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Abstract

Background/Objectives: Sickle cells disease (SCD) and [B-thalassemia are autosomal recessive
disorders of erythroid cells due to gene mutations occurring at the level of the (3-globin gene. The
severe forms of these hemoglobinopathies observed in individuals homozygous for these defective
genes need intensive treatments, are associated with a poor quality of life and allogeneic
hematopoietic stem cell represents the only curative treatment option that can be offered only to a
limited proportion of patients. Methods: This work is a narrative review supported by a systematic
literature search and analysis. Results: To bypass this limitation, autologous hematopoietic stem cell
transplantation has been developed in these patients in which patients” HSCs are harvested and
genetically modified ex vivo, then transplanted back into patients after conditioning for stem cell
transplantation. There are two different approaches for gene therapy of hemoglobinopathies’, one
based on gene addition or gene silencing using lentiviruses as vectors and the other based on gene
editing strategies using CRISPR-Caspase 9 technology or base editing. Several gene therapy products
have been successfully evaluated in these patients achieving transfusion independence and
correction of hematological abnormalities durable in the time. Conclusions Several gene therapy
products have been approved for the treatment of SCD and {-thalassemic patients and offer a
potentially curative treatment for these patients.

Keywords: hemoglobin; gene therapy; sickle cell disease; beta thalassemia; stem cell transplantation;
gene editing

1. Introduction

Hemoglobin is a key functional protein of red blood cells (RBCs), constituted by a tetramer az(32
bound to a heme group; this protein plays a unique and fundamental role as O: transporter in the
body. The level of globin synthesis markedly increases during erythroid differentiation/maturation
and is finely controlled through the modulation of the transcriptional activity of a- and p-globin
genes. a- and (3-globin genes are organized in gene clusters located at the level of chromosomes 16
and 11, respectively.

The HBA (a-globin) locus contains an embryonic gene (é-globin) and two adult genes HBA1 (cu-
globin) and HBA2 (az-globin); the expression of these genes is controlled by distal enhancers that are
active in erythroid cells at various stages of development [1]. The HBB locus ((3-globin gene cluster)
is composed by 5 B-like globin genes [¢ (HBE), y2 (HBG2), y1 (HBG1), o (HBGD) and 3 (HBB)]. The
physical arrangement of these genes corresponds to their developmental expression: during the
embryonic life, the yolk sac primarily synthesizes embryonic hemoglobin (HBE, aze2); around the
second month of development, transcription of (3-like genes shifts to the y-globin genes (HBG1, oz2y12
and HBG2, azy22) and the main site of erythroid cell production becomes the liver; at later stages of
development, y-globin chain syn thesis is progressively replaced by (3-globin chain synthesis (HbF to
HbA hemoglobin switching) and this process is fully completed only after birth at 9-12 months of age
[1]. The activation of the expression of the various [3-globin-like genes is controlled by the upstream
locus control region (LCR), an enhancer element active at all stages of erythroid development. LCR
controls globin genes through physical interaction with the promoters of individual globin genes by
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looping out the intervening DNA; this looping is mediated by DNA-binding proteins and
transcription factors that bridge the LCR and promoters, bringing them in contact, despite their
consistent physical distance. These interactions between LCR and specific promoters play a key role
in activating gene transcription at a given developmental stage [1]. Thus, the LCR loops to the y-
globin genes in fetal erythroid and not to the (3-globin gene in adult erythroid cells, resulting in their
reciprocal expression. Enforced looping that generates contact between the LCR and the y-globin
gene promoters determines high levels of y-globin expression and reduced 3-globin expression [1].

Silencing of globin gene is controlled by the promoter regions of developmentally expressed
globin genes. An important example of these silencing mechanisms is given by the repression of the
HBG gene expression in adult erythroid cells mediated recruitment of repressor proteins to the HBG
promoters with BCL11A binding 115 bp upstream of the transcription start site [1].

BCL11A is a zinc-finger protein predominantly expressed in brain and in erythroid cells. The
BCL11A expression is transcriptionally controlled during development: in fetal erythroid cells,
BCL11A expression is inhibited by the repressor HIC2, whose expression is high in fetal cells but low
in adult adult erythroid cells [2]. The expression of BCL11A in erythroid cells is controlled by an
erythroid-specific enhancer located at position +58 in intron 2 of the BCL11A gene [3]. The +58
BCL11A intronic enhancer contains a binding site for GATA1, which is required to sustain erythroid-
specific expression of BCL11A [3].

In addition to BCL11A, another repressor, the LRF/ZBTB7A transcription factor inhibits y-globin
gene transcription in adult erythroid cells [4]. This factor binds to a specific binding element present
in the y-globin promoter at -197 [4]. The mutation -198T>C is responsible for a form of hereditary
persistence of fetal hemoglobin (HPFH), generating a binding site for the HbF activator KLFI.
BCL11A and ZBTB7A independently repress expression of HbF.

Mutations in the (3-globin gene cause two autosomal recessive diseases, sickle cell disease (SCD)
and -thalassemia. In SCD, a point mutation of the [3-globin gene which determines the substitution
of glutamic acid at position 6 with a valine residue results in the production of an abnormal
hemoglobin (HbS) that in its deoxygenated form had a tendency to polymerization; this
polymerization of HbS alters the architecture and flexibility of the sickle RBCs with increased
hemolysis and tendency of veno-occlusive events with consequent tissue damage. [5] 3-thalassemias
are characterized by reduced/absent (3-globin chain synthesis due to more than 400 different
mutations at the level of the B-globin gene cluster, including point mutations, minor deletions or
insertions, or gross deletions in either the [3-globin gene or in its flanking, noncoding regions. The
reduced/absent 3-globin chain synthesis results in a markedly decreased/absent synthesis of HbA,
with an excess of free a-globin chains that are unstable, precipitate, and induce oxidative damage
with alterations of the membrane of RBCs and consequent premature death (dyserythropoiesis). [6]
The only possible curative effect for both SCD and (3-thalassemia patients is represented by allogeneic
HSCT. Allo-HSCT allows for a one-time cure of SCD or (3-thalassemia; however, only a minority
(about 25%) of these patients could find a suitable donor due to immunoincompatibility, limiting
accessibility.
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Figure 1. A- Genomic organization of the 3-globin gene cluister on chromosome 11. The genes are physically
arranged in their order of expression during development, including e-globin (embryonic) Gy- and Ay-globins
(fetal) and & and -globins (adult). LCR corresponds to the locus control region (LCR), with its 5 hypersensitivity
sites. HS1 denotes the hypersensitivity site 1. B- Control of y-globin gene gene expression mediated by BCL11A.
Top panel: nucleotide sequence of the gene promoter of HBG1 and HBG2 genes: in these promoters, two BCL11A
TGACCA binding sites are present (a distal -118 to -113 and a proximal -91 to -86). Bottom panel: the distal site
actively binds BCL11A in adult erythroid cells and represses y-globin gene expression.

To bypass these limitations, autologous HSC gene therapy was developed, in which patients’
HSCs are harvested and genetically modified ex vivo, then transplanted back into patient after
conditioning with busulfan or other cytotoxic agents. Basically, there are two distinct approaches for
gene therapy of hemoglobinopathies: one approach is based on gene addition strategies based on
lentiviral vectors to add functional copies of the gene encoding -globin in defective HSCs or to
silence faulty genes such as BCL11A to induce HbF synthesis to replace or to counteract the defective
[-globin; the second approach is based on gene editing strategies involving the use of CRISPR-Cas9,
transcription activator-like effector protein nuclease and zinc finger nuclease techniques either for
directly repair the underlying genetic cause of disease or to induce HbF production by gene
disruption [7,8].

2. Gene Therapy Strategies

Basically, there are two main approaches for gene therapy for the treatment of hereditary
hemoglobinopathies. One approach is based on gene insertion, a procedure in which a therapeutic
globin gene is introduced in hematopoietic stem cells. In the approach, patients continue to express
the pathologic B-thalassemic or BS globin gene and the therapeutic gene inserted determines the
synthesis of a globin gene competing with the pathologic (3-gobin gene, inducing the generation of a
scenario similar to that observed in patients with {3-thalassemic trait or with the sickle cell trait.
Alternatively, the gene inserted in HSCs encodes the synthesis of a gene such as an RNA interfering
with the BCL11A gene, thus reactivating HbF synthesis that counteracts HbS or replaces defective
HbA synthesis in {3-thalassemic patients. The second approach is based on gene editing through
genetic procedures causing disruption of a HbF repressor or correction of the disease-causing
mutation.
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In the gene therapy approaches by gene insertion it is of fundamental importance to evaluate
the minimal percentage of the transgene that needs to be expressed In vivo in comparison with the
pathologic (-globin; furthermore, an additional important determinant is also the cellular
distribution of the therapeutic transgene at the level of RBCs. Considering the clinical experience with
hemoglobinopathy patients treated with hematopoietic stem cell transplantation, it was evaluated
that a minimal expression of 20% donor myeloid chimerism is required to reverse the sickle
phenotype; in {3-thalassemic patients a lower level around 15% seems to be necessary to correct
ineffective erythropoiesis and reverse the anemic condition [9].

It is important to note that the same principle can be applied to gene therapy studies aiming to
reactivate HbF synthesis, where a minimum level of HbF synthesis is required to efficiently correct
hematopoietic defects observed in SCD or in B-thalassemic patients.

All the procedures of treatment of SCD and {-thalassemic patients with ex vivo genetically
manipulated HSCs(HPCs are complex (Table 1). [10] The initial steps, preceding the transplantation
of engineered HSCs/HPCs, including initial evaluation with patient selection and preparation,
mobilization of HSCs/HPCs, isolation of HSCs/HPCs and ex vivo manufacturing requires
considerable scientific expertise and a GMP laboratory authorized for the manipulation and culture
of human HSCs for clinical use. Importantly, during the initial evaluation, patients are assessed for
the availability of a full sibling who would be HLA-matched; in this eventuality, allo-HSCT is
evaluated as a valuable therapeutic option [10]. The subsequent clinical steps of administration of
conditioning chemotherapy, transfusion of engineered autologous HSCs/HPCs and monitoring of
patients post-transplantation require at least 4-6 weeks of hospitalization in a specialized clinical unit
[10].

Table 1. Main steps required for gene therapy of SCD and p-thalassemic patients with ex vivo engineered

autologous HSCs/HPCs.3. Gene therapy studies based on gene addition using lentiviral vectors.

