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A B S T R A C T

Gene therapy for hemoglobinopathies is currently based on transplantation of autologous hematopoietic stem
cells genetically modified with an integrating lentiviral vector expressing a globin gene under the control of
globin transcriptional regulatory elements. Studies and safety works demonstrated the potential therapeutic
efficacy and safety of this approach, providing the rationale for clinical translation. The outcomes of early
clinical trials, although showing promising results, have highlighted the current limitations to a more general
application. These include the nature, source and age of repopulating hematopoietic stem cells, the suboptimal
transduction efficiency and gene expression levels, the toxicity and efficacy of bone marrow conditioning, the
stress status of bone marrow microenvironment in chronic diseases such as β-thalassemia and sickle cell disease.
Recently, gene editing strategies based on the use of nucleases offered a novel approach to increase globin
expression in a quasi-physiological way, independently from the addition of transgenes and viral sequences to
the human genome. This review will discuss the current status of gene therapy for β-thalassemia and sickle cell
disease with a perspective towards the improvements necessary in the context of clinical translation.

1. Introduction

Hemoglobinopathies are the most common genetic diseases that
afflict humans worldwide [1,2]. The most common forms of hemoglo-
binopathies are thalassemia and sickle cell disease (SCD). Thalassemia
is a quantitative disorder characterized by a decrease in the α-globin
chain (α-thalassemia) or in the β-globin chain (β-thalassemia) pro-
duction, whereas SCD is a qualitative disorder in which there is a
structural variant in the hemoglobin (Hb) molecule. The majority of
basic and clinical research focuses on β-thalassemia and SCD. SCD is the
most diffuse inherited hemoglobinopathy worldwide, occurring in
330,000 births annually worldwide [2]; roughly 75% of these births are
in Sub-Saharan Africa [3]. In the United States, SCD affects> 100,000
Americans [4].

SCD is caused by an A - T transversion in the adult β-globin gene,
which leads to a substitution of a valine for a glutamic acid at position 6
in the β-globin chain [5]. The dimerization of these mutant β-globin
chains with α-globin results in the formation of HbS (α2β2S). In pa-
tients homozygous for HbS, the most severe form of SCD, the mutant β-
globin chains polymerize in deoxygenated red blood cells (RBCs),
causing them to deform, from a biconcave morphology into the hook/
sickle shape. Repetitive cycles of sickling, as HbS molecules switch from
oxygenated to deoxygenated states, causes RBC fragility and promotes
vaso-occlusion, painful crises, chronic anemia, acute chest syndrome,

organ failure, stroke, and eventually death [6,7]. Current treatments
include chronic blood transfusions and hydroxyurea, an inducer of fetal
hemoglobin (HbF) synthesis, as the only FDA (Food and Drug Admin-
istration) approved drug for this disease. Hydroxyurea kills erythroid
cycling precursors by inhibiting ribonucleotide reductase and affects
the production of red cells containing a high level of sickle hemoglobin.
In addition, hydroxyurea treatment stimulates directly expression of γ-
globin genes by producing nitric oxide and induces the production of
red cells containing a high fetal hemoglobin level [8,9]. Despite im-
provements in supportive care, disease morbidities remain severe and
life expectancy significantly shortened [8,10].

A related hemoglobinopathy with high global incidence is β-tha-
lassemia, occurring in 68,000 births annually worldwide [2]; 93% of
newborns with β-thalassemia are in Asian, Indian, and Eastern Medi-
terranean regions [2]. As a result of changing demographics, β-tha-
lassemia is becoming increasingly more common in North America and
Europe [11]. The molecular basis of β-thalassemia is caused by point
mutations or deletions in HBB gene resulting in a reduction (β + gen-
otype) or complete elimination (β0 genotype) of β-chains from HbA,
chains imbalance with excess of α-chains, and consequently ineffective
erythropoiesis. Although protecting against malaria in heterozygous
carriers, homozygosity of β-thalassemia mutations results in a disease
phenotype with varying severity, depending on the type of mutations
and other modifying factors, from mild forms of anemia to severe
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anemia referred to as β-thalassemia major [6,12]. In addition to chronic
hemolytic anemia, patients affected by β-thalassemia major show dis-
ease hallmarks as compensatory hematopoietic expansion in bone
marrow (BM) cavities, often resulting in bone deformities, and in ec-
topic sites, hypercoagulability and increased intestinal iron adsorption
(reviewed in [13]). The conventional management for patients affected
by the severe forms of the disease relies on chronic and regular blood
transfusions in association to iron-chelation therapy.

Both for SCD and β-thalassemia, the only curative therapy is re-
presented by allogeneic hematopoietic stem cell transplantation
(HSCT), with a disease-free survival exceeding 80% up to 93%, de-
pending on patient age and clinical status [14–16]. Nevertheless, the
availability of a well-matched donor is critical for a favorable outcome.
There is therefore an unmet medical need for alternative curative
treatments with the potential to provide long-term benefit, and gene
therapy has been proposed as theoretically feasible in a large number of
patients, since it relies on an autologous transplant with no need for a
matched donor. The focus of this review is to describe the principles
and the limitations of gene therapy for hemoglobinopathies, the critical
steps necessary for a successful clinical translation and preliminary
results of the ongoing trials.

2. Gene therapy by gene addition

2.1. Efficacy studies

Gene therapy for genetic blood diseases is currently based on trans-
plantation of autologous hematopoietic stem cells (HSCs) genetically mod-
ified with integrating viral vectors expressing the transgene of interest
(Fig. 1A and B). In the case of SCD and β-thalassemia, gene therapy presents
additional challenges in respect to other diseases, in part due to the com-
plexity of β-globin gene regulation (reviewed in [17] of this issue), which
imposes constraints to the development of efficient vectors. Studies of the
gene therapy approach for treating hemoglobinopathies have been made
possible by the availability of transgenic and knock-out murine strains
models for SCD [18] [19] and β-thalassemia [20,21]. Earlier gene therapy
studies utilized recombinant γ-retroviral vectors (RV), derived from the
Moloney Leukemia Virus (MLV), as carriers to introduce a functional copy
of the β-globin gene, but a decade long investigation with these vectors
resulted in: a) variable and low level expression of the β-globin transgene
[22,23], b) unstable vectors with multiple rearrangements [24], and c)
vectors with low titers. The incorporation of the core elements of the hy-
persensitive sites (HS) 2, 3, and 4 of the human β-globin locus control region
(LCR) was instrumental to increase β-globin expression. However, it failed
to prevent vector rearrangements and position-effect variegation, and to
achieve therapeutic levels of β-globin expression [25,26]. In the mid-1990s,
lentiviral vectors (LV) were derived by HIV and offered an alternative to
oncoviral vectors as possible shuttles of the β-globin gene [27].

