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Chapter 6
Gene Addition Strategies for β-Thalassemia 
and Sickle Cell Anemia

Alisa C. Dong and Stefano Rivella

Abstract  Beta-thalassemia and sickle cell anemia are two of the most common 
diseases related to the hemoglobin protein. In these diseases, the beta-globin gene is 
mutated, causing severe anemia and ineffective erythropoiesis. Patients can addi-
tionally present with a number of life-threatening co-morbidities, such as stroke or 
spontaneous fractures. Current treatment involves transfusion and iron chelation; 
allogeneic bone marrow transplant is the only curative option, but is limited by the 
availability of matching donors and graft-versus-host disease. As these two diseases 
are monogenic diseases, they make an attractive setting for gene therapy. Gene ther-
apy aims to correct the mutated beta-globin gene or add back a functional copy of 
beta- or gamma-globin. Initial gene therapy work was done with oncoretroviral vec-
tors, but has since shifted to lentiviral vectors. Currently, there are a few clinical 
trials underway to test the curative potential of some of these lentiviral vectors. This 
review will highlight the work done thus far, and present the challenges still facing 
gene therapy, such as genome toxicity concerns and achieving sufficient transgene 
expression to cure those with the most severe forms of thalassemia.
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�Introduction

Sickle cell anemia (SCA) and beta-thalassemia are the most frequently inherited 
blood disorders worldwide. Altogether, roughly 100,000 Americans are affected by 
these disorders. Both disorders are characterized by mutations in the beta-globin 
gene, a subunit of hemoglobin (Hb). SCA is an inherited disorder characterized by 
only a single mutation in the beta-globin gene, leading to the formation of hemoglo-
bin S (HbS) [1]. HbS exhibits a marked decrease in solubility, and an increase in 
viscosity and polymer formation. Ischemic stroke, caused by large vessel arterial 
obstruction with superimposed thrombosis is one of SCA’s most devastating com-
plications. Blood transfusions are administered to prevent thrombosis. Unfortunately, 
periodic blood transfusions are associated with significant risks of iron overload and 
other complications, and must be accompanied by iron chelation [2, 3]. Beta-
thalassemia on the other hand is characterized by one or more of over 300 various 
mutations in the beta-globin gene. Based on the combinations of these mutations, 
patients might be affected by a milder form, indicated as beta-thalassemia interme-
dia or non-transfusion dependent thalassemia (NTDT), or the most severe form, 
beta-thalassemia major [4, 5]. Beta-thalassemia major requires regular transfusions 
to sustain life. However, due to the negative progression of this disease, very often 
NTDT patients become transfusion dependent as well [6, 7]. Major problems are 
progressive splenomegaly from extra medullary hematopoiesis and iron build-up in 
the heart and other organs, often resulting in fatal outcomes for some patients in 
their teens or early 20s [8, 9]. Current palliative therapeutic options to treat these 
two disorders are red blood cell transfusion and iron chelation [2, 10].

In addition to life-threatening anemia, patients may present with inherent and 
treatment-related complications that exacerbate the pathology. For patients with 
SCA, common complications include painful episodes, acute chest syndrome, and 
stroke [1]; in patients with thalassemia, hepato-splenomegaly, recurrent infections, 
and spontaneous fractures [11–13]. In both cases, transfusion-associated infections 
and organ damage are side effects of long-term treatment and unsatisfactory iron 
chelation. Iron overload is observed also in NTDT patients because of ineffective 
erythropoiesis [6, 14]. Ineffective erythropoiesis triggers a cascade of compensatory 
mechanisms resulting in erythroid marrow expansion, extramedullary hematopoie-
sis, splenomegaly, and increased gastrointestinal iron absorption [15]. Ineffective 
erythropoiesis triggers increased iron absorption by reducing the expression of hep-
cidin, the hormone that controls dietary iron absorption [14, 16–18].

