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b-Thalassemia and sickle cell disease (SCD) are the world’s two
most widely disseminated hereditary hemoglobinopathies.
b-Thalassemia originated in the Mediterranean, Middle
Eastern, and Asian regions, and SCD originated in central
Africa. However, subsequent population migration means
that these two diseases are now global and thus constitute a
growing health problem in many countries. Despite remark-
able improvements in medical care for patients with b-hemo-
globinopathies, there is still only one definitive treatment
option: allogeneic hematopoietic stem cell (HSC) transplanta-
tion. The development of gene therapy for b-hemoglobinopa-
thies has been justified by (1) the limited availability of human
leukocyte antigen (HLA)-identical donors, (2) the narrow
window of application of HSC transplantation to the youngest
patients, and (3) recent advances in HSC-based gene therapy.
The huge ongoing efforts in translational medicine and the
high number of related publications show that gene therapy
has the potential to become the treatment of choice for patients
who lack either an HLA genoidentical sibling or an alternative,
medically acceptable donor. In this dynamic scientific context,
we first summarize the main steps toward clinical translation
of this therapeutic approach and then discuss novel lentiviral-
and genome editing-based treatment strategies for b-hemoglo-
binopathies.
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Globin Gene Regulation during Development

Hemoglobin (Hb), the protein that carries oxygen from the lungs to
the tissues, is a tetramer composed of two a-like globin chains and
two b-like globin chains. In humans, b-like globin genes are sequen-
tially expressed throughout development (Figure 1). Around the time
of birth, fetal Ag- and Gg-globin expression is silenced, and the adult
b-globin gene is predominantly expressed; this process is referred as
g-to-b Hb switching.1 A 16-kb-long locus control region (LCR;
located�40–60 kb upstream of the b-globin genes) contains powerful
chromatin opening and DNA enhancer elements (DNase hypersensi-
tive sites [HSs]), which are necessary for high-level globin gene
expression. The LCR is thought to regulate the expression of the
b-globin-like genes by direct interaction with their promoters. The
LCR loops to the b-like globin promoters in a developmentally dy-
namic manner and is juxtaposed to the fetal g-globin and adult
b-globin promoters in fetal and adult erythroblasts, respectively.
A pentameric complex (including GATA1, TAL1, E2A, LMO2, and
LDB1) is thought to mediate formation of the loop between the
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LCR and the globin promoters and, as a consequence, b-like globin
gene expression (Figure 1).

Several nuclear factors are thought to contribute to the Hb switching
process, including the erythroid Kruppel-like factor (KLF1),2 MYB,3

the stage selector protein,4 and the nuclear receptors TR2/TR45,6 and
COUP-TFII.7 The zinc-finger transcription factor BCL11A has a
major role in the silencing of g-globin expression in human cells.8,9

BCL11A is thought to exert this function by interacting with the
erythroid master regulator GATA1, SOX6, FOG-1, and the NuRD
repressor complex10 (Figure 2). BCL11A is essential for the proper
development of B lymphocytes, and murine BCL11A-deficient he-
matopoietic stem cells (HSCs) show defects in engraftment, cell cycle,
and multi-lineage differentiation.11,12 However, BCL11A’s role in
erythroid differentiation and the mechanism (direct or indirect)
through which it represses fetal hemoglobin (HbF) expression are
currently unknown. Masuda et al.13 recently identified LRF/ZBTB7A
transcription factor as a potent repressor of fetal b-like globin expres-
sion in adult human erythroid cells. LRF exerts its repressive activity
through the NuRD repressor complex,13 independently of the HbF
repressor BCL11A (Figure 2). Lastly, chromatin modifiers and
remodeling factors (e.g., EHMT1/2,14 CHD4,15 DNMT1,16 and
LSD116) and the LIN28B-let7 microRNA pathway17 are also involved
in g-globin repression.

By integrating mutational and epigenetic analyses, researchers have
characterized a number of cis-regulatory genomic regions in the
b-globin locus with a potential role in Hb switching. Large, naturally
occurring deletions encompassing b- and d-globin genes in the
b-globin gene cluster and point mutations in the Ag- and Gg-globin
promoters result in increased HbF expression and a benign
syndrome called hereditary persistence of fetal Hb (HPFH).18 Large
HPFH deletions might eliminate HbF inhibitory sequences, whereas
HPFH point mutations may disrupt binding sites for g-globin
silencers (e.g., BCL11A) or generate new binding sites for g-globin
activators.18
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Figure 1. Developmental Regulation of the b-Globin-like Genes

The human b-like globin gene locus contains five b-like globin genes. The ε-globin is expressed during the embryonic stage and replaced by g-globin during fetal life. Around

time of birth, a g-to-b-globin switch occurs and the b-globin is predominantly expressed in the adult life. The adult d-globin gene is poorly expressed. A pentameric complex

mediates long-range interactions between the LCR and g- and b-globin promoters in fetal and adult erythroblasts, respectively.
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Mutational analyses of the b-globin gene cluster have identified a
3.5-kb dg-intergenic region that is specifically deleted in HPFH indi-
viduals,9 thus representing a potential HbF silencer (Figure 2). The
region contains a 250-bp polypyrimidine-rich sequence, the deletion
of which resulted in delayed human g-to-b-globin switching in
transgenic mice,19 and SNPs associated with elevated HbF levels.20,21

