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In recent years, a growing number of clinical trials have been
initiated to evaluate gene therapy approaches for the treatment
of patients with transfusion-dependent b-thalassemia and
sickle cell disease (SCD). Therapeutic modalities being assessed
in these trials utilize different molecular techniques, including
lentiviral vectors to add functional copies of the gene encoding
the hemoglobin b subunit in defective cells and CRISPR-Cas9,
transcription activator-like effector protein nuclease, and zinc
finger nuclease gene editing strategies to either directly address
the underlying genetic cause of disease or induce fetal hemoglo-
bin production by gene disruption. Here, we review the mech-
anisms of action of these various gene addition and gene edit-
ing approaches and describe the status of clinical trials
designed to evaluate the potentially for these approaches to
provide one-time functional cures to patients with transfu-
sion-dependent b-thalassemia and SCD.
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INTRODUCTION
Hemoglobinopathies are the most commonmonogenic diseases, with
an estimated 7% of the worldwide population being carriers who have
at least one DNA variant that results in defective hemoglobin synthe-
sis.1 Annually, approximately 60,000 people are diagnosed with trans-
fusion dependent b-thalassemia (TDT) and 500,000 infants are born
with sickle cell disease (SCD) around the world.2–4

Both TDT and SCD are the result of mutations in the hemoglobin b

subunit gene (HBB), which is located on chromosome 11.5,6 b-Thal-
assemia can result from any of approximately 350 mutations (i.e.,
substitutions, minor deletions or insertions, or rare gross deletions)
in either HBB or its flanking, non-coding regions. The heterogeneity
of potential HBB mutations, which can lead to either the complete
absence of b-globin (denoted b0) or a reduction in b-globin synthesis
(denoted b+), explains the range of clinical severity seen in patients
with b-thalassemia and associated morbidities.7 Abnormal produc-
tion of b-globin causes an excess of unstable a-globin to accumulate
in erythroid cells, leading to both ineffective erythropoiesis and he-
molysis, which manifests clinically in severe anemia (Figure 1).7,8

Those patients with TDT, who are generally either homozygous or
compound heterozygous for b0 or severe b+, require life-long red
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blood cell transfusions for survival. In contrast with b-thalassemia,
SCD is caused by a single amino acid change at position 6 in the
b-chain wherein a glutamic acid is replaced with valine leading to
the production of the aberrant sickle hemoglobin (also known as
bsbs disease). Polymerization of deoxygenated sickle hemoglobin in
erythrocytes causes the deformation of the red blood cell into the
characteristic sickle shape, leading to downstream complications of
impaired blood flow in the microvasculature and hemolysis, with pa-
tients subsequently experiencing painful vaso-occlusive events, severe
anemia, end-organ damage, and reduced life-expectancy (Figure 1).3

For patients with SCD, current treatment options primarily involve
symptomatic pain management, red blood cell transfusion, and the
use of hydroxyurea, which has been shown to reduce pain episodes
and other SCD-related complications for some patients by raising
the levels of fetal hemoglobin among other possible actions.9,10 Other
treatment options for patients with TDT and SCD that have recently
emerged include luspatercept, which has been shown to reduce inef-
fective erythropoiesis, resulting in lower transfusion need in patients
with TDT,11 and voxelotor, which was shown to increase hemoglobin
levels and reduce markers of hemolysis in patients with SCD.12 How-
ever, it is important to note that none of these therapies address the
underlying biochemical cause of either disease nor do they fully
ameliorate the clinical disease symptoms. Additionally, these thera-
pies must be administered life-long to obtain a persistent therapeutic
effect.

To date, allogeneic hematopoietic stem cell transplantation (HSCT)
remains the only potentially curative option for patients with TDT
or SCD. However, it has been estimated that less than 20% of eligible
patients have a related human leukocyte antigen (HLA)-identical
donor,13–15 seriously limiting the widespread availability of this stan-
dard-of-care treatment option. While matched unrelated donor
transplantation, umbilical cord blood transplantation, and haploi-
dentical transplantation may allow for expanded access HSCT for
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Molecular biochemical, and clinical mechanisms of TDT and SCD disease and clinical manifestations. HBB, b-globin
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more patients, high complication rates limit a broader use of these ap-
proaches.16 Finally, allogeneic HSCT, even with matched related
HLA-identical donors, carries the risk of inducing severe complica-
tions, including graft-versus-host disease (GvHD), graft rejection,
graft failure, and transplant-related mortality.10

Recently, a growing number of clinical trials evaluating novel thera-
peutics that use gene addition or gene editing approaches to address
the underlying causes of TDT and SCD have been initiated. Here, we
review the mechanisms of action of these gene addition and editing
technologies and describe the status of therapies in clinical trials
that use these approaches to assess novel treatments with the potential
to provide one-time functional cures for TDT and SCD.

GENE THERAPY APPROACHES FOR
HEMOGLOBINOPATHIES
The expansion in the number of TDT and SCD clinical trials using
gene therapy approaches is the direct result of the development of
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improved viral vectors for gene addition therapy as well as the refine-
ment of novel molecular techniques, such as CRISPR-Cas9 gene edit-
ing, that enable robust and precise editing of DNA. Crucially, the use
of gene therapy-based treatments can offer advantages over tradi-
tional HLA-identical donor allogeneic HSCT as most current ap-
proaches in clinical trials are autologous approaches using a patient’s
own stem cells for ex vivo gene addition or editing. An autologous
HSCT approach for gene therapy eliminates the need to identify a
suitable allogeneic donor and is not associated with the risks of allor-
eactive bidirectional complications, including GvHD and graft rejec-
tion, seen in allogeneic transplantation.10 The use of autologous ap-
proaches could, therefore, expand the availability of a functional
cure for TDT and SCD to a greater number of patients.

Gene addition techniques

Trials using gene therapy to attempt to treat hemoglobinopathies
have a more than 42-year history. In 1980, a study was conducted
to transfect a recombinant form of b-globin into bone marrow cells,
derived from two patients with b-thalassemia, which were then
infused back into the patients.17 Although this study proved unsuc-
cessful, in ensuing years researchers refined these methods and devel-
oped improved techniques using viral vectors to transduce cells with
exogenous genetic material for cell and gene therapy applications.18

During this same time, viral vectors themselves have gone through
a series of iterations to improve efficiency and safety and address
the particular challenge associated with hemoglobinopathies where
there is a requirement to provide controlled expression of large struc-
tural proteins in defined cell types such as blood cells.

Four viral vector systems have emerged for gene therapy applications:
(1) adenoviral vectors, (2) adeno-associated viral vectors, (3) retroviral
vectors, which include murine leukemia virus (MLV)-based vectors,
and (4) lentiviral vectors. These vector systems can be classified based
on their mechanisms of action with transduction using adenoviral
and adeno-associated viral vectors primarily resulting in the persistence
of extrachromosomal episomes in the nucleus of the cell, although it has
been reported that recombinant adeno-associated viral vectorDNAcan
be integrated into genomic DNA at low frequencies,19 while retroviral
and lentiviral vectors integrate directly into host cell chromatin.20There
are advantages and disadvantages associated with each viral vector sys-
tem that should be considered for gene therapy applications. While
adenoviral and adenoviral-associated vectors have a broad host range
and can infect a wide variety of cell types, they have also been shown
to elicit host inflammatory and immune responses.21 Lentiviral vectors
have the ability to transduce both dividing and non-dividing cells,
including CD34+ hematopoietic stem and progenitor cells (HSPCs),
making this viral vector of keen interest for gene therapy applications
designed to treat genetic diseases, including hemoglobinopathies.22

Lentiviral vector particles enter host cells through interactions with gly-
coproteins on the outer envelope and fuse with the host cell membrane,
after which viral genetic cargo is released into the cell cytoplasm. In the
cytoplasm, the RNA genome of the lentivirus is converted into DNA
using reverse transcriptase, after which the DNA is integrated into
1204 Molecular Therapy Vol. 32 No 5 May 2024
the host genome. This integration event has been shown to be non-
random, with a preference for transcriptionally active sites in the
genome,23 which raises the concern for insertional mutagenesis events
with lentiviral vectors. Third-generation, self-inactivating versions of
lentiviral vectors have been developed in an attempt to mitigate the
potential risk for insertional mutagenesis events and a recent meta-
analysis of gene therapy trials using HSPCs for monogenic disorders
(406 treated patients) showed a safer profile for patients who received
lentiviral vector transduced HSPCs.24 However, lentiviral vectors that
use strong promoter or enhancer elements can still activate neigh-
boring genes.18 In terms of efficacy, a recent study found that the
amount of hemoglobin produced by cells transduced with a lentiviral
vectors carrying a b-globin gene depends on the median value of vector
copy number and on the percentage of transduced CD34+ cells.25

Gene editing techniques

Gene editing using zinc finger nucleases and transcription

activator-like effector protein nucleases

Structurally, both zinc finger nucleases (ZFNs) and the transcription
activator-like effector protein nuclease (TALEN) gene editing ap-
proaches have similarities as both systems take advantage of a non-
sequence-specific FokI endonuclease that is fused to a site-specific
DNA binding domain.

In the case of ZFNs, the DNA binding domain is composed of syn-
thetic peptide units that specify zinc finger repeat binding domains,
which can be altered in the amino acid sequence and number to
enhance the DNA target site specificity of the ZFN.26 These engi-
neered zinc fingers are small in size (approximately 30 amino acids)
and interact with DNA through contact with specific protein side
chains and functional groups in the major groove of the double he-
lix.27 By increasing the number of zinc fingers, it is possible to increase
the specificity and precision of editing by a ZFN. Mechanistically, two
ZFNs that bind the DNA sequence in opposite orientations are
required for DNA cleavage due to the need to dimerize the non-spe-
cific cleavage domains of the FokI endonuclease28 (Figure 2).