Initial evaluation: patient selection and preparation

HSC mobilization with G-CSF and Plexifor, apheresis and HSCs/HPCs collection

CD34+ HSC/HPC purification and genetic manipulation (lentiviral transfection or gene editor
electroporation)

Patient hospitalization and myeloablative conditioning

Infusion of engineered HSCs/HPCs; post-transplantation hospitalization and supportive care
Clinical support, monitoring and follow-up (including post-transplantation support, evaluation of
hematological outcomes of gene-modified hematopoiesis, evaluation of late effects)

This section analyzes the various clinical studies carried out in patients with
hemoglobinopathies and based on a gene addition strategy using lentiviral vectors.

3.1. Different Lentiviral Vectors Used in Clinical Trials for Hemoglobinopathies

Gene therapy approaches of gene addition were based on the use of lentiviral vectors. These
vectors offer the advantage of delivering high levels of transgene in populations of quiescent cells
such as hematopoietic stem cells and of conferring long-term, stable expression of the transduced
transgene.

The construction of lentiviral vectors is based on some elements required to ensure a consistent
level of safety and a high level of expression in erythroid cells. (Table 2) Concerning the safety, to
reduce the risk of inappropriate oncogene activation, current lentiviral vectors utilize self-
inactivating mechanisms of viral promoter present in the long-terminal repeats (LTR), acting upon
vector integration; these inactivation mechanisms limit the risk of inappropriate activation of nearby
genes. Particularly, lentiviruses are produced as replication-defective viral particles in which the
RNA genome contains a self-inactivating (SIN) 3'LTR, which upon reverse transcription into a linear,
double stranded DNA genes gives rise to an U3-deleted enhancer and promoter-less 5' LTR [11].
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Table 2. Main genetic components of lentiviral vectors used for gene therapy of 3-hemoglobinopathies.

Main genetic components of lentiviral vectors used for gene therapy of hemoglobinopathies
1) Therapeutic genes

e  WT-B-globin gene (Vebeglogene Autotemcel)
e  Modified (3-globin, 372 (Lovotibeglogene)
e  Modified -globin 4% ({3 chain mutant incorporating 3 aminoacidic changes T87Q, E22A
and G16D) (Lenti/G-BAS3-FB, GLOBE-AS3)
e Modified y-globin, yS16P (Aru-1801)
2) Regulatory sequences driving the transgene expression and ensuring high expression in
erythroid cells (LCR,
3) Mechanisms to improve safety (slf-inactivating viral long-term repeat)

4) Insulators

The induction of high expression in erythroid cells requires the presence of internal lineage-
specific promoters that drive the hyperexpression of the integrated vectors in erythroid cells; these
enhancers are present in the B-LCR and in the intron-2 and 3’ untranslated region of the (3-globin gene
[12]. The key elements in the -LCR are represented by five hypersensitive sites, named HS1 to 5. For
the construction of a genomically stable vector suitable for globin gene therapy the presence of DNA
sequences encompassing HS2, HS3 and HS4 of the LCR together with (3-globin gene proximal
regulatory elements provide therapeutic levels of 3-globin expression [13]. The presence of intron 2
of the 3-globin gene in the retroviral vector is fundamental because this region contains an essential
enhancer element [14].

Interestingly, through the study of a library of short sequences derived from developmentally
active elements in erythropoiesis, a clinically relevant enhancer was identified, replacing the
canonical LCR and ensuring therapeutic levels of 3-globin transgene expression in a 3-thalassemia
lentiviral vector [15].

A fundamental element of the lentiviral vector is represented by the transgene. Four different
vectors have been used in clinical trials for SCD and B-thalassemia. The choice of the transgene is
related to its function and its capacity to replace the pathologic 3-globin gene. Concerning the gene
therapy, there are multiple possible transgenes related to their capacity to efficiently counteract the
sickling effect of 3% in this context, y-globin chains possess a strong anti-sickling activity related to
their higher oxygen affinity and to structural properties related to the glutamine at position 87 of the
Y-globin chains. The analysis of the properties of y-chains in their interaction with (35 and with «a
chains allowed the development a 3 chain mutant incorporating 3 aminoacidic changes T87Q, E22A
and G16D, allowing the generation of mutated -chains with anti-sickling properties similar to those
of y-chains and with an affinity for a chains higher than that of WT 3-chains; these three mutations
incorporated into a 3-chain, allowed the generation of 345 globin, exhibiting enhanced anti-sickling
capacities [16,17]. The introduction of a G16D mutation in the y-globin allowed the generation of a
Y-globin chain with enhanced anti-sickling activity [18].

The four different vectors used in gene therapy trials were: (i) a vector expressing a WT -globin
gene (Vebeglogene Autotemcel); vector expressing a modified {3-globin, 3™7Q (Levotibiglogene); a
vector expressing [34%%; a vector expressing a modified y-globin, yG16P,

Some lentiviral vectors used for gene therapy of hemoglobinopathies contain insulator elements,
corresponding to DNA sequences that control the activity of enhancer elements present in these
vectors. Thus, Cabriolu and coworkers showed that HS1 and HS2 LCR elements present in the
lentiviral vectors can be activated in early hematopoietic cells, including HSCs; this activity may
result in inappropriate transcriptional activation of nearby genes [19]. The introduction of an
insulator element, such as Al insulator, reduced non-erythroid expression, while expression in
erythroid cells was unaffected; importantly, incorporation of the Al insulator in a therapeutic globin
vector was not detrimental to vector titer and hemoglobin production in globin vector-treated
thalassemic mice [19].
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The most relevant clinical trials of gene therapy involving the use of lentiviral vectors are

reported in Table 3

Table 3. Main gene therapy studies in beta-hemoglobinopathies.

Th linical f
. erapy and Clinica Disease Gene therapy approach Stafus and number o
trial-gov. No. patients
Lov-Cel (Blue Bird Bi
ov-Cel (Blue Bird Bio) Sickle Cell Lentiviral globin gene addition Approved (FDA 2023)
NCT 02140554 . . ; .
Disease (modified B-globin BT87Q) 55 patients

HGB-205 and HGB-206

Beti-Cel (Blue Bird Bio)
NCT 01745120

pe/pe, BB°

Lentiviral globin gene addition

Approved (EMA 2019,
FDA 2022)

HGB-204, HGB-205, HGB- thalassemia  (modified 3-globin $787Q) 40 patients

207, HGB-212

BC,H-BB694 (Bc?ston Sickle Cell Lentiviral BCL11A-shmiR Trial in progress
Children Hospital) Disease addition 10 patients

NCT 03282656

LVV GbGM Sickle Cell Lentiviral globin gene addition Trial in progress
NCT 02186418 Disease (modified y-globin y&!eP) 7 patients
Exa-Cel (CRISPR

Therapeuhc§Nertex Sickle Cell CRISPR-Cas9 editing of Approved (EMA 2023,
Pharmaceuticals) Disease BCL11A enhancer FDA 2023/2024)
NCT 03745287 44 patients
CLIMB SCD-121/131

Exa-Cel (CRISPR

Therapeuhc§/Vertex pe/B°, PB*/B° CRISPR-Cas9 editing of Approved
Pharmaceuticals) thalassemia = BCL11A enhancer 52 patients

NCT 03655678

CLIMB THAL-111

Reni-Cel (Editas Medicine)

NCT 05444894

B° /[30/ ﬁ+/ﬁ°like

Cas 12 editing of BCL11A
binding sited in y-globin

Trial in progress

EdiThal thalassemia promoter 7 patients
Reni-Cel (Editas Medicine) . Cas 12 editing of BCL11A .
le Cell Trial

NCT 04853576 Sickle Cell 1 ding sited in y-globin ralin progress

Disease 21 patients
Ruby promoter
BEAM_lOl, (Beam Sickle Cell Base editing of BCL11A bindingTrial in progress
Therapeutics) Disease site in -globin promoter 5 patients
NCT 05456880 ! 1€ Il -giobin promo patt
BRL-101 (BRL Medicine °/3°  @+/@°
Inc) ﬁ y [3+ . BB CRISPR Cas 9 editing of Trial in progress
NCT 04211480 fh [i‘ i BCL11A enhancer (15 patients)
NCT 04205435 arassemia

3.2. Lovo-Cel Therapy for Sickle Cell Disease

Lovotibeglogene (Lovo-Cel, BB111; Lenti-Globin for SCD) gene therapy is administered by
autologous stem cell transplantation with cells transduced with the BB05 lentiviral vector encoding
the modified (3-globin gene (B™7Q), resulting in the production of HbA™Q protein with anti-sickling
properties. The HbA™7Q protein was specifically designed to sterically inhibit HbS polymerization
and preclinical studies have shown the capacity of Lovo-Cel-mediated endogenous expression of
[3™87Q to inhibit HbS polymerization [20].

Interestingly, studies in an erythroid cell line expressing [3° showed that expression of 3752 in
these cells induces a significant reduction of (3% synthesis [21]. This observation suggests that (3787Q
exerts an anti-sickling effect through two different mechanisms, one related to a direct competition
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of BTQ with 3% and the other related to an inhibitory effect of B™Q on 3% synthesis through an
undefined mechanism [21].

