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ABSTRACT

Allogeneic hematopoietic stem cell transplantation is an effective treatment to cure inborn errors of immunity.
Remarkable progress has been achieved thanks to the development and optimization of effective combination of
advanced conditioning regimens and use of immunoablative/suppressive agents preventing rejection as well as
graft versus host disease. Despite these tremendous advances, autologous hematopoietic stem/progenitor cell
therapy based on ex vivo gene addition exploiting integrating y-retro- or lenti-viral vectors, has demonstrated to
be an innovative and safe therapeutic strategy providing proof of correction without the complications of the
allogeneic approach. The recent advent of targeted gene editing able to precisely correct genomic variants in an
intended locus of the genome, by introducing deletions, insertions, nucleotide substitutions or introducing a

corrective cassette, is emerging in the clinical setting, further extending the therapeutic armamentarium and
offering a cure to inherited immune defects not approachable by conventional gene addition. In this review, we
will analyze the current state-of-the art of conventional gene therapy and innovative protocols of genome editing
in various primary immunodeficiencies, describing preclinical models and clinical data obtained from different
trials, highlighting potential advantages and limits of gene correction.

sequencing and availability of novel bioinformatic tools have recently
broadened the group of inherited immune defects, which has currently

1. Introduction

Inborn errors of immunity (IEI) are an heterogenous group of rare reached a total number of 485 inborn errors of immunity [1-3]. These
inherited disorders caused by defects in genes involved in innate and discoveries, while broaden the comprehension of the molecular and
acquired immune functions. Advances in high-throughput DNA functional mechanisms underlying immune defects, they encourage the
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development of disease-specific therapies implementing gene specific
therapeutic approaches. Supportive therapies including antibiotics,
immunoglobulin replacement, immunosuppressive agents and cortico-
steroids are administered to prevent or treat infections and immune
dysregulation, however long-term immunosuppressive treatment can be
life threating. Allogeneic Hematopoietic Stem Cell Transplantation
(HSCT) represents the treatment of choice for the cure of adaptive im-
mune defects and selected innate immune deficiencies [4]. Severity of
the clinical phenotype, patient age at transplant, and more importantly
availability of a suitable donor limit HSCT success [5-7]. To overcome
these hurdles, advances in HLA typing technology have been developed
in the last decade to implement donors’ selection [7,8]. HLA identical
sibling (Matched Sibling Donor, MSD) availability represents the first
bone marrow donor choice; matched related donor (MRD) can be also
considered. To reduce risk of graft versus host disease (GvHD) and graft
rejection, manipulation of the stem cell sources has been introduced
with promising results in case of matched unrelated donors (MUD/M-
MUD), improving outcomes in IEI patients treated post-transplant with
cyclophosphamide as GvHD prophylaxis [7,9,10].

Optimal conditioning regimen and consideration of patient-specific
factors [5] are associated with better transplant outcome. To this re-
gard, joint EBMT/ESID inborn errors working party (IEWP) has recently
designed HSCT guidelines recommending six conditioning protocols
with different myeloablative potential according to the degree of
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chimerism needed and the distinct disease background [7]. Remarkably,
to limit conditioning-related organ toxicities and better preserve tissue
integrity alternative conditioning regimen based on monoclonal anti-
bodies alone, radiolabeled or drug-conjugated targeting hematopoietic
cells are advancing towards the clinical setting [11-18]. While all these
novel approaches have contributed to improve the efficacy and safety of
HSCT, concerns related to its morbidity remain particularly in older
patients. Transplantation of autologous gene corrected hematopoietic
stem/progenitor cells (HSPCs) exploiting viral vectors (hereinafter
referred as viral mediated gene addition) has dramatically changed the
therapeutic scenario allowing to treat an ever-growing number of IEI by
gene therapy (GT) [19-23]. Over the past twenty years, the success of
clinical trials indicates viral mediated gene addition as the
best-established therapeutic alternative to HSCT allowing to overcome
the limits of donor availability and eliminating the risk of GvHD.
However, viral mediated gene addition poses novel challenges related to
the genetic engineering procedures that require ex vivo culture and
manipulation impacting on HSPC stemness and genomic integrity
[19-22]. To this regard, well controlled monitoring and long-term
studies of patients treated in various viral mediated gene addition
clinical trials including IEIs, metabolic and lysosomal storage diseases
will allow to further understand the robustness of this therapeutic
correction. Gene editing (GE) extends the current armamentarium of GT,
enabling site-specific deletions, insertions or nucleotide substitutions to
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Fig. 1. Schematic representation of the most advanced preclinical and clinical steps. Blue arrows indicate LV mediated gene addition, while green arrows indicated
GE strategies. Red asterisks show clinical trials with a completed or unknown status not verified in more than two years.



M.C. Castiello et al.

suppress or restore gene function. Importantly, conversely to
semi-random integration of the therapeutic sequence upon viral medi-
ated gene addition, GE allows the integration of the therapeutic trans-
gene under the control of its endogenous promoter or in a safe harbor
genomic region [23,24]. Several GE tools are emerging as novel tech-
niques for a precise modification of a targeted DNA sequence, promising
more potential advantages than the viral mediated gene addition [25,
26]. However, GE may open to the potential risk of undesired genetic
changes [27,28], and transient toxicity due to the innate cellular
response, which in turn impacts on cell growth, differentiation, and
functionality [23].

Here, we review the state-of the art and progress of viral mediated
gene addition and targeted GE of mutant allele(s), focusing on preclin-
ical data and ongoing GT clinical trials to treat some IEIs (Fig. 1),
highlighting success and limits of the current therapeutic approaches
(Fig. 2).

2. Viral mediated gene addition and gene editing tools

In the last decades, the tumultuous evolution of biotechnological
tools enabled efficient gene transfer into and GE of human hematopoi-
etic cells, such as T cells and HSPCs, and allowed the development of GT
medicinal products, many of which reached advanced stage of clinical
testing and, in some cases, commercialization [19].

2.1. Viral vectors

Integration of the therapeutic sequence allows permanent cell
marking upon division and across their progeny, replacing the function
of the mutant gene or providing new properties to the engineered cells.
Integrating y-retro- (yYRV) and lenti- (LV) viral vectors were developed
by engineering the Moloney Murine Leukemia Virus (MMLV) and the
Human Immunodeficiency Virus 1, respectively [29,30]. Both vectors
integrate semi-randomly into the host cell genome upon transduction.
Viral vector production requires transfection into packaging cell lines of
plasmids encoding for essential viral sequences (packaging and envelope
plasmids) and transcribing the viral RNA genome (transfer plasmid) [31,
32]. In the last decades, removal of pathogenic and dispensable elements
from the viral genome, as well as spatial segregation of sequences among
transfected plasmids, virtually abrogated the risk of generating
replication-competent viruses. Differently from yRV, LV transduce
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non-dividing cells [33], resulting in robust gene transfer in long-term
repopulating HSPCs and permanent marking of hematopoiesis. The
development of optimized culture protocols, as well as the usage of
transduction enhancers, improved therapeutic efficacy of gene transfer
by increasing transduction efficiency and better preserving stem cell
properties [34-39].