The transcription activator-like effector (TALE) that is used in the
TALEN gene editing system was discovered in bacteria. TALEs are
secreted by plant pathogenic bacteria into hosts, where they can
bind to specific host DNA sequences to aid in the infection of plant
species.29 In the case of the TALEN gene editing system, DNA target-
ing specificity comes from the TALE protein, while DNA cleavage is
completed by fusing the TALE protein to FokI.30–32 Unlike the
CRISPR-Cas9 system where a single guide RNA (gRNA) can be
used to target the Cas9 protein to a specific genomic location,
TALEs have an array of 33–35 amino acids that comprise the
DNA-binding domain, which can be engineered to achieve a desired
target site specificity.29 Modifications to the TALE protein, including
fusing to the catalytic domain of the FokI endonuclease, led to the
TALEN architecture that is used most often for gene editing.33

In the TALEN system, editing is accomplished through the use of
pairs of TALENs that can bind DNA in opposite orientations, such
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Figure 2. Overview of key genetic therapy and gene editing

approaches designed to treat TDT and SCD

(A) Gene addition involves adding a functional gene into the genome to

impact protein expression. (B) TALEN system relies on the dimerization of

the FokI nuclease to generate a double-stranded DNA break that can be

repaired by cellular repair pathways. (C) Similar to TALENs, ZFNs operate

as dimers; dimerization enables the Fok1 nuclease to generate a double-

strand break in DNA that is then repaired by naturally occurring DNA

repair systems. (D) CRISPR-Cas9 enables modification of DNA at a

precise location; the Cas9 and sgRNA complex assembles to generate

a DNA double-strand break at the target site and naturally occurring

DNA repair systems are activated to resolve the break. sgRNA, single

guide RNA.
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that the FokI domains of the two TALE proteins dimerize enabling
cleavage of the target DNA within the defined spacer region, similar
to ZFNs (Figure 2).34 This cleavage event leads to the introduction of a
double-stranded DNA break that is repaired by the cell using either
the non-homologous end-joining (NHEJ) or homology-directed
repair (HDR) pathways.34

Gene editing with CRISPR-Cas9

CRISPR-Cas9 is a two-component nuclease system that allows for
targeted repairs, insertions or deletions in specific genomic regions
that was initially identified as an innate bacterial immune system
capable of cleaving bacteriophage or plasmid DNA.35,36 In CRISPR-
mediated DNA cleavage, mature CRISPR RNAs (crRNAs) base pair
with a trans-activating crRNA (tracrRNA) to form a two-RNA struc-
ture capable of guiding the Cas9 protein to a target DNA region. The
part of the crRNA sequence that is complementary to the target DNA
sequence is known as a spacer. For Cas9 to function, a specific proto-
spacer adjacent motif (PAM) is also required, which varies depending
on the bacterial species of the Cas9 gene. The most commonly used
Cas9 nuclease, derived from S. pyogenes, recognizes a PAM sequence
of NGG that is found directly downstream of the target sequence in
the genomic DNA, on the non-target strand. Recognition of the
PAM by Cas9 nuclease is thought to destabilize the adjacent sequence,
allowing interrogation by the crRNA, and RNA-DNA pairing when a
matching sequence is present.37,38 Upon binding the target region, the
two domains of Cas9 (HNH nuclease domain and RuvC-like domain)
cleave the complementary and non-complementary strands to induce
a double-stranded break (Figure 2).39 While researchers found that
the tracrRNA:crRNA duplex was required for proper site-specific
cleavage by Cas9, it was also noted that the structure of this RNA
duplex suggested the possibility that a single chimeric RNA might
be able to capture all features required for DNA cleavage by Cas9
in a single chimeric gRNA.39 The use of a single gRNA to target a spe-
cific DNA sequence is now standard in the CRISPR-Cas9 system to
maximize editing precision. The ability of the CRISPR-Cas9 system
to cleave DNA in human cells in a programmable fashion39–41 led
to considerations of the potential for CRISPR-Cas9 gene editing to
be used in clinical therapies.

The specific double-stranded DNA breaks created by the Cas9 protein
in the CRISPR-Cas9 editing system are primarily repaired in
mammalian cells using one of two naturally occurring DNA repair
pathways: NHEJ or HDR. NHEJ is a cellular process whereby the ho-
mologous or non-homologous broken ends of DNA created by Cas9
are joined together. While NHEJ is generally an accurate repair pro-
cess, imprecise repair is possible, especially when DNA ends are not
homologous, which can lead to the introduction of insertions or de-
letions at target sequences. Microhomology-mediated end joint
(MMEJ) is another repair pathway of the cell that uses short micro-
homology sequences (5–25 base pairs) on each side of the double-
strand break to define the location for break repair.42–44 Unlike
NHEJ and MMEJ, the HDR pathway takes advantage of a homolo-
gous donor DNA template to repair the double-stranded break
induced by Cas9.45,46 This combination of a programmable
1206 Molecular Therapy Vol. 32 No 5 May 2024
CRISPR-Cas9 editing system and cellular DNA repair pathways can
be leveraged to enable the generation of precise and durable inser-
tions, deletions, or gene repair events to change the function of a spe-
cific region of DNA.47–49

As with all gene editing approaches, the precision of editing is an
essential consideration for the successful and safe implementation
of any CRISPR-Cas9-based clinical therapy. In the CRISPR-Cas9 sys-
tem, the precision of the gene editing is primarily a consequence of the
complementarity between the first 20 nucleotides of the gRNA
sequence and the target genomic sequence of interest,50 although
the duration of exposure to Cas9 and the version of Cas9 have also
been shown to impact target specificity., Identification of a gRNA
that maximizes complementarity with the target sequences to elimi-
nate the potential occurrence of off-target editing events is critical
for the design of a highly effective and safe CRISPR-Cas9 therapeutic.
To accomplish this, researchers can use in silico prediction tools to
model potential off-target events based on the sequence of a given
gRNA, as well as use next-generation sequencing assays such as
GUIDE-seq, DISCOVER-seq, and CHIP-seq to survey the genome
for instances of off-target editing to verify the precision of editing.51

Since being first described in 2012, the precision of the CRISPR-
Cas9 system has been extensively reviewed. A range of sgRNAs
have been characterized in both in vitro and cellular assays to identify
parameters that influence the binding of sgRNAs to target sequences,
including the identification of the seed region of the sgRNA as being
critical for target recognition.52,53 These and other studies have sug-
gested that the outcome of CRISPR-mediated editing can be pre-
dicted, and have led to a deeper understanding of how the structure
and composition of the gRNA correlates with the precision of genome
editing by CRISPR-Cas9,54 enabling the advancement of highly pre-
cise CRISPR-Cas9-based therapies into early- and late-stage clinical
trials.55

The generation of DNA double-strand breaks has been shown to
cause translocations and more extensive chromosomal rearrange-
ment, such as chromothripsis.56,57 However, it is important to note
that (1) the risk of translocations occurring in CRISPR-Cas9 editing
applications is mitigated by the precision of the editing and a lack
of off-target editing events because the creation of translocations re-
quires edits at two sites and in the absence of off-target edits there are
no conditions promoting the occurrence of translocations, and (2)
chromothripsis has only been shown to occur in cell line systems
where tumor suppressor pathways have been altered and has never
been show to occur in primary human HSPCs.57

Similar to the CRISPR-Cas9 system, CRISPR-Cas12a is a program-
mable single RNA-guide endonuclease system. While the Cas12a
and Cas9 proteins have functional similarities, there are also substan-
tial differences between these proteins.58,59 The Cas12a protein con-
tains a single nuclease domain, unlike the dual nuclease domains of
Cas9, and Cas12a possesses intrinsic RNA processing activity, allow-
ing for processing of the crRNA array and thus multigene editing of
RNA transcripts.59 In addition, whereas CRISPR-Cas9 editing results
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in blunt DNA ends, Cas12a editing leads to the generation of stag-
gered DNA ends, enabling multiplex gene editing applications and
promoting HDR cell repair instead of NHEJ.59 Potential therapies
based on the use of CRISPR-Cas12a gene editing, such as those based
on Cas12a-mediated targeting of HBG1 and HBG2 promoters, have
now begun to enter early-stage clinical trials.

Emerging techniques for gene editing

Base gene editing

The need to rely on the NHEJ pathway to repair the double-stranded
breaks induced by gene editing systems such as CRISPR-Cas9,
TALEN, and ZFN has led to the development of alternative gene edit-
ing techniques that can generate precise point mutations without
double-stranded DNA breaks. Base editing is an emerging gene edit-
ing approach where nucleotide changes can be introduced at genomic
locations without using cellular repair pathways. Base editors consist
of a deactivated version of the Cas9 protein with a gRNA that enables
the localization of a nucleobase deaminase enzyme to a specific
genomic location where a DNA point substitution can be generated.60

Upon a base editor binding to the target locus in DNA, base pairing
between the gRNA and the target DNA leads to displacement of a
small segment of single-stranded DNA. The deaminase enzyme mod-
ifies DNA bases within the single-stranded portion of DNA. The ef-
ficiency of the base editing is increased through the use of a catalyti-
cally disabled nuclease that generates a nick in the non-edited DNA to
induce cellular repair of the non-edited strand using the edited strand
as a template.60–62 Two types of base editors have been developed:
cystine base editors can facilitate the conversion of C:G base pairs
to T:A base pairs, while adenine base editors can facilitate the conver-
sion of A:T base pairs to G:C base pairs.60 Although studies have
shown that base editors have high gene editing efficiency and can
edit non-dividing cells, an important limitation to current base edit-
ing technology is the generation of random mutations and off-target
effect in both DNA and RNA due to the non-specific activity of nu-
cleobase deaminase enzymes.63 Therefore, further refinement of
base editing technologies, including potential modifications to the
deaminase enzymes to overcome non-specific activity, may be
required before this gene editing technology finds wider use, espe-
cially in clinical applications.