Importantly, the 3.5-kb dg-intergenic region is occupied by BCL11A
in human adult primary erythroblasts, suggesting a direct role of
BCL11A in g-globin repression.9 This region is included in the
7.2-kb db-Corfu region, the deletion of which results in a high HbF
blood content in thalassemic patients.22

Cross-comparisons of point mutations carried by sickle cell disease
(SCD) and thalassemic patients displaying HPFH traits have revealed
a common T-to-C substitution at position�175 (�175T > C) in both
the Ag- and Gg-globin promoters responsible for pancellular expres-
sion of high levels of g-globin.23 In the murine adult MEL and human
fetal erythroid K562 cell lines, nuclease-mediated insertion of
the �175T > C substitution into the g-globin promoter creates a
de novo E-box binding site for TAL1, which recruits the E2A/
LMO2/LDB1 complex, promotes loop formation between the LCR
and g-globin promoter, and thus increases HbF expression.23 Inter-
estingly, a 13-nt deletion (�102 to �114) in the Ag-globin promoter
is associated with pancellular HbF expression, which is probably due
to the loss of recruitment of the transcriptional repressor BCL11A24

(M.J. Weiss and J.K. Joung, 2016, American Society of Hematology,
conference) (Figure 2). These data suggest that BCL11A binding sites
in the b-globin locus (e.g., in the 3.5-kb dg-intergenic region and in
the g-globin promoter) may be responsible for HbF silencing in a
redundant fashion.

b-Hemoglobinopathies: Clinical Presentation and Conventional

Treatments

SCD and b-thalassemia are the most common monogenic disorders
worldwide, with �317,000 affected neonates born each year.12

b-Thalassemia is caused by more than 200 different b-globin gene
mutations that reduce or abrogate production of the b-globin chains
(the b+ and b0 genotypes, respectively). The excess of a-globin chains
results in ineffective erythropoiesis, intramedullary apoptosis of
erythroid precursors, and hemolytic anemia. Patients with b-thalas-
semia intermedia and minor can survive without regular blood trans-
fusions. Conversely, patients affected by b-thalassemia major are
transfusion dependent while they suffer from severe anemia, chronic
hemolysis, iron overload, hepatosplenomegaly, and complications
such as cardiopathies and endocrine disorders. The age at which
these complications appear is tightly linked to the adequacy of sup-
portive care.
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Figure 2. Major Players in Fetal-to-Adult Hb

Switching

BCL11A interacts with SOX6, GATA1, FOG1, and the

NuRD repressor complex to repress the expression of

g-globin genes in adult erythroblasts. BCL11A binding

sites (indicated with light blue boxes) were mapped in the

g-globin promoters and in a putative 3.5-kb HbF silencer

(depicted as a black box). The expression of BCL11A is

positively regulated by KLF1, which in turn is upregulated

by MYB. Additionally, KLF1 favors fetal-to-adult Hb

switching by directly activating b-globin gene expression.

The transcription factor LRF silences g-globin expression

through the NuRD complex.
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SCD is caused by an A-to-T point mutation in the sixth codon of the
b-globin gene, which leads to an E6V substitution in the b-globin
polypeptide. The resulting defective b-globin (bS) polymerizes in
the deoxygenated state, and the normally flexible, doughnut-shaped
red blood cells (RBCs) take on an inflexible hook/sickle shape. Sickled
RBCs obstruct microvessels and have a short half-life due to repeated
sickling-unsickling cycles. The pathophysiology of SCD differs from
that of b-thalassemia. In fact, SCD is a chronic disease that dramati-
cally impairs the function of many organs, independently of the trans-
fusion and chelation regimens adopted. SCD is associated with
substantial morbidity, poor quality of life, and a shortened life expec-
tancy, even in high-income countries like France.25 SCD-associated
morbidity and mortality in young adults is largely due to currently
unpreventable complications, such as priapism, avascular necrosis,
chronic pulmonary impairment, hypertension, stroke, and recurrent
veno-occlusive crises.26 Survival has improved significantly over the
last two decades, and 94% of children with SCD now survive until
the age of 18 years thanks to better monitoring, Pneumococcus vacci-
nation, penicillin prophylaxis, and treatment with hydroxyurea, an
anti-cancer drug, which increases blood HbF levels.13 Indeed, the
clinical course of SCD is improved when fetal g-globin genes are
highly expressed,27 as seen in patients with HPFH traits. In SCD,
g-globin exerts a potent anti-sickling function by competing with
the sickle b-globin for incorporation in the Hb tetramers and by
inhibiting sickle hemoglobin (HbS) polymerization (Figure 3). How-
ever, pharmacological treatments increasing HbF levels are not
equally effective in all patients, and toxicity remains a problem. In
fact, mortality is still high once patients reach adulthood.14

