypass this problem, we enriched the gene-deuldibroblasts

by eGFP expression or puromycin selection prior to
reprogramming. This strategy proved to be extremalyable, not
only because it robustly increased the yield ofegenrrected iPSC

per reprogramming experiment, but also because wedflizt the
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transgene expression cassette was unexpectedigesl@uring the
reprogramming process, thus preventing its usagentach for
gene corrected iPSCs. While being instrumental o aims,
transcriptional repression or eventual reactivatdrthe reporter
cassette in the progeny of the differentiating iBS@Gight alter
physiologic expression of the proximal correctednege thus
limiting therapeutic application of this strated@decause of this, the
reporter cassettes were programmed for Cre-medateion, a
procedure that would have been anyway requiredingnate the
reprogramming vector from the genome of the iPS€this end,
among the several non-integrating technologieseatiyr available
to introduce the Cre recombinase into the iPSCs,cha@se the
IDLV given its high gene delivery rate and toletapiin this cell
type. Indeed the IDLV-Cre proved to be very effeetin co-
excising up to 2 copies of the randomly integratgatogramming
LV and the targeted selector cassette in a simylad of infection,
thus leading to several gene-corrected and reprograg factor-
free iIPSC clonesSuppl. Fig. 3. Importantly, all clones analysed
displayed a normal karyotyp&iippl. Fig. 2, indicating that the
gene-targeting, reprogramming and excision proesbad at least
no major macroscopic effects on the genome integit these
cells. The adoption of a Myc-less reprogrammingtstgy might
have contributed to the achievement of this rgfadsi et al, 2011).
Finally, by promoting differentiation of the genermected IPSC
into T-lymphoid progenitors, we confirmed that thaitedIL2RG
locus, which underwent through several steps ofetyenand

epigenetic modifications, was able to express fanat levels ofy
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-chain in response to proper differentiation stingkig. 5). These
experiments, together with those conducted in pyma-
lymphocytes Fig. 3), validate the design of the corrective cDNA in
light of its therapeutic usage for the treatmenSafiD-X1 caused
by mutations within or downstream exon 5Ib2RG. Yet, further
biological understanding of T-cell development atethnical
improvements in then vitro T-cell differentiation protocols will
eventually enable generating higher yield of gemeected T-
lymphoid progenitors capable of long-term thymigeitment and
disease correction in SCID-X1 patients, and poadigti
recapitulating the clinical achievements of theiahiHSPC-based
clinical trial with a strategy based on targetedayee editing and

cell reprogramming.
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Experimental procedure

Vectors

Donor transfer constructs were generated from thé-deérived self-
inactivating transfer construct pCCLsin.cPPT.hP@&EE.Wpre. The
integrase-detective 3 generation packaging plasmid
pMD.Lg/pRRE.D64VInt was generated by replacing BtieAflll
fragment from plasmid pCMVDR9-D64V (Naldini et al996). IDLV
stocks were prepared as previously described (fFolland Naldini,
2002). Briefly, 293T cells were co-transfected taicum phosphate
precipitation with the required transfer vector goléd, the
pMD.Lg/pRRE.D64VInt packaging plasmid, the pMD2.V&/envelope
encoding plasmid, and pRSV-Rev in the following ams:
36/12.5/9/6.25ug DNA per 15 cm dish, respectively. 1mM sodium
butyrate was added to the collection medium. Vegarticles were
concentrated 500-fold by ultracentrifugation ancasweed by HIV-1 Gag
p24 immunocapture (Perkin Elmer). Yield ranged fr@m to 20Qg
p24/ml, depending on the vector type. IDLV stocksrevtitered by a
gPCR designed to discriminate the reverse traretriector genome
from plasmid carried over from transient transfactiMatrai et al.,
2011). Sequence and maps AAVSL- PGK.GFP were previously
reported (Lombardo et al., 2011). Cloning strategsequence and maps
of the donor-IDLVs, the IDLV-Cre and the reprogramgiLVs were

previously reported (Genovese et al, 2014).

Zinc finger nucleases
Zinc fingers nucleases were designed and asserbplét Biotech
Company “Sangamo BioSciences”. ZFPs for targetimgAAVS1

site and exon 5 diL2RG gene were assembled from an archive of
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in vitro selected modules (Moore et al., 2001) aptimized in the
bindinga-helix (Hockemeyer et al., 2009; Lombardo et d@02).