Prime editing is another gene editing strategy that also relies on the
specificity of the CRISPR-Cas9 system, but includes the addition of
an edit containing extension sequence in the gRNA and an
M-MLV reverse transcriptase fused to the C-terminus of Cas9 nickase
to avoid double-strand breaks.64 The advantage of prime editing over
base editors is the potential to create a larger number of potential
changes at the target site. Base editors can generate single base substi-
tutions for four transitions, whereas prime editing can be used to
generate any potential base substitution, including transversions.
The possibility for prime editing to correct the A/T to T/A transver-
sion in the HBB gene that causes SCD was recently assessed in a pre-
clinical study using human HSPCs obtained from patients with SCD.
Overall, HSPC-derived erythrocytes in which prime editing had been
used to correct the SCD mutation had less sickle hemoglobin, con-
tained HBBA-derived adult hemoglobin at between 28% and 34% of
normal, and resisted hypoxia-induced sickling.65 These early results
support the feasibility of prime editing to correct the single mutation
in the HBB gene that leads to SCD.

CLINICAL TRIALS USING GENE THERAPY FOR TDT
AND SCD
Gene addition approaches for TDT and SCD

In 2019, betibeglogene autotemcel (beti-cel), a gene addition therapy for
TDT, received conditional marketing authorization from the EMA for
use in Europe; however, market authorization was withdrawn in 2021
by the developer (not due to safety or efficacy reasons). Beti-cel has since
been approved by the U.S. Food and Drug Administration (FDA)
(2022). Beti-cel therapy is based on the infusion of autologous CD34+

HSPCs that have been transducedwith the replication-defective, self-in-
activating BB305 lentiviral vector encoding a recombinant b-globin
(bA�T87Q) gene25 (Table 1). Ex vivo transduction of patient stem and
progenitor cells with this lentiviral vector leads to insertion of functional
copies of the bA�T87Q gene, a variant of the normal HBB chain, where
the amino acid substitution in position 87 has anti-sickling properties;
the cell product is then infused into patients following myeloablative
conditioning regimen with pharmacokinetically adjusted busulfan.25

In a phase 3 clinical trial, 20 of 22 patients (91%) with TDT and a non-
b0/b0 genotype who were infused with beti-cel and were evaluable met
theprimaryendpointof transfusion independence forat least12months
with a weighted hemoglobin of 9 g/dL or greater.25 Patients who
achieved transfusion independence also showed improvements in
erythropoiesis and decreases in liver iron concentration. The safety pro-
file was considered to be consistent with busulfan-basedmyeloablation.

The BB305 lentiviral vector that is used as the basis for beti-cel is also
being assessed for the treatment of patientswith SCD in a phase 1/2 trial
of lovotibeglogene autotemcel (Table 2).66 Similar to beti-cel, lovotibe-
glogene autotemcel is based on the infusion of autologous CD34+

HSPCs that have been transduced with a replication-defective, self-in-
activating lentiviral vector encoding the recombinant b-globin
(bA�T87Q) gene. In the first two parts of this trial (part A and part B),
7 patients (partA) and 2 patients (part B)were infusedwith lovotibeglo-
gene autotemcel, while results from 35 patients in part C (pivotal trial
population) were reported in February 2022.66 For those patients in
part C, following busulfanmyeloablative conditioning and lovotibeglo-
gene autotemcel (obtained transducing peripheral blood-mobilized
autologous CD34+ HSPCs) infusion, increases in hemoglobin and de-
creases in markers of hemolysis were observed; of the 25 patients with
sufficient follow-up to be evaluable, all had resolution for severe vaso-
occlusive events, which were defined in the trial as events that resulted
in either hospital or emergency department visits that exceed 24 h, two
or more visits to a day unit or emergency department during a 72-h
period (both visits required intravenous treatment), or a priapism
episode that lasted more than 2 h and led to a medical facility visit.
When a broader definition of vaso-occlusive event was used (defined
as acute pain with no medically determined cause other than vaso-oc-
clusion, including acute episodes of pain, acute chest syndrome, acute
Molecular Therapy Vol. 32 No 5 May 2024 1207
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Table 1. Summary of clinical trials using gene addition or gene editing for TDT

Drug product
(clinical trial
identification
number)

Mechanism
of action

Phase of
development

Study
population

Key primary
endpoint(s)

Conditioning
regimen Efficacy outcomes Safety outcomes Precision

Gene addition

beti-cel25

NCT02906202

BB305 is a self-
inactivating and
replication-defective
lentiviral vector adds
functional copies
of theb-globin gene
(bA�T87Q-globin) to
hematopoietic stem
cells using BB305
lentiviral vector
produces b A�T87Q-
globin, which is
considered gene-
therapy derived
adult hemoglobin.

phase 3

patients aged %50
years with TDT
and non-b0/b0

genotype

proportion of
participants who
meet the definition
of transfusion
independence (i.e.,
weighted average
hemoglobin level
of R9 g/dL without
red cell transfusions
for R12 months)

myeloablative
conditioning
regimen with
busulfan

primary endpoint met:
91% (n = 20) of evaluable
participants (n = 22)
achieved transfusion
independence for R12
months after treatment25

safety was consistent
with busulfan
myeloablation;
four participants had
R1 AE considered
related to beti-cel,
one of which
(thrombocytopenia)
was considered to
be serious; there
was no evidence
of insertional
oncogenesis25;
there were no
deaths and no
malignancies
in the study

integration of the
modified gene is
semi-random87;
multiple insertion
sites are possible
using lentiviral
vectors87; clinical
effectiveness
requires multiple
insertions per cell;
potential risk for
insertional
oncogenesis
(Zynteglo USPI)

GLOBE lentiviral
vector88

NCT02453477

adds a functional
copy of the b-globin
gene using an
inactivating
lentiviral vector

phase 1/2

adults and pediatric
patients aged R

3 to <65 years with TDT
(any genotype)

overall survival;
achievement of
hematological
engraftment; short-
term safety
and tolerability of the
different conditioning
regimens; overall safety
and tolerability
measured by AE
recording;
polyclonal
engraftment; reduction
in transfusion
frequency up to
transfusion
independence

reduced toxicity
myeloablative
conditioning
regimen
with treosulfan
and thiotepa

4/9 patients achieved
transfusion independence
at 60 months88

4/6 pediatric participants
achieved transfusion
independence;
0/3 adult participants
achieved transfusion
independence; however,
the frequency and volume
of transfusions reduced
by R50% in adult patients

no AEs related to
GLOBE; no
severe infectious-
related AEs,
except neutropenia
as expected after
conditioning88

integration of the
modified gene is
semi-random87

multiple insertion
sites are possible
using lentiviral
vectors87

potential risk
for insertional
oncogenesis

(Continued on next page)
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Table 1. Continued

Drug product
(clinical trial
identification
number)

Mechanism
of action

Phase of
development

Study
population

Key primary
endpoint(s)

Conditioning
regimen Efficacy outcomes Safety outcomes Precision

TNS9.3.55 90

NCT01639690

adds functional
copy of b-globin
gene using an
inactivating
lentiviral
vector

phase 1
adult patients
aged R18
years with TDT

safety: occurrence
of insertional
oncogenesis;
generation
of replication-
competent
lentivirus; safety of
non-myeloablative
conditioning regimen
tolerability: occurrence
of insertional
oncogenesis;
generation of
replication-
competent lentivirus;
safety of low-dose
non-myeloablative
conditioning regimen

non-myeloablative
conditioning
regimen
(reduced dose
busulfan)

none of the patients
(n = 4) achieved
transfusion
independence with a
median follow-up of
90 months89 results
suggest need for
myeloablative
conditioning for
engraftment of
genetically modified
cells72 this is likely
due to the endogenous
cells that were not ablated
competing against the
incoming graft

no SAEs or
unexpected
safety issues
related to
TNS9.3.55

integration of the
modified gene is
semi-random87;
multiple insertion
sites are possible
using lentiviral
vectors87;
potential risk
for insertional
oncogenesis90

Gene editing

ST-40082

NCT03432364

ZFN disrupts the
BCL11A erythroid
enhancer region
to enable
production
of HbF

phase 1/2
adults aged R18
and %40 years
with TDT

safety and tolerability
assessed by incidence
of AEs and SAEs

myeloablative
conditioning
with busulfan

none of the patients
(n = 3) achieved
transfusion independence
with a follow-up of 2, 6,
and 9 months; minor
increases in HbF
observed in all patients82

one patient had an SAE
of hypersensitivity during
ST-400 infusion considered
to be related to the product
cryoprotectant, DMSO
no other SAEs related to
ST-400 were observed82

other AEs were consistent
with myeloablation.

high precision using
ZFN approach but
no published
assessments of
off-target events

Exa-cel84,91

NCT03655678

a one-time, non-
viral cell therapy
designed to
reactivate HbF
via ex vivo CRISPR-
Cas9 gene editing
at the erythroid
enhancer region
of BCL11A in
autologous

phase 1/2/3
patients aged 12–35
years with TDT

proportion of
participants
achieving
transfusion
independence
for R12
consecutive
months with
a weighted
hemoglobin

myeloablative
conditioning
with busulfan

almost all patients (42
of 44 patients) stopped
RBC transfusions with a
median time since last
transfusion of 9 months;
16 patients were
transfusion free for
R12 months91

increases in HbF and
mean total Hb levels

safety was consistent with
busulfan myeloablative
conditioning that was
used prior to exa-cel
all patients achieved
neutrophil and platelet
engraftment
there were no deaths,
discontinuations, or
malignancies

CRISPR-Cas9 has been
shown to only edit the
target site in the
erythroid-specific
enhancer region
of BCL11A84;
computational and
experimental
assessments of
exa-cel based

(Continued on next page)
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Table 1. Continued

Drug product
(clinical trial
identification
number)

Mechanism
of action

Phase of
development

Study
population

Key primary
endpoint(s)