2.1.1. Gene therapy studies on β-thalassemia
Several laboratories have shown that self-inactivating LVs, carrying the

human β or γ-globin gene (named TNS9, sGbG, HPV569, BB305, GLOBE
and others, see Table 1) and its fundamental regulatory elements, are able to
correct the disease in animal models for β-thalassemia intermedia andmajor
[28–32]. A continuous effort was pursued by several investigators to im-
prove LV in terms of higher transgene expression, acting mostly on reg-
ulatory transcriptional components and adding insulators to prevent nega-
tive chromatin position effects. Further optimization of the LCR components
included larger HS2 and HS4 elements of LCR, incorporation of insulator
elements, the inclusion of HS1 or GATA-1 elements [33–36]. In most cases
increased transgene expression was achieved at the cost of detrimental ef-
fect on vector titer, thus lowering transduction efficiency and vector copy
number/cell (VCN). Increasing the transgene size inserted between the LTRs
can influence the packaging efficiency thus inducing a reduction in viral
titers [37]. Therefore, the final LVs entering the approval for ongoing
clinical trials were the result of an acceptable compromise among good

manufacturing yield, titer and β-globin expression level.
Long-term correction of thalassemia with LV-transduced HSCs in a

murine model of thalassemia intermedia was first reported in the
seminal work by May and colleagues [28]. Major advantages of globin
LVs with respect to their RV predecessors were higher transduction
efficiency in long-term repopulating HSCs and stable and persistent
gene expression, even after serial HSC transplantation in mice. Results
from in vivo gene correction allowed establishing the minimal dose of
transduced cells and VCN to be therapeutic in the murine models. Later,
it was shown that genetically corrected erythroblasts undergo in vivo
selection in mice, indicating that the corrected cells have a survival
advantage over the thalassemic ones [32]. This result supports the
evidence that low levels of donor engraftment can result in significant
functional improvement for patients with persistent mixed chimerism
after allogeneic donor BM transplantation [38]. From a clinical point of
view, this advantage could imply a lower myeloablative regimen for a
patient, who could benefit from the engraftment and the persistence of
even a proportion of corrected HSCs. On this assumption, it is based the
rationale of gene therapy, since the co-existence of gene corrected cells
with those still expressing the genetic defect will be an expected sce-
nario also in an autologous environment.

In addition to the results obtained in thalassemic mutant mice, LV-
mediated correction of human cells from thalassemic patients was
shown, adopting models of in vitro human erythropoiesis and in the
xenograft model of immunodeficient mice transplanted with human
cells [39,40]. Roselli et al. [41] proved that the ex vivo manipulation of
HSCs with a LV does not negatively affect the functional capacity of
thalassemic CD34+ cells and their global gene expression profile.
Moreover, they showed that relatively low VCN is able to correct the
deficiency of adult globin expression restoring the erythropoiesis in
vitro. Finally, they demonstrated that LV has preferences for genomic
integration sites similar to those observed for other LVs, with no bias
towards integration in the proximity of proto-oncogenes. This work
represents the first translational study that describes the pre-clinical
evaluation of the treatment of β-thalassemia by using LV in human
cells. These data supported the clinical trial application to regulatory
agencies for further clinical translation (see Section 2).

2.1.2. Gene therapy studies on SCD
Different recombinant hemoglobins were designed to inhibit HbS-

polymerization upon de‑oxygenation. It was reported that β-globin
chains containing alanine at position 22 and/or threonine at position 87
significantly block deoxy-HbS polymerization by disrupting the for-
mation of axial and lateral contact between Hb tetramers [42]. Trans-
plantation of BM cells transduced with LV carrying anti-sickling Hb
variants and β-LCR resulted in correction of the pathology in SCD
mouse models. In the study by Pawliuk et al. [43] the βA-T87Q-globin
variant, having a threonine to glutamine mutation at codon 87, was
cloned into a LV structurally optimized for erythroid-specific expres-
sion. Transplantation of LV-transduced BM from SCD mice into lethally
irradiated recipients resulted in up to 52% of total Hb consisting of the
βA-T87Q variant with correction of RBC and reticulocyte counts,
amelioration of splenomegaly and urine concentration defect. Le-
vasseur et al. [44] demonstrated comparable results using a LV con-
taining a different anti-sickling human Hb variant (βAS3-globin), car-
rying additional amino acid substitutions of aspartic acid, alanine and
threonine at positions 16, 22 and 87, respectively. The substitution at
position 16 confers the recombinant β-globin subunit (βAS3) with a
competitive advantage over βS for interaction with the α-globin poly-
peptide. Romero et al. showed that the insulated βAS3-FB LV transduce
efficiently human BM-derived CD34+ HSCs from SCD patients, leading
to expression of an effective anti-sickling β-globin gene [45]. Pestina
et al. [46] showed correction of SCD phenotype by increasing the ex-
pression of HbF using γ-Globin LVs (V5m3). However, no correlation
between VCN in the BM cells and the amount of HbF was observed.
Mice with lower VCN showed HbF levels equivalent to those with
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Fig. 1. Strategies of gene therapy for hemoglobinopathies.
A. Molecular tools used in gene therapy by gene replacement and by gene editing.
B. Scheme representing the stepwise procedure of gene therapy: autologous transplantation of cells genetically modified by gene replacement or gene editing in patients affected by β-
thalassemia or sickle cell disease.
Nuclease are represented by a scissor.
LV: lentiviral vector; AAV: adeno-associated vector; ZFN: zinc finger nuclease; IDLV: integrase defective lentiviral vector; RNP: ribonucleoprotein.
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higher VCN. These results are consistent with other works that high-
lighted the impact of position effect on globin LV-derived expression
[30,43,47]. In a transplantation model for SCD, 20% HSC correction
has been demonstrated to be sufficient for a significant amelioration of
sickling, organ damage, and survival [48]. However, it is difficult to
predict whether the clinical benefit for SCD is achievable with this
percentage of gene-modified HSCs also in humans.

2.2. Safety studies

In addition to the proof of efficacy, gene therapy preclinical studies
are aimed to demonstrate safety in order to support clinical protocol
applications. The studies must be compliant with the regulatory re-
quirements listed in the guidelines across countries and continents, that
might vary but all aim to ensure safety of the use of gene therapy
medicinal products (GTMP) (reviewed in [49]).

The globin vectors combine the reduced genotoxic properties of LVs
to the strict lineage specificity of their transcriptional regulatory ele-
ments (β-globin promoter, enhancer and LCR), which have only minimal,
if any, capacity to activate neighboring promoters in stem and progenitor
cells. Different combination of LCR elements have been tested in LV
vectors, in an attempt to improve vector titer and infectivity, a persistent
problem due to the size but also the complex nature of the β-globin locus
regulatory sequences. To further improve safety of globin LVs, several
investigators inserted chromatin “insulators” in the LTRs, with the intent
of shielding the vector from the repressive effect of neighboring chro-
matin, or the promoter of neighboring genes from any influence of the
LCR enhancers. Examples of such elements are the chicken β-globin HS4
[36,50] or a synthetic element (FB) that combines sequences from the
chicken HS4 and the T-cell receptor BEAD-1 insulator [45,51]. Desprat
et al. [52] analyzed the effect of integration of globin therapeutic cas-
settes in the presence or absence of the chicken HS4 and three other
putative insulators inserted near three cellular proto-oncogenes, such as
Stil, Tal1 and MAP17, by using used Recombinase-Mediated Cassette
Exchange (RMCE). Unexpectedly, results from this study showed varia-
bility of insulator-mediated suppressive effect on activation of nearby
genes. Unfortunately, the presence of insulators in the LTR led in most
cases to decrease of vector titer, low transduction efficiency and genetic
instability with partial loss of LTR sequences. In particular, the chicken
HS4 insulator, inserted in tandem configuration in the LV used in the first
clinical trial of gene therapy for β-thalassemia (HPV569), revealed a
cryptic splicing activity that triggered abnormal splicing at the insertion
site in the proto-oncogene HMG2A and a consequent benign clonal
dominance in one of the treated patients [53]. Moiani et al. [54], con-
firmed that β-globin carrying LV may induce aberrant RNA splicing
leading to the formation of chimeric transcripts harboring HIV sequences
fused to cellular exon sequences in hematopoietic cells. However, the
abundance of these aberrant transcripts is limited by nonsense-mediated
mRNA degradation.