Both YRV and LV have been extensively used in (pre)clinical studies,
with the latter showing an excellent safety profile due to its tendency to
integrate in gene body rather than nearby promoters and enhancers
[40]. Leukemogenesis was observed in patients transplanted with HSPCs
engineered by yRV, mostly due to hyperactivation of protooncogenes
nearby the vector integration site by viral long-terminal repeats (LTRs)
[41-46]. Vectors devoid of promoter/enhancer sequences in the LTRs
(self-inactivating - SIN - vectors) improved safety of viral mediated gene
addition [47-49], albeit requiring addition of an internal promoter to
express the therapeutic transgene. Aberrant cell transcription driven by
the transgene promoter, dysregulated expression of the transgene,
generation of chimeric vector-host cell transcripts and knock-out of
endogenous genes might still promote clonal expansion with either
benign or malignant outcomes [50-57]. Disease physiopathology [58],
patient-specific characteristics and conditioning regimen may also in-
fluence viral mediated gene addition outcomes in terms of safety and
efficacy. These observations highlight the need for careful design of the
therapeutic strategy and support the rationale for GE in specific diseases,
particularly those in which tight control of transgene expression is
mandatory. Importantly, genotoxicity issues were mostly confined to
trials using early generation non-SIN yRV. On the contrary, consistent
data have shown persistent highly polyclonal repopulation and multi-
lineage reconstitution by LV-engineered HSPCs in patients [59-69].

2.2. Search and cut (and paste): programmable nucleases for gene editing

Programmable nucleases are chimeric molecules composed of: i) a
DNA binding element, which dictates nuclease specificity for the
intended DNA sequence, and ii) an endonuclease, which catalyzes the
formation of a double strand break (DSB) [70]. DNA DSBs trigger a
complex DNA damage response (DDR), which recruits the DNA repair
machinery and orchestrate transcriptional programs dictating alterna-
tive cell fates. DNA repair can occur either by error-prone pathways
(non-homologous end joining; NHEJ), which rejoin DNA ends by
installing indels at the DSB site, or by high-fidelity pathways (e.g.,

Nuclease mediated
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Fig. 2. Advantages and pitfalls of viral mediated gene addition and GE tools in IEIs. LT-HSPCs, long-term hematopoietic stem and progenitor cells.



M.C. Castiello et al.

homology-directed repair; HDR), which are mostly restricted to S/G2
cell-cycle phases. The presence of a DNA sequence homologous to the
DSB site is required for templating HDR. Therapeutic GE strategies
exploiting both pathways have been tested in human cells [71].
NHEJ-based GE mostly allows abrogation of gene function by disrupting
a coding sequence, or perturbation of gene regulation by targeting
promoter/enhancer sequences. HDR-based GE, instead, enables
site-specific integration of short- or long-range therapeutic sequences
either at disease-causing genes, genomic safe harbors (e.g., the
Adeno-Associated Virus Site 1, AAVS1), or favorable loci for transgene
expression.

During the last decades, several efforts have been pursued to discover
novel programmable nucleases and to optimize the existing ones. Ideal
features of nucleases are: i) broad genome accessibility; ii) small size; iii)
accuracy and precision; iv) high cutting efficiency with low/absent
cytotoxicity. The main classes of programmable nucleases are Zinc
Finger Nucleases (ZFNs), Transcription Activator-Like Effector Nucle-
ases (TALENs) and Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR)/Cas systems. Whereas ZFNs and TALENs are exclu-
sively based on protein architectures, CRISPR/Cas systems require short
RNA (guide RNA, gRNA) to direct Cas endonuclease activity to the target
site.

ZFNs are composed by an unspecific FokI endonuclease domain and
an array of ZF DNA binding domains (DBD), linked by a flexible peptide
whose sequence and structure must be optimized for efficient cleavage
and specificity [72]. Each ZFN recognizes a 9- to 18-base pairs (bp) DNA
sequence [73]. Binding of two ZFN monomers to the DNA is required for
effective DNA cleavage upon Fokl dimerization [74-78]. Recently, FokI
engineering and reduction of ZF DBD affinity for binding further
improved ZFN specificity, reaching up to undetectable off-target activity
[74]. Optimized ZFNs proved versatile, very efficient, and highly spe-
cific in seminal studies, achieving successful HSPC gene correction in
preclinical models [18,75-77]. However, the laborious engineering
needed to redirect ZFN specificity have limited their widespread
implementation.

TALENS are composed by an array of TALE DBD flanked by N- and C-
terminal domains, the latter fused to FokI by a flexible peptide linker
[78]. As for ZFNs, a pair of TALENs must bind in head-to-head orien-
tation spaced by a short DNA sequence. Shortened version of the
C-terminal domain and obligate heterodimeric FokI increase TALEN
specificity [79-81]. Differently from ZFNs, instead, a simple recognition
code associates each TALE DBD with one nucleotide, allowing more
straightforward design of custom TALEN pairs targeting the intended
DNA sequence [82]. TALENs proved efficient and highly precise when
targeting disease-causing genes in human hematopoietic cells for the
treatment of PID [83,84]. Yet, the high homology among DNA sequences
comprised within the TALEN represents a limiting issue for its assembly
and expression, although several strategies were developed to simplify
such process.

CRISPR/Cas systems originate from archaea and bacteria, where
they function as defense against exogenous agents by exerting an ac-
quired immunity-like function [85-88]. In 2012, CRISPR/Cas9 system
from Streptococcus pyogenes were adapted to eukaryotic cells [89]. Cas9
endonuclease is tethered to the intended target site by a single gRNA,
which is made of an invariable RNA sequence linked to a 17- to 20-bp
spacer, dictating Cas9 specificity through gRNA complementary to the
target DNA. Upon recognition of the 5’-NGG protospacer adjacent motif
(PAM) at the 3’ end of the protospacer, Cas9 binds and catalyzes the
formation of a blunt-end DNA DSB 3-bp upstream from the PAM [90,
91]. In the last decade, tremendous efforts allowed to discover and/or
engineer numerous CRISPR/Cas systems with different origin,
complexity, activity, specificity, and PAM requirements, unprecedent-
edly expanding the GE toolbox and broadening genome accessibility
[92-102]. Since swapping the gRNA spacer is the only change required
to redirect Cas specificity to another intended sequence, CRISPR/Cas
systems are currently the most versatile GE tool. For these reasons, GE
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with CRISPR/Cas for hematological diseases is rapidly advancing to the
clinic and demonstrated promising efficacy results in early clinical
studies for the treatment of hemoglobinopathies [103].

3. Viral mediated gene addition and gene editing approaches for
IEIs

3.1. Severe Combined Immunodeficiencies (SCID)

3.1.1. X-linked SCID-X1 (SCID-X1)

X-linked severe combined immunodeficiency (SCID-X1) is a rare,
life-threatening IEI caused by mutations of the IL2RG gene, which en-
codes the common cytokine receptor y chain (yc), a common receptor
subunit for a number of cytokines essential for the development of T
lymphocytes and NK cells [104,105]. Accordingly, SCID-X1 patients are
characterized by the absence of T cells and NK cells and partially
functional B cells leading to the failure of both cellular and humoral
immune responses.