Conditioning
regimen Efficacy outcomes Safety outcomes Precision

CD34+ HSPCs
increases levels
of Hb and HbF in
patients with TDT

average
of 9 g//dL

(>9 g/dL) were achieved
by month 3, with mean
total Hb levels increasing
to and maintained at >11
g/dL thereafter. allelic
editing in bone marrow
and peripheral blood was
stable and durable at
month 6, the mean
proportion of edited
BCL11A alleles in bone
marrow CD34+ HSPCs
and peripheral blood
mononuclear cells was
74.3% and 63.4%,
respectively these
proportions remained
stable in all patients
with R1 year of follow-up

two patients had
SAEs considered
to be related to
exa-cel
One patient had
concurrent events
of hemophagocytic
lymphohistiocytosis,
headache and acute
respiratory distress
syndrome considered
related to exa-cel, as
well as idiopathic
pneumonia syndrome
considered related
to both exa-cel and
busulfan; another
patient had delayed
neutrophil engraftment
and thrombocytopenia
considered related to
both exa-cel and busulfan
all SAEs resolved

editing at the
erythroid-specific
enhancer region
of BCL11A showed
no evidence of
off-target editing84

AE, adverse event; Hb, hemoglobin; HbF, fetal hemoglobin ; RBC, red blood cell; SAE, serious adverse event.
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Table 2. Continued

Mechanism
of action

Phase of
development

Study
population Primary endpoint(s)

Conditioning
regimen Efficacy outcomes Safety outcomes Precision

a nonintegrating AAV6
with DNA repair
template

ACS (R2 episodes
in the prior
years with R1
episode in the
past year), and
Lansky/Karnofsky
performance status
of R80

infusion; overall
survival; frequency
and severity of
AEs/SAEs

Exa-cel84,95

NCT03745287

a one-time, non-viral
cell therapy designed
to reactivate HbF
via ex vivo CRISPR-
Cas9 gene-editing
at the erythroid
enhancer region
of BCL11A
in autologous
CD34+ HSPCs
increases
levels of Hb and
HbF in patients
with SCD

phase
1/2/3

patients aged 12–35
years with severe SCD
and bS/bS or bS/b0

genotype with a history
of R2 severe vaso-
occlusive crisis events
per year for the
previous 2 years
prior to enrollment

proportion of
participants
who are VOC-free
for R12 consecutive
months

myeloablative
conditioning
with busulfan

all patients (n = 31)
were VOC free
(duration of follow-up:
2–32.3 months)95;
increases in Hb,HbF,
F-cells that happened
early and were
maintained; patients
had mean increase
in fetal hemoglobin
of >40% that was
maintained;
allelic editing in
peripheral blood and
bone marrow was stable
and durable; the mean
proportion of edited
BCL11A alleles in
bone marrow
CD34+ HSPCs and
peripheral blood
mononuclear cells
was 86.6% and
76.0%, respectively,
at month 6

safety was consistent
with busulfan
myeloablation
that was used prior
to exa-cel; all patients
achieved neutrophil
and platelet engraftment;
no patients have had
serious AEs considered
to be related to exa-cel;
one patient died due to
COVID-19 infection
resulting in respiratory
failure; this SAE was
not related to exa-cel;
there were no
discontinuation and
no malignancies; safety
findings were consistent
with busulfan
myeloablative
conditioning that
was used prior to
exa-cel

CRISPR-Cas9 has been
shown to only edit
target site in the
erythroid-specific
enhancer region of
BCL11A84;
computational and
experimental
assessments of exa-cel
based editing at the
erythroid-specific
enhancer region of
BCL11A showed
no evidence
of off-target editing84

AE, adverse event; COVID-19, coronavirus disease 2019; Hb, hemoglobin; HbF, fetal hemoglobin; RNP, ribonucleoprotein; SAE, serious adverse event; VOC, vaso-occlusive crisis.
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hepatic sequestration and acute priapism), there were two patients
who had vaso-occlusive events between engraftment and last visit.66

Third-generation lentiviral-based vectors, such as the one used in
the beti-cel and lovotibeglogene autotemcel therapies, have been
engineered to be replication incompetent and self-inactivating,
an effort to limit the potential risk of insertional oncogenesis.67,68

Although no insertional oncogenesis events have been reported for
patients with TDT given beti-cel, there have been two patients
with SCD who received lovotibeglogene autotemcel (earlier version
of the same lentiviral vector used in beti-cel) who were diagnosed
with acute myeloid leukemia at 3 years and 5.5 years after infusion.
Case studies of both patients did not show insertional oncogenesis,
although analysis of peripheral blood samples did reveal leukemic
blast cells that contained BB305 lentivector insertion in one of the
patients; the vector was integrated in close proximity of VAMP4, a
gene never described to be involved in leukemogenesis.66,69,70 Still,
these results would highlight the need for long-term monitoring of
patients treated with BB305 lentiviral vector to better understand
the insertion patterns associated with BB305 lentiviral vector
transduction.

Several studies demonstrate that myeloablative conditioning is needed
to maximize CD34+ engraftment of lentiviral-transduced cells.71,72 In
the beti-cel and lovotibeglogene autotemcel trials, prior to infusion of
CD34+ HSPCs transduced cells, patient underwent myeloablative con-
ditioning with single agent busulfan. In a different lentiviral gene ther-
apy program, the phase 1/2 TIGET-Bthal trial, autologous hematopoi-
etic stemcells aremodifiedwith theGLOBE lentiviral vector to express a
transcriptionally regulated human b-globin gene, and patients were
given a conditioning regimen based on the myeloablative combination
of treosulfan and thiotepa73 (Table 1). Of the three adults and six chil-
dren with TDT who were treated, transfusion requirements were
reduced, but not eliminated, in adults, while three of four children
who were evaluable were transfusion independent. Given the reduced
toxicity conditioning regimen used in this trial, it cannot be excluded
that endogenous cells were not successfully ablated, which then
competed against the transduced cells in the cell graft, resulting in insuf-
ficient chimerism. Similar findings were observed in a smaller phase 1
trial conducted in the United States of a lentiglobin-based therapy in
adults with TDT that also used a reduced intensity busulfan condition-
ing regimen.71 In this trial, four patients received a conditioning
regimen of busulfan that was in the non-myeloablative range prior to
infusion of cells transduced with the TNS9.3.55 lentiviral globin vector
(Table 1). The patients, whowere followed for 6–8 years and hadno un-
expected safety issues during either the conditioning regimen or
following infusion of the cell product, had low but stable hematopoietic
gene marking. There were reductions in transfusion requirements for
two patients, but no patients were able to achieve transfusion indepen-
dence during the follow-up period.While these findings demonstrate it
is possible to achieve durable stem cell engraftment with a non-myeloa-
blative conditioning regimen, myeloablative conditioning appears
required to maximize the therapeutic benefit derived from CD34+

engraftment of lentiviral-transduced cells.71,72
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Several other clinical trials are in progress that are evaluating the use
of gene addition via lentiviral vectors in patients with SCD (Table 2).
In 2018, Weber et al.74 reported the design of a lentiviral vector that
contained an anti-sickling HBB gene (bAS3 globin) that, when trans-
duced into hematopoietic stem progenitor cells from patients with
SCD, led to an up to 50% reduction in the sickling of red blood cells
under hypoxic conditions. Based on these findings, a phase 1/2 trial
was initiated in 2020 with three patients with SCD recruited.75 All pa-
tients received busulfan-based myeloablative conditioning prior to
the infusion of transduced cells. While all drug products had similar
vector count numbers, patients had variable gene marking in periph-
eral blood mononuclear cells, suggesting there was a challenge in self-
renewal and engraftment potential of hemopoietic stem cells in the
graft. Two out of the three patients showed some benefit in terms
of reduced pain crises and transfusion need; however, the clinical
data indicated variable efficacy associated with treatment which was
most likely due to the extent to which gene addition was achieved
and maintained in engrafted hemopoietic stem cells.

While the majority of lentiviral vector-based gene therapy approaches
for individuals with either TDT or SCD have used vectors containing
a modified version of the HBB gene to produce functional copies of
the b-globin gene, ARU-1801 gene therapy uses cells that are trans-
duced with a lentiviral vector containing a modified g-globinG16D

gene (Table 2). Adult hemoglobin is a tetramer composed of two
alpha (a-globin) and two b (b-globin) subunits while fetal hemoglo-
bin, which is developmentally regulated, is composed of two alpha
and two gamma (g-globin) subunits. Fetal hemoglobin is the pre-
dominant form of hemoglobin expressed throughout gestation until
the transcriptional switch from g-globin to b-globin synthesis shortly
after birth which results in expression of adult hemoglobin.76 It has
been shown that infants with TDT or SCD are generally asymptom-
atic until their fetal hemoglobin levels decline during the first year of
life and adults with hereditary persistence of fetal hemoglobin, a con-
dition where production of fetal hemoglobin continues past the first
year of life, similarly have little to no TDT or SCD disease manifesta-
tions.76–78 These findings suggest that reactivating production of
g-globin and fetal hemoglobin can be a safe and effective way to pro-
tect against TDT and SCD disease symptoms. As of February 2022,
five patients with SCD had been infused with ARU-1801 gene ther-
apy. Prior to infusion, patients received a reduced-intensity condi-
tioning regimen of single dose melphalan. Results show high engraft-
ment and the capacity to reach effective levels of anti-sickling
hemoglobin which the authors suggest indicate infusion of ARU-
1801 along with a reduced intensity conditioning regimen may pro-
vide durable and clinically meaningful levels of g-globin. The reacti-
vation of fetal hemoglobin using lentiviral vector-based gene therapy
is being evaluated in other clinical trials, as well. In 2021, researchers
described the use of a lentiviral vector (BCH-BB694) to mediate the
erythroid-specific knockdown of the BCL11A gene, a transcription
factor that represses expression of g-globin and fetal hemoglobin, us-
ing a microRNA (miRNA)-adapted short hairpin RNA to induce
expression of fetal hemoglobin.79 Six patients had been followed for
6 months after receiving BCH-BB694, with all patients showing
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reductions or disappearance of clinical manifestations of SCD and all
patients who could be fully evaluated had evidence of robust and sta-
ble fetal hemoglobin induction. While ARU-1801 clinical develop-
ment program was discontinued in June 2022, additional approaches
based on enhancing the production of fetal hemoglobin as a func-
tional cure for TDT and SCD continue to be advanced in clinical
trials.