Although both transfusion and iron chelation treatments have remarkably 
improved over the years and, thus, improving the quality of life, they do not provide 
a definitive cure, as they do not address the inherent genetic cause. To this end, 
hematopoietic stem cell (HSC) transplantation is the only presently available cure. 
Allogeneic bone marrow transplant (BMT) can be curative, but only a small propor-
tion of patients have suitable donors. Furthermore, myeloablative HSC transplanta-
tion carries a 5–10% mortality rate. Graft-vs-host disease and adverse immune 
reactions can limit the success of allogenic BMT as well [9]. Given these limitations, 
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gene therapy using a patient’s own HSCs represents an alternative and potential cure 
because it aims at the direct recovery of the hemoglobin protein function via the 
addition of a functional copy of the beta- or gamma-globin gene. The development 
of gene therapy tools for SCA and beta-thalassemia has been the object of research 
of the last few decades and has been proved successful in mouse model studies, 
in vitro human cell studies, and thus far in one clinical trial. This review will high-
light key findings from these gene-addition studies.

The conditions for a clinical-grade gene therapy vector can be summarized as 
follows: (1) controlled transgene expression: erythroid-specific, stage-restricted, 
elevated, position-independent, and sustained over time; (2) effective targeting of 
HSCs; (3) highly efficient and stable transduction; (4) absent or low genomic toxic-
ity; and (5) correction of the phenotype in preclinical models. Figure 6.1 provides a 
schematic of gene therapy and key issues found in each stage.

�Oncoretroviral Vectors

The first studies of gene addition were done with oncoretroviral vectors and helped 
paved the way for current lentiviral vectors. Oncoretroviruses, like lentiviruses, belong 
to the Retroviridae family and are RNA-based viruses [19]. Multiple studies showed 
oncoretroviruses are capable of transferring genetic material without transferring any 

Fig. 6.1  Schematic of gene therapy for beta-thalassemia and sickle cell anemia
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viral material, and are able to achieve expression of human beta-globin in murine 
cells. However, the expression of beta-globin was extremely low and nowhere near 
therapeutic [20–22].

Studies then moved on to determining what other elements needed to be incor-
porated to achieve higher beta-globin expression. Discovery of the locus control 
region, or LCR, brought significant advancements to vector design. The LCR is a 
regulatory region upstream of the beta-globin locus and is critical for high-level, 
sustained, erythroid-specific, and position-independent globin expression [23, 24]. 
The LCR is made up of four DNaseI hypersensitive sites (HS) that contain many 
motifs for transcription factors and chromatin remodeling factors. It is thought to 
regulate globin gene expression through a looping mechanism, bringing various 
transcriptional modifiers to the globin promoter [25]. Incorporation and modifica-
tion of these HS sites was done in a number of works. Work by Plavec et al. in 1993 
[26] showed HS2, HS3, and HS4 elements increased beta-globin expression by 
10-fold in mouse erythroleukemia (MEL) cells, but still remained relatively low for 
mice transplanted with oncoretrovirus-transduced cells: 0.04–3.2% of endogenous 
mouse beta-globin RNA. Furthermore, there were problems with stability and high 
viral titer production. Leboulch and coworkers [27] undertook modification of the 
LCR in order to overcome these problems. They saw instability in all combinations 
of LCR sequences, with HS2 alone conferring a single common rearrangement and 
other combinations showing multiple rearrangements. Beta-globin gene mutagene-
sis and elimination of a 372 base pair intronic sequence and multiple reverse poly-
adenylation and splice sites resulted in higher titer viruses and more stable proviral 
transmission. Sadelain saw additional success in 1995 [28] with producing a high-
titer retroviral beta-globin vector, but unfortunately the vector did not give high 
position-independent expression and large clonal variation was seen.

Other methods were also tested for their ability to achieve therapeutic levels of 
expression: addition of a chromatin insulator [29]; use of the ankyrin promoter driv-
ing the gamma-globin gene [30]; use of a mutant gamma-globin enhancer charac-
terized from patients with hereditary persistence of fetal hemoglobin (HPFH) 
driving gamma globin [31]; addition of the HS40 regulatory region from the human 
alpha-globin gene locus [32]; and use of an anti-sickling beta-globin [33]. Many 
important insights were gained by these experiments, however, as with other 
oncoretroviral studies, their success was limited. Eventually oncoretroviral studies 
gave way to the lentiviral studies discussed below.