ZFN Recognition Finger 1 Finger Finger Finger
sequence 2 3 4

AAVSL | CCACTGTGGGG | YNWHLQ RSDHLTT | HNYARD | QNSTRIG

-ZFP1 | T R C

AAVSL | TAGGGACAGGA | QSSNLAR | RTDYLV | YNTHLTR | QGYNLA

-ZFP2 | T D G

IL2ZRG | ACTCTGTGGAA | RKSTLTD | ARSTRTT | RSDSLSK | QRSNLKYV|

-ZFP1 | G

IL2RG | AAAGCGGCTCC | RSDNLSV | RNAHRIN | TSYGRNE| ARSTRTN

-ZFP2 | G

Assembled ZFPs were cloned in-frame as NH2-ternfursbns to
the catalytic domain of Fokl into pcDNA 3.1 (Invagen). The
obligate heterodimer Fokl domains (opti- Fokl) gaxe an active
nuclease only by heterodimerization and when inm@ed into
ZFNs induce DSB with higher specificity (Miller ak, 2007).

Amino acid sequence of the obligate heterodimEokl domains

(Miller et al., 2007) (the optimized aminoacids aralerlined):

- ‘plus’ variant;
QLVKSELEEKKSELRHKLKYVPHEYIELIEIARNSTQDRILEMKVMEFFM
KVYGYRGKHLGGSRKPDGAIYTVGSPIDYGVIVDTKAYSGGYNLPIGQA
DEMQRYVKENQTRNKHINPNEWWKVYPSSVTEFKFLFVSGHFKGNYKA
QLTRLNHKTNCNGAVLSVEELLIGGEMIKAGTLTLEEVRRKFNNGEINF

- ‘minus’ variant:
QLVKSELEEKKSELRHKLKYVPHEYIELIEIARNSTQDRILEMKVMEFMK
VYGYRGKHLGGSRKPDGAIYTVGSPIDYGVIVDTKAYSGGYNLPIGQAD
EMERYVEENQTRNKHLNPNEWWKVYPSSVTEFKFLFVSGHFKGNYKAQ
LTRLNHITNCNGAVLSVEELLIGGEMIKAGTLTLEEVRRKFNNGEINF
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Both pairs of ZFNs were transiently expressed adAsR Plasmid
templates for ZFNs mRNA production were lineariaed purified

by phenol/chloroform extraction followed by ethan@NA
precipitation. 2ug/reaction of linearized plasmid template was in
vitro transcribed at 37 °C for 2 hr using T7 RNAlyoerase and
7.5 mM nucleotide triphosphates (MEGAscript Kit; Aion).
Triphosphate-derivatives of pseudouridine and Shgleytidine
(TriLink) were used to generate modified nucleosidataining
RNAs. Cap0 mRNAs was generated by supplementing the
reactions with 6 mM m7(3'-O-methyl)-G(5")ppp(5)& non-
reversible cap analog (ARCA, New England Biolabg) bbwering
the concentration of GTP to 1.5 mM.

After TURBO DNase treatment (4U/reaction, 1 hr at°@),
MmRNAs were poly(A) tailed withE. Coli Poly(A) Polymerase
(8U/reaction) for 1 hr at 37°C (PolyA tailing kikmbion), yielding

> 150 nt polyA. Transcripts were purified by RNe&3ys Mini Kit
(Qiagen). All RNA samples were quantified by speghotometry
and analysed by denaturing agarose gel electropisdi@ quality

assurance.

Cell culture and transduction

Human B-lymphoblastoid cells, HEK293T, K-562 and ude
Embryonic Fibroblasts (MEF) were maintained as deed
(Lombardo et al., 2007alror gene targeting in B-lymphoblastoid
cells, 1x16 cells were incubated overnight with the indicated

donor-IDLVs at Multiplicity of Infection (MOI) of B, either alone
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or together with cognate IDLVs expressing the iathd ZFNs
(1pg p24/ml for each ZFN-expressing IDLV). Alterinaty, donor-
IDLV transduced cells were electroporated withvitro transcribed
MRNAs encoding for the indicated ZFNs (from 10 @u§ of each
ZFN mRNA/mI; P3 Primary Cell 4D-Nucleofector X Kprogram
EW113; Lonza). K-562 cells were transduced with ithdicated
LVs at MOI of 0.2. Human fibroblasts from healthgribrs and
SCID-X1 patients were obtained under informed cohsad upon
approval of the San Raffaele Hospital Bioethicahtduttee and of
the Great North Childrens’ Hospital, Newcastle updgne,

respectively. For targeted integration,®8ICID-X1 fibroblasts
were transduced at MOI of 50 with the indicated ateldLV and

then transfected with mRNAs encoding for the intidaZFNs
(0.5ug of each ZFN mRNA/ml; TransIT®-mRNA; Mirus].-

lymphocytes from healthy donors’ peripheral bloodnonuclear
cells were isolated and activated as describedvéBr@t al, 2012).
After 48 hours of stimulation, T-cells were infettevith the
indicated IDLVs at MOlIs ranging from 50 to 150. Tfudlowing

day, 5x10 cells were electroporated with mRNAs encodingtifier
ZFNs (from 56 to 225ug/ml; P3 Primary Cell 4D-Nuwflector X