Gene editing approaches for TDT and SCD

Beyond gene addition approaches using viral vectors, progressive
refinement of gene editing techniques, including those for CRISPR-
Cas9, TALENs, and ZFNs, has enabled the expansion of gene edited
cell-based therapies into early and late-stage clinical trials.

ST-400 is a cell product consisting of autologous hematopoietic stem
cells that are edited ex vivo using ZFN technology to disrupt the
erythroid enhancer region of the BCL11A gene.80,81 Preclinical studies
have shown that a gene editing approach that removes the repressive
function of the BCL11A protein will lead to increases in fetal hemo-
globin and subsequently amelioration of TDT and SCD symptoms. In
the phase 1/2 trial of ST-400 (THALES), the first three patients with
TDT infused had neutrophil and platelet engraftment, increases in
fetal hemoglobin, and reductions in transfusion requirements,
although all three patients continued to require transfusions
following ST-400 infusion82 (Table 2). The use of ZFN gene editing
at the erythroid enhancer region of BCL11A to reactivate production
of fetal hemoglobin is also being assessed in a phase 1/2 trial of the
gene-edited cell product SAR445136 (PRECIZN-1 trial) for patients
with SCD83 (Table 2). In June 2021, preliminary proof-of-concept re-
sults from four patients with SCD infused with SAR445136 who had
sufficient follow-up time showed patients successfully engrafted neu-
trophils and platelets, had increases in fetal hemoglobin that persisted
for up to 65 weeks of follow-up, and had no recurrence of vaso-occlu-
sive crisis (VOCs) following infusion. While these results demon-
strate the potential for ZFN gene-edited cell products to treat patients
with TDT and SCD, data from a greater number of patients who are
followed over a longer period of time are needed to understand the
full range of therapeutic benefits.

Exagamaglogene autotemcel (exa-cel) is a cell therapy that is also de-
signed to reactivate fetal hemoglobin but uses ex vivo CRISPR-Cas9
editing at the erythroid enhancer region of the BCL11A gene in autol-
ogous CD34+ HSPCs.84 A ribonucleoprotein complex composed of
Cas9 and a highly specific gRNA, SPY101, is used to target a critical
binding site of the transcription factor GATA1 in the non-coding
erythroid lineage-specific enhancer region of BCL11A on chromo-
some 2. Repair of these double-stranded DNA breaks by the cell using
NHEJ produces insertions and deletions that disrupt GATA1 bind-
ing, thereby selectively lowering BCL11A transcription only in
erythroid cells and preserving normal BCL11A function in other
cell types. The permanent and precise ex vivo gene editing of the
erythroid enhancer region of the BCL11A gene, which is a negative
regulator of fetal hemoglobin production,80,85 results in an increase
in levels of fetal hemoglobin. As previously noted, during the first
year of life, neonates and infants with TDT or SCD are typically
asymptomatic, while fetal hemoglobin levels remain high and become
symptomatic when fetal hemoglobin declines after the first year of
life.76,86 Furthermore, patients with TDT or SCD who co-inherit
hereditary persistence of fetal hemoglobin (HPFH), in which fetal
hemoglobin expression continues throughout adulthood, have little
or no disease and are generally healthy.78

A 2021 article from Frangoul et al.84 reported on preclinical studies
assessing the precision of editing with CRISPR-Cas9 and initial clin-
ical results from the first two patients, one with TDT and one with se-
vere SCD, infused with exa-cel. The frequency of CRISPR-Cas9 gene
editing at the erythroid enhancer of BCL11A was assessed in CD34+
hematopoietic stem cells from ten healthy donors showing high fre-
quencies of edited alleles (mean 80%) across all subpopulations of
CD34+ cells that persisted over time. In immunocompromised
mice, engraftment of CD34+ HSPCs was shown to be equivalent for
control and single-gRNA CRISPR-Cas9-edited cells. Computational
methods using sequence similarity analyses along with experimental
high coverage, next-generation sequencing using the GUIDE-seq
found that CRISPR-Cas9-edited stem cells from four healthy donors
had no evidence of off-target editing events.84 Functionally, engraft-
ment capabilities of edited and non-edited HSPCs were equivalent
suggesting CRISPR-Cas9 editing did not impact hematopoietic
stem cell function. Finally, isolated edited stem cells that were differ-
entiated toward the erythroid lineage had increases in mean fetal he-
moglobin levels compared to unedited cells.84

Clinically, following busulfan myeloablative conditioning and then
exa-cel infusion, both the TDT and severe SCD patients engrafted
neutrophils and platelets and had increases in total hemoglobin and
fetal hemoglobin with pancellular distribution along with high levels
of allelic editing in bone marrow and blood.84 Critically, after more
than a year of follow-up, the patient with TDT remained transfu-
sion-independent and the patient with SCD had not had a vaso-occlu-
sive event. These results established the potential for exa-cel to be
curative treatment for patients with TDT and SCD.

Exa-cel has moved into pivotal phase 3 clinical trials (CLIMB THAL-
111 and CLIMB SCD-121) (Tables 1 and 2). While both clinical trials
are ongoing, in 2023, efficacy and safety data from 96 patients dosed
with exa-cel were reported. Overall, 32 of 35 patients with at least
16 months of follow-up met the primary endpoint of the CLIMB
THAL-111 trial being transfusion independent for at least 12 months
(range, 13.3–45.1 months) following exa-cel infusion and 29 of 31 pa-
tients with at least 16 months of follow-up met the primary endpoint
of the CLIMB SCD-121 trial being free of VOCs for at least 12months
(range, 14.8–45.5 months), with some of these patients having nearly
4 years of follow-up. The definition of VOC in this study included any
event of acute pain that required a visit to a medical facility and
administration of pain medication or red blood cell transfusion, acute
chest syndrome, priapism lasting more than 2 h and requiring a visit
to a medical facility, or splenic sequestration. Consistent with this
observed elimination of transfusions and VOCs, patients with TDT
Molecular Therapy Vol. 32 No 5 May 2024 1215
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had increases in mean total hemoglobin and mean fetal hemoglobin
by month 3 (>9 g/dL) after exa-cel infusion with mean total hemoglo-
bin then increasing to more than 11 g/dL, which was maintained
through the follow-up period. Patients with SCD had mean fetal he-
moglobin levels of 36.8% by month 3, with pancellular distribution
(>95% of red blood cells with fetal hemoglobin), which were sustained
at approximately 40% through the follow-up period. The proportions
of edited BCL11A alleles in bone marrow CD34+ hematopoietic stem
cells and peripheral blood mononuclear cells in patients with TDT
and SCD were reported to be above 75% at month 6 and were main-
tained in those who had greater than 1 year of follow-up, suggesting
durable CRISPR-Cas9 editing of long-term hematopoietic stem cells.
The safety profile was considered consistent with the busulfan mye-
loablative conditioning regimen used prior to exa-cel infusion. One
patient with SCD died because of severe acute respiratory syndrome
coronavirus 2 pneumonia, occurring in an unvaccinated patient with
a history of heavy smoking and recurrent episodes of asthma. These
results, which were obtained from the largest clinical trial of a gene
editing therapy for TDT or SCD to date, suggest that the use of
CRISPR-Cas9 editing of stem cells represent a viable clinical modality
for the treatment of genetic diseases, including TDT and SCD. In
addition, the clinical results confirm the preclinical findings as well
as the natural history of TDT and SCD patients in the neonatal period
and in those who co-inherit HPFH that reactivation of fetal hemoglo-
bin by exa-cel has the potential to functionally cure both TDT and
SCD. Based on these data, the FDA approved exa-cel for treatment
of patients aged 12 years and older with SCD in December 2023
and with TDT in January 2024. Additional data from the CLIMB
THAL-111 and CLIMB SCD-121 trials, along with long-term safety
and extension studies, will allow for further understanding of the
durability of allelic editing and treatment effect, as well as the long-
term safety profile, of exa-cel.

CONCLUSIONS
Clinical trials of therapeutic modalities using gene therapy ap-
proaches in patients with TDT and SCD are now showing the poten-
tial to not only treat patients with these hemoglobinopathies, but the
opportunity to provide one-time functional cure that was previously
only possible through use of matched-donor allogeneic HSCT. While
many of these approaches have demonstrated proof-of-concept as
detailed in this review, there are some, including the CRISPR-Cas9-
based gene editing therapy exa-cel and the gene addition approaches
of beti-cel and lovotibeglogene autotemcel, that have been recently
approved for use, which will provide new options for the treatment
of patients with TDT and SCD in the coming years.

ACKNOWLEDGMENTS
The authors acknowledge the medical writing assistance of Nathan
Blow PhD, Allison Lord PhD, and Lorilei Richardson, PhD, of Vertex
Pharmaceuticals Incorporated, who own stock or stock options in the
company, and editorial assistance by Complete HealthVizion, IPG
Health Medical Communications, which was funded by Vertex
Pharmaceuticals, in compliance with Good Publication Practice
guidelines.
1216 Molecular Therapy Vol. 32 No 5 May 2024
AUTHOR CONTRIBUTIONS
All authors contributed to reviewing the literature and the writing of
the first draft and all subsequent revisions of this manuscript.

DECLARATION OF INTERESTS
F.L. has received research support from Bellicum; served on a
speaker’s bureau for Amgen, Bellicum, bluebird bio, Gilead, Jazz
Pharmaceuticals, Medac, Miltenyi, Neovii, Novartis, and SOBI; and
served on an advisory board for Amgen, Bellicum, Neovii, Novartis,
Sanofi, and Vertex Pharmaceuticals Incorporated. H.F. has served
as a consultant for Editas Medicine, Rocket Pharmaceutical, and Ver-
tex Pharmaceuticals Incorporated; on a speaker’s bureau for Jazz
Pharmaceuticals; on a data safety monitoring board for Rocket Phar-
maceutical; and on a steering committee for Vertex Pharmaceuticals
Incorporated. M.A. has received consulting and advisory fees from
Vertex Pharmaceuticals Incorporated. R.M. has received consulting
and advisory fees from Vertex Pharmaceuticals Incorporated and
bluebird bio, Inc; and is a board member of the Pediatric Diseases
Working Party of EBMT.