�Lentiviral Vectors

In the mid-1990s, lentiviral vectors based on the human immunodeficiency virus 
(HIV-1) arose as an option for gene transfer. Engineered to be devoid of any patho-
genic or replication competency, these viruses are efficiently able to encompass 
large therapeutic transgene cassettes. Like all retroviruses, lentiviruses exhibit 
receptor-mediated entry, capsid uncoating, reverse transcription, and integration 
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into the host genome [19]. However, lentiviruses have a more intricate genome, 
notably the Rev response element, or RRE. The RRE helps stabilize the proviral 
RNA by interacting with the viral protein Rev. This allows for stronger unspliced 
RNA export from the nucleus [19, 34, 35]. Another important element discovered in 
lentiviruses is the central polypurine tract/central termination sequence element. 
The cPPT/CTS element is a short noncoding part of the pol gene sequence that 
increases lentiviral transduction efficiency.

Importantly, for hematological gene therapy purposes, lentiviruses are able to 
infect dividing and non-diving cells [36]. Gene therapy for hematological disorders 
typically infect HSCs, so that the genetic modification is passed on short term to 
differentiating cells, and long-term to more stem cells through self-renewal. HSCs, 
however, are difficult to culture and transduce ex vivo due to a delicate balance 
between dividing/proliferation and engraftment potential. Normally, proliferation 
and engraftment potential are negatively correlated: increasing the proliferation is 
detrimental because the cells subsequently do not engraft [37]. Thus, ability to 
infect non-dividing cells that retain engraftment potential is an extremely beneficial 
property of lentiviruses. Lentiviruses containing regulatory elements, promoters, 
enhancers, and beta-globin or gamma-globin have been successful with correction 
of mouse models of thalassemia and SCA, and with in vitro correction of human 
CD34+ peripheral blood (PB) cells. A list of beta-globin vectors can be found in 
Table 6.1.

In 2000, May [38] and colleagues used the TNS9 vector to correct a mouse 
model of thalassemia intermedia. Later in 2003, Rivella [39] and colleagues showed 
that this same vector could be used to rescue lethality in a new model of Cooley’s 
anemia (thalassemia major). TNS9 exhibits position-effect variation though, and in 
the Cooley’s anemia model, was unable to be therapeutic in all mice, with average 
human beta-globin expression between 3.6 and 9.4 g/dL. Two mice models of SCA 
were corrected in 2001 by Pawliuk [40] and colleagues: the S-Antilles-D Punjab 
model (SAD) and the Berkeley (BERK) model. The SAD mouse model expresses 
human alpha and a human “super S” beta-globin that has two point mutations [41]. 
The BERK model expresses human alpha and human sickle beta-globin, but addi-
tionally does not express any endogenous mouse alpha or mouse beta globin [42]. 
As a result, the BERK model has a more severe phenotype, in part because of sub-
optimal expression of the human beta-globin gene as compared to the endogenous 
mouse gene. Pawliuk used a transgenic “βT87Q” form of beta-globin, an anti-
sickling mutant form which has an amino acid substitution at the 87th position. With 
this vector, Pawliuk saw transgenic Hb could make up to 12% and 52% total Hb for 
the SAD and BERK models, respectively. In 2013, another anti-sickling mutant 
form was tested with three point mutations: T87Q for blocking the lateral contact 
with HbS, E22A to disrupt axial contacts with HbS, and G16D, which confers a 
competitive advantage over HbS for interaction with alpha-globin [43]. Named 
“CCL-βAS3-FB”, this vector could reduce the relative amount of sickled red blood 
cells differentiated in vitro; and, using vector copy numbers of 0.5–2, could make 
up 15–25% of total Hb.

6  Gene Addition Strategies for β-Thalassemia and Sickle Cell Anemia
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In order to increase the safety of lentiviral vectors and improve expression, insu-
lators were tested by Puthenveetil in 2004 [44]. An insulator is a genetic element 
which usually has two properties: (1) enhancer-blocking activity, when placed 
between an enhancing element and a promoter and (2) preventing the spread of 
heterochromatin into the integrated transgenic cassette from a nearby heterochro-
manized region [45–47]. By adding an insulator, one can prevent the beta-globin 
LCR from acting on nearby oncogenes it might have integrated near. It can also help 
reduce vector silencing, to ensure sustained and high transgene expression. 
Puthenveetil et al.’s vector, named BG-1, added a 1.2 kb cHS4 insulator, taken from 
the chicken beta-globin hypersensitive site 4. As reviewed by Nienhuis and Persons 
[48], the cHS4 insulator has a “core” that contains five footprints. The footprints are 
involved in: recruiting CTCF, an enhancer blocking protein; binding USF proteins 
in order to recruit histone-modification enzymes that make transcription-activation 
marks; and binding VEZF1, which prevents DNA methylation in the transcribed 
region. Human beta-thalassemic cells treated with BG-1 and differentiated in vitro 
showed similar amounts of hemoglobin as non-thalassemic controls. Upon trans-
plantation into immunodeficient mice, treated cells underwent effective 