Allogeneic HSCT is the standard treatment for SCID-X1 patients with
a survival rate up to 87% with no differences in patients without or with
conditioning [106]. Despite conditioning-related toxicity and the strong
selective advantage of functional cells, conditioning resulted in superior
graft function, especially for NK and B cell compartments [107,108].
Whenever MRD are lacking, matched unrelated HSCT may be a valid
alternative option, despite the lower survival rate [109]. Improved
outcomes have been recently reported in patients with various immune
defects including SCID-X1 receiving MUD and MRD transplantation with
TCRo/p — CD19 depletion and T replete marrow -PT-Cy approaches[9,
110-112]. However, autologous transplantation of ex vivo genetically
modified HSPCs would be a valuable option with no risk of GvHD [113].
The first two clinical trials began in Paris [41,114] and in London [115]
with a total of 20 SCID-X1 patients transplanted with autologous HSPCs
transduced with IL2RG-expressing MLV-derived yRV with intact LTR
regions, showing long-lasting correction, and functional and polyclonal
T cell recovery in 18/20 patients [116,117]. However, only low levels of
corrected B and NK cells were found, probably due to the absence of
conditioning. Despite the evident clinical benefit, six patients developed
T-cell acute lymphoblastic leukemia after GT, which remitted in five of
them upon chemotherapy while one patient died. Further investigations
showed that the major trigger of the hematological malignancy was
vector integration in oncogenes (LMO2, CCND2) due to the enhancer
activity of U3 LTR upon yRV integration nearby their promoters [42,45,
118]. Moreover, the deregulated expression of gamma chain might favor
lymphoproliferation contributing to malignant transformation, unrav-
eling the physiological role of IL2RG chain during cell cycle[119]. Thus,
SIN-yYRV were next developed encoding the IL2RG cDNA under the
control of the ubiquitous human elongation factor la (EFla) short
promoter (EFS) and carrying the deletion of the LTR U3 enhancer region
to abolish any LTR-driven transactivation activity [120]. This vector was
used in a multicenter clinical study (ClinicalTrials.gov number:
NCT01410019, NCT01175239, NCT01129544) initially including 9
SCID-X1 patients showing an overall survival of 89%, outstanding T cell
recovery and confirming the improved safety of SIN-yRV after a median
follow-up of 7.9 years [121,122]. In contrast, reconstitution of B cell
number and function was partial and transient, likely due to low
engraftment of transduced progenitors. Of note, improved gene marking
in B cell compartment was achieved when SIN-yRV GT was combined
with busulfan-based reduced intensity conditioning (RIC) [122], in line
with similar findings observed in HSCT context [106,123].

To further improve the safety of gene addition approaches, SIN-LV
vector carrying a codon-optimized (co)IL2RG c¢DNA have been devel-
oped and used in six clinical trials active in Europe, US and China
(ClinicalTrials.gov number: NCT01512888, NCT03315078,
NCT03311503, NCT03601286, NCT03217617, NCT04286815), most of
them combined with RIC. These clinical trials are confirming the safety
and efficacy of SIN-LV GT even in older SCID-X1 patients [124].
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Recently, long-term surveillance of LV integration site landscape
showed the emergence of dominant High Mobility Group AT-hook 2
gene (HMGA2) integration site clones in progenitor and myeloid line-
ages of all 8 treated SCID-X1 patients (ClinicalTrials.gov Identifier:
NCT01306019), in the absence of altered hematopoiesis or emergence of
leukemic clones [125]. The activation of HMGA2 in patients cells, also
detected in two SCID-X1 patients treated with YRV gene addition [126],
confers an additional growth advantage to HSPCs expressing IL2RG
transgene [125], supporting clonal expansion. Thus, long-term studies
are required to comprehensively assess safety of these approaches taking
also in consideration the putative role of deregulated IL2RG transgene
expression to leukemogenesis [53,55].

In this context, HDR-mediated GE may be a valuable option.
Recently, independent groups developed ZFN- and CRISPR/Cas9-based
approaches targeting the exon 5 or the intron 1 of IL2RG using inte-
grase defective LV (IDLV) or adeno-associated viral vector serotype 6
(AAV6) as HDR donor templates carrying the corrective IL2RG partial
cDNA [18,127,128]. Mice transplanted with IL2RG-edited HSPCs
showed multilineage reconstitution of the hematopoietic system,
development of functional edited T cells and editing efficiencies up to
10-20% in long-term human xenografts. Given the selective advantage
of gene corrected lymphoid progeny, the current HSPC GE efficiencies
match the threshold required for clinical benefit, as predicted by mouse
studies and GT clinical trials [18,124].

In summary, LV mediated gene addition may position itself ahead of
HSCT, as long as it is presumed to be safer. Milder conditioning, faster
engraftment and the absence of GvHD must be balanced by cell collec-
tion hurdles, particularly in very young patients [123]. Facing the
future, GE represents a new promising therapeutic option given the
strong selective advantage of corrected cells and the low therapeutic
threshold necessary to cure the disease that can be achieved by current
GE platform [18,128].

3.1.2. Adenosine deaminase SCID (ADA-SCID)

Adenosine deaminase (ADA) deficiency, the most common SCID
form [129-133], is caused by defects in ADA gene encoding an enzyme
of the purine metabolism converting adenosine and 2'deoxyadenosine
into inosine and 2'deoxyinosine. Absence of this enzyme causes the
accumulation of toxic metabolites which severely affects development
and function of lymphoid and NK cells [129,134]. Thus, ADA-SCID pa-
tients have profound lymphocytopenia, impaired cellular and humoral
immunity and, in turn, high risk of opportunistic infections [134,135].
Moreover, autoimmune manifestations (i.e., hemolytic anemia and im-
mune thrombocytopenia) may develop especially in delayed and late
onset forms [136]. Because of the ubiquitous expression of ADA enzyme,
other non-immunological manifestations may occur, including failure to
thrive, hepatic disorders, renal disease, skeletal alterations, and neuro-
logical/cognitive/behavioral deficits [132,137-139].

Without treatment patients die by the age of 2 years [135], and early
intervention is critical. Current options include enzyme replacement
therapy (ERT) with polyethylene glycol-conjugated bovine enzyme
(PEG-ADA), HSCT, and viral mediated gene addition. Consensus
guidelines indicated to initiate ERT immediately upon diagnosis to
reduce the levels of metabolites and to increase the number of lym-
phocytes, and now recommend it as a bridge therapy to HSCT or GT
[140] because of suboptimal immune reconstitution and long-term
complications [141].

The treatment of choice is HSCT with MSD/matched family donor
(MFD) resulting in high overall survival rate (86% MSD, 81% MFD)
[142]. According to European recommendations, when an MSD/MFD is
not available, patients can be treated by viral mediated gene addition,
which reduces the risk of GvHD and circumvents donor availability
limitations. Poor long-term efficacy was observed in first clinical trials,
which were based on the transplant of yRV-transduced T cells
[143-145], umbilical cord blood [146] or bone marrow cells [147] in
not conditioned ADA patients who continued to receive PEG-ADA. Poor
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long-term engraftment of infused cells was likely due to the absence of
conditioning and the detrimental PEG-ADA effect on the survival
advantage of corrected cells. Consistently, subsequent YRV mediated
gene addition protocols including RIC and ERT-discontinuation showed
long-term engraftment of corrected cells, robust immune cell reconsti-
tution with reduced rate of infections, and effective metabolic detoxi-
fication [148-152]. The valuable outcome in ADA patients prompted
the Milan’s team at the San Raffaele Telethon Institute for Gene Therapy
(SR-Tiget, Italy) to collect all data for the market approval of ex vivo GT
for ADA [151]. In 2016, Strimvelis (autologous CD34 + cells transduced
to express ADA, GSK2696273) was the first ex vivo HSPC GT receiving
regulatory approval in EU as advanced therapy medicinal product
(ATMP) [153]. This milestone was crucial for the future commerciali-
zation of new medicines for orphan diseases. Reports on safety data of
YRV mediated gene addition showed absence of leukoproliferative
events [148,150,152,154-157] despite the presence in the peripheral
blood of hematopoietic clones carrying vector integrations close to
proto-oncogenes (LMO2, MECOM) of unknown clinical significance
[157]. However, 1 out of 36 patients treated with Strimvelis developed
lymphoid T-cell leukemia 4.7 years after GT, likely due to an insertional
event[158]. Considering the safer profile of SIN-LV, novel vector
mediated gene addition platforms were developed showing a safe and
effective profile in 50 ADA-SCID patients treated in US and UK with
autologous CD34" HSPCs transduced with EFS-ADA LV [48,64,120,
159]. An overall survival of 100% up to 24 and 36 months, sustained
ADA expression, metabolic correction, and functional immune recon-
stitution was reported in 48 out of 50 treated patients in absence of
autoimmunity, GVHD and clonal expansion. Moreover, similar outcomes
were observed between the fresh and the cryopreserved formulations of
transduced HSPCs [64]. These excellent results prompt a reconsidera-
tion of the hierarchy of treatment options, which needs to be supported
by long-term studies comparing HSCT and GT outcomes. A recent report
comparing HSCT and viral mediated gene addition outcomes, preceded
or not by ERT, in 131 ADA-SCID patients [160] showed higher five-year
overall and event-free survival rates in patients receiving ERT-GT
(100%, 75.3%) than ERT-HSCT (79.6%, 73%) and HSCT (72.5%,
49.5%). Excellent and comparable survival rates were found between
viral mediated gene addition and patients treated by MSD-HSCT and
without infection. Moreover, alternative donor HSCT (particularly
HLA-matched unrelated donor and cord blood) for young infants
without infection should be considered an alternative when MSD/MFD
HSCT and viral mediated gene addition are not available [160].