The β-globin HPV569 LV was further improved for safety by re-
moving the insulator domains, found to be unstable, and generating the
derived BB305 LV. In a murine BM transplant study, BB305 LV displayed
preferred integration into gene coding regions with 51.9% of integrations
found in common insertion site regions, which have not previously been
associated with adverse events in patients. Preferred insertional in-
tegration was not observed in high-risk genes LMO2 or MDS1-EVI1, as-
sociated with transformation, in primary and secondary transplanted
mouse recipients [55]. Moreover, no evidence of LV-associated tumors
was found. Phase 1/2 clinical trials are currently in progress for gene
therapy of β-thalassemia and SCD using the BB305 LV (see below).

To evaluate the safety of GLOBE LV, in vivo studies of tumor-
igenicity, toxicity and biodistribution were conducted in the GLP (Good
Laboratories Practice) setting. Murine HSCs were transduced with
GLOBE LV and transplanted in thalassemic th3/+ mice, conditioned by
busulfan, using cell dose and VCN superior to that expected in humans.
After 1-year follow-up, this study showed absence of vector inducedTa
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toxicity and tumorigenicity, as detectable over a background of spon-
taneous tumor incidence. The biodistribution study, conducted by
transplanting human GLOBE LV- or mock-transduced CD34+ cells in
immunodeficient NSG mice, demonstrated that transduced cells suc-
cessfully engraft and generate myeloid and lymphoid progenies com-
parably to control cells and in absence of adverse events [56] (Lidonnici
et al. in preparation).

In the context of SCD, recent in vivo toxicology studies with βAS3-FB
LV did not revealed any toxicity from the lentiviral vector [57]. Other
unpublished works have been conducted to support clinical trial ap-
plication with LVs in SCD

3. Clinical trials of gene therapy for β-thalassemia and SCD

Over the past two decades, gene therapy with autologous HSCs
using RV or LV has been successfully applied to primary im-
munodeficiencies, such as adenosine deaminase-deficient severe com-
bined immunodeficiency (ADA-SCID), X-linked SCID (SCID-X1),
Wiskott-Aldrich syndrome (WAS) and X-linked chronic granulomatous
disease (X-CGD) (reviewed in [58,59]) and storage disorder (ALD,
MLD). While the use of RVs has been associated with a significant risk
of oncogenesis in SCID-X1, CGD and WAS clinical trials [60–64], LVs
have been so far demonstrated to be nontoxic in several in vitro and
animal models and they are currently used in early- or advanced-phase
clinical trials of gene therapy for WAS, ADA-SCID, X-CGD, ALD, MLD,
β-thalassemia, SCD and HIV-associated lymphoma (reviewed in [65]).

The list of current gene therapy trials for β-thalassemia and SCD is
shown in Tables 1 and 2.

In June 2007, in the first trial for β-thalassemia in France, three
patients were treated by gene therapy with the HPV569 LV expressing
the βT87Q globin variant. One year after gene therapy, one patient af-
fected by transfusion-dependent HbE/β-thal, he became transfusion
independent with hemoglobin levels of 8.5 to 9 g/dL, contributed in
almost equal proportions by the vector, elevated HbF synthesis and the
HbE allele. Integration site analysis revealed expansion of a single clone
in which the provirus was inserted in the HMGA2 (high-mobility-group
AT-hook 2) proto-oncogene. The gene was activated by a vector-in-
duced abnormal splicing and premature transcript termination, caused
by a cryptic splice site in the vector cHS4 insulator. The benign clonal
dominance persisted for almost 9 years, after which it started to decline
and currently contributes for< 10% of the circulating nucleated cells.
The patient maintains stable though low levels of therapeutic he-
moglobin, and requires occasional transfusion [66].

Further improvements of the original LV led to subsequent clinical
trials, such as the multicenter Northstar HGB-204 study [67,68] and the
single-center HGB-205 study [69,70], all based on the BB305 vector
and ongoing in USA, Australia, Thailand, and France (Table 1). As of
June 2017 (EHA 2017), of all patients with genotypes different from
β0/β0 and a follow-up of ≥12 months (n= 14), twelve patients have
discontinued transfusions. Two patients with non-β0/β0 genotypes who
still require intermittent transfusions had annual transfusion volumes
reduced by 30% and 94%. Of all patients with β0/β0 genotypes (n = 8),
six still require transfusions, although with requirements decreased to
60% (median value) with respect to baseline. Two patients with β0/β0
genotypes have not received a transfusion in more than a year. In both
studies, gene therapy was well tolerated, with no gene transfer-related
severe adverse event. Very recently, 2 different phase 3 trials (HGB-207
and HGB-212) have been opened for non-β0β0 and β0β0 transfusion
dependent β-thalassemia patients, respectively. Initial data from the
HGB-207 (Northstar-2) trial will be reported at ASH annual meeting
2017. At time of this writing this review, abstract was released on ASH
website. Three patients were treated and had successful engraftment.
The first patient treated has been transfusion-free for 5 months.

In 2012, a trial opened at Memorial Sloan Kettering Cancer Center
(MSKCC) in New York and four patients have been treated with gene
therapy using the TNS9.3.55 LV. The need for full myeloablation Ta
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emerged from this study, where partially myeloablative conditioning
led to insufficient gene marking with minimal clinical benefit [71].

More recently, in 2015, a phase I/II gene therapy trial with the
GLOBE LV started in Italy (TIGET BTHAL) for adult and pediatric pa-
tients affected by transfusion dependent β-thalassemia. A reduced in-
tensity and toxicity conditioning including treosulfan and thiotepa was
adopted. Treosulfan has already been used in cohorts of thalassemic
pediatric and adult patients in the context of allogeneic HSCT showing
reduced toxicity when compared with busulfan [72]. Peripheral blood
stem cells are harvested following mobilization with the lenograstim
and plerixafor. After transduction of immune-selected autologous
CD34+ cells and successful release of the cryopreserved drug substance,
gene modified CD34+ cells are administered to the patient. The route of
administration of gene modified HSCs is intraosseous in the posterior-
superior iliac crests with the aim of enhancing engraftment and mini-
mizing first-pass intravenous filter. After 2 years follow-up, patients
will be followed up for a further six years in a long-term follow-up study
(NCT03272051, GSK 207757). The clinical study foresees treatment of
10 patients: 3 adults (group 1) followed by 3 patients aged 8–17 years
(group 2) and 4 patients aged 3–7 years (group 3), with a staggered
enrolment strategy based on evaluation of safety and preliminary effi-
cacy in adult patients by an independent data safety monitoring board
before inclusion of pediatric subjects. As of September 2017, 7 patients
(3 adults, 3 adolescents and 1 pediatric) have been treated. The pro-
cedure was well tolerated, the adverse events experienced by patients
were consistent with the conditioning regimen, and no gene therapy
product related adverse events have been reported to date. Multilineage
engraftment of gene-marked cells was observed in all tested patients,
with polyclonal vector integrations profiles in the first analyzed pa-
tients and no evidence of clonal skewing. The clinical outcome indicates
so far significant reduction in transfusion requirement and improved
quality of life in adult patients and greater clinical benefit in younger
patients [73] (and unpublished results).