The Lenti-Globin was evaluated in patients with SCD in the context of the clinical trial HB-205.
Initially one SCD patient was treated with Lenti-Globin BB305 resulting in persistent expression of
the transgene in vivo, with a level of 3™7Qcorresponding to about 50% of total hemoglobin, with no
recurrence of sickle crises [22]. An initial report of HGB-205 trial included 3 SCD patients: 2/3 patients
displayed a long-term clinical response and 1/3 displayed a reduced transfusional need [23]. After
the initial proof of the efficacy and safety of Lenti-Globin-based gene therapy of SCD patients, the
phase I/Il HGB-206 trial was started using Lenti-Globin BB305 in 50 adults and adolescent patients
with severe SCD. In the group A, seven patients were treated and achieved only a partial therapeutic
effect due to inappropriately low levels of HbA™7Q (0.46 g/dL) due to low copy number per cell
observed 6 months after gene therapy [24]. To bypass these limitations, the procedure of gene transfer
was improved and Plerixafor mobilization of HPC progenitors was used in patients to improve the
recovery of CD34* cells. Using this strategy, higher levels of VCN and of HbA™Q were obtained in
the group B of two patients [24]. Using these manufacturing modifications and optimized HPC
mobilization, in the phase C, 36 SCD patients were treated with a single autologous infusion of CD34*
cells transduced with Lenti-Globin leading to an increase in total hemoglobin levels from 8.5 g per
deciliter at baseline to 11g or more from 6 months through 36 months after infusion; HbA™Q mean
levels were 5.2 g/dL and contributed at least 40% of total hemoglobin and was distributed across over
a mean of 85+8% of RBC; VCN was 1.5 copy/cell [25]. All evaluable patients had resolution of severe
vaso-occlusive events and reduction of hemolysis [25]. It is important to note that in the HGB-206
trial the enrollment criteria included only SCD patients who had at least four vaso-occlusive events
in the 24 months before enrollment [25]. In 2020, the phase III clinical study HGB-210 involving the
enrollment of pediatric patients aged 12-18 years, was initiated. Recent reports provided updated
analyses of the clinical data observed in 36 SCD patients enrolled in the context of HGB-206 study
and 19 SCD patients enrolled in the context of HGB-210 study [26,27]. The results of this combined
analysis showed that HbA™7Qlevels remained stable during follow-up and were similar in adult and
pediatric patients, with a mean percentage of Hb™7Q of 49% (range 26%-63%). The large majority of
patients had complete resolution of the vascular occlusion episodes, including severe occlusion
episodes, in the two years following gene therapy [26,27]. The analysis of pharmacodynamic
parameters, such as transduction efficiency, the total Hb level, the HbA™7Q ]Jevels are sensitive and
early predictors of the clinical response of SCD patients to Lovo-Cel-based gene therapy [28].

Several studies have evaluated the socio-economic impact of Lovo-Cell gene therapy in SCD
patients. An analysis of cost effectiveness suggested remarkable improvements in survival quality of
life and other outcomes for Lovo-Cel compared to common care [29]. The costs associated with Lovo-
Cel were in part offset by predicted reductions in other heath system and societal costs [29].

Importantly, in December 2023 the FDA approved the use of Lovo-Cel for the treatment of SCD
patients who have a history of vaso-occlusive crises.

An ongoing follow-up study (LTF-307) will provide data on the long-term safety and efficacy of
Lovo-Cel therapy in SCD patients.

3.3. Gene Therapy of SCD Using Lenti/G-BAS3-FB Vector

In 2003, an anti-sickling (3-globin variant was developed by Townes laboratory. 34% involves
three [3-chain substitutions, including the T/Q change present in Lenti-Globin and the substitutions
of glutamic acid in codon 22 with alanine (E22A) and of glycine at codon 16 with aspartic acid (G16D).
A lentivirus encoding the 345 and containing also the FB insulator (Lenti/G-3AS3-FB) was shown to
be active in preclinical models to correct hematological parameters in a SCD mouse model and was
used for clinical studies [30]. A recent study reported the clinical results obtained in the first five
treated patients reporting a significant improvement in only two of these five SCD patients [31].
Given these non-optimal results the study was closed to future enrollment.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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A second study confirmed the results observed in this study. Thus, Sabrino and coworkers in a
phase I/II clinical study (NCT 03964472) evaluated the safety and the efficacy of gene therapy of SCD
by transplantation of autologous HSCs/HPCs transduced ex vivo with the DREPANOGLOBE
lentivirus vector expressing the 345 globin gene [30]. The study of the first four SCD patients treated
showed variable results from one patient to another, with only 50% of patients achieving correction
of the clinical phenotype with absence of severe vaso-occlusive events [30]. Single-cell transcriptomic
studies showed that reduced engraftment of DREPANIGLOBE-modified CD34" cells was associated
with an inflammatory signature [32].

3.4. Gene Therapy of SCD Using Lentiviral Vectors Encoding HbFG16P

A recent study reported the clinical results observed in SCD patients treated with gene addition
therapy based on autologous stem cells transduced with a vector expressing a modified y-globin gene
[33]. This gene therapy was based on the use of y-globin lentiviral vector, GbG, encoding human Ay
globin gene exons and {3-globin non-coding (untranslated regions, introns and promoter) to ensure
high expression of the vy-globin gene in adult erythroid cells [33]. This vector was modified
introducing a change at the 16th codon in y-globin exon 1 to change glycine (G) to aspartic acid (D),
generating a vector expressing y¢!6P globin [34]. Experimental studies in SCD mice supported a more
potent anti-sickling activity of HbFG!® compared to HbA™7Q [34] Autologous CD34+ cells from 7 SCD
patients with severe disease were transduced and at least 4x10¢ transduced CD34* cells were
reinfused to the patients [32]. Before infusion of autologous stem cells, the patients were submitted
to a reduced intensity conditioning regimen using a reduced-intensity dose of melphalan [34]. One
year after infusion, an average vector copy number of >0.01 copies per cell was observed. All seven
treated patients displayed sustained HbFG!Pexpression and >80% reduction in severe vaso-occlusive
events [34]. The use fo reduced-intensity conditioning instead of myeloablative busulfan decreased
the duration of thrombocytopenia and neutropenia and length of hospital stay [34]. The most
common adverse events were grade 4 thrombocytopenia and grade 4 neutropenia [34]. The results of
this trial need to be confirmed in a larger cohort of patients.

3.5. Lovo-Cel Gene Therapy for B-Thalassemia

Several studies have evaluated the safety and the efficacy of Lenti-Globin BB305 in patients with
transfusion-dependent (3-thalassemia. The HGB-204 and HGB-205 clinical trials evaluated the safety
and the efficacy of Lenti-Globin 3305 in 22 patients with transfusion-dependent {3-thalassemia:
autologous CD34* cells were transduced ex vivo with Lenti-Globin BB305 vector and reinfused to
patients after myeloablative busulfan conditioning [35]. Efficacy evaluation involved levels of total
Hb, of HbA™7Q, transfusion requirements and average vector copy number [35]. All but 1 of the 13 3-
thal patients with non-f3° genotype stopped to receive red cell transfusions; in 9 patients with $°/°
genotype or two copies of IVS1-110 mutation, the median transfusion request was decreased by 73%
and transfusions were discontinued in 3 patients [35]. Adverse events were those typically associated
with autologous SCT [35].

Given the good outcomes of this study, two phase III trials, HGB-207 (Northstar-2) and HGB-
212 (Northstar-3) studies were carried out to more carefully evaluate the safety and efficacy of Lenti-
Globin in transfusion-dependent -thalassemic patients [36]. In the HGB-207 study (-thal patients
with non-3°/B° genotype and in the HGB-212 study p-thal patients with °/p°, 3°/p1Vs1110 genotypes
were enrolled. In this study, a hypertransfusion regimen for at least two months prior HSC/HPC
mobilization to maintain Hb levels >11g/dL was adopted; furthermore, an optimized manufacturing
process with improved transduction efficiencies was developed, achieving a mean copy vector
number after 24 months of 1.99 copies/cell, compared to a VCN of 0.7 in the HGB-204 and 1.3 in the
HGB-205 study [36]. In the HGB-207 study, 20 out of 22 patients reached a condition of transfusion
independence with a median HbA™7Q level of 8.7 g/dL (ranging from 5.2 to 10.6 g/dL) at 12 months
post-infusion and an average total Hb level of 11.7 g/dL [36]. The HGB-212 study enrolled 18 {3-thal
patients (12 with 3°/3° genotype, 3 with 3°/3+V$1110 genotype and 3 with 3+1Vs1110/3+Vs1110 genotype);
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89% of these patients reached and maintained a condition of transfusion independence [37]. The two
patients who did not achieve transfusion independence had genotypes [3°/3° and {3Ivs110/BIvs-110 and
had significantly lower VCN (0.199 and 0.320, respectively) compared to those who achieved
transfusion independence [37]. Since these two patients received a cell product displaying an
adequate vector copy number, the low VCN observed 24 months after infusion suggests a reduced
in vivo engraftment of transduced cells. There were no serious adverse events directly related to gene
therapy and no deaths [37].

Gibson et al. reported post-approval, real-world experience in 9 3-thal patients with Beta-Cel
gene therapy [38]. All patients reached transfusion-independence. Patients experienced prolonged
platelet engraftment time and high platelet transfusion requirements, which were associated with
severe bleeding in patients with veno-occlusive disease or HLA Class I alloimmunization [38]. This
observation suggests the need for additional studies aiming to mitigate bleeding complications in
these patients. In a real-world setting in Germany, Betabeglogene gene therapy resulted to be safe
and effective in 8 transfusion-dependent non-f3°/3° thalassemic patients [39]. All these patients
reached and maintained transfusion independence. The safety profile was acceptable and most of
patients displayed pituitary-endocrine dysfunction; one patient developed a depression and anxiety
syndrome; one patient developed fatigue [39].

3.6. LV-GLOBE Gene-Therapy of B-Thalassemia

In a phase I/II clinical study (TIGET-BTHAL), a modified vector lacking HS4 LCR element (LV-
GLOBE) encoding modified 3-globin 3% was used for the transduction of autologous CD34+ cells
derived from 3 adults and 6 children with (3° or (3* thalassemia [40]. 3 out of 4 pediatric patients
discontinued RBC transfusions, while transfusion requirement was reduced in the adults [40].
Younger age and persistence of higher number in the repopulating stem cells were associated with
better outcome [40].

3.7. Modified LV Globin Gene Therapy for Pediatric °/8°

Li et al. have reported an interim analysis of a single-arm pilot trial evaluating a (-globin
expression-optimized and insulator-engineered lentivirus-modified autologous HSCs in °/(°
pediatric B-thalassemic patients [41]. This study was based on the construction of a vector (BD211)
containing the WT-{3-globin gene as transgene, various elements of the LCR, the enhancers of BCL11A
and glycophorin A promoter to ensure erythroid-specific expression of the HBB cDNA and a short
insulator derived from foamy viruses, which reduced the genotoxicity potential of the U3 region of
the LTR [42]. The distinctive properties of this vector consisted in: (i) an insulator design integrated
into the lentiviral vector to minimize the risk deriving from potential insertional mutagenesis; (ii) an
optimized -globin gene expression cassette engineered to achieve physiological hemoglobin levels
compared to those observed in healthy subjects [42]. Preclinical studies supported the safety and the
efficacy of BD211 CD34 cells in NCG-X mice (triple-immunodeficient mouse with a point mutation
in c-kit); particularly, these cells efficiently engrafted and differentiated into human erythroid cells
within the mouse bone marrow and blood [41].

A clinical study reported the efficacy of autologous BD211 CD34+autologous cells in two female
pediatric 3°/p° thal patients [42]. Engraftment of genetically modified HSCs and HPCs was successful
and sustained in both patients; both patients reached a condition of durable transfusion
independence; both patients showed a stable vector copy number of 2-4 copies per cell [42]. Single-
cell analysis showed vector inserts in 33-65% of cells and no dominant clones were observed.