Because of the strong selective advantage of ADA positive cells and
the potential risk of insertional mutagenesis of integrating vectors, GE
approaches have been considered in recent years. Some attempts, mostly
in cell lines, were based on ZFN platform to insert and correct ADA gene
by HDR [161] or CRISPR/Cas9 system to correct the nonsense Q3X
(ADA c7C>T) point mutation endemic in patients of Somali origin
[162]. Thus, further studies are needed to assess the feasibility of GE for
the treatment of ADA.

3.1.3. ARTEMIS-deficient SCID (ART-SCID; OMIM)

Artemis (DCLREIC encoding the Artemis protein), an endonuclease
of the family of metallo-p lactamase, mediates hairpin opening during
the DSB repair of the V(D)J recombination process [163]. Mutations in
this gene lead to a form of SCID characterized by the absence or very low
number of T and B cells in the presence of NK cells (T-B-NK+ SCID,
ART-SCID), but also Omenn cases [164,165]. This defect is character-
ized by sensitivity to ionizing radiation due to the impairment of the
predominant DSB repair pathway, NHEJ. Artemis loss-of-function mu-
tations often comprise large deletions in the first four exons or non-sense
founder mutation, as found in Navajo and Apache Native Americans
[164]. Missense mutations and in-frame deletions in the highly
conserved residues such as H35, D165 and H228 can also abolish
Artemis’ protein function [166].

HSCT is the treatment of choice, and its success is reported to be 85%
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in case of MSD and drops to 65% for haplo-identical transplants [167].
Compared to other SCID forms, ART-SCID is the most difficult type of
SCID to treat with allogeneic HSCT due to high rate of complications
related to conditioning with alkylating drugs and radiations [168].

Autologous transplant of gene corrected HSPCs offers an attractive
therapeutic alternative. However, because of Artemis role during NHEJ
process, its expression needs a tight regulation. Consistently, in vitro and
in vivo studies have shown loss of viability, perturbed cell cycle,
increased DNA damage and apoptosis when high levels of protein were
induced in HSPCs. To generate SIN vectors, various promoters including
cytomegalovirus, EFla promoter and the endogenous DCLREIC pro-
moter 1-kb sequence upstream the translation start site were tested
[169]. In vitro and in vivo studies showed immune reconstitution when
hematopoietic cells were transduced with a SIN-LV carrying its endog-
enous promoter. Moreover, although woodchuck post-transcriptional
regulatory element (WPRE) increases transgene expression and stabil-
ity, its inclusion was found to cause toxicity in case of Artemis expres-
sion [170,171]. A SIN-LV carrying DCLREIC under EFla promoter but
lacking WPRE was developed demonstrating physiological expression of
the gene and stable correction in primary and secondary transplants
with no evidence of oncogenic potential [172]. These promising data
prompted to translate this novel platform (G2ARTE LV) to the clinical
setting and a new phase I/II study was opened on October 2021 (Clin-
icalTrials.gov Identifier: NCT05071222).

The first clinical trial (ClinicalTrials.gov Identifier: NCT03538899)
started in 2018 using a LV expressing Artemis driven by its endogenous
promoter (drug: AProArt) and recruiting two groups of patients: the first
including newly diagnosed patients and a second group of patients
previously treated with HSCT. Short term follow-up of three patients
pretreated with low dose of busulfan and receiving AProArt showed
multilineage vector integration and in vitro response to mitogen. [173].
The clinical benefit of this approach was recently confirmed in 10
treated patients with a median follow-up of 31.2 months showing
genetically corrected and functional T and B cells without evidence of
clonal expansion. Development of autoimmune hemolytic anemia
occurred in four of nine patients and resolved with and without treat-
ments[174]. ART-SCID might benefit of GT treatment but also of
non-genotoxic conditioning. To this regard, clinical trials are now
ongoing to test feasibility and efficacy of biological conditioning. In a
phase I dose escalation trial using AMG191 targeting CD117 (c-KIT) as
the sole condition, two ART-SCID patients were included (ClinicalTrials.
gov Identifier: NCT02963064). Preliminary data indicate engraftment of
donor cells, however the donor chimerism in granulocytes remains low
with a level of 3% and 7% at week 52 in patient 1 and 2, respectively
[175].

3.1.4. Recombination Activating Genes (RAG) deficiencies

The Recombination Activating Genes 1 and 2 (RAGI and RAG2) are
the first players of the V(D)J recombination, the process responsible for
the assembly of T cell receptor and B cell receptor and leading to the
development of T and B cells [176]. Mutations of these genes cause a
broad spectrum of clinical phenotypes including T'B'SCID caused by null
mutations, while hypomorphic mutations lead to Omenn syndrome,
atypical SCID, combined immunodeficiency with granulomas and/or
autoimmunity. HSCT is the treatment of choice, however less satisfac-
tory outcomes are obtained in hypomorphic conditions in which
inflammation and autoimmune manifestations may be present [177].
HSCT outcome depends on availability of matched donors as hap-
loidentical transplantation is associated with less favorable outcome
while higher risk of GvHD and poor B cell reconstitution are observed in
the context of absent conditioning. Of note, RIC or myeloablative con-
ditioning are associated with better T and B cell reconstitution [167,178,
179].

GT is a valid option especially for hypomorphic patients who are
diagnosed late in the course of the disease and presenting with severe
clinical conditions. Preclinical studies have highlighted benefits and
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limits of viral mediate gene addition approaches [180-182]. Safety
concerns due to vector genotoxicity or deregulated RAG1 transgene
expression causing lymphoproliferation were reported in yRV studies
[183], whereas poor immune reconstitution and immune dysregulation
were achieved in mice treated with LV carrying human co-hRAG1 driven
by various promoters [182,184,185]. However, good level of lymphoid
reconstitution and function were achieved in preclinical gene addition
studies exploiting a LV carrying the co-hRAG1 driven by the synthetic
promoter MND derived from a yRV promoter [181,186]. Of note, MND
is a strong trans-activating promoter, and recent description of myelo-
dysplastic syndrome in three patients suffering from cerebral adreno-
leukodystrophy and receiving a LV expressing the therapeutic gene
under control of the same promoter (https://www.fda.gov/me-
dia/159129/download) is raising safety concerns and force to careful
long-term studies. Results from preclinical models have led to a phase
I/1I clinical trial to cure null RAG1 children up to 24 months of age
(ClinicalTrials.gov Identifier: NCT04797260) and the first patient has
been recently treated in Leiden University Medical Center
(https://www.lumc.nl/over-het-lumc/nieuws/2022/Juni/Eer-
ste-patient-in-Nederland-succesvol-behandeld-met-stamcelgenther-
apie/?setlanguage=English&setcountry=en) and his follow up is still
ongoing. To avoid deregulated expression and achieve a physiological
correction of RAG genes recapitulating their expression kinetics during
early T and B cell development, various attempts to establish a GE
procedure for RAG1 deficiency using TALEN or CRISPR/Cas9 platforms
combined with AAV6 are currently at preclinical level [187,188].