The ever-increasing demand for lifelong transfusions is impossible
to satisfy (for safety reasons in developing countries and for avail-
ability reasons in high-income countries). Allogenic transplantation
of HSCs (HSCT) is currently the only definitive treatment for
b-hemoglobinopathies. However, only a small percentage of patients
can undergo this procedure, because (1) it has to be performed in
specialized units and (2) the majority of the populations affected
by these diseases are poorly represented in the international registry
of HSC donors. Hence, in the absence of an HLA-geno-compatible
sibling, the vast majority of patients lack a well-matched, unrelated
donor.
1144 Molecular Therapy Vol. 25 No 5 May 2017
Novel Therapeutic Approaches to b-Hemoglobinopathies

Gene therapy using autologous, genetically modified HSCs is an alter-
native to allogenic HSCT for treating b-hemoglobinopathies. It cir-
cumvents the need for a matched donor and thus avoids the risk of
graft versus host disease and graft rejection after HSCT. Furthermore,
the conditioning regimen required for the engraftment of genetically
modified cells, because of their autologous origin, does not include
immunosuppressive drugs. Hence, the infusion of the genetically
modified cells and patient follow-up can potentially be performed
in many pediatric and adult hematopoietic cell transplantation units,
even those with limited expertise in allogenic HSCT. The rapid world-
wide application of this therapeutic approach may now be possible,
thanks to better safety and the absence of treatment-related mortality
in gene therapy trials to date.

The source of autologous CD34+ hematopoietic stem/progenitor
cells (HSPCs) is critical for obtaining an adequate dose of cells re-
taining stem cell properties. The conventional collection of autolo-
gous bone marrow (via multiple punctures of the iliac crests under
general anesthesia) is invasive and does not yield enough CD34+

HSPCs, particularly in b-thalassemic and SCD patients. In b-thalas-
semic bone marrow, ineffective erythropoiesis is characterized by
(1) accelerated erythroid differentiation, (2) a maturation block at
the polychromatophilic stage, and (3) elevated death of erythroid
precursors.28 The consequence of these alterations is the accumula-
tion of five to six times more erythroid precursors than in normal
bone marrow; this contributed to the initial failure to harvest an
adequate dose of HSPCs from b-thalassemic patient bone marrow.29

Therefore, in these patients, mobilization of HSPCs is recommen-
ded for the gene therapy procedure.30–32 The current gold standard
procedure for b-thalassemic patients involves a combination of
granulocyte-colony stimulating factor (G-CSF) and plerixafor
(Mozobil, formerly AMD3100), a bicyclam molecule that antago-
nizes the binding of stromal cell derived factor-1 (SDF-1) expressed
by bone marrow stromal cells to the chemokine CXC-receptor 4
(CXCR4) located on the surface of HSPCs. G-CSF plus plerixafor
has been shown to provide very high numbers of CD34+ cells by
single apheresis in mobilized thalassemic patients,32 despite the
recently reported highest enrichment in HSCs using plerixafor
alone.33
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Figure 3. Inhibition of HbS Polymerization by Anti-sickling b-like Globins

HbS tetramers polymerize upon de-oxygenation. In HbS polymers, the valine at position 6 (V6) of the bS-chain forms a lateral contact with the phenylalanine and leucine

residues at positions 85 and 88 (F85 and L88) of the bS-chain of the adjacent tetramer. Additionally, a glutamic acid (at position 22) of the b-chain interacts with a histidine

residue (at position 20) of the a-globin of a neighboring tetramer (axial contact). The incorporation of g- or bT87Q-globin into the Hb prevents HbS polymerization. bT87Q-Globin

harbors an amino acid substitution at position 87 (threonine [T87] to glutamine [Q87]). The glutamine residue derived from the g-globin chain inhibits the formation of lateral

contacts between the Hb tetramers. In addition to the T87Q amino acid substitution, in AS3 b-globin, the glutamic acid at position 22 is replaced by an alanine (A22), which

disrupts the axial contacts between the Hb tetramers, and the glycine at position 16 is replaced by an aspartic acid (D16), thus increasing the affinity of the AS3 b-chain to the

a-globin polypeptide.

Molecular Therapy Vol. 25 No 5 May 2017 1145

www.moleculartherapy.org

Review

http://www.moleculartherapy.org


Figure 4. Novel Therapeutic Approaches for b-Hemoglobinopathies

Overview of lentiviral (1a–1c) and genome editing (2a and 2b) approaches for correcting HSCs from SCD and b-thalassemic patients. (1a) Gene addition: therapeutic,

erythroid-specific expression of b-like globin transgenes using lentiviral vectors. (1b) shRNA for BCL11A knockdown (KD): HbF reactivation by lentiviral-mediated erythroid-

specific expression of an shRNA against BCL11A. (1c) Forced LCR-g-globin looping: HbF induction by lentiviral expression of a ZF-LDB1 fusion protein forcing the

(legend continued on next page)
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Similarly, two or three bone marrow harvests are required to collect
an adequate dose of HSPCs from SCD patients; this is mainly because
the HSC harvest is negatively influenced by (1) the inflammatory SCD
bone marrow microenvironment34 and (2) the formation of cell
aggregates during the isolation of bone marrow mononuclear cells
(M.C., unpublished data). In individuals with SCD, the administra-
tion of G-CSF led to severe adverse events35 and is therefore contra-
indicated. We recently suggested that plerixafor is potentially a safer
mobilizing agent for SCD patients (http://www.clinicaltrials.gov iden-
tifier NCT02212535).