Kit, program EO 115; Lonza) and then expanded (Lanib et al,
2011) to perform flow cytometry, DNA analyses analrtisg

(MoFlo™ XDP Cell Sorter; Beckman Coulter, Inc.).rfleytokines
release assay, T cells were stimulated at 37°Coftwours with
PMA (50ng/ml) plus lonomycin {ig/ml) in the presence ofi2per

ml of culture of BD Golgi Plug (BD Pharmingen). Amdy anti

human CD107a was added to the cells from the begnof the
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stimulation. Cells were then fixed and permeabdiaesing BD
Cytofix/Cytoperm Kit (BD Pharmingen) and prepareat flow

cytometry.

Cell reprogramming and iPSC differentiation

Human fibroblasts were reprogrammed to pluripotenay
previously described (Lombardo et al, 2011). Byiefl®® cells
were transduced with the indicated reprogrammingat WOl of 1
or 3, plated onto mitotically inactivated MEF arek cultured in
human ESC medium for the following 25-30 days, wB&C-like
colonies were picked for expansion and analyzeaimression of
pluripotency markers (Takahashi et al, 2007). Foe-@ediated
excision, single cell-derived iPSC treated with R@CK inhibitor
Y27632 (Watanabe et al, 2007) (Sigma) were incubaternight
with the IDLV expressing the Cre-recombinase foime EF1A
promoter and used at 150ng p24/ml. Single cellvaericlones
were then expanded and their genomic DNA analyzgd b
guantitative PCR to measure the rate of excision tloé
reprogramming LV and the reporter cassette usiag#isays listed
in Table 1. For T-cell differentiation, we slightly modified a
previously described protocol (Holmes & Zuniga-EKear, 2009).
Briefly, iPSCs were harvested by treatment with Anig
collagenase IV for one hour. The cell clumps waentcultured in
ultra-low attachment plates (Costar) for 2 daysDNMEM-KO
(Gibco), 20% FBS (Euroclone), 1% NEAA (InvitrogednM L-
Glutamine, 0.1mM R-mercaptoethanol (Gibco) and @rsh
hrBMP-4 (Peprotech). Then, medium was replaced witik
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following: Stempro 34 (Invitrogen) supplemented w2mM L-
Glutamine (Lonza), Ascorbic Acid (5@/ml, Invitrogen), 0.1mM
3-mercaptoethanol (Gibco), 100ng/ml of hrSCF, Brfigand and
TPO (Peprotech), 10ng/ml hriL3 and hrIL6 (Peproje&®ng/ml
hrBMP4 (Peprotech), 200ng/ml Wntll (R&D) and 5ng/ml
hrVEGF (Peprotech). Medium was changed every 3y% @ad at
day 7 was replaced by fresh medium containing rt3&/intstead of
rhwntll (R&D). After 14 days in this culture condit, EB
containing hematopoietic progenitor cells were emaycally
dissociated and single cells were seeded onto QHR9f&eder cells
for T-cell specification ina-MEM supplemented with 20% FBS,
2mM L-glutamine, 1% Pen/Strep, 0.1mNi-mercaptoethanol,
10ng/ml hrFIt3L (Peprotech), 20ng/ml hriL-7  (Pejeah).
Colony-Forming Unit assay was also performed bywyng single-
cells in semi-solid medium (Methocult H4434 ClassstemCell
Technologies). After 14 days, immunophenotypic ysial on the
differentiated cells was performed by flow cytongetnalysis
(Genovese et al, 2014). Pictures were taken usitigitl inverted
microscope (EVOS, AMG). The use of human primabydblasts
and T-lymphocytes was approved by the San Raffbiespital
Bioethical Committee (protocols TIGET-HPCT and TIGE
PERIBLOOD, respectively). For the teratoma assdy, iPSCs
were injected subcutaneously into 8- to 11-week-Ol@D-
SCID_IL2Rg/" mice (Jackson Laboratory). Mice were sacrificed 6
to 8 weeks after cells injection, when teratomarevigolated, fixed
in 4% buffered paraformaldehyde and then stainedh wi

hematoxylin-eosin for hystopatological analysese €xperimental
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protocol was approved by the Institutional Animar€ and Use
Committee of the San Raffaele Scientific Instit(ifeCUC 528).

Karyotyping

Chromosome analysis was done on slide preparatofnsell

suspensions. Monolayer cell cultures were treatdd eolcemid at
a final concentration of 0.1pg/ml for 2 hours at@Gy7and mitoses
were mechanically removed. After hypotonic treatmeith 0.075
M KCI and fixation in methanol:acetic acid (3:1 &all), the cell

suspension was dropped onto a slide and air-d@etls grown on
coverslips were treated the same way except theatctdicemid
concentration was 0.3 pg/ml. Chromosome counts kangotype
analyses were done on metaphases stained with ndastih Q

banding.