Table 6.1  Beta-globin vectors

Name Author and year Main characteristics

TNS9 May 2000
Rivella 2003

- Correction of a mouse model of thalassemia 
intermedia (2000) and prevention of lethality in a 
mouse model of thalassemia major (2003)
- Variable expression

βA(T87Q) Pawliuk 2001 - Correction of two SCA mouse models
- Anti-sickling (T87Q) form of beta-globin

BG-1 Puthenveetil 2004 - Full-length cHS4 enhancer used in 3′LTR (1.2 kb)
- Amount of beta-globin approached normal levels
- Low viral titers

T10 Lisowski 2007 - Addition of HS1 to HS2-4
Globe Miccio 2008 - Higher titer with removal of HS4
βA(T87Q) 
LentiGlobin

Cavazzana-Calvo 
2010

- Used in first European clinical trial to achieve 
transfusion independence in a β0/βE heterozygous 
patient
- Transgenic β(T87Q)-globin made up only 1/3 of total 
Hb, rest combination of HbE/HbF
- Integration sites near potential oncogenes
- Saw expansion of one clone with a HMGA2 
integration site

G-Globe Miccio 2011 - No HS4, incorporates HS2 enhancer of the GATA1 
gene

AnkT9W
T9AnkW

Breda 2012 - Incorporates the Ankyrin insulator
- Shows improved β-globin expression over TNS9

CCL-βAS3-FB Romero 2013 - “FB” insulator containing the minimal 77 bp binding 
site for CTCF
- 3 mutations to beta-globin to confer anti-sickling 
properties
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erythropoiesis and expressed normal amounts of beta-globin. In 2007, Arumugam 
[49] and colleagues compared vectors with the cHS4 insulator to those without and 
consistently saw approximately double the beta-globin expression with the insulator 
in vitro with MEL cells and in vivo with transplanted and transduced murine HSCs. 
While beneficial to expression, the 1.2 kb cHS4 insulator causes low viral titers. 
Thus, in 2009, Arumugam [50] identified a 400  bp extended core region of the 
cHS4, that still exhibits full insulator activity but does not have a severe an impact 
on titer. They found the previously identified core only reduced clonal variegation.

Further studies have also been done on the LCR. In 2007, Lisowski et al. [51] 
showed addition of HS1 from the LCR to HS2-4 significantly increased globin 
expression. Miccio in 2008 [52] used a “GLOBE” vector containing the HS2 and 
HS3 regions without the HS4 region. They used it to rescue Cooley’s anemia lethal-
ity, but high copy numbers were required for correction [34]. Interestingly, upon 
transplantation, transduced cells expressing a high level of beta-globin were prefer-
entially selected in vivo. Roselli [53] produced preclinical data using the “GLOBE” 
vector in 2010 on a diverse set of CD34+ patient samples to restore adult Hb (HbA) 
synthesis. Integration analysis revealed integration preference in transcriptionally 
active regions but no preference for cancer-related regions. “GLOBE” was later 
modified into “G-GLOBE” by adding the HS2 enhancer of the GATA-1 gene [54]; 
it too could achieve high expression of beta-globin. The GATA-1 HS2 bound 
GATA1 and CBP acetyltransferase, leading to the establishment of an open chroma-
tin region.