With regard to RAG2 deficiency, preclinical viral mediated gene
addition studies based on YRV [189] and SIN-LV [190] showed stable
immune reconstitution in the absence of detectable toxicity in Rag2”"
mouse model. Moreover, viral mediated gene addition exploiting the
UCOE-RAG2co LV in the Omenn syndrome Raqg2R?2°¥R229Q pmouse
model demonstrated the efficacy and feasibility of GT even in the
context of inflammatory conditions [191]. Despite these promising data,
up to date any clinical translation was pursued. Recently, induced
pluripotent stem cells (iPSCs) carrying RAG2 mutation was exploited as
a platform to assess the efficacy of CRISPR/Cas9 in combination with
AAV6 to correct mutation and function [192]. Promising data were
obtained laying ground towards its application to human hematopoietic
stem cells. Nevertheless, there remains to be addressed the minimal dose
of edited HSPCs required to correct the disease especially in hypomor-
phic conditions in which selective advantage of corrected cells is hin-
dered by the competition of lymphoid progenitor derived from
uncorrected lymphocyte progenitors with edited hematopoietic cells.
Data from preclinical models could be instrumental to provide the
feasibility and efficacy of HDR mediated editing to cure this complex
and heterogenous immunodeficiency.

3.2. Other PIDs

3.2.1. Wiskott-Aldrich syndrome (WAS)

Wiskott-Aldrich Syndrome (WAS) is a severe X-linked PID caused by
mutations in the WAS gene which encodes the WAS protein (WASp), a
key regulator of cytoskeleton reorganization also involved in signaling
transduction in all hematopoietic cells [193]. Recently, WASp roles in
the nucleus have been described [194-196], highlighting its multifac-
eted roles and explaining the complexity of clinical manifestations. The
absence of WASp impairs both innate and adaptive immunity as well as
platelet number and function resulting in the full-blown WAS charac-
terized by immunodeficiency, thrombocytopenia, eczema and increased
risk of autoimmune manifestations and malignancies [197]. Residual
WASp expression is associated with a milder form of the disease named
X-linked thrombocytopenia, with longer life expectancy [197]. Of note,
all WAS mutations cause micro-thrombocytopenia likely due to inef-
fective thrombocytopoiesis and/or enhanced platelet clearance due to
intrinsic platelet defects or immune-mediated elimination [198-200].

Allogeneic HSCT is the treatment of choice and long-term correction
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is achieved upon immuno-ablation and myeloablation prior HSCT [201,
202]. While early studies reported high overall survival rates mostly
limited to HSCT with HLA-identical sibling donors, recently good out-
comes were observed in case of unrelated and alternative donors
[203-206]. A recent and large retrospective study on 176 patients
(2006-2017) confirmed that age older than 5 years is a risk for poor
outcome, while donor source and conditioning did not influence overall
survival and chronic GvHD-free survival rates. Nevertheless, RIC based
on treosulfan resulted in increased incidence of graft failure and lower
myeloid donor chimerism [207].

Viral mediated gene addition approaches have been developed over
years as alternative treatment options. Remarkably WAS represents an
ideal candidate for GT considering the selective advantage of hemato-
poietic cells expressing WASp over the negative ones. The first GT
clinical trial in WAS was based on mobilized autologous HSPCs trans-
duced with a yRV expressing WAS under a viral promoter. Despite
excellent outcomes in terms of immune and platelet reconstitution, all
patients developed acute leukemia due to insertional mutagenesis close
to the oncogenes (LMO2, MDSland MNI1) [43,208,209]. Extensive
preclinical studies were then conducted to develop a safer platform
based on a SIN-LV encoding the human WAS cDNA under the control of
a fragment of the human endogenous promoter. This vector was used in
the clinical trials performed in Milan [60], Paris and London [210], and
Boston [211] showing a safe profile with stable polyclonal vector inte-
gration pattern [62,210,212,213] and robust engraftment of gene cor-
rected cells leading to improvement in infectious, eczema, autoimmune
and bleeding events. Despite normalization of platelet volume, granule
content and function, only partial correction of platelet numbers was
achieved in most of treated patients [198,212] likely due to the RIC that
prevents full chimerism necessary for platelet correction [203,214].
However, the risk of acute and chronic toxicities discourage the use of a
more intensive conditioning regimen. On the same line, the use of
stronger promoters may enhance WASp expression in platelets [215,
216], though they need to be carefully balanced with genotoxicity.

GE may represent a therapeutic option to correct the physiological
regulation of WASp expression. The first evidence for the feasibility of
GE was reported by Laskowski et al. who delivered ZFN targeting intron
1 and a corrective plasmid spanning exon 2 to exon 12 in iPSCs derived
from a WAS patient. Edited iPSCs expressed WASp and differentiated
into functional T and NK cells [217]. With the aim to correct all muta-
tions scattered throughout the WAS gene, a GE platform, based on
CRISPR/Cas9 and AAV6 donor delivering the coWAS c¢DNA in frame
with the translation start codon in exon 1, was tested in HSPCs from
healthy donors and WAS patients [218]. Edited HSPCs derived from
patients preserved the engraftment and multilineage differentiation
capacity in vivo showing improvement of immune cell and platelet ab-
normalities [218]. These promising results prompted to invest in pre-
clinical efficacy and safety studies for the clinical translation of GE
platform for the treatment of WAS. However, some disease-specific as-
pects need to be considered: i) despite the regulated WASp expression
achievable by GE and the selective advantage of corrected cells, full
chimerism of corrected cells is required to ensure proper immune cell
and platelet reconstitution,; ii) the excellent efficacy and safety of current
therapeutic strategies will limit the number of patients treatable by GE.

3.2.2. Chronic Granulomatous Disease (CGD)

Chronic granulomatous disease (CGD) is a severe immunodeficiency
caused by mutations in genes encoding for gp91Ph¥, p22Phox pa7phox
and p67°P°* subunits of the nicotinamide adenine dinucleotide phos-
phate oxidase (NADPH) enzyme complex. Defects in any of these sub-
units result in defective production of microbicidal reactive oxygen
species [219]. Mutations in CYBB gene coding the gp91P"* cause
X-linked CGD form, accounting for approximately 65% of CGD, whereas
mutations in the other subunits are responsible for the autosomal CGD
forms. The disease is characterized by recurrent bacterial and fungal
infections and high rate of inflammatory complications including
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inflammatory bowel disease, granuloma formation in liver, lungs and
skin. Allogeneic HSCT allows correction of the immunodeficiency and
improves survival. High myeloid chimerism is needed raising concerns
on the effect of conditioning regimen in patients suffering from
continuous infections [220,221]. Additionally, bone marrow donor
availability is restricted by the fact that female carriers of X-linked CGD
may develop autoimmune manifestations not related to degree of lyo-
nization [222,223].

GT clinical trials started in 1990 using YRV in the absence of con-
ditioning with no clinical benefit caused by lack of engraftment of gene
corrected cells [224]. Next, clinical trials exploiting YRV carrying the
transgene under a potent LTR enhancer/promoter element from the
Spleen Focus Forming Virus and administering myeloablative condi-
tioning achieved improved neutrophil function with clearance of in-
fections [225,226]. However, all treated individuals developed
myeloproliferative disease due to insertional oncogenesis [44,227].
More recently, a LV carrying CYBB cDNA under the control of engi-
neered chimeric promoter phagocyte specific obtained 33% of super-
oxide production by mean fluorescent intensity and reduction of
cytochrome-c levels [63].