Immunofluorescence and flow cytometry analyses

For immunofluorescence analysis, cells were fixed (.5%

paraformaldehyde for 1 hour at room temperature) @it washed
3 times in PBS. Cells were then permeabilized Witkon X 0.1%

(SIGMA) and blocked with 5% FBS (Euroclone) at RF 1 hour.

Cells were the incubated overnight at 4° C with-AlIKNOG, anti-

OCT4, anti-Tra-1-60 and anti-SOX2 primary antibadi@ashed 3
times in PBS and incubated with the appropriateorsgary

antibodies at RT for 1 hour. Afterwards cells weregshed again in
PBS and incubated with TO-PRO for nuclei stainiPigiures were
taken by confocal microscopy, using an Axioskop I@spdirect

microscope (Zeiss) equipped with Radiance 2100 ettaser
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confocal device (Bio-Rad). Fluorescent signals fribwa individual
fluorophores were sequentially acquired from singiptical
sections and processed with ImageJ software. Flgionetry
analyses were performed using FACSCantoll or LSRiSea (BD
Pharmingen) with antibodies listed irable 2, according to the
manufacturer’'s instructions. Fluorochrome- and euosg¢ched
isotypes were used as controls. 7-Aminoactinomi¢ihAD) was
used to exclude positive, non-viable cells from thealysis.
Analysis was performed on 1-5X1@ells with FCS express v4.0
(DeNovo software). Cell-Sorting was performed usiMgFlo
XPD Cell Sorter (Beckman Coulter).

Antibodies Conjugated Company
anti-human CD132 APC BioLegend
anti-human CD45 APC-H7 BD Pharmingen
PeCy7 Beckmann Coulter
anti-human CD3 PE BD Pharmingen
PeCy7 Beckann Coulter
anti-human CD4 PB BD Pharmingen
anti-human CD8 APC-H7 Beckmann Coulter
anti-human LNGFR APC BD Pharmingen
anti-human CD33 PeCy7 Beckmann Coulter
anti-human CD13 APC BD Pharmingen
anti-human CD14 PE BD Pharmingen
anti-human SSEA-4 APC BioLegend
anti-human CD7 PE Immunotech
anti-human CD34 PeCy7 BD Pharmingen
anti-human CD19 PE BD Pharmingen
anti-human CD235a APC BD Pharmingen

Table 2. Antibodies used for immunophenotypic analyses.

Molecular analyses

Mismatch selective endonuclease assay

Cell assay was used to measure the extent of ongatonsequent
to NHEJ at the ZFN target sites (Guschin et alL2WMiller et al.,
2007). Briefly, PCR was performed using primersniag the
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ZFN-recognition site. The PCR product was denatgiaallowed
to re-anneal and digested with Surveyor nucleassayas
(Transgenomic). Because this enzyme cuts DNA as sif duplex
distortions, the re-annealing products between wide and
mutant alleles, carrying mutations or deletionsseguent to ZFN
activity, are specifically digested. The reactioroqucts were
separated on a Spreadex EL1200 Wide Mini gel (Blohr
Scientific), stained by GelRed (Biotium) and thentt& quantified
by ImageQuant TL software. The ratio of the uncéshparental
fragment to the two lower migrating cleaved produatas
calculated using the formula (1-((sum of the cleave
products)/(sum of cleaved products and parental
fragment))1/2)x100. The list of primers used forlXCanalysis is

given below.

Mismatch selective endonuclease assay (LV-genorde)wi
Forward Cell- hPGK sense primer: 5-GTGTGGGGCGGTAIGG-3'’

Reverse Cell- LNGFR antisense primer: 5
AGAAGCAGCAACAGCAGCAGG-3

Mismatch selective endonuclease as$hgRG)
Forward CellH.2RG primer: 5'- TTCTCCCTTCTCTCATAGACACCC -3
Reverse Cel1L2RG primer: 5'- CTCATGGATTGGGTCATGTGG -3.

Targeted integration analysis

Genomic DNA was isolated with Blood & Cell CultubNA Midi

Kit, DNeasy® Tissue Kit or QlAamp DNA Micro Kit (QIGEN)
according to the starting number of cells.

Extraction of genomic DNA from colonies in CFC agsawvas

performed with Lysis Buffer as previously descril@&iffi et al.,
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2013). Briefly, cells are resuspended in lysis ®uBupplemented
with proteinase K and kept 4h at 37°C. After a stéfdreezing-
thawing to disrupt the cells, proteinase K is inated by heating
10’ 95°C. Finally, cell lisates are centrifuged @00rpm and the
supernatant is used to perform PCR analysis.