3.8. Lentiviral BCL11A Short Hairpin mRNA

The Boston Children’s Hospital developed a gene therapy based on the lentiviral vector LVV
BCH-BB694 encoding a micro RNA-adapted short hairpin (shRNA™R) targeting BCL11A [43]. In
preclinical studies this vector efficiently transduced CD34* cells with a high gene marking and
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inducing HbF synthesis [40]. Thus, a phase I clinical study (NCT 03282656) evaluated the safety and
efficacy of HbF synthesis induction by lentiviral gene addition with a short hairpin RNA embedded
in a micro RNA (shmiR) against BCL11A driven by an erythroid-specific promoter [44]. A first report
on this study showed the results on the first six SCD patients enrolled, showing a significant gene
marking in whole blood (VCN 0.49-1.49) 6 months after infusion, with a significant and stable
induction of HbF synthesis (20-41%, median level 31%) [44]. Three severe adverse events were
reported, including influenza infection, leg pain and recurrent priapism [44]. No events of vascular
occlusion, acute chest syndrome or stroke after infusion were reported [41]. An updated analysis of
this study was extended to 10 SCD patients, showing that post-transcriptional gene knockdown of
BCL11A was safe, associated with stable HbF induction and significant mitigation of vascular
occlusive events: in 6 SCD patients with frequent vascular occlusive events before treatment, reported
between 0 and 1 events of vascular occlusion after gene therapy; in 3 SCD patients treated with
chronic transfusion regimens before treatment, transfusion independence was reached in 2/3 cases
[45]. A recent long-term follow-up of these 10 patients treated with LVV BCH-BB694 gene therapy
confirmed the results previously reported [46]. Among the 10 treated patients, the patient with the
lowest in vivo VCN had the lowest HbF post-infusion level of 14.1% that remained stable during the
whole follow-up; a robust Hb F induction was observed in the other 9 treated patients, ranging from
20% to 38.2% and F-cells ranging from 55% to 89% and HbF content/F-cell ranging from 9.4 pg to 13.6
pg [46]. The analysis of patient and parent-reported outcomes post-treatment with LVV-BCH-BB694
supported a significant improvement of quality of life related to the decrease of vascular occlusive
events and of transfusion rates [47].

A single-cell analysis on RBCs of SCD patients treated with LVV-BB694 gene therapy, compared
to RBCs derived from SCD patients treated with hydroxyurea showed in the first group of patients
fewer RBCs with high content of HbS that could be susceptible to sickling compared to the second
group of patients; conversely, RBCs from patients treated with LVV-BB694 are more resistant to
sickling at physiologic O: tension compared to those from SCD patients treated with hydroxyurea
[48].

Finally, whole-genome sequencing of individual HSCs/HPCs of six SCD patients undergoing
BCH-BB694 gene therapy was evaluated, showing that no clonal expansions of gene-modified or un
modified cells were observed; however, an increased frequency of potential driver mutations
associated with clonal hematopoiesis or with myeloid neoplasms (DNMT3A and EZH2 mutated
clones) was observed both in genetically modified and unmodified cells, thus suggesting a positive
selection of mutant clones during gene therapy [49].

4. Gene Editing Therapy of Hemoglobinopathies

Gene editing therapy in hemoglobinopathies is a recently developed technology to modify
genetic information in patients with hemoglobinopathies. This technology offers the advantage with
respect to gene addition studies using lentiviral vectors to enable gene modification without the need
of generating an expression lentiviral vector and of introducing exogenous DNA. Two different
versions of gene-editing were used for therapy of hemoglobinopathies: (i) gene editing for correction
of single nucleotide mutations such as SCD mutation at the level of 3-globin gene; (ii) gene editing of
aregulatory DNA sequence to induce HbF synthesis (SCD and p-thalassemia). Gene editing does not
require the use of lentiviral vectors and is based into the introduction in patient’s cells of engineered
nucleases for site-specific editing.

Gene editing techniques can be subdivided into two different groups: gene editing based on
double-strand break; gene editing without double-strand DNA break.

4.1. Gene Editing Based on Double-Strand Break

Several engineered nucleases for site-specific editing are available, including the
CRISPR/CRISPR-associated protein 9 (Cas9) system, zinc finger nucleases and transcription
activator-like effector nucleases. (Table 4) Among these various systems, the CRISPR/Cas9 system is
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the most frequently used in gene therapy studies for its high efficiency of gene he most primitive and
quiescent compartments of HSCs and HPCs editing.

Table 4. Different CRISPR-based genome editing strategies used for gene therapy studies of (-

hemoglobinopathies.
Gene editing strategy ” . o . L
. X Specifity Main advantage Main limitations Translational applications
Editing efficacy
Off-target effects, Disruption of regulators
. double-strand breaks  elements regulating HbF
Cost effectiveness, speed, . o ) .

CRISPR/Cas9 induced genotoxicity =~ synthesis (NHE] repair)

. Moderate efficiency, ease of use, flexibility . . . .
High » . . Active only in Correction of point
and versatility, multiplexing . ] . .
proliferating cells (HDR mutations (HDR repair)

repair) Approved for clinical use.

Efficiency in HDR repair, Disruption of regulators

Double-strand breaks

CRISPR/Cas12 multiplexing, fewer off-target elements regulating HbF
) High . induced genotoxicity, )
High effects, more precision in gene . synthesis
. possible off-target effects ~ L
targeting than CRISPR/Cas9 Clinical trials in progress
Efficient editing

Bystander effects, PAM Base-editing of regulatory
. No donor template needed, o ]
Base editing . . o dependency, limited elements in HBG1 and
. High versatile applications, no double- .

Very high . . conversion for some baseHBG2 gene promoters

strand breaks, precise correction of
. pairs Clinical trials in progress

single-base changes

Low efficiency

. . o (particularly for some
. . High versatility (base substitutions,
Prime editing . . . . NA sequences), some o .
Very high small insertions and deletions), . Pre-clinical studies
Moderate possible off-target effects
precision, reduced off-target effects . .
Difficult delivery for in

vivo studies

. L R Effect on gene
Efficient activation or inhibition of

CRISPR a/i Very high . expression insufficient ~Pre-clinical studies
specific genes .

for therapeutic purposes

The CRISPR/Cas9 is a two-component system based on the utilization of nucleases allowing the
generation of DNA double-strand breaks into specific DNA sequences of the genome; this system is
composed of a caspase 9 (Cas9) that is driven on a specific DNA target sequence by a single-guide
RNA (gRNA); the Cas9 recognizes this sequence and cleaves DNA. The cell attempts to repair double-
stand breaks by using two different repair mechanisms. Non-homologous end joining repair (NHE])
and homology-directed repair (HDR). NHE] creates insertions and deletions (indel) at the cut site
which can inactivate the gene by disrupting the coding sequence or can alternatively increase or
decrease gene expression by modifying the binding site of a transcriptional repressor or activator,
respectively. However, it is difficult to drive exactly the nature of the editing process in terms of
insertion or deletion and the extent of these deletions or insertion in terms of the number of
nucleotides inserted or deleted. Alternatively, the HDR system utilizes a donor DNA template
sequence which directs the host genome to repair the cut site, matching the template [50]. These two
repair processes differ not only in their mechanisms, but also in their occurrence in different cell cycle
phases: HDR-based editing is confined to the S/G2 cell cycle phases, thus limiting it to the most
primitive and quiescent compartment of HSCs/HPC, while NHE] editing system operates in
quiescent cells. (Table IV)

CRISPR/Cas 9 was used as a gene editing tool in clinical studies aiming to disrupt regulatory
elements, such as the erythroid enhance of BCL11A gene or the BCL11A-binding elements present in
the promoter of HBG1 and HBG2 genes or to correct the point mutation observed in SCD patients.
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4.2. Gene Editing Without Double-Strand DNA Break

Base editing and prime editing represent two strategies to modify DNA sequences without
inducing a double-strand break.

Base editing is a genome editing approach that uses components of the CRISPR systems
(catalytically inactive Cas9 nickase or dead Cas9) with other enzymes (deaminases) to directly install
point mutations into cellular DNA or RNA without making double-strand DNA breaks. Base editors
directly convert one base or base pair into another, enabling the efficient installation of point
mutations in non-dividing cells [51]. PAM (protospacer adjacent motif) is a short DNA sequence
required for CRISPR-Cas editing to occur mediating Cas enzyme binding, unwinding of DNA and
cutting of the target. PAM sequence is located immediately downstream of the target DNA sequence
recognized by the guide RNA.

A base editing system was developed to correct the SCD genetic defect using a PAM nickase
specifically recognizing the SCD mutation site, fused to a adenine deaminase [49]. Electroporation of
this base editing product in CD34 cells resulted in 80% conversion of the SCD mutation into the non-
pathogenic HbGMakessar yariant (36 Glu—Ala) [52]. Base edited CD34+ cells maintained their gene-
editing in their blood progeny (44% gene-edited cells 16 weeks after transplantation in mice) [52].
This gene editing significantly inhibited RBC sickling [52]. HbG-Makassar is a naturally occurring
variant that is clinically asymptomatic. Studies in transgenic mice model expressing homozygous
HbG-Makassar showed a normal RBC physiology and RBC physiology comparable to WT HbA;
RBCs HDbGS displayed a hematological phenotype intermediate between HbAS and HbSS,
supporting the use of base editing of HbS to HbG-Makassar in SCD patients [52]. Importantly, base-
edited CD34+ 3 cells converted to Makessar, displayed an efficient engraftment capacity in nonhuman
primates, rapidly regenerating all hematopoietic lineages [53].

Several studies have shown that base editing of DNA sequences involved in the control of HbF
synthesis represents an important strategy for potential therapeutic implications. Thus, the mutation
of the -175 y-globin nucleotide A to G determines a strong induction of HbF synthesis at levels higher
than those elicited by Cas9 strategies targeting a BCL11A motif in the y-globin promoter or a BCL11A
erythroid enhancer [54]. Comparison with strategies using Cas9 showed that disruption of the
BCL11A-binding motif at the HBG1/HBG2 promoters elicited sustained HbF synthesis in healthy and
[-thal patient HSCs/HPCs [55]. Importantly, base editing of the y-globin gene promoter induces
potent HbF synthesis without detectable off-target mutations in HSCs/HPCs [55].