Lentiviral transduction of gamma-globin has additionally been shown to be 
therapeutic. Table 6.2 lists gamma-globin vectors that have been successfully used. 
In 2003, Persons et  al. [32] developed the “d432βAγ” vector, which expressed 
gamma-globin under beta-globin LCR elements. Although they saw expression of 
fetal hemoglobin, they still saw high variation due to position and vector copy number. 
Hanawa in 2004 [55] used a longer LCR to achieve more consistent expression 

Table 6.2  Gamma-globin vectors

Name Author and year Main characteristics

d432βAγ Persons 2003 - High variation depending on integration region and 
vector copy number

mLARβΔγV5 
(V5)

Hanawa 2004 - Larger LCR reduced position effects and improved 
expression

G9 Samakoglu 2006 - Includes shRNA against sickle β-globin
- Test only in vitro on MEL and HeLa cells stably 
expression sickle beta globin

V5m3 Pestina 2009 - 3′UTR of beta-globin corrected BERK SCA model
V5m3-400 Wilber 2011 - Added 400 bp core of cHS4 insulator
GGHI Papanikolaou 

2012
- No LCR elements, but instead contains a gamma-
globin promoter with a -117 point mutation associated 
with HPFH, the HS40 enhancer from the alpha-globin 
locus, the HPFH-2 enhancer, and the cHS4 insulator
- Only mild HbF production
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across animals. In 2006, Samakoglu [56] and colleagues showed that a combination 
vector could be made that expressed gamma-globin and concurrently knocked-
down sickle beta-globin via small hairpin RNA. They tested this vector on HeLa 
and MEL cells stably expressing sickle beta globin. The discovered that the place-
ment of the shRNA was critical, as it affected interferon response, siRNA produc-
tion, and the amount of gamma-globin expression. Pestina [57] tested a gamma-globin 
vector in vivo on the BERK SCA model. The gamma-globin was modified to con-
tain a 3′UTR from beta-globin, since proteins are believed to bind the beta-globin 
3′UTR and increase mRNA stability. This was further modified by Wilber in 2011 
[58] with the addition of the 400bp core of the cHS4 insulator, and tested on human 
CD34+ PB cells from three beta-thalassemia patients. They saw fetal Hb (HbF) 
production ranged between 45 and 60% of total Hb, and up to a threefold increase 
in total Hb content. Papanikolaou in 2012 [59] published a report of a gamma-
globin virus without the LCR, but instead containing a gamma-globin promoter 
with a -117 point mutation associated with HPFH, the HS40 enhancer from the 
alpha-globin locus, the HPFH-2 enhancer, and the cHS4 insulator. They saw mild 
improvement of HbF synthesis compared to mock-transduced controls.

Most recently, our laboratory has done work to find new insulators. The afore-
mentioned cHS4 insulator is subject to rearrangements and loss (see Clinical Trials, 
below). To this end, we generated a new lentiviral vector, which we have named 
AnkT9W. AnkT9W contains the erythroid-specific ankyrin 5′ hyper-sensitive bar-
rier insulator [60, 61]. This insulator does not exhibit enhancer-blocking activity, 
but does prevent the spread of heterochromatin, and significantly increases expres-
sion of beta-globin as compared to vectors without this insulator. This vector was 
able to maintain high, yet stable levels of Hb synthesis in MEL cells and human 
CD34+ PBMCs. Analysis indicated that in MEL cells, AnkT9W expressed the 
transgenic mRNA and hemoglobin at higher levels than the parental T9W (a modi-
fied TNS9). Interestingly, AnkT9W was additionally able to correct the phenotype 
of SCA cells by modifying the proportion of sickling vs functional Hb, without 
changing the overall Hb content. This could be clinically relevant since there is a 
concern that adding transgenic beta-globin into SCD HSCs increases the total 
amount of beta-chains, both sick and transgenic. This new total amount might 
exceed the amount of α-chains, leading to an alpha-thalassemia like phenotype.