Clinical trials for SCD with BBB305 LV (HGB-205, HGB-206), cur-
rently running in France and in the USA are based on bone marrow
harvest (BMH), since previous attempts to mobilize HSPCs by low-dose
G-CSF treatment caused severe adverse events and one fatality and is no
longer used [74]. Three SCD patients have been treated in HGB-205
study, with one showing early clinical benefit. He received full
myeloablative chemotherapy and was transplanted with
5 × 106 CD34+ cells/kg selected from 2 BMH and transduced at an
average VCN of 1. No drug product related adverse events and no clonal
abnormalities were observed on a 2-years follow-up. The patient
achieved a level of therapeutic βA-T87Q globin around 50% and trans-
fusion independence, with a clinical picture comparable to that of a
HbS carrier [70,75,76].

Other 7 SCD patients have been treated in the HGB-206 multicenter
USA trial and underwent cell procurement with a median of 2 BMH and
a median VCN of 0.6 [77]. However, these patients failed to achieve a
level of correction comparable to that observed in the patient of HGB-
205 study, showing a rapid decrease in VCN in peripheral blood cells.
Investigations of possible causes of lack of success are ongoing. These
results pointed to the difficulty in obtaining adequate doses and robust
engraftment of transduced HSCs in SCD patients. Stem cell procure-
ment, transduction efficiency and patient conditioning appear the most
critical factors that need improving in order to achieve clinical benefit.
So far, two patients were treated with the improved drug product. Early
results demonstrate both higher DP VCN and higher peripheral VCN
after transplant [76,78].

In the evolution of HGB-205 and HGB-206 studies for SCD, it has
been planned to change the CD34+ cell source from BM to plerixafor
mobilized peripheral blood, with the purpose of increasing cell harvest
[76,79].

Two more trials have recently opened in the USA based on the use of
LVs expressing the βAS3 or the γ-globin (Table 2).

4. Critical issues related to gene therapy for SCD and β-
thalassemia

Clinical gene therapy outcome depends on different variables in-
cluding the source of HSCs, efficiency of transduction (as percentage of
transduced cells) and the VCN achieved during in vitro transduction and
persisting in vivo, intensity of myeloablation, dose and engraftment of
genetically modified HSCs infused, and eventually the BM micro-
environment status. The relevance of these aspects is discussed in the
following sections.

4.1. Source of hematopoietic stem/progenitor cells

HSCs reside in the bone marrow niche but can be enforced to egress
into the blood, a process termed mobilization. Mobilized peripheral
blood has been considered the standard approach for collecting he-
matopoietic stem cell in the majority of autologous and allogeneic
transplantations. This procedure provides several-fold higher numbers
of HSCs over bone marrow harvest. Gene therapy protocols for genetic
disorders use autologous purified CD34+ cells as starting product to be
transduced with RV or LV, and require an adequate dose and clonal
diversity of engrafted cells to reduce the risk of skewed HSCs expansion
and stressed hematopoiesis. In the most of LV-based gene therapy trials
(ALD, WAS and MLD trials) BM-derived CD34+ cells were harvested as
gene transfer target, but recently mobilized PBSC were emerging as a
preferential source, especially in adolescents and in adults. The issue of
HSC procurement is critical for adult patients, since the minimal target
dose (2–3 × 106 CD34 cells/kg) poses a challenge for a steady-state
BM. In addition, favorable clinical results from gene therapy trial are
generally correlated with the dose of transduced cells infused and en-
grafted. Traditionally the growth factor granulocyte-colony stimulating
factor (G-CSF) represents the standard agent to mobilize HSCs for
transplantation. In the last years, Plerixafor (AMD3100, Mozobil™), a
bicyclam molecule that mobilizes HSCs by selectively and reversibly
antagonizing the binding of stromal cell derived factor-1 (SDF-1) to the
chemokine CXC receptor-4 (CXCR4) [80], was considered as an alter-
native mobilization agent. FDA and EMA (European Medical Agency)
approved the use of this agent in combination with G-CSF in conditions
resulting in poor mobilization with G-CSF alone [81]. To define the
optimal mobilization approach for adult patients with β-thalassemia,
before the implementation of gene therapy, several mobilization trials
were conducted. These studies established that Plerixafor alone and in
combination with G-CSF are the optimal mobilization approaches for β-
thalassemia gene therapy [82–84]. Ongoing clinical trials of gene
therapy for β-thalassemia are mainly using G-CSF + Plerixafor mobi-
lized cells as source of HSCs (Table 1).

A recent study underlined the superior biological and functional
features of Plerixafor-mobilized HSCs [85] compared to cells mobilized
with G-CSF alone or in combination with Plerixafor. These findings
support its use when it is not feasible reaching high target cell dose, or
when patients affected by diseases, like SCD, do not tolerate the use of
G-CSF as mobilizing agent. In these patients, the inability of ery-
throcytes to flow in blood vessels and an inflammatory response from
chronic hemolysis can induce potential life-threatening crises. In par-
ticular, SCD patients can undergo organ ischemia and crises such as
acute chest syndrome, stroke, retinal hemorrhage, splenic sequestra-
tion, and myocardial infarction. All these complications caused by the
disease cannot allow the use of G-CSF. G-CSF was shown to induce a
severe pain crisis and acute chest syndrome in these patients [86] and
in addition, two serious adverse events were reported in the literature,
one in a stem cell donor with SCD who died during G-CSF-induced
mobilization [74]. Therefore, current gene therapy clinical trials for
SCD are based on BMH, with limitations in procurement of an adequate
cell dose. The use of other mobilization agents, different from G-CSF, is
desirable. Pilot mobilization trials for SCD patients have been recently
opened in the USA and France (clinical trial #NCT03226691,
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#NCT02989701, #NCT02193191, #NCT02212535), in which the fea-
sibility of Plerixafor administration for HSC harvest will be tested.
Recent data of clinical trial #NCT02193191 [87] in 13 patients support
the safety of plerixafor administration at doses of 80, 160 μg/kg, and
240 μg/kg. Plerixafor increased white blood cell counts, absolute neu-
trophil counts, absolute lymphocyte counts to acceptable levels
(1.8–2.8 fold), and allowed the mobilization of high numbers of CD34+

cells for 8 of 13 patients treated at the 3 dose levels.
HGB-206 clinical trial (#NCT02140554) was modified to assess HSC

mobilization with plerixafor alone, followed by apheresis and trans-
duction of mobilized cells. Initial results suggest that obtaining ade-
quate doses of CD34+ cells from plerixafor-mobilized PB of patients
with SCD may be feasible and safe [79].