Lastly, the choice of the optimal conditioning regimen is particularly
important, since the intake of a high proportion of transduced HSCs
is required to ameliorate the clinical phenotype of b-thalassemia and
SCD; the selective advantage is at best limited to the preferential sur-
vival of corrected erythroblasts.

Several approaches can be used to genetically manipulate HSCs
and correct the genetic defect underlying b-hemoglobinopathies.
A number of ongoing clinical trials (based on the transplantation of
autologous b-thalassemic and SCD HSCs) are investigating the use
of lentiviral vectors that express b-like globin transgenes (G. Ferrari,
2016, Mol Ther., conference).29,36–38 Novel therapeutic strategies are
based on the use of lentiviral vectors and/or genome editing tools to
re-activate endogenous HbF expression. Lastly, several research
groups have explored genome editing-based approaches for correct-
ing the SCD mutation (Figure 4).

Lentiviral Vector-Based Strategies

Gene Addition Strategies

The correction of b-hemoglobinopathies by gene addition (i.e., the
efficient introduction of a fully functional b-like globin transgene
into HSCs) has required more than 20 years of research.

Two major breakthroughs have enabled efficient HSC transduction
and the therapeutic expression of b-like globin transgenes in HSC-
derived RBCs: (1) the development of HIV-1-derived lentiviral
vectors39 and (2) the discovery of the LCR HSs capable of boosting
b-like globin expression.40,41 The introduction of critical LCR HS
enhancers into the vector and the optimization of the vector titer
(e.g., by deleting a portion of the second b-globin intron and
removing multiple cryptic polyadenylation and splicing signals42,43)
led to proof-of-concept studies in murine models of b-thalas-
semia44,45 and SCD.46 Since then, several laboratories have shown
that LVs carrying the human b- or g-globin gene under the
control of b-globin promoter and LCR elements are able to
rescue murine and human b-thalassemic and SCD phenotypes47–49

(Figure 5)
juxtaposition of the LCR to the g-globin genes. (2a) Gene correction: correction of SCD

disruption: HbF reactivation induced by nuclease-mediated targeting of the BCL11A e

(2c) Generation of HPFHmutations: HbF induction by reproducing a 13-bp HPFH deletio

the b- and d-globin genes) by NHEJ.
Several clinical trials for b-hemoglobinopathies have been completed
and/or recently initiated (Figure 5). In the first phase 1/2 clinical trial
(LG001, initiated in France in 2006), we tested the HPV569 lentiviral
vector (Figure 5A). This vector expresses a b-globin transgene
harboring a critical amino acid derived from the g-globin chain
(bT87Q), which is responsible for inhibiting HbS polymerization by
blocking the lateral contacts required for the formation of Hb poly-
mers (Figure 3).50,51 This vector carries a minimal b-globin promoter
and the HS2, HS3, and HS4 elements from the LCR. Two copies of the
core of the chicken b-globin HS4 (cHS4) chromatin insulator were in-
serted in the viral long terminal repeats (LTRs). cHS4 displays
enhancer-blocking activity52–54 and therefore might increase the
safety of the lentiviral-based gene therapy approach by protecting
the neighboring genes from the LCR’s potent enhancer influence.
The first b-thalassemic patient to become transfusion independent
following gene therapy was reported some years ago.17 The patient
has a bE/b0 genotype and expresses low levels of a slightly unstable
but functional bE chain. The patient received a myeloablative condi-
tioning regimen with intravenous busulfan at a starting dose of
3.2 mg/kg per day. Pharmacokinetic monitoring enabled an exposure
of 4,500–5,000 (mM,min)/day to be maintained for 4 days. After
transplantation of bone-marrow-derived HSPCs, we observed a
gradual increase in gene marking. The patient became transfusion in-
dependent 1 year after gene therapy. Over time, the total Hb level
ranged between 8 and 9 g/dL, with equal proportions of HbAT87Q

(containing the transgene product), endogenous HbF, and hemoglo-
bin E (HbE) containing the bE-globin. Integration site analysis re-
vealed a partial clonal dominance upon vector integration within
the high mobility group AT hook 2 (HMGA2) gene. This gene was
activated both transcriptionally and post-transcriptionally by vec-
tor-induced abnormal splicing and premature transcript termination;
the resulting truncated mRNA was insensitive to degradation by let7
microRNA. The abnormal splicing was due to the presence of a
cryptic splice acceptor site in the cHS4 chromatin insulator within
the lentiviral 50 LTR. This benign clonal dominance declined after
several years (M.C., unpublished data). Moreover, insertion of the
cHS4 insulator into the lentiviral LTRs resulted in low titers, poor
transduction efficiency, and vector re-arrangements, with the loss
of insulator elements.17

For these reasons, we designed a new vector (BB305; Figure 5B).
After genomic integration, BB305 was identical to HPV569, except
for the absence of the cHS4 insulator.55 Further optimization of
vector production (including replacement of the 50 LTR promoter
with the cytomegalovirus promoter, to drive viral RNA production)
raised the vector titers and increased transduction efficiency.55 In
two multicenter international studies (HGB-204 and HGB206)
and one single-center French study (HGB-205), the BB305 vector
and b-thalassemic mutations via nuclease-induced HDR. (2b) BCL11A enhancer

rythroid-specific enhancer, located at +58 kb from BCL11A transcription start site.