REFERENCES
1. Harteveld, C.L., Achour, A., Arkesteijn, S.J.G., Ter Huurne, J., Verschuren, M.,

Bhagwandien-Bisoen, S., Schaap, R., Vijfhuizen, L., El Idrissi, H., and Koopmann,
T.T. (2022). The hemoglobinopathies, molecular disease mechanisms and diagnos-
tics. Int. J. Lab. Hematol. 44, 28–36.

2. Piel, F.B., Steinberg, M.H., and Rees, D.C. (2017). Sickle Cell Disease. N. Engl. J. Med.
376, 1561–1573.

3. Kavanagh, P.L., Fasipe, T.A., and Wun, T. (2022). Sickle Cell Disease: A Review.
JAMA 328, 57–68.

4. GBD 2021 Sickle Cell Disease Collaborators (2023). Global, regional, and national
prevalence and mortality burden of sickle cell disease, 2000–2021: a systematic anal-
ysis from the Global Burden of Disease Study 2021. Lancet Haematol. 10, E585–E599.

5. Cao, A., and Galanello, R. (2010). Beta-thalassemia. Genet. Med. 12, 61–76.

6. Pasricha, S.R., and Drakesmith, H. (2018). Hemoglobinopathies in the Fetal Position.
N. Engl. J. Med. 379, 1675–1677.

7. Taher, A.T., Musallam, K.M., and Cappellini, M.D. (2021). beta-Thalassemias.
N. Engl. J. Med. 384, 727–743.

8. Khandros, E., Thom, C.S., D’Souza, J., and Weiss, M.J. (2012). Integrated protein
quality-control pathways regulate free alpha-globin in murine beta-thalassemia.
Blood 119, 5265–5275.

9. Platt, O.S., Orkin, S.H., Dover, G., Beardsley, G.P., Miller, B., and Nathan, D.G.
(1984). Hydroxyurea enhances fetal hemoglobin production in sickle cell anemia.
J. Clin. Invest. 74, 652–656.

10. Kapoor, S., Little, J.A., and Pecker, L.H. (2018). Advances in the Treatment of Sickle
Cell Disease. Mayo Clin. Proc. 93, 1810–1824.

11. Cappellini, M.D., Viprakasit, V., Taher, A.T., Georgiev, P., Kuo, K.H.M., Coates, T.,
Voskaridou, E., Liew, H.K., Pazgal-Kobrowski, I., Forni, G.L., et al. (2020). A Phase 3
Trial of Luspatercept in Patients with Transfusion-Dependent beta-Thalassemia.
N. Engl. J. Med. 382, 1219–1231.

12. Vichinsky, E., Hoppe, C.C., Ataga, K.I., Ware, R.E., Nduba, V., El-Beshlawy, A.,
Hassab, H., Achebe, M.M., Alkindi, S., Brown, R.C., et al. (2019). A Phase 3
Randomized Trial of Voxelotor in Sickle Cell Disease. N. Engl. J. Med. 381, 509–519.

13. Baronciani, D., Angelucci, E., Potschger, U., Gaziev, J., Yesilipek, A., Zecca, M.,
Orofino, M.G., Giardini, C., Al-Ahmari, A., Marktel, S., et al. (2016). Hemopoietic
stem cell transplantation in thalassemia: a report from the European Society for
Blood and Bone Marrow Transplantation Hemoglobinopathy Registry, 2000-2010.
Bone Marrow Transpl. 51, 536–541.

http://refhub.elsevier.com/S1525-0016(24)00146-1/sref1
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref1
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref1
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref1
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref2
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref2
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref3
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref3
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref4
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref4
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref4
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref5
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref6
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref6
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref7
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref7
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref8
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref8
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref8
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref9
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref9
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref9
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref10
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref10
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref11
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref11
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref11
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref11
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref12
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref12
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref12
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref13
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref13
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref13
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref13
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref13
http://www.moleculartherapy.org


www.moleculartherapy.org

Review
14. Eapen, M., Brazauskas, R., Walters, M.C., Bernaudin, F., Bo-Subait, K., Fitzhugh,
C.D., Hankins, J.S., Kanter, J., Meerpohl, J.J., Bolaños-Meade, J., et al. (2019).
Effect of donor type and conditioning regimen intensity on allogeneic transplantation
outcomes in patients with sickle cell disease: a retrospective multicentre, cohort study.
Lancet Haematol. 6, e585–e596.

15. Gluckman, E., Cappelli, B., Bernaudin, F., Labopin, M., Volt, F., Carreras, J., Pinto
Simões, B., Ferster, A., Dupont, S., de la Fuente, J., et al. (2017). Sickle cell disease:
an international survey of results of HLA-identical sibling hematopoietic stem cell
transplantation. Blood 129, 1548–1556.

16. Leonard, A., and Tisdale, J.F. (2018). Stem cell transplantation in sickle cell disease:
therapeutic potential and challenges faced. Expert Rev. Hematol. 11, 547–565.

17. Cline, M.J. (1985). Perspectives for gene therapy: inserting new genetic information
into mammalian cells by physical techniques and viral vectors. Pharmacol. Ther.
29, 69–92.

18. Bulcha, J.T., Wang, Y., Ma, H., Tai, P.W.L., and Gao, G. (2021). Viral vector platforms
within the gene therapy landscape. Signal Transduct. Target. Ther. 6, 53.

19. Sabatino, D.E., Bushman, F.D., Chandler, R.J., Crystal, R.G., Davidson, B.L.,
Dolmetsch, R., Eggan, K.C., Gao, G., Gil-Farina, I., Kay, M.A., et al. (2022).
Evaluating the state of the science for adeno-associated virus integration: An inte-
grated perspective. Mol. Ther. 30, 2646–2663.

20. Ghosh, S., Brown, A.M., Jenkins, C., and Campbell, K. (2020). Viral Vector Systems
for Gene Therapy: A Comprehensive Literature Review of Progress and Biosafety
Challenges. Appl. Biosaf. 25, 7–18.

21. Lundstrom, K. (2018). Viral Vectors in Gene Therapy. Diseases 6, 42.

22. Magrin, E., Miccio, A., and Cavazzana, M. (2019). Lentiviral and genome-editing
strategies for the treatment of beta-hemoglobinopathies. Blood 134, 1203–1213.

23. Cavazza, A., Moiani, A., and Mavilio, F. (2013). Mechanisms of retroviral integration
and mutagenesis. Hum. Gene Ther. 24, 119–131.

24. Tucci, F., Galimberti, S., Naldini, L., Valsecchi, M.G., and Aiuti, A. (2022). A system-
atic review and meta-analysis of gene therapy with hematopoietic stem and progen-
itor cells for monogenic disorders. Nat. Commun. 13, 1315.

25. Locatelli, F., Thompson, A.A., Kwiatkowski, J.L., Porter, J.B., Thrasher, A.J.,
Hongeng, S., Sauer, M.G., Thuret, I., Lal, A., Algeri, M., et al. (2022). Betibeglogene
Autotemcel Gene Therapy for Non-beta(0)/beta(0) Genotype beta-Thalassemia.
N. Engl. J. Med. 386, 415–427.

26. Porteus, M.H. (2006). Mammalian gene targeting with designed zinc finger nucleases.
Mol. Ther. 13, 438–446.

27. Carroll, D. (2014). Genome engineering with targetable nucleases. Annu. Rev.
Biochem. 83, 409–439.

28. Smith, J., Bibikova, M., Whitby, F.G., Reddy, A.R., Chandrasegaran, S., and Carroll,
D. (2000). Requirements for double-strand cleavage by chimeric restriction enzymes
with zinc finger DNA-recognition domains. Nucleic Acids Res. 28, 3361–3369.

29. Moore, R., Chandrahas, A., and Bleris, L. (2014). Transcription activator-like effec-
tors: a toolkit for synthetic biology. ACS Synth. Biol. 3, 708–716.

30. Moscou, M.J., and Bogdanove, A.J. (2009). A simple cipher governs DNA recognition
by TAL effectors. Science 326, 1501.

31. Boch, J., Scholze, H., Schornack, S., Landgraf, A., Hahn, S., Kay, S., Lahaye, T.,
Nickstadt, A., and Bonas, U. (2009). Breaking the code of DNA binding specificity
of TAL-type III effectors. Science 326, 1509–1512.

32. Gaj, T., Gersbach, C.A., and Barbas, C.F., 3rd (2013). ZFN, TALEN, and CRISPR/
Cas-based methods for genome engineering. Trends Biotechnol. 31, 397–405.

33. Miller, J.C., Tan, S., Qiao, G., Barlow, K.A., Wang, J., Xia, D.F., Meng, X., Paschon,
D.E., Leung, E., Hinkley, S.J., et al. (2011). A TALE nuclease architecture for efficient
genome editing. Nat. Biotechnol. 29, 143–148.

34. Li, T., Huang, S., Jiang, W.Z., Wright, D., Spalding, M.H., Weeks, D.P., and Yang, B.
(2011). TAL nucleases (TALNs): hybrid proteins composed of TAL effectors and
FokI DNA-cleavage domain. Nucleic Acids Res. 39, 359–372.

35. Mojica, F.J., Juez, G., and Rodríguez-Valera, F. (1993). Transcription at different sa-
linities of Haloferax mediterranei sequences adjacent to partially modified PstI sites.
Mol. Microbiol. 9, 613–621.
36. Mojica, F.J.M., Díez-Villaseñor, C., García-Martínez, J., and Soria, E. (2005).
Intervening sequences of regularly spaced prokaryotic repeats derive from foreign ge-
netic elements. J. Mol. Evol. 60, 174–182.