The base editing may represent an efficient strategy to disrupt a DNA regulatory, with the aim
of blocking its function. In fact, a recent study by Fontana and coworkers provided evidence that
multiplex base editing represents an efficient strategy to disrupt the +58K and +55 enhancer of
BCL11A gene, resulting in a reactivation of HbF to levels exceeding those achieve with CRISP-Cas9-
induced editing, minimizing double-strand breaks and genomic rearrangements [56].

An alternative approach was proposed by Rajendiran and coworkers who have base-edited the
zinc finger domain (Znf4, ZnF5 and ZnF6) used by BCL11A to interact and repress the HBGI and
HBG2 promoters [54]. Base editing of ZnF4 and ZnF6 induced elevated HbF synthesis without
affecting normal hematopoiesis [57].

Base editing strategy was under evaluation in clinical studies assessing the efficacy of autologous
HSCs/HPCs base-edited at the level of HBG1 and HBG2 promoter sequences involved in repression
of HbF synthesis in adult erythroid cells.

Prime editing is a technology of gene editing allowing the direct writing of new genetic
information into a targeted DNA sequence. This technology uses a prime editing guide RNA (peg
RNA) capable of identifying the target site and providing the new genetic information to replace the
target DNA nucleotides and a fusion protein, formed by a catalytically impaired Cas9 endonuclease
fused to an engineered reverse transcriptase enzyme. Prime editing is capable of mediating targeted
insertions, deletions, and base-to-base conversions without the need for double strand breaks or
donor DNA templates [58]. The prime editing methodology was recently improved through the
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development of prime editors exhibiting a uniquely high level of editing precision and are highly
error prone [59].

Everette et al. showed that prime editing can correct the SCD allele 35 to WT 34 at frequencies of
14-41% in HSCs/HPCs derived from patients with SCD [60]. Several weeks after transplantation into
immunodeficient mice, prime-edited SCD maintained [3* levels and displayed engraftment rates and
lineage differentiation capacities comparable to those of WT HSCs [60].

Furthermore, a recent study provided evidence that multiple editing of y globin gene promoters
by prime editing in erythroid cells induced an enhanced capacity to reactivate HbF synthesis
compared to cells with individual mutations [61].

Fiumara and coworkers have compared base-editing and Cas9 in human HSCs/HPCs
concerning editing efficiency, cytotoxicity, transcriptomic changes and on-target and genome-wide
genotoxicity [62]. Base editing and prime editing induced detrimental transcriptional responses that
reduced editing efficiency and hematopoietic repopulation in xenotransplants and also generated
double-strand breaks and genotoxic products at lower frequency than Cas9 [62]. These findings
raised concerns about the genotoxicity potential of base editing and prime editing and suggested
careful additional evaluations in view of clinical applications [62]. Cas9-mediated double-strand
breaks induce large deletions at a frequency approximately 20-fold higher than base editing and
prime editing [63].

4.3. Specific Transcriptional and Epigenetic Modulation Using Dead Caspase 9 (dCas9)

The considerable progresses made in gene editing technologies have provided the rationale for
the development of a technology aiming to specifically and stably modulate gene expression though
epigenetic mechanisms, thus providing a tool for therapeutic interventions without altering the target
DNA sequence. This approach involves CRISPR activation (CRISPRa) and CRISPR interference
(CRISPRi) and requires the use of catalytically dead Cas9 (dCas9) fused to different transcriptional
effectors [64,65]. The CRISPRa systems were based on transcriptional activators, while CRISPRi
systems involve transcriptional repressors. The CRISPi represents a programmable and reversible
strategy of gene silencing; in this technique, specific single guide RNAs drive dCas9 at the level of
promoter regions or in proximity of start transcription sites inhibiting RNA polymerase binding, thus
blocking gene expression [66].

dCas9 may also be fused to epigenetic effectors to modulate gene expression by epigenetic
mechanisms. Interestingly, a recent study showed that modulation of methylation status of the
promoter of HBG by epigenome editing may represent a potential therapeutic for f-
hemoglobinopathies [[67].

4.4. CRISPR-Cas9 Editing of BCL11A Enhancer: Studies in f-Thalassemia

A pivotal study by Ye and coworkers showed that the CRISPR-Cas9 genome-editing technology
can be used to modify the -gene locus using NHE] repair to generate modifications suitable for
therapy of patients with SCD and p-thalassemia [68]. In 2019, Wu et al. showed that Cas9/sg RNA-
mediated cleavage within a GATA1 binding site at the +58 BCL11A enhancer results in disruption of
this motif, reduction of BCL11A expression, and induction of fetal y-globin [69]. Gene edition of
BCL11A erythroid enhancer appeared to represent an important strategy to induce therapeutically-
relevant high levels of HbF synthesis in SCD and 3-thalassemia [69].

A pilot clinical trial provided the first evidence in favor of the safety and efficacy of CRISPR/Cas9
gene editing of the BCL11A erythroid promoter in SCD and (-thalassemia patients. The report on the
first two patients enrolled in the CLIMB-THAL 111 and CLIMB-SCD 122 studies, one [3°/p* thal and
one (33/3°SCD patient, showed a rapid rise of HbF and Hb levels after infusion od autologous CD34*
cells gene-edited, a pancellular distribution of HbF at the level of RBCs and the permanence of gene-
edited cells in peripheral blood [70]. Both thalassemic and SCD patient become transfusion-
independent and in the patient with SCD no vaso-occlusive events occurred [70].
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The results observed in the phase IIl CLIMB-THAL 111 study were recently published; in this
study, 52 3°/B°, 3°/p+, B°/p°ke with transfusion-dependent disease received autologous CD34+ cells.
Gene-edited ith CRISPR-Cas9 at the level of BCL-11A erythroid enhancer (with the commercial name
of Exaglamblogene, Exa-Cel) [71]. 91% of these patients become transfusion-independent, with a
mean Hb level of 13.1 g/dL and mean HbF level of 11.9 g/dL, distributed in 94% of RBCs; only 9% of
patients did not reach transfusion-independence but decreased their transfusion rates [71]. Allelic
editing remained stable during the first 6 months after gene therapy. The safety profile of Exa-Cel-
treated patients was consistent with busulfan conditioning [71]. An updated analysis extended to 54
[-thal patients confirmed transfusion-independence in 94% of patients receiving Exa-Cel, with
sustained increases in HbF and total Hb for up to 5 years of follow-up [72]. An analysis of these
patients with a follow-up extended up to 6 years showed that Exa-Cel-based gene therapy not only
induced transfusion independence but also led to to a normalization of iron metabolism: in fact, after
Exa-Cel treatment, iron was successfully removed by iron-replating therapy [73]. This observation
further supports a curative effect of Exa-Cel in 3-thal patients [73].

A similar approach was used by Fu et al. who initially reported the results on two {3-thal 3°/3°
pediatric patients transfusion-dependent treated with autologous HSCs/HPCs BCL11A enhancer-
edited in the context of the phase I/II trial NCT 04211480 [74]. Both patients achieved transfusion-
independence and their Hb increased from 8.0 to 10.8 g/dL at screening to 15.0 and 14.0 g/dL, with
>85% editing persistence in bone marrow cells [74]. An updated report on this study displayed the
results observed in 10 3-thal patients (5 °/f3°, 4 $*/B°, 1 $*/p*) showing a sustained rise of HbF and F
cells, reaching values of 98-99% [75]. Adverse events were related to busulfan conditioning. A more
recent update to 15 -thal patients 8 $°/3°, 4 */3° 3 P*/p* confirmed and extended the results
observed in previous studies [76].

4.5. CRISPR-Cas9 Editing of BCL11A Enhancer: Studies in Sickle Cell Disease

Exa-Cel gene therapy was investigated also in SCD patients. The phase III CLIMB SCD-121
clinical trial explored the safety and the therapeutic efficacy of CD34* autologous cells gene-edited
using Exa-Cel in 44 transfusion-dependent SCD patients [77]. The large majority of treated patients
were free from hospitalizations for severe vaso-occlusive crises; only 6 events of severe vaso-
occlusive events were observed in patients whose increase in total Hb and HbF levels was similar to
that observed in patients without vaso-occlusive crises [77]. Total Hb levels increased from <9 g/dL
to 12.5 g/dL six months after the start of therapy, with 44.5% of HbF; all patients displayed a decrease
of hemolysis and became transfusion-independent. Adverse events were those expected for patients
receiving a conditioning with busulfan and autologous HSC transplantation [77]. An updated
analysis of the results of this trial with a more extended follow-up englobing 46 SCD patients showed
that elimination of vascular occlusive events was observed in 90% of patients receiving Exa-Cel, with
a marked increase of total Hb (>12 g/dL) and of HbF (>40%) [78]. In CLIMB SCD-121 and CLIMB-131
combined, 100% of patients were free of severe vascular occlusive crises for 212 consecutive months
and 100% were free from in patient hospitalization for severe occlusive crises [79]. These observations
support a curative effect in SCD patients undergoing Exa-Cel-based gene therapy [79].

The long-ter effects of Exa-Cel-based gene therapy observed in the CLIMB SCD-121 study are
under evaluation in the context of CLIMB 131 study. The analysis of quality of life of these patients
showed a remarkable improvement of quality of life both for adolescent and adult patients [80].

In the CLIMB THAL-141 and CLIMB SCD-151 stuides Exa-Cel was infused following busulfan
myeloablation to patients aged 2-11 years with a history of transfusion-dependent (3-thalassemia or
SCD with >2 severe occlusive events per year for 2 years before screening [81]. Efficacy and safety
data for the first 26 patients (13 SCD and 13 (3-thal) are consistent with the data observed in patients
aged >12 years, with clear signs of clinical benefit and with a safety profile consistent with busulfan
conditioning and autologous HSCT [81].
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4.6. Gene Editing of y-Globin Gene Promoters Using CRISPR-Cas9 Technology

The expression of human vy-globin genes is finely regulated during development by multiple
mechanisms. The expression of HBG1 and HBG?2 genes in human erythroid cells is almost completely
repressed through efficient transcriptional and post-transcriptional mechanisms [82]. Some gene
therapy studies aimed to reactivate HbF synthesis in adult erythroid cells by interfering with the
genetic mechanisms that mediate the transcriptional repression of HBGI and HBG2. In this context,
the two main targets are represented by the binding sites of the transcriptional repressors BCL11A
and LRF present in the promoter region of HBG1 and HBG2 genes. In a recent study, Wongbrisuth et
al. have comparatively evaluated the effect of the disruption of LRF or BCL11A binding sites of the
Y-globin gene promoter by CRISP/Cas9 gene editing in CD34* cells isolated from healthy or 3°/HbE
individuals: both disruptions similarly increased HbF synthesis, without affecting erythroid
differentiation and with minimal off-target effects [83].