n in the g-globin promoters via MMEJ or deletional HPFHmutations (encompassing
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Figure 5. b-Globin-like Expressing Lentiviral Vectors

Used in Clinical Trials

Schematic representation of b-like globin expressing lenti-

viral vectors in their proviral forms. The clinical trial number is

indicated in brackets. LTRs deleted of 400 bp in the HIV U3

region (DLTR), rev-responsive element (RRE), splicing

donor (SD), and splicing acceptor (SA) sites, human b-like

globin genes, b-globin promoter (bp), the 30 b-globin

enhancer (E), and Dnase-I hypersensitive sites HS2, HS3,

and HS4 from b-globin LCR are shown. Two copies of

the cHS4 core and the FB insulator were inserted into the

LTRs of HPV569 and Lenti-bAS3-FB lentiviral vectors,

respectively.
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was used to transduce HSPCs either mobilized from b-thalassemic
patients using G-CSF and plerixafor or purified from the bone
marrow of SCD patients. The HGB-204 and HGB-205 studies
were based on the myeloablative, busulfan-based conditioning
regimen used in the first clinical study (LG001). All the non-b0/b0

patients (n = 5 and 4 in the HGB-204 and HGB-205 studies,
respectively) became transfusion-independent R12 months after
gene therapy.36,38 In all 5 b0/b0patients included in the HGB-
204 trial, the annual transfusion volumes were significantly
lower than before gene therapy.36,38 Importantly, all the patients
showed a highly polyclonal integration profile, with no clonal
dominance.36,38

In 2012, a phase 1 clinical study in b-thalassemic patients in the
United States (NCT01639690) used the TNS9.3.55 vector expressing
the wild-type b-globin transgene (Figure 5C) and a reduced intensity
busulfan-based conditioning regimen. Gene marking was limited,
and the four treated patients did not show sufficient clinical benefit.56

A second trial is planned using a TNS9.3.55 variant vector,56
1148 Molecular Therapy Vol. 25 No 5 May 2017
incorporating an insulator selected by a system-
atic high-throughput screening of human
insulators.57

A phase 1/2 clinical trial for thalassemia
major patients started in Italy in 2015
(NC702453477). It is based on the GLOBE vector,
which expresses the wild-type b-globin transgene
under the control of the b-globin promoter and
only two elements from the LCR (Figure 5D).49,58

A myeloablative conditioning regimen based on
treosulfan and thiotepa was used, as it is consid-
ered to be less toxic than busulfan and to signifi-
cantly decrease extramedullary erythropoiesis.59

Transduced CD34+ cells were injected directly
into the bone marrow cavity to avoid their trap-
ping in the spleen or liver of patients with
hepatosplenomegaly and thus to increase the
level of engraftment. The preliminary results
are extremely encouraging, although a longer
follow-up period will be required for firm conclu-
sions (G. Ferrari, 2016, American Society of Hematology,
conference).

The first SCD patient to have undergone gene therapy was treated in
the HGB-205 study.60 Bonemarrow CD34+ cells were harvested twice
from the patient, who then underwent myeloablation with intrave-
nous busulfan. 15 months after gene therapy, the total Hb level was
12 g/dL, with therapeutic Hb and HbS accounting for 48% and 46%
of the Hb tetramers, respectively. A stable, high level of gene marking
was observed in all lineages except for T cells, given the absence of
immunosuppression during conditioning. The clinical phenotype
and the biological hallmarks of SCD were corrected. Hence, the
HGB-205 study proved that gene therapy via gene addition can be
a powerful curative tool for this devastating disease. In the HGB-
206 multicenter phase 1/2 study, however, peripheral blood levels
of the BB305 vector were low in all treated SCD subjects, with no
evidence of clinical benefit.37 The adverse impact of sickle marrow
pathology on HSCs, the adequacy of myeloablation, and the magni-
tude of the transduced cell dose are currently being explored as

http://www.moleculartherapy.org
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parameters that influence the clinical outcome of the BB305 lenti-
virus-based gene therapy approach.37

Two other clinical trials of gene therapy for SCD have been initiated
in the United States (NCT02186418 and NCT02247843, led respec-
tively by Punam Malik and Donald Kohn), although the results
have not yet been published. In the first trial, a lentiviral vector is
used to express an anti-sickling g-globin transgene (sGbG; Fig-
ure 5E).61 In the second trial, a lentiviral-derived b-globin transgene
harbors three anti-sickling point mutations (Lenti-bAS3-FB; Fig-
ure 5F): T87Q for blocking the lateral contact with valine 6 of the
bS chain, E22A for disrupting axial contacts, and G16D for conferring
to the transgene a competitive advantage over the bS in terms of the
interaction with the a-globin polypeptide (Figure 3). Functional anal-
ysis showed that the purified recombinant AS3 b-globin strongly
inhibits the polymerization of HbS tetramers.62 Moreover, the
Lenti-bAS3-FB vector includes the FB insulator element, which con-
tains enhancer-blocking components of the cHS4 and the analogous
region of the human T cell receptor d/a BEAD-1 insulator. It has been
shown that this vector ameliorates the SCD cell phenotype of RBCs
differentiated in vitro from patient HSPCs.63