37. Sternberg, S.H., Redding, S., Jinek, M., Greene, E.C., and Doudna, J.A. (2014). DNA
interrogation by the CRISPR RNA-guided endonuclease Cas9. Nature 507, 62–67.

38. Anders, C., Niewoehner, O., Duerst, A., and Jinek, M. (2014). Structural basis of
PAM-dependent target DNA recognition by the Cas9 endonuclease. Nature 513,
569–573.

39. Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J.A., and Charpentier, E.
(2012). A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial
immunity. Science 337, 816–821.

40. Cong, L., Ran, F.A., Cox, D., Lin, S., Barretto, R., Habib, N., Hsu, P.D., Wu, X., Jiang,
W., Marraffini, L.A., and Zhang, F. (2013). Multiplex genome engineering using
CRISPR/Cas systems. Science 339, 819–823.

41. Jinek, M., East, A., Cheng, A., Lin, S., Ma, E., and Doudna, J. (2013). RNA-pro-
grammed genome editing in human cells. Elife 2, e00471.

42. Iyer, S., Suresh, S., Guo, D., Daman, K., Chen, J.C.J., Liu, P., Zieger, M., Luk, K.,
Roscoe, B.P., Mueller, C., et al. (2019). Precise therapeutic gene correction by a simple
nuclease-induced double-stranded break. Nature 568, 561–565.

43. Xue, C., and Greene, E.C. (2021). DNA Repair Pathway Choices in CRISPR-Cas9-
Mediated Genome Editing. Trends Genet. 37, 639–656.

44. Shakirova, A., Karpov, T., Komarova, Y., and Lepik, K. (2023). In search of an ideal
template for therapeutic genome editing: A review of current developments for struc-
ture optimization. Front. Genome Ed. 5, 1068637.

45. Miyaoka, Y., Berman, J.R., Cooper, S.B., Mayerl, S.J., Chan, A.H., Zhang, B., Karlin-
Neumann, G.A., and Conklin, B.R. (2016). Systematic quantification of HDR and
NHEJ reveals effects of locus, nuclease, and cell type on genome-editing. Sci. Rep.
6, 23549.

46. Bibikova, M., Carroll, D., Segal, D.J., Trautman, J.K., Smith, J., Kim, Y.G., and
Chandrasegaran, S. (2001). Stimulation of homologous recombination through tar-
geted cleavage by chimeric nucleases. Mol. Cell. Biol. 21, 289–297.

47. Song, B., Yang, S., Hwang, G.H., Yu, J., and Bae, S. (2021). Analysis of NHEJ-Based
DNA Repair after CRISPR-Mediated DNA Cleavage. Int. J. Mol. Sci. 22, 6397.

48. Wang, J.Y., and Doudna, J.A. (2023). CRISPR technology: A decade of genome edit-
ing is only the beginning. Science 379, eadd8643.

49. Doudna, J.A. (2020). The promise and challenge of therapeutic genome editing.
Nature 578, 229–236.

50. Fu, Y., Foden, J.A., Khayter, C., Maeder, M.L., Reyon, D., Joung, J.K., and Sander, J.D.
(2013). High-frequency off-target mutagenesis induced by CRISPR-Cas nucleases in
human cells. Nat. Biotechnol. 31, 822–826.

51. Tao, J., Bauer, D.E., and Chiarle, R. (2023). Assessing and advancing the safety of
CRISPR-Cas tools: from DNA to RNA editing. Nat. Commun. 14, 212.

52. Chakrabarti, A.M., Henser-Brownhill, T., Monserrat, J., Poetsch, A.R., Luscombe,
N.M., and Scaffidi, P. (2019). Target-Specific Precision of CRISPR-Mediated
Genome Editing. Mol. Cell 73, 699–713.e6.

53. Hsu, P.D., Lander, E.S., and Zhang, F. (2014). Development and applications of
CRISPR-Cas9 for genome engineering. Cell 157, 1262–1278.

54. Moon, S.B., Kim, D.Y., Ko, J.H., Kim, J.S., and Kim, Y.S. (2019). Improving CRISPR
Genome Editing by Engineering Guide RNAs. Trends Biotechnol. 37, 870–881.

55. Sharma, G., Sharma, A.R., Bhattacharya, M., Lee, S.S., and Chakraborty, C. (2021).
CRISPR-Cas9: A Preclinical and Clinical Perspective for the Treatment of Human
Diseases. Mol. Ther. 29, 571–586.

56. Wienert, B., and Cromer, M.K. (2022). CRISPR nuclease off-target activity and miti-
gation strategies. Front. Genome Ed. 4, 1050507.

57. Leibowitz, M.L., Papathanasiou, S., Doerfler, P.A., Blaine, L.J., Sun, L., Yao, Y., Zhang,
C.Z., Weiss, M.J., and Pellman, D. (2021). Chromothripsis as an on-target conse-
quence of CRISPR-Cas9 genome editing. Nat. Genet. 53, 895–905.

58. Zetsche, B., Gootenberg, J.S., Abudayyeh, O.O., Slaymaker, I.M., Makarova, K.S.,
Essletzbichler, P., Volz, S.E., Joung, J., van der Oost, J., Regev, A., et al. (2015).
Cpf1 is a single RNA-guided endonuclease of a class 2 CRISPR-Cas system. Cell
163, 759–771.
Molecular Therapy Vol. 32 No 5 May 2024 1217

http://refhub.elsevier.com/S1525-0016(24)00146-1/sref14
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref14
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref14
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref14
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref14
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref15
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref15
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref15
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref15
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref16
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref16
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref17
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref17
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref17
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref18
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref18
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref19
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref19
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref19
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref19
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref20
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref20
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref20
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref21
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref22
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref22
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref23
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref23
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref24
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref24
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref24
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref25
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref25
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref25
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref25
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref26
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref26
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref27
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref27
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref28
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref28
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref28
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref29
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref29
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref30
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref30
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref31
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref31
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref31
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref32
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref32
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref33
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref33
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref33
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref34
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref34
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref34
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref35
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref35
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref35
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref36
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref36
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref36
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref37
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref37
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref38
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref38
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref38
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref39
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref39
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref39
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref40
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref40
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref40
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref41
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref41
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref42
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref42
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref42
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref43
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref43
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref44
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref44
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref44
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref45
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref45
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref45
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref45
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref46
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref46
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref46
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref47
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref47
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref48
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref48
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref49
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref49
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref50
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref50
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref50
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref51
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref51
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref52
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref52
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref52
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref53
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref53
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref54
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref54
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref55
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref55
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref55
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref56
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref56
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref57
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref57
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref57
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref58
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref58
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref58
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref58
http://www.moleculartherapy.org


www.moleculartherapy.org

Review
59. Paul, B., and Montoya, G. (2020). Functional overview and applications. Biomed. J.
43, 8–17.

60. Rees, H.A., and Liu, D.R. (2018). Base editing: precision chemistry on the genome and
transcriptome of living cells. Nat. Rev. Genet. 19, 770–788.

61. Gaudelli, N.M., Komor, A.C., Rees, H.A., Packer, M.S., Badran, A.H., Bryson, D.I.,
and Liu, D.R. (2017). Programmable base editing of A*T to G*C in genomic DNA
without DNA cleavage. Nature 551, 464–471.

62. Komor, A.C., Kim, Y.B., Packer, M.S., Zuris, J.A., and Liu, D.R. (2016).
Programmable editing of a target base in genomic DNA without double-stranded
DNA cleavage. Nature 533, 420–424.

63. Slesarenko, Y.S., Lavrov, A.V., and Smirnikhina, S.A. (2022). Off-target effects of base
editors: what we know and how we can reduce it. Curr. Genet. 68, 39–48.

64. Scholefield, J., and Harrison, P.T. (2021). Prime editing - an update on the field. Gene
Ther. 28, 396–401.

65. Everette, K.A., Newby, G.A., Levine, R.M., Mayberry, K., Jang, Y., Mayuranathan, T.,
Nimmagadda, N., Dempsey, E., Li, Y., Bhoopalan, S.V., et al. (2023). Ex vivo prime
editing of patient haematopoietic stem cells rescues sickle-cell disease phenotypes af-
ter engraftment in mice. Nat. Biomed. Eng. 7, 616–628.

66. Kanter, J., Walters, M.C., Krishnamurti, L., Mapara, M.Y., Kwiatkowski, J.L., Rifkin-
Zenenberg, S., Aygun, B., Kasow, K.A., Pierciey, F.J., Jr., Bonner, M., et al. (2022).
Biologic and Clinical Efficacy of LentiGlobin for Sickle Cell Disease. N. Engl. J.
Med. 386, 617–628.

67. Morgan, R.A., Gray, D., Lomova, A., and Kohn, D.B. (2017). Hematopoietic Stem Cell
Gene Therapy: Progress and Lessons Learned. Cell Stem Cell 21, 574–590.

68. Negre, O., Eggimann, A.V., Beuzard, Y., Ribeil, J.A., Bourget, P., Borwornpinyo, S.,
Hongeng, S., Hacein-Bey, S., Cavazzana, M., Leboulch, P., and Payen, E. (2016).
Gene Therapy of the beta-Hemoglobinopathies by Lentiviral Transfer of the
beta(A(T87Q))-Globin Gene. Hum. Gene Ther. 27, 148–165.

69. Hsieh, M.M., Bonner, M., Pierciey, F.J., Uchida, N., Rottman, J., Demopoulos, L.,
Schmidt, M., Kanter, J., Walters, M.C., Thompson, A.A., et al. (2020).
Myelodysplastic syndrome unrelated to lentiviral vector in a patient treated with
gene therapy for sickle cell disease. Blood Adv. 4, 2058–2063.