To overcome deregulated expression and achieve more physiological
regulation of the gene, De Ravin and colleagues proposed a GE platform
targeting the genomic safe harbor AAVS1, followed by transduction with
a rAAV6 containing the CYBB cDNA [228]. High HDR in HSPCs and in
vivo persistence of edited cells with restored physiological expression of
gp91P"%% in edited derived phagocytes were achieved targeting a point
mutation in the exon 7 of CYBB and using a single-stranded oligodeox-
ynucleotide (ssODN) donor template in presence of transient inhibition
of p53-binding protein 1 [229,230].

GE strategy based on HDR gene correction was also developed to
correct autosomal CGD, due to homozygous deletion of two nucleotide
in the exon 2 of NCF1, which has two pseudogenes NCF1A and NCFIC.
Restoration of oxidase function in 6% of myeloid cells differentiated
from p47-CGD iPSCs was achieved by electroporating ZFNs targeting
NCF1 exon 2 and both pseudogenes in the presence of a corrective
cassette delivered by rAAV6 [231]. More recently, Schambach’s team
obtained promising results in p47 deficient iPSCs targeting the correc-
tive cassette into AAVS1. His group identified the micro-RNA 223 pro-
moter as the most efficient one to achieve NADPH oxidase activity
similar to wild-type cells [232].

Overall, these data although promising need further studies to un-
derstand the impact of the disease background on the efficacy and safety
of various GT approaches. To this regard, preclinical LV mediated GT
data in a mouse model of X-CGD showed inflammatory stress hemato-
poiesis that might influence the fitness of gene-corrected cells while
increasing the risk of myeloid transformation of HSPC derived corrected
clones [233].

3.2.3. Leukocyte Adhesion Deficiency (LAD1)

Leukocyte adhesion deficiency (LAD1) belongs to the group of IEIs
affecting the leukocyte and adhesion cascade [234]. Mutations in the
integrin subunit beta 2 (ITGB2) causing dysfunctional f-integrin mole-
cules (CD18) activity led to impaired leukocytes migration and adhesion
[235]. B2 integrin forms heterodimeric cell surface receptors with the
four o subunits CD11la, CD11b, CD11lc and CD11d. The complex
CD11a/CD18 forms a heterodimer called LFA-1, which binds six ligands
and mediates leukocyte arrest and adhesion of leukocytes to the endo-
thelium. LAD1 patients present delayed umbilical cord detachment at
birth and develop recurrent skin and mucosal infections characterized
by the presence of pus. Patients are characterized by severe inflamma-
tion with elevated levels of cytokines at the site of inflammation that can
be treated with Ustekinumab, a monoclonal antibody binding the
common p40 subunit of IL-12 and IL-23 [235,236]. The severity of the
disease correlates with the expression of LFA-1 on leukocytes (<10%),
and patients expressing very low level of CD18 (less than 2%) have a
very high rate of early deaths, whereas partial CD18 deficiency is
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characterized by increased infections with early mortality [235,237].

Allogeneic HSCT is the treatment of choice. A recent study performed
on a large cohort of 84 LAD patients reported improvement of survival in
patients receiving matched sibling or 10/10 matched donors; never-
theless, graft failure and GvHD remain relevant issues [238,239].

Gene addition is an attractive therapeutic alternative and indeed in
1992 GT was performed in two affected children using a yRV with no
clinical benefit [240]. Data from a canine LAD model treated with foamy
viral vector (FV) mediated gene addition carrying CD18 under control of
the MSCV internal promoter demonstrated the therapeutic potential of
this strategy [241]. However, this platform is not suitable for translation
to the clinical setting. A phase I/II study of ex vivo LV mediated gene
addition exploiting a therapeutic vector carrying CD18 under the control
of a chimeric promoter (Chim.hCD18-LV) sponsored by Rocket Phar-
maceutical has been recently opened (ClinicalTrials.gov Identifier:
NCT03825783; ClinicalTrials.gov Identifier: NCT03812263). Pre-
liminary data show improvement of the clinical phenotype [242], but
long-term follow up studies are needed to evaluate the efficacy of this
treatment because of the severe inflammation and infection that char-
acterize this disease [234].

3.2.4. Hyper-IgM due to defects in CD40L deficiency (HIGM1)

X-linked hyper-immunoglobulin M (IgM) syndrome (X-HIGM or
HIGM1) is caused by mutations in CD40L molecule, a type II trans-
membrane glycoprotein of the tumor necrosis factor superfamily mainly
expressed by activated CD4" T cells, with some level of expression in
other hematopoietic cell types including B cells, NK, CD8" T cells and
basophils [243-245]. CD40L once engaged its cognate receptor CD40
expressed on the surface of antigen presenting cells triggers B cell acti-
vation promoting proliferation, germinal center formation, antibody
affinity maturation, class switching and long-term memory responses
[244]. The immune phenotype of HIGM1 patients reflects the broad
spectrum of action of this molecule. Patients suffer from hypogamma-
globulinemia with normal to elevated levels of IgM and markedly
reduced number of switched memory B cells. Although the clinical
phenotype may be variable, patients if left untreated may succumb early
in life for bacterial, viral, and opportunistic agents [246,247]. Neu-
tropenia, autoimmunity and severe biliary tract disease, liver failure
secondary to Cryptosporidium infection and cancers have been reported
[248]. Long-term survival is poor despite immunoglobulin supplemen-
tation and antibiotic prophylaxis.

Allogeneic HSCT is the only curative option currently available with
variable success depending on the preexisting clinical conditions, the
donor cell sources, and conditioning regimens [249-253]. A recent
study performed on a cohort of 130 patients receiving transplant be-
tween 1993 and 2015 reported an overall survival of 78.2% and
event-free survival of 58.1% with a better survival in patients under-
going transplant in year 2000. Better outcome is observed in patients
treated early in life and in the absence of preexisting lung and liver
comorbidities. Event-free survival was reported in MSD and when
transplant was performed upon myeloablative conditioning [250-252,
254].

Severe complications and adverse events upon HSCT prompted to
explore gene correction as therapeutic alternative to treat patients in
critical conditions and with no donors. Preclinical viral mediated gene
addition studies using YRV demonstrated to be effective in correcting the
deficiency, but transgene overexpression caused thymic lymphoproli-
ferative disease or hyperplastic B cell expansion [50,51]. Conversely,
natural and cell specific regulation using pre-mRNA trans-splicing or
vector with sCD40L promoter showed promising data demonstrating
that a tight and more physiological expression of the molecule can
prevent immune dysregulation and clonal expansion [255,256]. How-
ever, both approaches were far from their applicability in the human
clinical setting.

To achieve a physiological gene expression, GE is a promising tool.
TALEN and CRISPR/Cas9 platforms integrating a full-length wild-type
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copy of the cDNA into the 5’ untranslated region of the endogenous gene
in primary patient T lymphocytes [84] or in CD34" HSPCs [83] provided
promising data showing improved activation-dependent expression and
function, setting the stage of GE feasibility and efficacy in HIGM1.
Recently, a “one-size-fits-all” gene edited strategy, integrating a
corrective cassette including the 5’-truncated cDNA and all downstream
exons and the cognate 3’UTR, within the first intron of the human
CD40L gene has shown high efficiency of correction in patient T cells
and HSPCs, which are predicted to be sufficient for rescuing the disease
phenotype in animal models [257]. Importantly, the editing template
includes the presence of a selector cassette NGFR (C-terminal truncated
low affinity NGFR receptor), which allows to enrich the fraction of
edited T cells.