Despite this undeniable progress in the optimization of gene addition
strategies, there is room for further improvement to increase transgene
expression in HSC-derived RBCs and boost the efficiency of HSC
transduction. Indeed, severe b0-thalassemia and SCD require high
levels of globin expression. With this objective in mind, the choice of
regulatory elements from the LCR (i.e., those best able to drive high
levels of globin expression without compromising the vector titer) is
still a critical issue. Moreover, the expression of a potent anti-sickling
globin transgene is essential for inhibiting HbS polymerization and
rescuing the SCD phenotype. However, we still lack a side-by-side
comparison of the anti-sickling activities of g-globin and b-globin
harboring either one or three anti-sickling mutations. Moreover,
obtaining a sufficient number of genetically modified patient HSCs
and correcting the most severe forms of b-hemoglobinopathies will
require the optimization of vector infectivity and HSC transduction.
Lastly, the inclusion of novel insulator elements57,64 might (1) protect
transgene expression from silencing and (2) avoid the LCR-mediated
transactivation of neighboring genes without affecting the vector titer
or the post-transcriptional processing of endogenous RNAs.

Re-activation of Fetal g-Globin Gene Expression via the

shRNA-Mediated Downregulation of BCL11A

The lentiviral-mediated expression of a b-globin transgene is able to
provide clinical benefit in b+-thalassemic patients with residual,
endogenous b-globin expression29,36 (G. Ferrari, 2016, American
Society of Hematology, conference) and in SCD patients.60 However,
the treatment of these diseases requires further key improvements.
First, higher Hb production levels per cell must be achieved, especially
in severe forms of b-thalassemia (b0/b0 patients) and in SCD. Indeed,
it is hard to achieve the physiological levels of endogenous b-globin
expression with a lentiviral vector, because the latter cannot accom-
modate the entire LCR.65 Second, it is necessary to reduce expression
of the sickle b-globin gene in SCD. In fact, the correction of SCD
implies lower incorporation of the sickle b-globin chain into the
Hb tetramer, since elevated HbS levels are associated with a higher
risk of vaso-occlusive crises. In this context, a therapeutic strategy
aimed at forcing the b-to-g-globin switching favors high-level expres-
sion of the endogenous g-globin at the expense of the mutated
b-globin. These strategies are underpinned by the observation that
elevated levels of fetal g-globin ameliorate the clinical course of
b-thalassemia and SCD,27 by reducing the a-b globin imbalance
and the a-globin precipitation in b-thalassemia, and by inhibiting
HbS polymerization in SCD (Figure 3).

A therapeutic approach aiming to increase HbF levels could rely on
the downregulation of nuclear factors involved in g-globin silencing.
However, several of these factors (e.g., KLF1, MYB, and LRF) have an
essential role in erythroid development and thus are not ideal targets
to develop a safe approach for treating b-hemoglobinopathies. By way
of an example, inefficient erythroid terminal differentiation causes
mild macrocytic anemia in LRF knock out mice,66 and LRF knock-
down delays human erythroid differentiation.13

In this context, BCL11A has been suggested as a molecular target for
the therapeutic induction of g-globin in b-globin disorders. Knock-
down studies have demonstrated that BCL11A is required to main-
tain the silencing of HbF expression in human erythroid progenitors.8

g-Globin gene re-activation was accompanied by a reduction in
b-globin levels, probably as a result of preferential interaction be-
tween the LCR and the g-globin promoters.10 In humanized mouse
models of SCD, the loss of BCL11A produces pancellular HbF induc-
tion and reverses the characteristic end-organ damage.67 Interest-
ingly, individuals with BCL11A haploinsufficiency showed persistent
HbF expression and retained normal hematologic functions.68 How-
ever, there are several potential drawbacks in targeting BCL11A, given
its essential role in the development of B-lymphocytes and in HSCs.11

One potential approach involves lentiviral-mediated erythroid-spe-
cific expression of a short hairpin RNA (shRNA) for BCL11A.12 Bren-
del et al.12 recently reported that LCR-driven erythroid-specific
expression of an shRNA for BCL11A overcomes the toxicity associ-
ated with polymerase III (Pol-III)-dependent shRNAs and with ubiq-
uitous knockdown of BCL11A in HSCs, while it reverses the sickle
phenotype. This approach was associated with a 90% reduction in
BCL11A levels in RBCs derived from normal and SCD HSCs, and
HbF represented up to 70% of the total Hb content. The extensive
expertise in the clinical translation of lentiviral-based strategies will
facilitate the implementation of a clinical trial using this approach.
However, complete inactivation of BCL11A in the erythroid lineage
adversely affects human RBC enucleation; hence, finely controlled
modulation of BCL11A expression levels is likely to be required to
provide a safe therapeutic approach.69