70. Goyal, S., Tisdale, J., Schmidt, M., Kanter, J., Jaroscak, J., Whitney, D., Bitter, H.,
Gregory, P.D., Parsons, G., Foos, M., et al. (2022). Acute Myeloid Leukemia Case after
Gene Therapy for Sickle Cell Disease. N. Engl. J. Med. 386, 138–147.

71. Boulad, F., Maggio, A., Wang, X., Moi, P., Acuto, S., Kogel, F., Takpradit, C., Prockop,
S., Mansilla-Soto, J., Cabriolu, A., et al. (2022). Lentiviral globin gene therapy with
reduced-intensity conditioning in adults with beta-thalassemia: a phase 1 trial. Nat.
Med. 28, 63–70.

72. Thuret, I., Ruggeri, A., Angelucci, E., and Chabannon, C. (2022). Hurdles to the
Adoption of Gene Therapy as a Curative Option for Transfusion-Dependent
Thalassemia. Stem Cells Transl. Med. 11, 407–414.

73. Marktel, S., Scaramuzza, S., Cicalese, M.P., Giglio, F., Galimberti, S., Lidonnici, M.R.,
Calbi, V., Assanelli, A., Bernardo, M.E., Rossi, C., et al. (2019). Intrabone hematopoi-
etic stem cell gene therapy for adult and pediatric patients affected by transfusion-
dependent ss-thalassemia. Nat. Med. 25, 234–241.

74. Weber, L., Poletti, V., Magrin, E., Antoniani, C., Martin, S., Bayard, C., Sadek, H.,
Felix, T., Meneghini, V., Antoniou, M.N., et al. (2018). An Optimized Lentiviral
Vector Efficiently Corrects the Human Sickle Cell Disease Phenotype. Mol. Ther.
Methods Clin. Dev. 10, 268–280.

75. Magrin, E., Magnani, A., Semeraro, M., Hebert, N., Joseph, L., Leblanc, O., Gabrion,
A., Roudaut, C., Maulet, A., Chalumeau, A., et al. (2021). Clinical Results of the
Drepaglobe Trial for Sickle Cell Disease Patients. Blood 138, 1854.

76. Sankaran, V.G., and Orkin, S.H. (2013). The switch from fetal to adult hemoglobin.
Cold Spring Harb. Perspect. Med. 3, a011643.

77. Canver, M.C., and Orkin, S.H. (2016). Customizing the genome as therapy for the
beta-hemoglobinopathies. Blood 127, 2536–2545.
1218 Molecular Therapy Vol. 32 No 5 May 2024
78. Steinberg, M.H. (2020). Fetal hemoglobin in sickle cell anemia. Blood 136,
2392–2400.

79. Esrick, E.B., Lehmann, L.E., Biffi, A., Achebe, M., Brendel, C., Ciuculescu,M.F., Daley,
H., MacKinnon, B., Morris, E., Federico, A., et al. (2021). Post-Transcriptional
Genetic Silencing of BCL11A to Treat Sickle Cell Disease. N. Engl. J. Med. 384,
205–215.

80. Bauer, D.E., and Orkin, S.H. (2015). Hemoglobin switching’s surprise: the versatile
transcription factor BCL11A is a master repressor of fetal hemoglobin. Curr. Opin.
Genet. Dev. 33, 62–70.

81. Brusson, M., andMiccio, A. (2021). Genome editing approaches to beta-hemoglobin-
opathies. Prog. Mol. Biol. Transl. Sci. 182, 153–183.

82. Smith, A.R., Schiller, G.J., Vercellotti, G.M., Kwiatkowski, J.L., Krishnamurti, L.,
Esrick, E.B., Williams, D.A., Miller, W.P., Woolfson, A., and Walters, M.C. (2019).
Preliminary Results of a Phase 1/2 Clinical Study of Zinc Finger Nuclease-
Mediated Editing of BCL11A in Autologous Hematopoietic Stem Cells for
Transfusion-Dependent Beta Thalassemia. Blood 134, 3544.

83. Alavi, A., Krishnamurti, L., Abedi, M., Galeon, I., Reiner, D., Smith, S.E., Wang, L.,
Ramezi, A., Rendo, P., and Walters, M.C. (2021). Preliminary Safety and Efficacy
Results from Precizn-1: An Ongoing Phase 1/2 Study on Zinc Finger Nuclease-
Modified Autologous CD34+ HSPCs for Sickle Cell Disease (SCD). Blood 138, 2930.

84. Frangoul, H., Altshuler, D., Cappellini, M.D., Chen, Y.S., Domm, J., Eustace, B.K.,
Foell, J., de la Fuente, J., Grupp, S., Handgretinger, R., et al. (2021). CRISPR-Cas9
Gene Editing for Sickle Cell Disease and beta-Thalassemia. N. Engl. J. Med. 384,
252–260.

85. Bauer, D.E., Kamran, S.C., Lessard, S., Xu, J., Fujiwara, Y., Lin, C., Shao, Z., Canver,
M.C., Smith, E.C., Pinello, L., et al. (2013). An erythroid enhancer of BCL11A subject
to genetic variation determines fetal hemoglobin level. Science 342, 253–257.

86. Quinn, C.T. (2013). Sickle cell disease in childhood: from newborn screening through
transition to adult medical care. Pediatr. Clin. North Am. 60, 1363–1381.

87. Milone, M.C., and O’Doherty, U. (2018). Clinical use of lentiviral vectors. Leukemia
32, 1529–1541.

88. Scaramuzza, S., Marktel, S., Giglio, F., Cicalese, M.P., Lidonnici, M.R., Rossi, C., Calbi,
V., Masera, N., D’Angelo, E., Mirra, N., et al. (2021). Immune reconstitution in trans-
fusion dependent beta-thalassemia patients treated with hematopoietic stem cell gene
therapy. Mol. Ther. 29, 40.

89. Boulad, F., Maggio, A., Wang, X., Moi, P., Acuto, S., Kogel, F., Takpradit, C., Prockop,
S., Mansilla-Soto, J., Cabriolu, A., et al. (2022). Lentiviral globin gene therapy with
reduced-intensity conditioning in adults with b-thalassemia: a phase 1 trial. Nat.
Med. 28, 63–70.

90. David, R.M., and Doherty, A.T. (2017). Viral Vectors: The Road to Reducing
Genotoxicity. Toxicol. Sci. 155, 315–325.

91. Locatelli, F., Lang, P., Li, A., Corbacioglu, S., de la Fuente, J., Wall, D., Liem, R.,
Mapara, M.Y., Shah, A., et al. (2022). Efficacy and Safety of a Single Dose of
Exagamglogene Autotemcel for Transfusion-dependent b-Thalassemia (American
Society for Hematology Annual Meeting).

92. Grimley, M., Asnani, M., Shrestha, A., Felker, S., Lutzko, C., Arumugam, P.I., Witting,
S., Knight-Madden, J., Niss, O., Quinn, C.T., et al. (2021). Safety and Efficacy of Aru-
1801 in Patients with Sickle Cell Disease: Early Results from the Phase 1/2
Momentum Study of a Modified Gamma Globin Gene Therapy and Reduced
Intensity Conditioning. Blood 138, 3970.

93. G. Bio (2023). Graphite Bio Announces Voluntary Pause of Phase 1/2 CEDAR Study
of Nulabeglogene Autogedtemcel (Nula-cel) for Sickle Cell Disease.

94. G. Bio (2023). Graphite Bio Announces Process to Explore Strategic Alternatives and
Corporate Restructuring.

95. Frangoul, H., Locatelli, F., Bhatia, M., Mapara, M.Y., Molinari, L., Sharma, A., Lobitz,
S., de Montalembert, M., Rondelli, D., Steinberg, M.H., et al. (2022). Efficacy and
Safety of a Single Dose of Exagamglogene Autotemcel for Severe Sickle Cell
Disease (American Society for Hematology Annual Meeting).

http://refhub.elsevier.com/S1525-0016(24)00146-1/sref59
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref59
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref60
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref60
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref61
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref61
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref61
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref62
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref62
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref62
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref63
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref63
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref64
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref64
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref65
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref65
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref65
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref65
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref66
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref66
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref66
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref66
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref67
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref67
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref68
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref68
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref68
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref68
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref69
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref69
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref69
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref69
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref70
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref70
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref70
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref71
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref71
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref71
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref71
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref72
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref72
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref72
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref73
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref73
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref73
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref73
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref74
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref74
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref74
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref74
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref75
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref75
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref75
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref76
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref76
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref77
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref77
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref78
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref78
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref79
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref79
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref79
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref79
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref80
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref80
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref80
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref81
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref81
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref82
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref82
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref82
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref82
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref82
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref83
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref83
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref83
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref83
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref84
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref84
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref84
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref84
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref85
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref85
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref85
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref86
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref86
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref87
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref87
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref88
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref88
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref88
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref88
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref89
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref89
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref89
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref89
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref90
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref90
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref91
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref91
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref91
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref91
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref92
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref92
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref92
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref92
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref92
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref93
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref93
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref94
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref94
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref95
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref95
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref95
http://refhub.elsevier.com/S1525-0016(24)00146-1/sref95
http://www.moleculartherapy.org

	Autologous gene therapy for hemoglobinopathies: From bench to patient’s bedside
	Introduction
	Gene therapy approaches for hemoglobinopathies
	Gene addition techniques
	Gene editing techniques
	Gene editing using zinc finger nucleases and transcription activator-like effector protein nucleases

	Gene editing with CRISPR-Cas9
	Emerging techniques for gene editing
	Base gene editing


	Clinical trials using gene therapy for TDT and SCD
	Gene addition approaches for TDT and SCD
	Gene editing approaches for TDT and SCD

	Conclusions
	Acknowledgments
	Author contributions
	Declaration of interests
	References