Some studies used CRISPR-Cas9 to edit sequences of HBG1 and HBG2 genes involved in gene
repression. In this context, an initial study by Traxler and coworkers showed that the introduction of
a mutation in the -102 to -114 HBG1 promoter by CRISPR-Cas9 enabled the production of erythroid
cells with an increased HbF synthesis capacity [84]. Disruption of the HBG1/HBG2 gene promoter
motif that is bound by BCL11A using CRIOSPR/Cas9-mediated gene editing in CD34* cells resulted
in the generation of erythroid cells exhibiting a consistently increased HbF synthesis [85].

These studies have provided the preclinical basis for a clinical trial involving gene editing of
HBGI1 and HBG2 gene promoters using CRISPR-Cas9 technology. To this end, Sharm aet al. in a first
set of experiments have first defined the guide RNA for optimal targeting of HBG1 and HBG2
promoters; then, using gRNA 68 that was selected for clinical studies, have edited CD34* cells isolated
from SCD patients [80]. The editing product was defined as OTQ923. Three SCD patients were treated
with OTQ923 and displayed a significant increase of HbF levels, ranging from 19% to 25%; all three
patients had a significant improvement of their hematological levels but still displayed signs of mild
hemolysis; all the three treated patients had at least one episode of vaso-occlusive crises [80]. These
findings suggest that the levels of HbF synthesis observed after infusion of gen-edited autologous
HSCs/HPCs were not sufficient to inhibit HbS polymerization completely [86].

4.7. Base Editing of BCL11A Binding Site in y-Globin Gene Promoter

BEAM-101 is a gene therapy for hemoglobinopathies that uses adenine base editors to introduce
single base changes (A to G substitutions) in the vy-globin genes HBG1 and HBG2 in patients’
HSCs/HPCs ex vivo. These changes disrupt the binding of BCL11A repressor, increasing the
expression of fetal hemoglobin production. Preclinical studies showed that base editing potently
induced HbF synthesis (>60%) and proportionately reduced HbS (<40%). Two recent studies reported
the preliminary results observed in the first 6 SCD patients enrolled in the phase I/II clinical study
BEACON involving autologous stem cells gene-edited with BEAM-101 [87]. These results supported
the efficacy of this treatment in terms of increase of HbF levels and inhibition of vascular occlusive
events [87,88]. One patient died during treatment of respiratory insufficiency related to busulfan
conditioning [87,88].

Beam Therapeutics recently updated the results of BEACON study reporting the results on the
first 17 enrolled patients [89]. The presented data showed that all 17 patients achieved HbF levels
over 60% and HbS levels below 40%, with these effects lasting for up to 15 months; lack of vaso-
occlusive crises post-treatment was observed in all patients; markers of hemolysis normalized or
improved, and erythropoietin levels decreased, indicating better oxygen delivery; the safety profile
remained consistent with the expected results of busulfan conditioning [89]. A very recent update
extended to the first 26 patients confirmed the results reported in previous reports and showed that
in all treated patients a robust HbF synthesis was observed with total Hb levels reaching 15.6 g/dL
by 6 months after infusion of engineered HSCs; peripheral blood ceil editing was high, with >72% of
cells gene-edited 6 months after infusion of gene-edited HSCs [90]. It is important to note that the
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BEAM-101treatment process is associated with high editing efficiency and rapid neutrophil and
platelet engraftment, showing the potential to minimize hospitalization [90].

Wang and coworkers reported the development of a transformer base editor (tBE) system
involving a cleavable deoxycytidine inhibitor (dCI) that induces efficient editing with only
background levels of genome-wide and transcriptome-wide off-target mutations [91]. After being
produced, the tBE remains inactive at off-target sites with the fusion of a cleavable dCI, therefore
eliminating unintended mutations [91]. Correspondence Sequence Therapeutics (CST) used the tBE
for the editing of the y-globin HBG1 and HBG2 promoters (CS-101 product). Preclinical studies
showed that CS-101-mediated editing of HBG1 and HBG2 promoters inducing robust HbF synthesis,
without causing adverse events on the engraftment or differentiation of HSCs in mice after
transplantation [92]. The preliminary results obtained in the first 11 3-thal patients transplanted with
autologous HSCs gene-edited with CS-101 showed clinically significant increases in both total Hb
and HbF, prompt and durable engraftment and therapeutic benefits (transfusion independence)
[93,94]. The treatment elicited a rapid increase of HbF levels with pancellular distribution and stable
editing efficiency [93,94]. Very recently, Chen et al. reported at the ASH Meeting 2025 the results on
the first 14 (3-thalassemic patients treated with CS-101 showing transfusion-independence in 12/14
patients, with HbF levels above 12 g/dL from month 4 onwards; the allele base editing efficiency in
bone marrow and peripheral blood nucleated cells remained stable over time [95].

4.8. Cas12 Editing of BCL11A Binding Site in y-Globin Genes Promoter

Another study of gene editing of the HGB1 and HBG2 promoters utilized the CRSIPR-Cas12
technology. There are several remarkable differences between Cas-12 and Cas-9; the most remarkable
difference is that Cas-12a possesses a single nuclease domain and intrinsic RNA processing activity,
allowing multigene editing of RNA transcripts and results in stagged DNA end, promoting HDR
repair instead of NHE] [96]. The CRISPR-Casl2a system was used to edit the distal CCAAT-box
region of the HBG1 and HBG2 promoters, resulting in a high editing rate of these DNA sites,
associated with the induction of elevated HbF synthesis in the erythroid progeny (about 40%) [97].
Importantly, gene edited HSCs efficiently repopulate the hematopoietic system and no off-target
editing was observed [89]. Using this approach it was developed the EDIT-301 gene editing product.
Using this product, two ongoing clinical trials were initiated. The RUBY trial is evaluating the safety
and efficacy of EDIT-301 in adult and adolescent participants with severe SCD, while the EdiThal
trial evaluated the safety and efficacy of EDIT-301 in transfusion-dependent 3-thalassemia. The initial
results of the first 7 and 2 patients enrolled in the RUBY and EdiThal studies were reported [98].
Successful engraftment was observed in all patients: in SCD a rapid and sustained normalization of
Hb after 4 months after infusion was observed, associated with a marked increase of HbF synthesis,
associated with resolution of vaso-occlusive events and normalization of the markers of hemolysis;
in the two [-thalassemic patients rapid improvements of hematological parameters were observed,
associated with development of transfusion-independence [98]. The NCT 03663760 study will
evaluate the long-term safety and efficacy of EDIT-301 in SCD and (-thalassemia patients.

An updated report of the RUBY trial included the results on 21 SCD patients supporting the
efficacy of EDIT-301 (renamed as Reni-Cel): total Hb was 14.2+2 g/dL at month 6 and was maintained
up to last follow-up; mean percentage of HbF was 48.2% at month 6 and was maintained at >40%
through last follow-up; markers of hemolysis improved or normalized; all patients were vascular
event-free [99]. The safety profile was consistent with myeloablative conditioning with busulfan [99].
A very recent report updated the results the RUBY trial on 32 SCD patients, with 31/32 patients
reaching a condition of absence of of vascular occlusive events after Reni-Cel infusion and with all
patients reaching a normalization of Hb levels (13.8+1.8 g/dL), with >40% of HbF [100].

An updated analysis on 7 (3-thalassemic patients treated in the control of Edit-Thal trial was
recently reported [101]. In all treated patients, HbF concentration increased early and was 11.3+1.7
g/dL by month 6; the percentage of F cells was >99%; all 7 patients reached a transfusion-
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independence status [92]. A high level of gene editing (>75%) was observed in PB cells and in CD34*
cells [101]. The safety profile was consistent myeloablative conditioning with busulfan.

4.9. Gene Correction Studies Using CRISPR-Cas9 Gene Editing

Uchida et al. reported an efficient gene correction strategy for the SCD mutation in the 3-globin
gene with electroporation-mediated delivery of editing tools achieving therapeutic-level correction
at the DNA level (about 30%) and the protein level (about 80%) [102]. This virus-free gene correction
system, used to correct (3* mutation, utilizes SCD mutation-Targeting guide RNA, Cas9
mRNA/protein and donor ssDNA encoding the normal B-globin sequence [102]. The gene-edited
CD34+cells with correction to normal -globin gene sequence were engraftable in mouse and primate
models [102].

The Cedar phase I/II clinical study evaluated the efficacy of autologous HSCs with correction of
a single nucleotide mutation (GPH 101) to convert HbS to HbA for treating severe SCD [103]. Thus,
GPH 101 is an investigational, autologous, HSC drug product designed to correct the SCD mutation
in the -globin gene ex vivo using a high-fidelity Cas9 paired with AAV6 (adenovirus-associated
virus type 6), efficiently harnessing the natural HDR repair pathway [103]. In preclinical studies, {3-
globin gene in SCD donor HSCs resulted in 260% gene-corrected alleles in vitro with minimal off-
target effects [103].

In the phase I/Il Cedar trial for HSC gene-correction therapy in SCD with GPH 101, poor
engraftment of HDR-edited CD34+ cells was observed. In the first treated patients, 2.3% editing in
BM cells was detected 26 weeks post-gene therapy; however, blood cell recovery was delayed since
platelet and RBC transfusions were required until 26 weeks and 38 weeks post-gene therapy,
respectively [104]. This finding implies the absolute need of an improvement in the engraftment
capacity of HDR-edited CD34 cells for HSC gene-correction therapy for SCD. Clinically, the patient
showed improvement in the quality of life with absent vascular occlusive events [104].

The reduced engraftment capacity of HDR-edited HSCs was supported by an experimental
study in rhesus macaques [105]. Thus, Lee et al. have coinfused HSCs transduced with a barcoded
GFP-expressing lentiviral vector and HDR-edited at the CD33 locus. CRISPR/HDR-edited cells
showed a two-log decrease by 2 months following transplantation in comparison to minimal loss of
lentivirus-transduced cells long term [105]. Furthermore, HDR long-term clonality was oligoclonal in
contrast to highly polyclonal lentivirus-transduced HSCs [105]. These observations suggest marked
differences in the impact of genetic modification approaches on HSCs.