4.2. Enrichment and purification of hematopoietic stem cells

In current gene therapy clinical protocols target CD34+ cells are
selected by using immunomagnetic beads. The majority of CD34+ cells
are short-term progenitor cells with a limited post-transplant lifespan.
Only a small fraction of CD34+ cells corresponds to long-term (LT)
HSCs. The gene therapy studies conducted in pediatric patients de-
monstrated that the LT-HSC frequency in BM or mPB CD34+ cells is
around 0.01% of the infused dose [88–90] This proportion could be
inefficient in a gene therapy setting for disease lacking selective ad-
vantage, especially in adult patients where the frequency of HSCs that
contribute to long-term engraftment is lower. Indeed, in β-thalassemia
and SCD gene therapy trials a large dose of transduced CD34+ cells is
required. Isolation of more purified HSCs by FACS sorting, as
CD34+CD38− cells, could lead to a reduction of transplanted total cell
number and LV dose for transduction, although additional enrichment
steps would dampen HSC recovery [91]. To date, few clinical trials for
hematological malignancies have shown successful transplantation of
highly purified HSCs by using CD34 and CD90 cell surface markers
[92–94]. The CD34+ CD90+ subpopulation represents 50% of total
CD34+ cells. A recent phase 1 clinical study (NCT02963064) will test
the safety and tolerability of allogeneic CD34+CD90+ HSC infused into
patients with SCID, pre-conditioned with AMG191 (anti-CD117). Some
recent papers postulate that purifying CD34+CD38− cells would fur-
ther enrich for HSCs to be transduced with LV, which importantly are
required for long-term clinical benefit after transplantation. The
CD34+CD38− subpopulation represent 5%–10% of CD34+ cells and is
highly enriched for HSCs. Zonari et al., [95] showed a sorting strategy
of CD34+CD38− cells able to achieve> 90% of HSC activity in< 10%
of mobilized peripheral blood (mPB) CD34+ cells, and explore a novel
transplantation setting based on uncoupling long-term from short-term
hematopoietic reconstitution, and an implemented transduction pro-
tocol. Masiuk et al., [96] investigated an immunomagnetic-based
method to purify CD3+CD38− cells from human BM, mPB and cord
blood. They were able to demonstrate the feasibility of this approach,
which is available in GMP-grade platform, to reduce the dose of LV
without affecting the hematopoietic recovery and long-term engraft-
ment of gene corrected cells in immunodeficient mice. These findings
might have a potential impact on the clinical viability of gene therapy
for genetic blood diseases affecting a large number of patients.

In the manufacturing process of genetically modified CD34+ cells
for clinical applications, a crucial parameter predicting the clinical
outcome is the efficiency of vector transduction in the primitive in vivo
repopulating cells. To date, the lack of available assays testing the still
elusive nature of human LT-HSCs imposes the use of surrogate analyses,
such as the evaluation by quantitative PCR of proportion of transduced
hematopoietic colonies, grown in methylcellulose, or of CD34+ cells
shortly expanded in vitro. These analyses are used as bona fide assay for
the stem cell transduction efficiency, even if the results do not represent
the amount of transduced cells with long–term engrafting capacity,
which is a critical issue impacting the clinical outcome. Transplantation
studies of human cells in SCID murine strains allowed estimating the

extent of engraftment of SCID repopulating cells (SRCs) [97,98], which
represent so far the most primitive human progenitors with hemato-
poietic reconstitution activity in mice. For obvious reasons this type of
assay remains feasible at research level, but cannot be employed as
quality test in the manufacturing process of gene therapy drug product.

4.3. Dose of transduced HSCs

In gene therapy, determining the optimal genetically modified cell
dose to reach therapeutic effectiveness remains unclear, especially in
disease with no selective advantage. The transduced cell dose, as well as
the stem cell source, are critical factors that might affect the trans-
plantation outcomes.

A direct correlation of transduced cell dose with clinical outcome is
unfeasible on the basis of available results from the clinical trials for β-
thalassemia and SCD. Indeed, due to the elusive nature of HSC in hu-
mans, the transduced repopulating cell dose is immeasurable by the
available preclinical assays. Most of the patients in clinical trials have
not been treated with equal cell doses and the VCN in drug products is
also variable. No trials using a scalar cell dose have been performed so
far. Therefore, the clinical outcome might be influenced by number of
different variables, such as the severity of genotype/phenotype, the
comorbidities and the secondary modifiers of the pathology, the
amount of transduced cells injected, VCN in cell drug product, pro-
portion of engrafting genetically modified long-term HSPCs. Possibly, a
multi-parametric analysis should help in order to find any correlation.
As a rule of thumb and preliminary indications from clinical trials,
patients receiving the highest dose of DP with the highest VCN should
have the better outcome.

4.4. Expansion of HSCs

The manufacturing process involving stem cell selection and mole-
cular engineering, by gene transfer or gene editing, is invariably asso-
ciated with significant cell losses. Therefore, expansion of ex vivo
modified HSCs would be desirable, to selectively increase stem cell
populations endowed with in vivo reconstitution potential. A crucial
factor that has an impact on the gene transfer efficiency is the low level
of ex vivo cycling HSCs. Quiescent HSCs are amenable to transduction
when they enter cell cycle. Major studies have focused to novel culture
conditions, which can lead to HSC proliferation and expansion, while
preserving self-renewal and in vivo repopulating activity. Different
molecules have been tested, including angiopoietin-like proteins, which
were shown to induce ex vivo expansion of human cells that repopulate
immunodeficient mice [99,100]. The aryl hydrocarbon receptor (AhR)
antagonist (SR1) and a notch ligand agonist promote ex vivo expansion
of human CD34+ cells, endowed to engraft immunodeficient mice
[101,102]. A recent study showed that a novel small molecule, the
pyrimidoindole derivative UM171, expands ex vivo cord blood derived
CD34+ cells capable of reconstituting human hematopoiesis in im-
munodeficient mice [103]. This compound acts in independent manner
from the AhR, which targets cells with more-limited regenerative po-
tential. Zonari et al. [95] recently demonstrate that, with the use of
UM171, the culture time of CD34+CD38− cells can be extended be-
yond 7 days, with evidence of long term hematopoietic stem cell ex-
pansion. Overall, although these results indicate some level of HSC
expansion, the ideal procedure amenable to provide therapeutic dose of
genetically corrected and repopulating HSC is still indefinable.

Since the clinical outcome is expected to correlate not only with the
amount of genetically modified HSC, but also with the proportion of
cells able to successfully engraft upon transplantation, the use of mo-
lecules favoring stem cell engraftment might improve gene therapy
protocols. In this context, basic research studies paved the way. A
screening of chemicals that induce proliferation of HSCs in zebrafish led
to the identification of Prostaglandin E2 (PGE2) as a regulator of HSC
homeostasis [104]. PGE2 significantly enhanced engraftment of CD34+
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cells after xenotransplantation and showed a stable multilineage en-
graftment in non-human primate transplant models [105]. These results
indicated that PGE2 has evolutionarily conserved functions in reg-
ulating HSC numbers and provided sufficient preclinical data to move
forward with an FDA-approved phase I clinical trial for its use in cord
blood transplantation for subjects with hematological malignancies
(clinical trial #NCT00890500).