�Addition of Non-globin Genetic Elements

On top of the numerous studies to add back beta and gamma globin genetic 
sequences, there are have been additional studies based on adding other genetic ele-
ments which can modify beta or gamma-globin gene expression. The gamma-globin 
repressor BCL11A has been identified as target to increase gamma-globin gene 
expression. Xu and colleagues were able to demonstrate that affecting BCL11A 
alone was able to increase endogenous gamma-globin expression and ameliorate 
the sickle cell phenotype in mice [62]. Since Bcl11A knockout is postnatal lethal, 
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they used a floxed Bcl11A mice crossed with the EpoR-GFP Cre mice, which 
express Cre recombinase under the erythropoietin receptor promoter. As in the full 
Bcl11A knockout, the switch from HbF to HbA did not occur. These mice were then 
bred with SCD mice. In the combination SCD/Bcl11Afl/fl mice, sickle cells were 
absent and blood parameters were markedly improved, thus showing that Bcl11A 
deletion alone was sufficient to ameliorate SCD. Along the same lines, Wilber and 
colleagues [58] tested a lentiviral construct encoding a BCL11A shRNA on CD34+ 
human PB cells and saw a 3-fold increase in gamma-globin expression. Most 
recently, Bauer and colleagues [63] have done a genome-wide association study 
concerning Bcl11A. They found a sequence in intron-2 that causes developmentally 
restricted, erythroid-specific lacZ reporter expression in mice. Disruption of this 
sequence with transcription activator-like effector nucleases (TALENs) in MEL 
cells lead to reduced expression of Bcl11A. As such, this sequence might be a new 
target to lower Bcl11A expression and increase HbF production.

Oct-1 is another gene that negatively regulates gamma-globin gene expression. 
Oct-1 is a transcription factor that recognizes the octamer ATGCAAAT. The gamma-
globin promoter contains three Oct-1 consensus sequences. The -175 consensus 
sequence has been shown to be associated with HPFH and mutagenesis of the -280 
consensus sequence leads to increased gamma-globin expression. Xu and col-
leagues [64] tested the ability of a “decoy oligonucleotide” to compete for Oct-1 
binding, therefore reducing Oct-1 binding at the endogenous gamma-globin locus. 
In K562 cells, they saw an increase in gamma-globin gene expression after addition 
of the decoy oligonucleotide.

Genetic elements can also be engineered to affect beta and gamma-globin gene 
expression. Advances in zinc-finger (ZF) development have allowed the creation of 
domains able to recognize any 18 base pair DNA sequence. ZF domains can be 
paired with transcriptional activation domains to create “artificial transcription fac-
tors”. In 2010, Wilber and colleagues [65] extensively examined one such engi-
neered ZF transcription factor, termed GG1-VP64. GG1-VP64 recognizes the -117 
position of the gamma-globin promoter. The -117 position is the site of a naturally 
occurring mutation which causes HPFH, and is thus a known region important for 
modulating gamma-globin gene expression [66]. They discovered in wild-type 
CD34  PB cells that up to 20% HbF could be produced, as compared to 2% in 
untransduced controls. Later in 2011 [58], they tested beta-thalassemic samples and 
found a therapeutic 20-fold increase in gamma-globin could be achieved. In 2012, 
Deng et al. published a paper concerning an artificial ZF linked to the protein Ldb1 
[25]. Ldb1 is a critical part of GATA1-mediated chromatin looping of the LCR to 
the beta-globin promoter. Deng and colleagues created Ldb1-ZFs that recognized 
the beta-major promoter (P-ZF) or the HS2 site of the LCR (L-ZF). They showed in 
murine GATA-1 null cells that beta-major expression could be induced by P-ZF 
alone or P-ZF and L-ZF, but not by L-ZF alone. Furthermore, they showed that the 
self-association domain of Ldb1 was sufficient for this activity as well [25].

Beta-thalassemia is characterized by over 300 mutations. A subset of these muta-
tions creates new cryptic splice sites and, even though the original splice sites are 
intact, leads to incorrect splicing. The most common splice mutations involve the 
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creation of a splice site in intron 1 or intron 2 of the beta-globin gene, and are 
termed IVS1 or IVS2 for intravenous sequence as such. Specific mutations are 
followed with a number denoting the site of the mutation, such as IVS1-110 or 
IVS2-654. Since the correct splice sites are still intact, approaches have been made 
to create splice switching oligonucleotides, which cover the aberrant splice site and 
restore splicing to the original sites. A splice switching oligonucleotide has to 
achieve a number of goals: (a) it must bind to the aberrant splice site and prevent it 
from being recognized by the splicing machinery and (b) the duplex it creates must 
not be recognized by RNaseH, as to prevent degradation of the RNA. To this end, 
Svasti and colleagues [67] have developed a morpholino oligomer conjugated to the 
cell-penetrating peptide P005. The conjugation leads to efficient uptake of the 
oligomer into the cell. The oligomer targeted the aberrant splice site in the IVS2-
654 mutation, and upon in  vivo delivery, improved hemoglobin synthesis in an 
IVS2-654 mouse. Laccera et al. [68] investigated this in vitro on human CD34+ 
cells as well. They found dose-dependent and sequence-specific correction for one 
IVS2–654 and two IVS2–745 thalassemic patient samples. The IVS2–745 pre-
mRNA splicing was corrected more efficiently than that of IVS2–654 pre-
mRNA.  The authors say this coincides with the clinical phenotype of the two 
diseases, in that IVS2-654 is more severe.