4.10. Zinc Finger Nuclease-Mediated Gene Editing of BCL11A Erythroid Enhancer in HSCs

BIVV003 is a gene-edited autologous cell therapy in which HScs are genetically modified with
mRNA encoding zinc finger nuclease (ZNF) that target and disrupt a specific regulatory GATAA
motif present in the BCL11A erythroid-specific enhancer [106]. Zinc finger proteins combined with
the nuclease domain of the restriction endonuclease Fokl create double-strand breaks at precisely
defined genomic locations. Repair of the double strand breaks via NHE] or MME] results in target
sequence disruption [106]. ZNF-mediated gene editing of the BCL11A erythroid-specific enhancer
markedly reactivates HbF synthesis in erythroid cells without affecting in vivo engraftment of gene-
edited HSCs [106]. Preliminary results obtained in the context of the PRECIZN-1 phase I-II study in
7 SCD patients showed that BIVV003 was well-tolerated and elicited an increased total Hb and HbF
levels, associated with absent vaso-occlusive events [106].

5. Gene Therapy of B-Hemoglobinopathies Through In Vivo Gene Editing

As above discussed, the various approaches used for ex vivo gene therapy are very complex and
expensive. The in vivo gene editing and gene therapy through intravenous or intraosseous delivery
of gene therapy vectors could considerably simplify the manufacturing process, to overcome the
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numerous challenges associated with manufacturing of gene therapy products required for ex vivo
HSCs/HPCs engineering and to reduce the costs of the whole procedure.

Various preclinical studies have supported the therapeutic efficacy of in vivo gene editing. Li et
al. reported a gene therapy approach for SCD based on gene editing of the 3° globin gene in HSCs in
vivo by infusion of a prime editing vector in mouse bone marrow [98]. Using this approach, Le et al.
reported the achievement of therapeutic levels of 3-globin gene correction in mouse HSCs in vivo
using a prime editing vector administered intravenously in mice [98]. In this study, prime vector was
represented by an adenoviral vector with high affinity for CD46, a membrane receptor expressed on
HSCs [107]. The prime vector was infused into mice with HSCs/HPCs mobilized using G-
CSF/Plerixafor. With a single infusion of adenovirus carrying prime editors about 40% of 3 alleles
were corrected and replaced by 3-WT [98]. Importantly, this level of gene correction was maintained
in secondary transplants, thus supporting the efficacious gene editing of repopulating HSCs [107].
The procedure of in vivo gene editing using this delivery machinery may be simplified replacing G-
CSF as mobilizing agent with WU-106, an inhibitor of integrin o431, obtaining a rapid and efficient
mobilization of HSCs [108].

A similar approach using an adenoviral vector expressing all-in-one adenine base editor to
convert the mutation into the benign HbGMakessar variant was used for efficient ex vivo and in vivo
correction of SCD mutation [109]. The in vivo treated animals demonstrated correction of disease
features without significant side effects [109].

Other studies have adopted lipid nanoparticles as in vivo delivery system alternative to viruses
to vehiculate gene-editing machinery. Thus, Breda et al. have developed a CD117/LNP-messenger
RNA, a lipid nanoparticle (LPN) that encapsulates mRNA and is targeted to stem cell receptor
(CD117) on HSCs [101]. Delivery of the anti-human CD117/LNP-based editing system elicited a
nearly complete correction of SCD mutation in hematopoietic cells [110]. Using the same anti-
CD117/LNP delivery system, ex vivo delivery of adenine base editors to SCD HSCs/HPCs resulted
in an efficient (88%) conversion to HbGMakassar with up to 91.7% increase in HBGMakassar protein and a
nearly complete absence of sickled RBCs in mature erythroid elements [110].

Lian et al. have explored several bone marrow-homing nanoparticles and showed that they
deliver mRNA to a broad group of hematopoietic cell types, including HSCs and HPCs [102]. Using
these LPR-nanoparticles, CRISPR/Bas9 and base editing was achieved in a mouse model expressing
human sickle cell disease phenotypes for potential HbF reactivation and conversion from sickle to
non-sickle alleles [111].

Xu and coworkers reported the development of an efficient LPN-based delivery system for in
vivo gene editing of BCL11A enhancer and of HBG promoter [112]. This system uses antibody-free
targeted nanoparticles (LPNs) for mRNA delivery to HSCs in vivo, allowing efficient base editing of
the HBG1 and HBG2 promoters in human HSCs [112]. The system uses ABE8e, an adenine base editor
with an active efficient adenine conversion and showed high efficient on-target adenine base edits at
the level of regulatory regions of BCL11A and HBG genes [113]. Delivery of ABE8e/sg RNA with
optimized LPNs (containing lipid-168 possessing enhanced delivery efficiency in vivo) achieved
efficient in vivo base editing of the HBG1 and HBG2 promoters in {-thal HSCs engrafted into
immunodeficient mice, showing restored globin chain balance in erythroid cells [113].

Milani et al. recently reported an interesting observation related to the high trafficking of
HSCs/HPCs observed in newborn mice as well as in humans after birth, thus showing an ontogenic
window suitable for in vivo gene therapy studies [114]. The system of in vivo gene editing of HSCs
is optimized also through the use of lentiviruses engineered for in vivo administration and tissue
targeted expression [115]. Using this system, it was reported the efficient in vivo gene transfer into
long-term HSCs in newborn mice [114]. The efficacy of this in vivo strategy of HSC gene therapy was
tested in the context of mouse models of various hereditary HSC defects [114].

Other studies showed the highly efficient transduction in vivo of HSCs using adenovirus-
associated virus serotype 6 (AAV6) vectors as in vivo delivery system [116]. In situ gene editing of
HSCs can be achieved via AAV6-delivered CRISPR guide RNA [117]. The efficacy of this in vivo gene
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editing system was shown in a SCD mouse model treated with AAV6 delivering a Cas9 editing
system enabling induction of therapeutic levels of HbF [117].

A recent study explored the use of extracellular vesicles (EVs, membrane limited particles
secreted by the cells) as a delivery system for in vivo gene therapy [118]. Bhoorasingh et al. have used
EVs engineered by loading Cas9 RNP complexes and by expressing kit ligand for efficient targeting
of HSCs [118]. These EVs have an efficient targeting of c-kit expressing cells and may vehiculate
CRISPR-Cas9 RNP complexes to HSCs/HPCs and may be suitable for in vivo gene therapy of SCD
[118].

Other studies used a new technology of gene editing developed by Tessera Therapeutics, based
on RNA gene writers that use an RNA template and a protein to make chenges to DNA without
making double strand breaks. This system involves an RNA template and an RNA encoding for the
writer protein packaged into LNPs for delivery into cells; into the cells, the mRNA is translated into
the writer protein which then binds to the RNA template. This complex travels to the genome, nicks
one strand of the DNA and uses the RNA template to write new DNA into the genome [119]. Using
LPR-nanoparticles targeting HSCs and vehiculating RNA Gene Writers designed to make the wild-
type correction or the HBMakessar correction of (3% it was shown an efficient in vivo editing of HbS to
HDbA or to HbMakessar (in primate models, an in vivo editing efficiency of 20-24% was observed) [120].

In conclusion, in vivo delivery of gene therapy through viral vectors or nanoparticles offers some
consistent advantages compared to ex vivo gene therapy consisting in the opportunity to avoid all
the complex ex vivo procedures required for the collection and isolation of HSCs/HPCs, their ex vivo
culture and genetic engineering and infusion to patients, thus simplifying the clinical gene therapy
protocol. Furthermore, in vivo gene therapy approaches offer the opportunity to broaden access of
patients to this therapy. However, the introduction of in vivo delivery of gene editing agents has to
face many challenges, such as achieving therapeutically efficient amounts of editing agents to the
target cells; avoiding base-editing at the level of nontarget cells and tissues; reducing the
immunogenicity of the vector (particularly for adenovirus-based vectors) [121].

6. Affordability of Gene Therapies for Hemoglobinopathies

The approval of Exa-Cel, Beta-Cel and Lov-Cel as a potentially curative agent for SCD and [3-
thalassemia represented a milestone in the field and one of the most remarkable successes of modern
medicine. However, these treatments based on ex vivo gene therapy are resource-intensive and not
suited for the treatment of large number of patients. Various factors represent major challenges to the
diffusion of these therapies. First, among them, the high cost of these therapies, estimated to amount
2.2 § per patients for Exa-Cel and 3.1 $ million for Lov-Cel. A second limiting factor is that these
treatments are feasible only in highly specialized medical centers and skilled personnel and
substantial infrastructures are required during the whole treatment. The obvious consequence is that
market-driven pricing and the need of adequate health care infrastructures required for delivering
these therapies, will completely limit gene therapy treatments in the developing world.

These considerations have animated a consistent debate to critically evaluate affordability and
accessibility of gene therapy of hemoglobinopathies. In this context, an important element of
discussion is the comparison of transplantation based-studies and gene therapy studies in terms of
costs and patients’ eligibility.

Allogeneic hematopoietic cell transplantation (allo-HSCT) is a curative therapy in SCD but, until
recently, it was constrained by limited donor availability, by the risk of graft versus host disease
(GVHD), graft rejection and death [122]. However, recent important advances have considerably
mitigated these barriers. In fact, recent studies showed that haploidentical bone marrow transplant
in SCD patients after non-myeloablative conditioning regimens was associated with a high rate of
engraftment (88% to 95%), 2-year overall survival ranging from 94% to 95%, acute GVHD ranging
from 4% to 10%, chronic GVHD ranging from 10% to 22% and a transplantation-related death rate of
5%-7% [123,124]. The use of allo-HSCT in B-thalassemia is more consolidated and retrospective
analysis of long-term survival and of late effects showed a non-relapse mortality of about 10% (mostly
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observed during the first year after allo-HSCT) and an overall survival of 81.4% after 39 years and a
cumulative incidence of secondary solid cancers of 16.4% [125,126]. The incidence of secondary solid
cancers was four-fold to six-fold higher than for hematopoietic cell donors and patients non-
transplanted [125,126].

At the moment, several considerations related to the cost (the cost of allo-HSCT is about five-
six-fold lower than the cost of approved gene therapies of hemoglobinopathies) and to the long-term
effects (that are well known for allo-HSCT, but only in part established for gene therapy treatments)
favor allo-HSCT over gene therapy treatments [122].