4.5. Improved transduction methods

In studies of gene transfer, a near-complete transduction of
CD34+CD38− cells with LV can be achieved by adding PGE2 during a
novel short-time cell culture protocol, reducing the negative impact of
culture on progenitor cell function [95]. Moreover, the addition of
PGE2 increases in vitro VCN and/or transduction efficiency of CD34+

cells, at a level depending on the cell source [85]. Recently, Heffener
et al., [106] demonstrated that the addition of PGE2 increased lentiviral
vector transduction of CD34+ cells approximately 2-fold compared to
control transduction methods. Primary CD34+ cells from normal
human donors and from patients affected by β-thalassemia or sickle cell
disease were efficiently transduced. PGE2 increased also transduction
of repopulating human HSPCs in an immune-deficient xeno-
transplantation mouse model (NSG) without evidence of in vivo toxicity,
lineage bias, or a de novo bias of lentiviral integration sites. These data
support the introduction of these improvements in the gene therapy
clinical setting and generate new opportunities in the field of gene
editing.

In another study, the addition of rapamycin, an inhibitor of the
mammalian mTOR pathway, significantly enhanced transduction of
HSCs preserving their engraftment potential without alterations in
lentiviral integration profile [107]. The authors demonstrated that ra-
pamycin functioned increasing LV post-binding cytoplasmic entry
events rather than enhancing autophagy. These data were also con-
firmed by Petrillo et al. [108]

4.6. Route of administration of HSC

Administration of allogeneic and autologous cells in HSCT is usually
given by intravenous injection in patients following myeloablative
treatment. The systemic delivery via peripheral circulation is an easy
procedure aimed to rapid dissemination of transplanted cells, that
eventually home and engraft in the BM niche. Unavoidably, a sig-
nificant proportion of injected cells are lost due to the major filter or-
gans trapping, as lungs and spleen. An alternative route of adminis-
tration, to overcome cell loss, is represented by the intraosseous
injection. This procedure has been successfully utilized in cord blood
transplantation, resulting in rapid early engraftment of neutrophils and
platelets and a better outcome if compared to i.v. administration [109].
Differently from previous gene therapy studies, in TIGET BTHAL clin-
ical trial (see Section 2 and Table 1) the genetically modified cells are
delivered by intraosseous injection, bilaterally in the iliac crests. The
choice of this innovative route of administration was supported by data
obtained in murine transplantation and imaging studies (MR. Lidonnici,
unpublished data) and by the rationale of a direct relocation of HSCs
(homing) and their engraftment into the BM niches. Long term follow-
up will allow evaluating the real advantage of this procedure in the
setting of purified CD34+ cells transplantation.

4.7. Rationale of BM conditioning in gene therapy trials

In the majority of gene therapy trials reduced intensity or non-
myeloablative treatment would be preferred to conventional fully
myeloablation due to the high risk of non-hematological toxicity. The
reduced conditioning regimen can lead to mixed chimerism, which can
provide clinical benefit only if the gene-corrected cells are endowed
with a selective advantage, as observed in clinical trials for

immunodeficiencies [59,88,110–112].
Partially myeloablative conditioning with busulfan was used in the

context of gene therapy trial for patients affected by WAS with RV
expressing Wasp from viral LTR promoter. Stable engraftment of
transduced cells was achieved at multilineage level in both BM and PB,
with a selective advantage conferred by the transgene to the lymphoid
cells [63]. In a LV-based trials for WAS in pediatric and adult patients
[88,111,112], a reduced intensity conditioning led to the presence of
transduced HSCs in the 20–50% of stem cell compartment of the BM,
with a higher proportion of transduced cells in the lymphoid subset.
Also in this case, the reduced intensity conditioning led to a clinical
benefit due to the selective advantage conferred by the transgene to the
lymphoid cells. Moreover, the first report of successful GT in an adult
with severe WAS was recently reported [112]. In gene therapy trials for
metachromatic leukodystrophy [113] and CGD [114], in which high
levels of engraftment of gene corrected HSCs are required and no se-
lective advantage is documented, the choice fell on fully myeloablative
conditioning. Noteworthy, in the gene therapy trial for β-thalassemia
sponsored by MSKCC, low dose of busulfan resulted in insufficient en-
graftment of gene marked cells and lack of significant clinical benefit
[71]. The BM of thalassemic patients contains a number of erythroid
precursors five to six-fold higher than that of healthy controls [115].
The presence of expanded erythroid precursors in the BM and the re-
duced myeloablative treatment, unable to eradicate the erythron
growth, could explain low engraftment of genetically modified HSCs in
these patients. Thus, based on these early results, the subsequent trials
for hemoglobinopathies adopted full myeloablative treatment in order
to make adequate space in the BM niches and achieve a high level of
engraftment of corrected HSCs.

For genetic disorders, it is mandatory to develop optimal con-
ditioning strategies with minimal toxicity but sufficient myeloablative
efficacy to achieve therapeutic levels of genetically corrected HSCs.
New advanced treatments to myeloablate BM niches with biological
agents, without using chemicals, like anti-cKit or anti-CD45-SAP anti-
bodies are being exploited [116–118].

Studies performed in murine models demonstrated the efficacy of
using monoclonal antibodies directed against cell surface antigens ex-
pressed by all blood cells, such as CD45, or by subpopulations enriched
for HSC, such as c-KIT, to deplete resident HSC [119,120]. Moreover,
anti-CD45 antibodies (YTH24.5 and YTH 54.12) have already been
tested successfully in combination with immune suppressive drugs in a
clinical trial of allogeneic HSCT in patients with pre-existing organ
toxicity or DNA repair defects [121]. Monoclonal antibody-based con-
ditioning was well tolerated and achieved curative engraftment.

Recently, a novel approach has been developed employing anti-
CD45–SAP, a hematopoietic-cell-specific immunotoxin consisting of
saporin (SAP) conjugated to a CD45-targeting antibody. Saporin, a ricin
family toxin able to halt protein synthesis, coupled to an anti-CD45
antibody was administered to wild-type mice as a conditioning regimen
before HSCT. The treatment was capable of depleting HSCs nearly as
total body irradiation (TBI). CD45-SAP permitted long-term stable
donor chimerism, with less toxicity, more rapid immune recovery,
better preservation of BM and thymus architecture than conventional
methods [122].