Re-activation of Fetal g-Globin Gene Expression by

Manipulating the Chromatin Structure of the b-Globin Locus

In 2014, Deng et al.70 developed an interesting approach for dere-
pressing g-globin expression using lentiviral vectors expressing an
Molecular Therapy Vol. 25 No 5 May 2017 1149

http://www.moleculartherapy.org


www.moleculartherapy.org

Review
artificial zinc finger (ZF) protein directed against the g-globin pro-
moter and fused to the looping factor LDB1. This approach forced
the formation of a loop between the LCR and the g-globin promoters,
which eventually re-activated endogenous g-globin expression and
concomitantly reduced sickle b-globin levels in primary erythroid
cells derived from adult HSPCs.62,70 This strategy reduced the
proportion of sickling RBCs derived from human SCD HSPCs
in vitro.62 Interestingly, a low level of expression of the ZF-LDB1
fusion protein was enough to activate the g-globin genes and allow
sustained HbF production. The short ankirin promoter driving ZF-
LDB1 expression will probably enable the production of a relatively
high-titer lentiviral vector as compared with b-like globin-expressing
vectors that require the inclusion of large fragments of the LCR region
to achieve high levels of transgene expression (Figure 5). Preclinical
in vivo studies addressing the safety and specificity of this strategy
are necessary before this alternative lentiviral-based therapeutic
approach can be considered in patients with b-hemoglobinopathies.

Other Strategies: Downregulation of a- and bS-Globin

Expression

In b-thalassemia, the precipitation of a-globin chains is thought to
cause the apoptosis of RBC precursors through several mechanisms.28

It has recently been suggested that the inclusion of a specific
microRNA against one of the two a-globin alleles in a b-globin lenti-
viral vector might increase the efficacy of gene addition strategies in
the treatment of b-thalassemia (P. Leboulch, 2016, Hemoglobin
Switching, conference). Similarly, Samakoglu et al.71 incorporated
an shRNA targeting bS-globin transcripts into a g-globin expressing
lentiviral vector. Downregulation of the bS-globin gene might benefit
the lentiviral-based gene transfer of the anti-sickling g-globin gene by
decreasing inter-chain competition for incorporation into the Hb
tetramer and thus reducing the need for high levels of globin trans-
gene expression.

Genome Editing-Based Strategies

Genome-editing technologies have developed in a spectacular
manner over the last couple of decades, allowing in vitro and in vivo
genetic modification of many different cell types. Zinc finger
nucleases (ZFNs), transcription activator-like effector nucleases
(TALENs), and the clustered regularly interspaced short palindromic
repeat (CRISPR)-associated nuclease Cas9 enable precise genome
editing by inducing DNA double-strand breaks (DSBs) at selected
genomic loci. The DSBs are then repaired by the cellular repair
machinery, via homology-directed repair (HDR) or non-homologous
end-joining (NHEJ). HDR is a high-fidelity repair mechanism, which
uses homologous DNA as repair template; therefore, by providing
exogenous donor DNA (dDNA) flanked by sequences that are ho-
mologous to the nuclease target site, it is possible to achieve dDNA
site-specific integration. One can thus insert a therapeutic gene into
a preselected locus that allows safe, robust expression or downstream
of the endogenous gene promoter to recreate physiological expression
patterns. The NHEJ pathway has mainly been exploited to obtain
permanent gene inactivation and disrupt cis-elements regulating
gene expression. These genome-editing tools can potentially be
1150 Molecular Therapy Vol. 25 No 5 May 2017
applied to the development of safe therapeutic approaches for
b-hemoglobinopathies.

Gene Correction Strategies

Correcting the mutations that cause b-hemoglobinopathies in the
native b-globin locus can potentially increase the efficacy of gene
therapy by overcoming the limitations associated with currently avail-
able gene transfer vectors.

Recently, several groups have developed genome-editing strategies to
correct the SCD mutation via HDR. The combination of ZFNs or
CRISPR/Cas9 nucleases with single-strand oligonucleotide donors
or integrase-defective lentiviral vectors carrying the donor templates
resulted in the HDR-mediated modification of up to 40% of the
b-globin genes in HSPCs.72–74 However, this frequency was only
0.2% to 2.3% in severe combined immunodeficiency repopulating
cells (i.e., bona fide HSCs), suggesting that HSCs might be less
permissive to HDR and/or donor delivery than committed hemato-
poietic progenitors.72–75

To overcome this potential limitation, Dever et al.76 developed a
CRISPR/Cas9 gene-editing approach based on the use of serotype 6
adeno-associated viral vectors (rAAV6) to deliver a donor template
containing a selectable marker (i.e., GFP and tNGFR) flanked by
arms with homology to the b-globin gene. Selection of GFPhigh or
tNGFRhigh HSPCs, followed by transplantation into immunodeficient
mice, increased the engraftment of b-globin-gene-targeted HSCs
from �3.5% (for unsorted populations) to over 97%. This work
showed that the low frequency of HDR-mediated b-globin gene tar-
geting in HSCs can be overcome by the selection of gene-targeted cells
prior to transplantation. This approach could be used to correct the
SCD mutation and (if optimized for knocking in a b-globin cDNA)
several different b-thalassemia-causing mutations in the b-globin
coding region.

However, this enrichment strategy, although it increased the absolute
numbers of genetically modified cells in vivo, resulted in the overall
recovery of fewer HSPCs than in conventional approaches; it will
therefore be essential to optimize an ex vivo HSCs expansion phase
prior to transplantation. Moreover, these gene correction and gene
targeting strategies may be more laborious (from a manufacturing
standpoint) than NHEJ-based approaches (discussed below), since
they require the concomitant delivery of a donor template and a
sequence-specific nuclease.