To detect targeted integration in thE2RG gene, 40-200 ng
genomic DNA was subjected to PCR with a combinatain
AmpliTaq Gold® (Applied Biosytems) and TagExtenderPCR
Additive (Stratagene) using primers indicated beloRCR
amplicons were resolved on agarose gel and vigdhby ethidium
bromide staining. For Southern Blot analyses, geaddNA was
extracted with Blood & Cell Culture DNA Midi Kit (RGEN)
and digested with BspHI fdL2RG. Matched DNA amounts were
separated on 1% agarose, transferred to a nylonbna@e and
probed with 32P radiolabeled sequences. Membraees éxposed
in a Storage Phosphor Screen. For Q-PCR to estalkbstor
integrations, 200 ng genomic DNA were analyzed giginimers
and probes complementary to the vector backbongeseg (PBS),
the GFP sequence and the hum@BRT gene, the latter
amplification used as normalizer, as previouslycdbsd (Brown
et al., 2006; Santoni de Sio et al., 2006). Stahdarves for RRE
and GFP were generated by serial dilutions of DX#f human
cell lines (CEM) containing a known number of vecto

integrations.

Targeted integration intd.2RG by HDR
5’ integration junction
ForwardIL2RG primer: 5- GCTAAGGCCAAGAAAGTAGGGCTAAAG -3’
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Reverse IL2RG cDNA exon 6 recoded primer: 5
AGCCAGAAGTACACGCACAGC -3

3’ integration junction
Forward SV40pA primer: 5-ACCTCTACAAATGTGGTATGGCT&’
ReversdL2RG primer: 5'- TTCCTTCCATCACCAAACCCTCTTG -3..

Southern blot analysis to detect targeted integmati IL2RG
ForwardIL2RG probe primer: 5- AGGGATACTGTGGGACATTGGAG -3’
ReversdL2RG probe primer: 5- AGGTCCTTCTATCTGTCTGGTTG -3’

Gene expression analyses

For gene expression analyses, mRNA was extracied é&Neasy
Micro Kit (QIAGEN) and cDNA was synthetized using
SuperScript VILO cDNA Synthesis Kit (Invitrogen)h@& resulting
cDNA was amplified before quantitative PCR by TagnfaeAmp
Master Mix Kit (Applied Biosystems) according to eth
manifacturer’s instructions. Gene expression wadopaed in
triplicate with the TagMan Gene Expression asseysd inTable
3in a Viia7 Real-time PCR thermal cycler. The relatexpression
level of the indicated genes was calculated byAh€t method

and normalized to the indicated genes.

Gene Symbol Assay ID

HPRT Hs99999909 m1l
Let7a hsa-miR Let7a
miR-367 hsa-miR 367
miR-302a hsa-miR 302a
miR-302b hsa-miR 302b
miR-302c hsa-miR 302c
miR-302d hsa-miR 302d
KLF4 Hs00358836 m1l
OCT4
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Table 3. List of the TagMan Gene Expression assays.

Bisulfite sequencing

For bisulfite sequencing, genomic DNA from the caded samples
was treated with EpiTect Bisulfite kit (Qiagen) amting to
manufacturer’s instruction and then used to PCR lignghe
Nanog-promoter region using primers listed below. PC&yyfnents
were purified and cloned into pCRII-TOPO TA and ttones for
each sample were verified by sequencing by the Md®ersal

primer.
Nanog Forward: 5’-TGGTTAGGTTGGTTTTAAATTTTTG -3
Nanog Reverse: 5- AACCCACCCTTATAAATTCTCAATTA -3

Western Blot analyses

For Western Blot analysis, cells were trypsinizRdrvested and
lysed and protein content was quantified by BCAci(lmhoninic

acid) Protein Assay Kit (Thermo Scientific). A tbpaotein amount
of 40-80 ug per lane was loaded and electrophoreseNupage
precast polyacrylamide 4-12% BIS-TRIS gels. Thelofeing

antibodies were used for Oct3/4, Santa Cruz, 11680 Sox2,

1:1000, for Kif4, 1:1000; for GFP, 1:2000; for meu%:5000; for
rabbit 1:5000.

Statistical analyses
Statistical analyses were performed by unpairedéesits t test for
pairwise comparison or one way analysis of variafldOVA)

with Bonferroni’'s multiple comparison post-test finree or more
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groups, as indicated. Values are expressed as Mstamdard error
of the mean (SEM).
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Supplementary Figures
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Supplementary Figure 1. Development of an optimized
reprogramming LV.