As an alternative to chemotherapy or radiation, a new im-
munotherapy strategy that clears out host HSCs from the BM in pre-
paration for a transplant was described in Chhabra et al. [123]. The
authors demonstrated that blockade of the surface antigen CD47 allows
phagocytic myeloid cells to engulf host HSCs displaced by anti-c-kit
antibody (ACK2). CD47 blockade enhances the potency of ACK2 for
transplant conditioning. This combined treatment led to depletion of
99% of HSCs from the BM of immunocompetent mice, to improved
engraftment of donor HSCs, with fewer toxic effects for recipient mice.
Clinical trials using these approaches are currently running in patients
with advanced solid and hematologic cancers (clinical trial
#NCT02216409 and NCT02367196). Recently, a phase 1 study has
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been opened to assess the safety and tolerability of HSC allografts in-
fused into patients affected by SCID, treated before transplantation with
AMG 191, an antibody that targets CD117 (c-kit) present on en-
dogenous HSC (clinical trial #NCT02963064). Interestingly, in the
model of Fanconi anemia mice, the use of anti c-kit alone was shown to
be sufficient for donor HSC engraftment [124].

All these novel conditioning approaches will enable autologous HSC
transplants to be more effective with reduced toxicity in diseases such
as hemoglobinopathies.

4.8. The age factor

In the design of gene therapy studies the inclusion of patients with
different age needs to be carefully evaluated and justified, and the
outcome might be affected by age-related response to treatment. Some
clues relevant in the context of autologous transplantation can be in-
ferred from the clinical experience in the allogeneic setting.

This is particularly evident from the results of allogeneic HSCT in β-
thalassemia, with better results in younger patients vs the adults.
Furthermore, age is an important factor influencing the function of both
HSCs and microenvironment, since hemoglobinopathies are progressive
diseases. The altered status of the bone marrow due to ineffective er-
ythropoiesis, iron overload, ROS accumulation and a general hy-
permetabolic state might affect long-term HSC functions and the sup-
port by the niche.

Clinical HSCT faces two obstacles that can affect the success of this
treatment: insufficient numbers of transplantable stem cells and low
engraftment efficiency. These limitations are intensified by patients'
advanced age [125] [126]. The National Marrow Donor Program has
reported that donor age is the only factor significantly associated with
overall survival rate of transplanted recipients: the younger the donor,
the better the long-term outcome [127]. Blood cells are produced reg-
ularly from the BM as a result of a homeostatic mechanism that reg-
ulates cell production and differentiation within the hematopoietic
system. During the aging process HSCs are subjected to exhaustion,
both quantitatively and qualitatively. Even though HSCs increase in
number with age [128,129], they lose their repopulating abilities upon
transplantation [130]. In addition, a decrease in HSC function was
negatively correlated with lifespan [131]. From these studies, it is clear
that enhanced in vivo proliferation can lead to exhaustion of the HSC
pool and reduction of its quality, limiting self-renewal capacity, homing
and engraftment potentials. Major phenotypes are associated with he-
matopoietic aging and recent studies investigate cell-intrinsic and cell-
extrinsic mechanisms of HSC aging (reviewed in [132]).

The disease prognosis and stage contribute to the inferior outcome
of allogeneic HSCT in older patients compared with younger patients.
In gene therapy trials of progressive diseases, the severity of the pa-
thology correlates with the age and influences the clinical benefit
[88,89]. With the exceptions of MLD and ALD, in all other diseases the
HSC content and relationship with the stroma are affected by the pa-
thology [133–140]. The results from TIGET BTHAL clinical trial, where
different age groups of patients are included, from 3 to> 18 years old,
will be instrumental for studying the age factor in autologous trans-
plantation of genetically modified HSCs.

4.9. The role of BM microenvironment

Since the performance status of patients affected by β-hemoglobi-
nopathies is increasingly deteriorated, the BM microenvironment might
affect the HSC features. The non-hematopoietic component of the BM
microenvironment supports the engraftment of HSCs. Peculiar features
of β-thalassemia, as anemia, extramedullary hematopoiesis, iron accu-
mulation and bone deformities due to marrow expansion, can alter the
BM microenvironment in patients. Preliminary data showed the impact
of an altered microenvironment on HSC behavior and function in tha-
lassemia intermedia murine model [141]. Further investigation in the

human context will be instructive to understand the basis for recon-
stituting hematopoiesis and effective erythropoiesis in a chronically
stressed environment. Interestingly, SCD patients show BM alterations,
as erythroid hyperplasia, with extensive marrow erythrophagocytosis,
an abnormally low reticulocyte response, presence of hemoglobin S
polymers in reticulocytes, sickling of nucleated erythroblasts
[142,143]. These features associated with endothelial activation and a
general reactive milieu might affect the homeostasis and egress from
the BM of CD34+ cells [144]. All these aspects must be taken into ac-
count when designing gene therapy trials.

Several endocrine factors, such as erythropoietin (Epo), parathyroid
hormone (PTH) and estrogens, which are altered in patients, are known
to regulate HSC maintenance, self-renewal and differentiation by
modulating the mesenchymal stromal function and osteoblastic activity
[145–148]. Whereas it is speculative to consider that continuous and
excessive elevation of endogenous Epo level or reduction of PTH may
lead to alterations of the bone microenvironment, it is well documented
that iron accumulation can affect the normal hematopoiesis through an
alteration of BM niche in a disease context. Iron is usually involved in
many physiological cellular functions such as cell cycle, DNA replica-
tion, metabolism and DNA synthesis/repair and processes that occur in
mitochondria [149]. Recent data in patients affected by myelodys-
plastic syndromes (MDS) and leukemia support the hypothesis that iron
overload through reactive oxygen species (ROS) production may have a
negative effect on hematopoiesis and the hematological niche. These
diseases share some feature with β-hemoglobinopathies, as iron over-
load, caused by ineffective erythropoiesis, increased gastrointestinal
iron intake and transfusion dependency.

Recent studies suggest that ROS are implicated in HSC state and
function. Ludin and colleagues showed how ROS levels are essential to
maintain the self-renewal of stem cells [150]. Elevation in ROS content
appears to drive HSC out of quiescence, to reduce self-renewal capacity
and to promote migration to the vascular side of the niche, where the
microenvironment induces HSCs to proliferate and differentiate. Sev-
eral environmental factors [151] and hypoxic conditions [152] can
contribute to maintain low ROS levels. However, extremely low ROS
levels can prime HSCs to differentiate leading to impaired repopulation
capacity [153]. On the other hand, high ROS levels can induce stem cell
differentiation towards myeloid lineage [154,155]. Stress conditions,
such as iron overload, through ROS production could impair self-re-
newal capacity of HSCs [156]. Moreover, iron overload can damage BM
stroma, liver, kidney and indirectly influences the engraftment of
normal HSCs by reducing expression of molecules, such as CXCL12,
VCAM-1, Kit-ligand, Epo and thrombopoietin [157].

Therefore, in the setting of autologous HSC transplantation, as in
gene therapy, the two fundamental cellular components of the hema-
topoietic system- HSC and its niche- might be both affected by aging
and/or by disease related stress factors inducing premature senescence.

5. Genome-editing technologies: gene correction versus gene
addition

Genome-editing technologies offer an innovative approach for
treating β-hemoglobinopathies (Fig. 1A and B). In the last decades,
several nucleases were developed for genetic engineering: zinc finger
nucleases (ZFNs), transcription activator-like effector nucleases (TA-
LENs), and the clustered regularly interspaced short palindromic repeat
(CRISPR)-associated nuclease Cas9 (Fig. 1A). Clinical gene-editing trials
to treat diseases such as HIV, leukemia, hemophilia B, mucopoly-
saccharidosis I, both by ex vivo and in vivomethods, have been started in
the last 2 years [158].