Overall, these studies pave the way towards clinical translation
indicating HDR-edited T cells as preferred option to treat HIGM patients,
also based on the long-term follow up of clinical studies with engineered
T cells [258]. However, a more tailored approach must be considered in
this disease. The limited in vivo persistence of edited T cells clones might
require repeated administrations or a dose escalation design, and the
relative expansion of edited CD4" T cells in response to antigen leading
to acute inflammatory reaction (Immune reconstitution inflammatory
syndrome) can be controlled by the depletion of EGFR™ cells further
corroborating the use of a selector cassette.

3.2.5. Immune dysregulation, polyendocrinopathy, enteropathy, X-linked
syndrome (IPEX)

IPEX syndrome is a severe and uncurable immunodeficiency char-
acterized by immune dysregulation caused by mutations in the FOXP3
gene that lead to loss of suppressive function of CD4" CD25" thymic
derived T regulatory (Treg) cells [259]. Pharmacological treatment and
allogeneic HSCT are currently proposed, however two independent
studies have recently reported a progressive decline of disease-free
survival in patients treated with immunosuppressive agents (73% of
survival at 15 years after HSCT and a disease-free survival of 60%)
[260-262]. Pretransplant conditioning limits HSCT applicability in pa-
tients with advanced organ damage.

Transplant of corrected autologous HSPCs could be a therapeutic
option for patients with moderate and late onset disease also taking in
consideration that a fraction of cells carrying the wild-type form of
FOXP3 allows better disease survival after HSCT and prevent autoim-
munity in carriers [263-265]. In this scenario, several gene transfer
approaches to correct FOXP3 gene in HSPCs and T cells including viral
mediated gene addition and GE have been established and optimized
[266]. Based on promising evidence that yRV-mediated ectopic
expression of FOXP3 in T cells can induce suppressive function to T
effector cells in the mouse model, LV mediated gene addition was pro-
posed [266,267]. To this end, generation of stable CD4" T cells
expressing FOXP3 was obtained using a LV carrying the gene under EFla
promoter and expressing truncated NGFR surface marker to monitor
corrected cells [268,269]. Transduced and expanded CD4" T cells
display in vitro and in vivo functional properties and phenotypic sta-
bility of naturally occurring Treg cells. In vivo humanized mouse models
further confirmed these results showing maintenance of immune
response against antigens and immune surveillance [270]. A first phase I
dose escalation clinical trial has been recently opened (ClinicalTrials.
gov Identifier: NCT05241444) to establish safety and feasibility of
administering autologous CD4"LVFOXP3 in pediatric and young adults
with progressive history of IPEX disease. This clinical trial will allow to
determine the therapeutic dose (single or multiple dose administration)
and the in vivo persistence of expanded and transduced T cells. Viral
mediated gene addition is constrained by the evidence that ectopic
constitutive FOXP3 expression alters engraftment and T cell lineage
differentiation [271], thus indicating the need to preserve gene regu-
lation. To this purpose CRISPR/Cas9 gene correction strategy targeting
FOXP3 locus in the presence of the full length FOXP3 cDNA delivered by
AAV6 was tested in T cells and HSPCs from cord blood, showing lower
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expression and suppressive function than normal [272,273].
4. Challenges toward clinical application of gene editing

Current preclinical and short-term clinical data support feasibility,
efficacy, and safety of GE approaches for hematological diseases,
including IEIs. Yet, several challenges remain to be addressed, and thus
should be considered when moving GE toward clinical testing. These
aspects should not preclude its further development but rather be
instrumental for identifying technological and knowledge gaps and for
appropriate risk/benefit assessments on case-by-case bases.

GE generates heterogenous genetic outcomes, some of which may
bear genotoxic potential. Biochemical or biological specificity assays
and bioinformatic tools can efficiently predict and validate nuclease off-
target sites, based on their homology with the target sequence
[274-279]. Combining data from two or more specificity assays can
instruct the choice between different nucleases or gRNAs. The occur-
rence and the proportion of editing events at validated off-target sites
can be monitored in the cell product, in xenograft models and poten-
tially in patients to rule out aberrant expansion of clones bearing such
events. Other complex and potentially more catastrophic outcomes of
DNA repair have been reported upon editing, such as deletion of long
sequences flanking the target site, translocations, aneuploidy, partial
loss of chromosome arm and chromothripsis [280-285]. In the context
of gene correction approaches, integration of transcriptionally compe-
tent viral sequences from the HDR template may pose an additional
safety concern[286]. The development of novel technologies and pre-
clinical models informing on the genotoxic profile of a specific GE
strategy would be highly relevant. Similarly, GE strategies decreasing
the occurrence of unintended outcomes or purging out cells carrying
aberrant repair events are needed. Yet, biological and clinical signifi-
cance of unintended GE outcomes, either on- or off-target, likely de-
pends on several factors, including the genomic region neighboring the
target site, the patient’s genetic background and the disease patho-
physiology, and thus should be carefully weighed on case-by-case bases.

Optimization of programmable nucleases enables efficient DNA
cleavage at the target site, supporting high levels of NHEJ-mediated
gene disruption in both preclinical and clinical studies in human T
cells and HSPCs. Engagement of the HDR machinery is required to
achieve targeted integration of a therapeutic sequence but confined to
S/G2 cell-cycle phases [287]. Activated T cells are permissive to HDR
editing, reaching high proportion of cells carrying the desired modifi-
cation [84,257,288-290]. Conversely, long-term repopulating HSPCs
are much less proficient for HDR. Hence, substantial tailoring of editing
and culture conditions is required to reach therapeutically relevant
levels of gene correction in preclinical studies [291-293]. Current effi-
ciencies mostly fulfil the expected therapeutic threshold for diseases in
which engraftment of few functional HSPCs may suffice to rescue the
pathophysiological defect [18,83,128,218,229,257], usually because of
selective advantage of the edited progeny. The choice of HDR template
delivery platform (e.g., AAV, IDLV, ssODN), as well as the length of the
template itself, extensively influence the efficiency of targeted integra-
tion due to: i) different number of DNA copies reaching the nucleus at
the time of DNA repair; ii) variable kinetics of template availability,
dilution and disposal; iii) competence for different DNA repair path-
ways; iv) inherent toxicity of the delivery vehicle [286,294-296].
Strategies further enhancing HDR efficiency across different cell types,
regardless of the chosen delivery platform, comprise i) manipulation of
DNA repair pathways to disfavor NHEJ; ii) tethering HDR-enhancing
proteins or NHEJ-inhibiting ones to the nuclease; iii) cell-cycle syn-
chronization; iv) transient cell cycle progression and activation of the
HDR machinery [83,230,297-305]. This last approach currently ap-
pears the most effective in long-term repopulating HSPCs [303,304],
enabling up to 30% HDR editing in mobilized peripheral blood derived
HSPCs without compromising stem cell properties. Enrichment of edited
HSPCs by selector expression or in marker-free settings remains an
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option when aiming to high proportion of corrected cells [306,307]. Its
clinical implementation, however, is constrained by the complexity of
the procedure and the high number of cells needed at the beginning of
the process to compensate for the lower number of long-term engrafting
clones in the enriched fraction.