To generate pluripotent stem cells from the gemeected
fibroblasts we developed a Cre-excisable LV platfaptimized to
reprogram somatic cells from low-copy integrantststE we
constructed a panel of LVs (schematics in palglcontaining
LoxP sites in the sin-LTRs and expressing a poigaisc mMRNA
encoding for the human OCT4, SOX2 and KLF4 from$ifé€V or
the EF1A promoter. The reprogramming genes weranged in
two different permutations, namely OSK or OKS, avete codon
optimized to improve translation. Stoichiometricpession of
these factors was achieved through the use offtlosea asigna
Virus 2A self-cleaving peptide (de Felipe et alpg)f) as shown by
Western blot analysis of HEK293T cells transduceith withe
SFFV-based LVs (paneB). By transducing human primary
fibroblasts from SCID-X1 patients or healthy donatsnultiplicity
of infection of 1 with the different reprogramming/s and then
counting the number of alkaline phosphatase-p@&sitionies, we
found that the LV-SFFV.OSK outperformed all theesthectors in
terms of reprogramming efficiency (0.044+0.01%, nm¥&aD of 3
independent experiments; par@l. Notably, the ES-like colonies
that emerged 2-3 months after LV-SFFV.OSK transduoct
expressedbona fide markers of pluripotency as gauged by
immunofluorescence analysis for TRA1-60, NANOG, @Cand
SOX2 (DAPI: nuclear staining; representative imagepanelD)
and harbored a single-copy integrant of the remogning vector
(panelE). Finally, by including the miR-302/367 clustern@kye-
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Danso et al, 2011) into the LV-SFFV.OSK vector {adter
referred to as Reprogramming Recoded EXcisableR2EX LV;
schematic of this vector ifrigure 4D of the main text) we
consistently shortened the reprogramming procesd tmonth
while maintaining the same reprogramming efficienoly the
parental LV-SFFV.OSK vector (0.035£0.01%, mean+SdD.3
independent experiments). Based on these dataheveused the
R2EX LV to reprogram the PuroR or the eGFP-sortédF-cells.

A

ID Clone: A2
AGTAGGGCTAAAGGATTCAACCAGACAGATAGAAGGACCTAATATCAAGCTCCTGTTCTCTGCCTCCCAGCTTCTCTGCTCACCCCCTACCCTCCCTCCTCC
AACTCCTTTCCCCCCTA CTCCAGTGAGTTTTCTTTTTTTCTTTTCTTTTCTTTCTTITCTTTCTTTTTTTTTTTTTTTTGAGACAGAGCCTCACTCTGTTGCCC

AGGCTTGAGTGCAGTGGGGCGATCTTGGGCTCACTGCGACCTCTGTCTCCCTGGTTCAAGTGATTCTCCTGCTTCAGCCTCCCAAGTAGCTGGGAGCATG
CACAACCATGCCTGGCTAATTTTTGTATTTTTAGTAAAGACAGGGTTTTGCCATGTTGGTCAGGCTGGTCTTGAACTCCTGACCTCAGGTGATCTGCCCACC
TCGGCCTCCCAAAGTGCTGGGATTACAGGCGTGAGCCACCATTCCTGACACCAGTGAGTTTTCATTAGGGATTCCCTACCCATACTCTTCCTGATACCAGAT
AGACAAGTAAACAAAAGGAAGCCATTAAGGGGATCCAGAGGGGAGGCATTAGATTCAAGTCAGTGAAGGGAGCAGTGTGGCTTGAGTAGTCAAGAGATGA
GAGAGAAACTGGGCAGTAGCAGAGATGACACTGGTGGGTGTTCAGGAGTATGTTTTAATTCTCCCTTCTCTCATAGACACCCACTTTCCCTCATCCTCTTTC
TCCTCAAGGAACAATCAGTGGATTATAGACATAAGTTCTCCTTGCCTAGTGTGGATGGGCAGAAACGCTACACGTTTCGTGTTCGGAGCCGCTTTAACCCAC
TCTGTGGCAGCGCCCAGCACTGGTCCGAGTGGAGCCACCCCATCCACTGGGGCAGCAACACCAGCAAAGAGAA

ID Clone: E8
AGTAGGGCTAAAGGATTCAACCAGACAGATAGAAGGACCTAATATCAAGCTCCTGTTCTCTGCCTCCCAGCTTCTCTGCTCACCCCCTACCCTCCCTCCTCC
AACTCCTTTCCCCCCTATTTTCTCCAGTGAGTTTTCTTTTTTTCTTTTCTTTTCTTTCTTTCTTTCTTTITTTTTTTTTTTTGAGACAGAGCCTCACTCTGTTGCCC