These recommendations are important for an optimal selection of patients with
hemoglobinopathies for gene therapy studies. A decision-making algorithm was developed by a
group of experts in hemoglobinopathies and/or transplantation of the EHA and EBMT who discussed
the selection of SCD patients for gene therapy/editing studies [127]. The team of experts has presented
a document proposing to select the access of gene therapy to SCD patients in good clinical condition
with no HLA-matched donor available, without irreversible severe organ impairment and able to
tolerate myeloablative conditioning, since these patients are likely to obtain most benefit with the
lowest risk [127]. This approach is fully justified by both the limited clinical experience so far
accumulated during clinical studies and the limited availability of gene therapy [127].

There is no demonstration of feasibility or safety of HSC-based gene therapy after failed allo-
HSCT. Therefore, the decision whether to pursue an autologous gene therapy after previous
unsuccessful allo-HSCT may need to be made on a case-by-case basis [128].

Given the high cost and the elevated technological and infrastructural requirement, it is not
surprising that multiple barriers compound challenges in gene therapy access, exacerbating existing
health iniquities. These include the existence of some major barriers at financial, geographic and
sociocultural levels, all of which will contribute to determine who receives these therapies first or not
all [129]. Kelkar et al. considering all these factors have proposed eligibility criteria for SCD and f3-
thalassemia patients for gene therapy treatments. These criteria are broader than eligibility criteria of
clinical trials but narrower than FDA approval criteria. Thus, fear prioritization criteria are proposed
for SCD and transfusion-dependent [3-thalassemia patients for gene therapy studies: i) proportional
equality: patients are prioritized in a 3:1 of SCD to B-thalassemia; ii) modified sickest first: patients
with impeding organ failure; iii) lack of alternative therapy: patients without a matched donor for
allo-HSCT; iv) lottery: random sequencing of multiple patients within the same priority category
[129].

7. Conclusions

Three approaches have been adopted for gene therapy of 3-hemoglobinopathies: (i) lentiviral
vector-based approaches supporting a gene addition strategy using integrating lentiviruses to
introduce ex vivo into patient’s HSCs a copy of a 3-globin coding sequence together with the DNA
machinery required to support its high expression in erythroid cells; (ii) nuclease-based approaches
supporting a gene editing strategy aiming to directly target the [3-globin gene regulatory elements
and consequently to reactivate HbF synthesis at therapeutic levels; (iii) base-editing approaches
allowing the insertion of point mutations at level of a specific sequence in a locus, without the need
for double-strand breaks and for an exogenous DNA template. Currently, three products of clinical
HSC-based gene therapy for (-hemoglobinopathies have been approved by federal regulatory
agencies. Thus, Betibeglogene autotemcel (with the commercial name of ZYNTEGLB), based on 34-
T87Q globin gene addition via lentivirus was approved by EMA in 2019 and by FDA in 2022 for
transfusion-dependent p-thalassemia; Lovotibeglogene autotemcel (with the commercial name of
LYFGENIA), based on $2-T87Q globin gene addition via lentivirus was approved by FDA in 2023 for
SCD; Exagamglogene autotemcel, based on CRISPR-Cas9 gene editing of BCL11A enhancer via
electroporation (with the commercial name of CASGEVY) was approved by EMA in 2023 and FDA
in 2023/2024 for both SCD and therapy-dependent (-thalassemia [130]. The three gene therapy
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products approved for SCD and [3-thal treatment support a possible curative effect and represent
some of the most remarkable successes of modern medicine.

Although these treatments may offer a curative approach for the treatment of SCD and f3-
thalassemia, face numerous challenges due to their high costs, the complexity of manufacturing the
therapeutic agents and some safety concerns.

Concerning the safety concerns it has to be emphasized that the safety profile of lentivirus and
genome editing based therapies is consistent with myeloablative conditioning and autologous HSCT.
In this context, myeloablative conditioning represents an important limitation of current gene
therapies since it can result in both severe acute and chronic toxicities. Several gene therapies studies
of B-hemoglobinopathies have suggested that myeloablative conditioning is required to maximize
engraftment of genetically-engineered CD34 cells. In the three approved gene therapy studies, fully
myeloablative conditioning with busulfan was used. In the study HGB-206 of lentiviral-mediated
[3T87Q-globin transduction, the first seven patients received a busulfan conditioning regimen with a
busulfan exposure target area under the curve (AUC) 65-74 mg*h/L and a cell dose of > 1.5x10¢ CD34*
cells/kg; a durable expression of the transgene was observed but suboptimal HBAT7Q concentration
of 0.51 to 1,17 g/dL were observed, requiring an adjustment of busulfan conditioning, with increased
target AUC to 82 mg*h/L in group B and C [36]. In the HGB-204, -205, -207 and -212 trials, transfusion
dependent (3-thalassemia patients received a myeloablative conditioning with a busulfan dose of
HGB-207 and -212 with a busulfan AUC of 59-82 mg*h/L [36]. In the studies of Examglogene-based
gene therapy of SCD and {-thal patients a myeloablative busulfan-base regimen was used with a
busulfan AUC dose of AUC of 74-90 mg*h/L [71,76]. Also, other studies of gene editing of HBG1 and
HBG2 promoters have incorporated myeloablative busulfan conditioning into their designs [83].

In the TIGET-Bthal trial a reduced toxicity myeloablative regimen with treosulfan and thiotepa
was used and transfusion independence was reached only in a part of treated patients [40].
Furthermore, in a small phase I trial carried out with a lentiglobin vector (TNS9.3.55) the patients
received a reduced-intensity busulfan conditioning regimen; low but stable hematopoietic gene
marking was observed and patients not reached transfusion independence [131] Non-myeloablative
conditioning regimens may significantly reduce the risk of these acute and chronic toxicities, may
allow a wider patient eligibility and may lower resource use reducing the need for extensive hospital
care. In this context, reduced-intensity conditioning was adopted in few gene therapy studies of -
hemoglobinopathies, supporting that non-myeloablative conditioning can achieve durable stem cell
engraftment [34]. The study of Grimley et al. showed that the use of reduced-intensity melphalan
conditioning instead of myeloablative busulfan in 7 SCD patients undergoing autologous stem cell
transplantation with CD34 cells transduced with a lentivirus vector inducing enforced expression of
v-globin G16D, decreased the duration of thrombocytopenia and neutropenia and accelerated
neutrophil and platelet engraftment and reduced the time of hospitalization after transplantation
compared to what observed in the studies with currently approved gene therapy products [32]. In
this study, after the treatment of the first two patients, an improved strategy of HSCs/HPCs
mobilization and collection was adopted with multiple collections; furthermore, melphalan dose was
adjusted according to glomerular filtration [34]. The success of reduced-intensity conditioning in this
study is seemingly related to a more potent anti-sickling efficacy of y1¢> than 3787Q since patients with
[r87Q levels in the HGB-206 study similar to those observed for y¢'¢Pin the study of Grimley et al. had
suboptimal clinical benefit [24]. Although the results are encouraging, observations on large number
of patients and on different gene therapy vectors are required to assess the effect of reduced-intensity
conditioning compared to myeloablative conditioning.

Another important issue of safety is related to the risk of secondary hematological malignancies
that is complex in its multifactorial origin, not related only to the risk of insertional mutagenesis. The
risk of insertional mutagenesis was related to the studies involving the use of integrating lentiviral
vectors. Third-generation lentiviral-based vectors, as well as those used in Beta-Cel and Lov-Cel
therapies, have been engineered to be replication incompetent and self-inactivating, thus reducing
their risk of insertional mutagenesis. No events of insertional oncogenesis have been observed in 3-
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thal patients treated with Beta-Cel; however, two SCD patients who received Lov-Cel developed
AML at 3 and 5.5 years after infusion: both patients did not show insertional oncogenesis; in one
patient, leukemic cells contained the BB305 lentiviral vector [132,133]. The emergence of myeloid
malignancy in gene therapy recipients with SCD is likely related to regeneration stress induced by
the gene therapy procedure, triggering rapid proliferation of clones with driver mutations. These
clones are related to clonal hematopoiesis, characterized by the presence of somatic mutations in the
peripheral blood with a variant allele frequency >2% in genes associated with hematologic
malignancies. Both patients with SCD [134,135] and [-thalassemia [136] display a significantly
increased rate of clonal hematopoiesis compared to age-matched healthy individuals. Clonal
hematopoiesis is increasingly recognized in SCD patients at younger ages than in the general
population, potentially due to chronic inflammation, erythropoietic stress and exposure to cytotoxic
therapies [137,138]. Particularly patients with CH-related mutations TP53 and PPM1D may have an
increased risk to develop leukemia post-transplantation [137,138].

An elevated mutation rate observed in some patients with SCD and some pressure on H5Cs
containing pre-existing driver mutations represent mechanisms that could increase leukemia risk in
patients undergoing gene therapy for SCD and p-thalassemia [46]. A non-myeloablative conditioning
regimen offers also the advantage of reducing the risk of positive selection of pre-existing clonal
hematopoiesis-associated driver mutations.

Another limiting factor emerging from gene therapy studies is that a fully curative effect is not
frequently observed in patients most severely affected by P-thalassemia. This suggests that the
efficacy of gene therapy treatments could be obtained by achieving higher levels of therapeutic Hb
levels. In this context, recent studies have provided evidence that gene editing of both the BCL11A
+58 and +55 enhancers elicited a more efficacious stimulation of HbF synthesis than a single gene
editing [53,125,126]. In this setting of double editing strategies, several strategies reduced the risk of
genome aberrations caused by CRISPR-Cas9-mediated double strand breaks, such as the use of base-
editing and not CRISPR-Cas9 editing, the omission of ex vivo culture of gene-edited HSCs/HPCs
avoiding the deleterious effects of cellular proliferation stimulated by ex vivo culture [139] and the
conditioning procedure (nonprogrammed long deletions were disfavored in engrafting cells in
animals conditioned by a CD45 antibody drug conjugate compared to animals conditioned using
busulfan) [140].

CRISPR-Cas9 editing and lentiviral transduction have shown consistent clinical benefits, but it
remains unclear which approach is superior. Alternatively base editing showed also promising
results and could reduce risks of genotoxicity. A recent study compared three different gene therapy
approaches, such as CRISPR-Cas9 editing of the BCL11A enhancer to reactivate HbF, lentiviral anti-
sickling 378Q gene addition, and base editing converting sickle B-globin to BMakassar globin in an
immunodeficient mouse model [141]. All three gene-editing methods showed therapeutic potential;
however, base editing and lentiviral transduction showed superior outcomes over CRISPR-Cas9-
mediated editing in a competitive murine transplantation model [141].
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