GE entails several components and procedures that may hamper cell
functionality and lead to cell death. Different cell types have their own
degree of tolerance for each step of the genetic manipulation process,
such as electroporation, induction of DNA breaks, and sensing of exog-
enous nucleic acids and viral vectors. These inputs may trigger cell re-
sponses that eventually cumulates and converge to common outcomes
[308]. Culture per se may alter cell properties and the addition of small
molecules and cytokines to the medium, co-culture with supportive cells
and 3D-culture systems promotes maintenance of the stem cell pheno-
type in T cells and HSPCs [77,302,309-313], while enabling activation,
proliferation and efficient genetic modification. Shortened ex vivo pro-
cesses would minimize manufacturing costs and, most importantly,
improves quality of the manufactured cell product. On a different
perspective, further development of culture systems able to expand by
symmetric self-renewal ex vivo engineered human HSPCs bearing
long-term repopulation potential would be highly valuable for specific
applications. Hematopoietic cells promptly recognize and are highly
susceptible to exogenous molecules, particularly those mimicking
pathogen-like structures, and DNA damage. Exogenous nucleic acids can
elicit potent intracellular responses that converge on the secretion of
cytokines and type I interferons (IFNs) and results in the induction of
inflammatory transcriptional programs [314,315]. Sensing of both
gRNAs and mRNAs encoding for the editing tool may promote activation
of such responses, leading to cell differentiation, exhaustion, and
apoptosis, ultimately impacting on editing efficiency and tolerability
[18,316,317]. mRNA engineering and purification bypass these issues,
while improving editing efficiency. Electroporation of Cas and gRNA as
ribonucleoprotein complex is currently the preferred option for ex vivo
transient expression of the nuclease because of the lower toxicity,
shorter half-life and thus reduced off-target activity [318]. Naldini’s
team has previously showed that human HSPCs are vulnerable to
nuclease-induced DNA DSBs [296,303]. Whereas even one or few breaks
suffice for p53-dependent DDR activation, the extent and duration of
this response correlate with the number of induced DNA DSBs. Thus,
depending on nuclease specificity, the consequences of p53 activation
can range from minor reduction of clonogenic potential up to the in-
duction of inflammatory programs, sharp decrease of cell viability and
nearly complete loss of stem cell properties [296]. Viral vectors, the
most common vehicles to deliver long DNA templates for HDR editing,
may also converge on p53 activation upon recognition of viral structures
and replication intermediates [286,294-296,303,319,320]. Triggering
of DDR by AAV dramatically shrinks size and clonality of hematopoietic
edited grafts [303]. HSPC clones overcoming the cumulative p53 in-
duction by DSB and AAV eventually recover and preserve physiologic
multilineage differentiation, self-renewal and clonal dynamics. Tran-
sient p53 inhibition during editing procedure supports more robust
polyclonality of the grafts without perturbing clonal behavior, and thus
improves efficiency of editing and alleviates the risk of oligoclonal
reconstitution. The use of alternative viral vectors (e.g., IDLV) [35,286]
or, prospectively, non-viral mediated delivery of naked DNA templates
[290] may improve tolerance to HDR editing.

Process development of GE ATMPs should consider the aforemen-
tioned pitfalls and elaborate complex studies and assays to carefully
scrutinize each parameter influencing safety and efficacy of the final
product. Furthermore, GE requires multiple components and complex
processes to be carried on under good-manufacturing practice (GMP)
and GMP-like conditions to ensure fulfilment of regulatory agency re-
quirements. The overall costs for research, process development and
clinical testing of GE ATMPs are extremely high and require unprece-
dented efforts in terms of economic resources and time [321]. While GE
processes may be similar among different IEIs, thus being an asset for
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potential investors, reagents and assays are mostly disease specific,
allowing only partial saving on costs. These observations are even more
relevant for gene correction approaches for rare and ultra-rare diseases.
In this case, return on investments of pharma companies is constrained,
among other factors, by the low number of treated patients and the
unaffordability of such exorbitant costs in low-/middle-income coun-
tries. Even in high-income countries, reimbursement of these therapies
by governments or direct payment by public or private entities is
necessary to allow patients’ access to these treatments. The recent
withdrawal from investments on gene therapy for IEIs and hemoglo-
binopathies by some pharma companies, particularly in Europe, high-
lights the challenge of providing access to these treatments [322], even
after approval by regulatory agencies. Preclusion to access to these
lifesaving cures raises significant ethical concerns and warns against
economic sustainability of future GE based therapies[323].

5. Future perspectives and conclusion

Viral mediated gene addition therapies have proven clinical benefit
for the treatment of several IEIs, achieving remarkable results in terms of
safety and overall survival. A recent meta-analysis shows that viral
mediated gene addition clinical studies for 5 different IEIs allowed to
treat 224 patients often lacking MSD, reaching > 94% overall survival
[158]. These results support the contention that viral mediated gene
addition fairly competes with HSCT, and possibly outperforms it, in
terms of both early-transplant mortality and 5-year survival. Follow-up
studies are needed to stringently validate this observation and perform
comparative risk/benefit assessment for HSCT and GT. The use of
latest-generation LV, shorter culture protocols, accurate design of the
therapeutic cassette and improved manufacturing of the cell product
guarantee higher quality, efficacy and safety of GT ATMPs. Long-term
studies monitoring vector integration sites in the genomic DNA of
circulating hematopoietic subpopulations remain instrumental to assess
clonal composition and HSPC activity in patients receiving GT [19,324,
325]. Dominant clonal expansion has been recently described even in LV
mediated GT, despite most likely being unrelated to vector integration
[52,326-328]. Yet, these findings highlight once more the importance of
implementing advanced vector engineering, careful evaluation of pro-
moter choice and investigation of risk factors predisposing to cancer
development upon GT.

Parallel to the tremendous advances of GT in treating various blood
diseases including IEIs, targeted GE represents the next frontier for the
cure of monogenic disorders. Despite the promise of a more precise gene
correction, major challenges for its safe application remain the poor
permissiveness of long-term repopulating HSPCs to HDR and the po-
tential cyto-/geno-toxic effects of GE. A joint effort at multiple levels
(research, clinic, pharmaceutical companies, regulatory agencies, gov-
ernments) should be done, however, to overcome the current challenges
by filling knowledge and technological gaps in the field and by
smoothing the path towards development, testing and commercializa-
tion. Novel GE tools (base and prime editing) are emerging as a platform
to correct small pathogenic variants. Yet, their application is currently
narrowed to diseases for which mutation-specific correction is sustain-
able for drug development, limiting their applicability to few IEIs[329].
Further development of these tools may allow targeted integration of
long-range therapeutic sequences minimizing DNA breaks [330-333],
with the goal of reducing genetic heterogeneity within the engineered
cell product and possibly decreasing toxicity. Novel conditioning regi-
mens targeting bone marrow niche and sparing non-hematopoietic or-
gans are now emerging in the clinical setting contributing to a safer use
of autologous HSCT (NCT02963064), eventually coupled with GT. To
this regard, a very innovative approach coupling transient expression of
engraftment effectors in donor HSPCs with bone marrow mobilization
has been recently tested in murine and xenograft models [334] paving
the way towards a novel nongenotoxic conditioning. The combination of
increased engraftment with low dose chemotherapy including
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immunodepleting agents will allow to further increase the strength of
GT. In the long run, in vivo vector mediated gene addition and GE of
long-term HSPCs, either in the bone marrow niche or in circulation
during mobilization, would possibly bypass most issues related to HSCT
and economic sustainability of these therapies, beyond broadening ac-
cess to these treatments in low-/middle-income countries. Yet, these
improvements will likely come at the cost of lower efficiency, substan-
tial bystander modification of non-hematopoietic cells, and potential
concerns related to off-target effects. Ultimately, advancement in the
manufacturing capacity as well as systemic revision of the current
regulation and cost-benefit models for the development and commer-
cialization of novel ATMPs are highly needed to ensure access of IEI
patients to these life-saving cures.
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