AGGCTTGAGTGCAGTGGGGCGATCTTGGGCTCACTGCGACCTCTGTCTCCCTGGTTCAAGTGATTCTCCTGCTTCAGCCTCCCAAGTAGCTGGGAGCATG
CACAACCATGCCTGGCTAATTTTTGTATTTTTAGTAAAGACAGGGTTTTGCCATGTTGGTCAGGCTGGTCTTGAACTCCTGACCTCAGGTGATCTGCCCACC
TCGGCCTCCCAAAGTGCTGGGATTACAGGCGTGAGCCACCATTCCTGACACCAGTGAGTTTTCATTAGGGATTCCCTACCCATACTCTTCCTGATACCAGAT
AGACAAGTAAACAAAAGGAAGCCATTAAGGGGATCCAGAGGGGAGGCATTAGATTCAAGTCAGTGAAGGGAGCAGTGTGGCTTGAGTAGTCAAGAGATGA
GAGAGAAACTGGGCAGTAGCAGAGATGACACTGGTGGGTGTTCAGGAGTATGTTTTAATTCTCCCTTCTCTCATAGACACCCACTTTCCCTCATCCTCTTTC
TCCTCAAGGAACAATCAGTGGATTATAGACATAAGTTCTCCTTGCCTAGTGTGGATGGGCAGAAACGCTACACGTTTCGTGTTCGGAGCCGCTTTAACCCAC
TCTGTGGCAGCGCCCAGCACTGGTCCGAGTGGAGCCACCCCATCCACTGGGGCAGCAACACCAGCAAAGAGAA

Gene-corrected SCID-X1 fibroblasts Gene-corrected iPSC

10X
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Supplementary Figure 2. Characterization of the gee-
corrected iPSCs.

A, Sequence of the junction from two iPSC clonesdating the
expected nucleotide sequence for targeted geneetmm. B,
Pictures of eGFP-enriched fibroblasts (left) andh oEpresentative
IPSC clone derived from the reprogramming of eGibRroblasts.

C, Karyotype analysis of the indicated iPSC clones.
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iPSC clone A8

Copies per Genome of eGFP
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Supplementary Figure 3. Co-excision of the reprogmaming
vector and the reporter cassette from the gene-coected iPSC
by IDLV-Cre.

Since it was previously shown that transcriptioredctivation of
the reprogramming genes can decreasdarnhatro differentiation
potential of the iPSC towards (Ramos-Mejia et @il 2), or that it
can eventually lead to the development of hemaicdbg
malignancies when these cells are transplanted imice
(Nakagawa et al, 2008), we designed tHEXR LV for excision
from the genome of the iPSCs by transient exprassfahe Cre
recombinase. To test the feasibility of this apphpawe first
transduced with IDLV-Cre an engineered K-562 ceihel
engineered to contains 4.2 copms genome of a LV with LoxP
sites in the SIN LTRs and expressing ta¢mNGFR marker (panel
A, showing on the left schematic of the excisable and flow
cytometry and quantitative PCR analysis of the ddaiced cells
upon their enrichment to near purity by magneticrobeads
selection). A single administration of the IDLV-Onas sufficient
to reduce the vector load by more than 2 log witremy sign of
obvert cell toxicity, resulting in almost completbrogation of cell

surface expression of thil NGFR marker (panef, showing on
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the right schematic of the IDLV-Cre and flow cytamyeand
guantitative PCR analyses of the transduced céllsg excision
efficiency was directly proportional to the doselBbtV-Cre used
(panelB, showing the percentage aENGFR+ cells as measured
by flow cytometry analysis 20 days post-treatmerithwthe
indicated doses of the IDLV-Cre), approaching 10@%most of
the samples, and reaching up to 80% even in tlieatet with the
lowest vector dose. Southern blot and quantitaB@R analyses
confirmed excision of thaLNGFR expression cassettes (pa@el
showing at the left of the blot schematics of tleeters and the
digestion and probing strategy, and reporting atlkibttom of the
blot the percentage LNGFR+ cells and the copies per cells of
ALNGFR as measured by flow cytometry or by quantieaPCR,
respectively). Notably, no detectable backgrouridgration of the
IDLV-Cre was observed in these experiments. We tested the
IDLV-Cre platform on two gene-corrected iPSC clgneme
derived from the PuroR and the other from the eGfeRe-
corrected fibroblasts. In accordance with the tsspibtained in the
Cre-reporter cell line, a single administration@LV-Cre resulted
in the generation of several reprogramming fachas; gene-
corrected iPSCs (panél, showing the copieper genome of the
REX LV as measured by quantitative PCR for ttasl.KLF4
sequence on the clones before or after treatment tve IDLV-
Cre). Together with excision of théX LV, we also documented
excision of the eGFP-reporter cassette (pEnshowing the copies
per genome of the eGFP as measured by quantitative G?CiiRe

A8 clone from panel D).
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Final Discussion