Re-activation of Fetal g-Globin Gene Expression by BCL11A

Downregulation through Genome Editing

Recently, two groups of researchers have proposed genome-editing
approaches for knocking down BCL11A solely in the erythroid prog-
eny of HSCs.77–79 These strategies are based on the CRISPR/Cas9- or
ZFN-mediated disruption of an enhancer located in the first intron of
the BCL11A gene, which is targeted by the erythroid master regulator
GATA1 and is essential for BCL11A expression only in erythroid
cells.77,78 In particular, disruption of the GATA1 motif led to
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beneficial HbF upregulation and reduction of b-globin expression
levels in HSPC-derived RBCs. Importantly, Chang et al.69 showed
that BCL11A gene disruption adversely affects human RBC enucle-
ation, whereas ZFN-mediated targeting of the BCL11A erythroid-spe-
cific enhancer does not impair erythroid maturation. Transplantation
studies have shown that the BCL11A enhancer-ZFN-edited HSCs can
stably engraft in immunodeficient mice.69 Similar preclinical studies
using the CRISPR/Cas9 system are required to validate the safety of
this potential therapeutic approach to b-hemoglobinopathies. The
NHEJ-based genome-editing strategy might be more successful
than HDR-based approaches in HSCs,72,74,76 because (1) it does not
require the delivery of a donor template and (2) the NHEJ repair
pathway might be more active than HDR in these cells.72,75,80

Re-activation of Fetal g-Globin Gene Expression by

Reproducing HPFH Mutations

Currently available genome-editing tools may allow the generation of
HPFH mutations in HSCs, as a therapeutic strategy to increase HbF
levels in both b-thalassemic and SCD patients.

Introducing HPFH point mutations into the g-globin promoters via
HDR23 has not yet been explored in human HSCs, and might be
limited by the low efficiency of HDR in these cells.72–74 Recently,
Traxler et al.24 used the CRISPR/Cas9 system to generate a 13 bp
HPFH deletion in the g-globin promoters via microhomology-medi-
ated end-joining (MMEJ). This region is thought to contain a binding
site for the HbF repressor BCL11A (Figure 2) (M.J. Weiss and
J.K. Joung, 2016, American Society of Hematology, conference). In
this study, HbF re-activation was associated with reduced levels of
sickle b-globin and ameliorated the SCD cell phenotype in vitro.
Given that the MMEJ and HDR repair pathways both use the same
initial DNA resection machinery81 and human HSCs might be poorly
permissive to HDR, the efficiency of this MMEJ-based strategy must
now be evaluated by transplanting modified HSPCs into immunode-
ficient mice.

Re-creating deletional HPFH requires the NHEJ-based excision of
large genomic fragments containing the b- and d-globin genes and
the putative 3.5-kb dg-intergenic HbF silencer targeted by BCL11A
(Figure 2). This strategy takes advantage of the NHEJ repair pathway,
which is highly active in HSCs;80 however, it requires the generation
of two DSBs, which might decrease the overall efficiency of genome
editing. Nevertheless, in proof-of-principle studies, this strategy reac-
tivated HbF, permanently disrupted the b-globin gene, and amelio-
rated the SCD cell phenotype (A. Miccio, 2016, American Society
of Hematology, conference).82 The efficiency of genome editing and
the potential toxicity of this approach need to be further tested in
bona fide HSCs.

Conclusions

Lentiviral-based gene addition strategies have proved to be effective
and safe in the treatment of several genetic diseases.60,83–85 Recent
phase 1/2 studies have shown that this approach rendered b+-thalas-
semia major patients transfusion independent and at least one SCD
patient disease-symptoms-free, although results need to be repro-
duced in larger cohorts of patients and over a longer follow-up period.
For b0-thalassemia and possibly SCD, further improvements in
manufacturing, cell processing, and/or protocol design are needed
for clear clinical benefit.

Several groups have proposed alternative lentiviral- and genome-ed-
iting-based strategies for raising endogenous g-globin expression or
correcting the disease-causing mutations. Whereas lentiviral vectors
are regularly and safely used to genetically modify patient HSCs,
the clinical application of genome-editing strategies must now be vali-
dated in terms of editing efficiency of long-term HSCs, any possible
toxicity associated with delivery, and the potential off-target activity
of the specific genome-editing tools.

Studies of patients having undergone allogenic HSCT have shown
that donor chimerism of �20% significantly improves the clinical
phenotype of b-thalassemic and SCD patients as a result of the sur-
vival advantage of normal donor erythroblasts.86,87 The results of
studies in the mouse suggest that a similar proportion of genetically
modified HSCs would be enough to ameliorate the b-thalassemic
and SCD phenotypes.58,88 However, this frequency should be deter-
mined for each specific approach, since differences in efficacy of the
various strategies might influence the survival advantage of erythro-
blasts derived from genetically modified HSCs.

Ultimately, the different strategies must be compared in terms of
efficiency, efficacy, and safety in order to provide patients suffering
from b-hemoglobinopathies with the best therapeutic option.
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