The CRISPR/Cas9 system is the most novel approach, using a single
or multiple short guide RNAs (gRNA) with 20 bp complementary to
DNA sequence targeted [159]. The nucleases create site specific double
strand breaks (DBSs) which can be repaired by two mechanisms: non-
homologous end joining (NHEJ), with direct fusion of the cleaved ends,
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and homologous directed repair (HDR) which needs an exogenous
template [160], usually delivered via single-stranded oligodeox-
ynucleotides or viral vectors as integrase defective LV or AAV [161] for
gene correction with insertion.

In the context of β-hemoglobinopathies, different gene editing
strategies have been successful, including induction of endogenous fetal
γ-globin [162], correction of β-globin gene mutation [163–165], or a
combined approach [166,167]. Recently, inactivation by genome
editing of BCL11A, a validated HbF repressor and therapeutic target for
β-hemoglobin disorders has been proposed [168–171]. Common ge-
netic variants at BCL11A locus were found to be associated with HbF
level [172] and suppression of BCL11A in the erythroid lineage in-
creased the γ-globin gene expression [172–174].

It has been observed that ubiquitous BCL11A knockdown impaired
engraftment of both human and mouse repopulating HSCs [175,176].
These data suggest that global targeting of BCL11A in stem and pro-
genitor cells, such as human CD34+ cells, is inappropriate. Therapeutic
strategies that emphasize disrupting BCL11A selectively in erythroid
cells need to be considered.

To develop an effective and sustainable cell therapy for SCD, Chang
et al. [177] investigated the feasibility of targeted disruption of the
BCL11A gene, either within exon 2 or at the GATAA motif of the in-
tronic erythroid-specific enhancer, using ZFNs in BM CD34+ HSCs. The
authors showed that BCL11A gene disruption impaired erythroid en-
ucleation, whereas bi-allelic disruption of the GATAA motif in the er-
ythroid enhancer of BCL11A did not affect enucleation and HSCs
function.

The erythroid-specific BCL11A knockdown, by gene transfer of LV
carrying shRNA, demonstrated that its expression is required to main-
tain the silencing of HbF expression in erythroid cells [176] without
toxicity on HSCs. Moreover, unlike gene editing, the use of LVs has the
advantage that several factors important for clinical translation such as
safety, efficacy, and high transduction efficiencies were already ad-
dressed from a decade of clinical studies. This study laid the foundation
for a recently approved clinical trial for treating SCD (clinical trial
#NCT03282656).

Recently, using ZFNs or CRISPR/Cas9 nucleases combined with
single-strand oligodeoxynucleotide donors or integrase-defective LVs
carrying the donor templates, site-specific correction of the sickle
mutation in HSCs allowed permanent production of normal red blood
cells [164,165,178]. However, gene targeting in primary im-
munodeficiencies showed that a high gene targeting efficiency in HSCs
by homologous recombination at disease-causing loci is difficult to
obtain [179]. HDR is mainly active during the S/G2 phase, whereas
NHEJ is active throughout the entire cell cycle and therefore HSCs are
less permissive to genome engineering.

Recently a new approach reached efficient homologous-re-
combination-mediated editing frequencies at the HBB locus in CD34+

HSCs by using Cas9 ribonucleoprotein combined with rAAV6 homo-
logous donor delivery [180]. They demonstrated efficient correction of
Glu6Val mutation in HSCs derived from several patients with SCD and
persistence of modified human cells in secondary transplants of im-
munodeficient mice.

The generation of hereditary persistence of fetal hemoglobin
(HPFH) mutations in HSCs by genome-editing system could be an al-
ternative therapeutic strategy to increase HbF levels in both β-tha-
lassemic and SCD patients. Wienert B et al. demonstrated that the in-
troduction of the HPFH-175 T > C point mutation is associated with
elevated fetal γ-globin expression in erythroid cell lines through de novo
recruitment of the activator TAL1 [181]. Recently, another study used
the CRISPR/Cas9 system to mutate a 13-nt sequence in the promoters of
the HBG1 and HBG2 genes via microhomology-mediated end-joining
(MMEJ), leading to HbF increase to potentially therapeutic levels
[182].

Future studies are required to assess potential toxicity of genome
editing in human HSCs and to minimize potentially unsafe off-target

mutations before clinical translation [183]. Recently several researches
try to develop unbiased method to assess off target mutagenesis
[184–186] [187]. Some other important issues regarding cytotoxicity
must be addressed, as high vector doses employed in HSCs and the
occasionally unfavorable ratio of HDR to NHEJ, as HDR-based correc-
tion of mutation may restore expression of a functional β-globin,
whereas NHEJ-mediated disruption of the same locus could generate a
β-thalassemia phenotype.

A completely different and novel approach has been very recently
reported by directly reducing expression of α-globin, since the excess of
α-globin chains has an important impact on the pathophysiology of β-
thalassemia. The authors used CRISPR/Cas9 genome editing of primary
human CD34+ cells to mimic a natural mutation, which consists in the
deletion of the MCS-R2 α-globin enhancer causing α-thalassemia [188].
In this case, the rationale of altering α-globin production is based on the
potential benefit associated to the decrease of uncoupled free α-chains
in β-thalassemia. Edited CD34+ cells obtained from patients affected by
β-thalassemia were able to differentiate into erythroid cells, with a
reduction in α-globin expression and a correction of the α/β globin
chains imbalance. Moreover, the edited CD34+ cells showed a long-
term repopulating capacity in immunodeficient mice, demonstrating
that the treatment does not compromise the in vivo HSC engraftment in
the hematological chimera model.

Overall, results from gene editing methods to correct β-hemoglo-
binopathies are promising and the potential clinical translation needs to
be evaluated in preclinical genotoxicity and safety studies, in the best
available models. In addition, preclinical efficacy studies should allow
establishing advantages or disadvantages in terms of potential ther-
apeutic benefit versus the current gene therapy approaches.

6. Concluding remarks

Although several barriers to gene therapy appear to have been
overcome, some obstacles remain to be solved. A number of years of
clinical application of gene transfer techniques have highlighted some
benefits as well as the current limitations of ex vivo gene therapy for
hemoglobinopathies. Using gene editing instead of gene addition does
not change some fundamental, still-open issues about autologous cell
transplantation in SCD and β-thalassemia, such as stem cell sources and
preservation of HSC functions upon gene modifications. Introducing
small or large deletions in the HSC genome by NHEJ is relatively effi-
cient, and not particularly cumbersome. Gene deletions are not an ob-
vious target for hemoglobinopathies, nevertheless the disruption of
molecular repressors of fetal globin genes and the generation of mu-
tations reproducing the HPFH condition are both promising strategies.
Gene correction by HR-mediated DNA repair, that requires a different
molecular strategy for each mutation, is complex and is less efficient
than NHEJ in HSCs. The consequences of introducing double-stranded
DNA breaks in somatic stem cells are far from being understood.
Therefore, currently gene editing cannot be considered safer than viral-
mediated gene addition.
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