Summary

Gene replacement by integrating vectors has bemressfully used
to treat several inherited disorders, includingog@mal storage
disorders (LSD), thalassemia and primary immunatkicies
(PIDs). For X-linked severe combined immunodeficke{SCID-
X1), a fatal monogenic disorder caused by mutatibthe IL2RG
gene, the early clinical studies have clearly destrated the
efficacy of integrating vector-based gene replacentberapy,
which achieved efficient lymphoid reconstitutiohabks also to the
selective growth advantage of the genetically medifcells.
However, these studies also highlighted the paknisk of
insertional mutagenesis associated to random wewertion and
to unregulated transgene expression, thus calliog the
development of safer gene therapy approaches. ftrash, gene-
correction strategies, aimed at site-specific gesrextiting, would
restore both function and physiologic expressionthaf mutated
gene. In a proof-of-concept study we already regubrtargeted
genome editing in HSCs (Genovese et al., 2014)niogenew
perspectives for cell-based gene therapy. Even gthouery
fascinating, this approach is currently hamperediriojted gene-
targeting efficiency, when compared to integratwertor-based
gene transfer, and by thex-vivo expansion, which is still elusive
and somehow challenging. To this aim, the developinoé new

strategies to select or to expand the few editéd wdl be required
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in light of future clinical translation. These finds, together with
Yamanaka’'s discovery that somatic cells can be rtegeto a
pluripotent state by simply overexpressing few ogpamming

factors, have opened new perspective for the tesatrof human
genetic diseases.

Here we reported gene correction of SCID-X1 primigpyoblasts

followed by reprogramming to pluripotency, to prad&ia source of
genetically corrected pluripotent cells, amenaldeirtdefinitely

expansion and differentiation into clinically rest cell types.

Aim

In order to generate gene-corrected iPSCs from SClpatient
cells, we first validated our strategy by knockinga corrective
IL2RG cDNA transgene downstream of its endogenous premiot
B-lymphoblastoid cells, which constitutively expsés2RG, and in
primary T-lymphocytes, which requirds2RG for their survival
and growth, and provided evidence of physiologitvdy of the
gene-edited IL2ZRG gene. We then coupled -correction with
exogenous selection of the gene-corrected fibrédylagich do not
physiologically expresf_2RG, by including an excisable GFP- or
a Puromycin Resistance (PuroR) expression casdettastream
of the corrective cDNA. The enriched gene-correctatls so
generated were then reverted to pluripotency taioka potentially
unlimited source of gene-corrected induced plugpbtstem cells
(iPSC), by means of a novel reprogramming vectat &xpresses
OCT4, SOX2, KLF4 andmicroRNA cluster 302-367. This
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approach resulted in the generation of correctathifinle iPSCs,
as confirmed by molecular analyses for targeteegmattion, which
were characterized for their pluripotent state. nediated
transient delivery of the Cre-recombinase alloweeexcision of
both the reprogramming vector and the selectoreti&ssesulting
in the generation of several gene-corrected, reprming-factor
free IPSCs with normal karyotype. Finally, by drf#atiating
genetically corrected iPSC to T-lymphoid progenitetls, which
are lacking in SCID-X1 patients, and showing a cele growth
advantage of those derived from corrected iPSCs,pmeided
evidence of the functional correction of th&RG mutant allele.
Overall these data demonstrate the feasibility wftargeted gene
editing approach, which couples gene correctionh wiell
reprogramming to generate disease-free iPSC, thusgthe way
for the development of novel and safer therapeaption for
SCID-X1.

Conclusions and future perspectives

Here we reported the generation of disease-freEsH&m SCID-
X1 primary fibroblasts and their differentiationton T-lineage
hematopoietic cells. From a clinical point of viethis work might
support the future therapeutic application of iP$&slerive both
HSCs for autologous transplantation or mature imenaells for
adoptive immunotherapies. On the other hand, tleeperiments
underline also the requirement to develop moresbhnd efficient
protocols to derive T-lymphoid cells from iPSC, oaling for
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future clinical translation. In fact, despite tmteinsive efforts, the
generation of hematopoietic stem cells (HSCs) fit8C has
remained an elusive goal. To this aim, several ggdwave focused
their attention to a deeper understanding of tlwdogy of HSCs
development, thus defining criteria, including thee of cell
surface markers, to identify definitive hematopigirogenitors,
possibly allowing selection and expansion of thaedks.

Although clinical translation still requires furthenprovement and
scaling up of the protocol, our strategy will pdtalty provide an
endless supply of therapeutically relevant celgluding T and
NK-cells, to be used for supportive or curativeatneent. Indeed
gene-corrected IPSCs will be also helpful to moaletl predict
clinical efficacy of a gene-editing therapeutic eggeh.

Of note, these immune cells will also representaliable cell-
source to treat other relevant diseases, including

immunodeficiencies, as well as pathogen infectmmsimours.
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