�Clinical Trials

The first successful gene therapy trial for beta-thalassemia was done in Paris and 
reported by Leboulch in 2010 [69]. It was a small trial involving only two patients. 
The first patient failed to engraft due to technical issues unrelated to the vector. The 
second patient, however, has been transfusion independent now for several years. 
The patient is a compound heterozygote (βE/β0), in which one allele (β0) is nonfunc-
tioning and the other (βE) is an HbE mutant allele whose mRNA may either be 
spliced correctly (producing a mutated βE-globin) or incorrectly (producing no 
beta-globin).

The βT87Q LentiGlobin vector was used for this trial (see Table 6.1). As with the 
βT87Q vector, this vector expresses a mutated beta-globin distinguishable from 
transfused beta-globin due to an anti-sickling mutation at the 87th amino acid. It 
also contains two core copies of the cHS4 insulator. Analysis of the patient’s trans-
duced cells revealed an intact coding sequence for the vector, however, with the loss 
of one copy of the cHS4. Of the twenty-four chromosomal integration sites (IS) 
found, one of the sites, high mobility group AT-hook 2 (HMGA2), caused transcrip-
tional activation of HMGA2 and became the dominant clone. Cells from the clinical 
trial patient with a HGMA2 IS showed loss of the 3′UTR of HGMA2, preventing the 
binding of let-7 miRNAs to complementary sequences. Erythroid cells from the 
HMGA2 clone exhibited a dominant, myeloid-biased cell clone. HMGA2 mRNA 
was undetectable in granulocyte-monocytes, thus the expression was reported to be 
erythroblast-specific. However, the clonal dominance of HMGA2 was represented 

A.C. Dong and S. Rivella



165

in all populations in similar proportions (erythroblasts, granulocyte-monocyte and 
LTC-IC cells). The authors hypothesize that this dominance is due to a transient 
expression of HMGA2 in a myeloid-restricted LT-HSC during β-LCR priming, 
before the β-LCR becomes restricted to the erythroid lineage.

Overexpression of HMGA2 is found in a number of benign and malignant tumors 
and can lead to a clonal growth advantage [70]. Overexpression is often associated 
with mutations affecting the 3′ untranslated region (UTR), which contains binding 
sites for the regulatory miRNA let-7 [70]. Let-7 miRNA binding to the 3′UTR of 
HMGA2 negatively regulates HMGA2 mRNA and thus the level of protein expres-
sion [71]. Transgenic mice carrying a HMGA2 with a shortened 3′UTR expressed 
increased levels of HMGA2 protein in multiple tissues including hematopoietic 
cells. These mice showed splenomegaly, erythropoietin-independent erythroid col-
ony formation, and an increased number of peripheral blood cells in all lineages. 
Furthermore, BM cells derived from these animals had a growth advantage over 
wild-type cells. Thus, overexpression of HMGA2 is associated with clonal expan-
sion at the stem cell and progenitor levels [70].

At the time of reporting, the patient had been transfusion-independent for 2 
years, and showed stable Hb levels from 9 to 10 g/dL−1. The patient has undergone 
frequent phlebotomies to increase iron clearance. Therapeutic Hb-βT87Q 
LentiGlobin however only accounted for 1/3 of the total Hb, with endogenous HbE 
and HbF making up the rest. Without the additive effect of these endogenous Hb’s, 
this first trial might not have been a success. This suggests that we not only need a 
predictive in vitro model with which to evaluate potential trial patients, but better 
vectors that can achieve higher therapeutic Hb expression.

Currently the first United States phase I clinical trial has received FDA approval 
and is enrolling patients. The strategy was briefly described by Sadelain and col-
leagues in 2010 with the main goals of assessing insertional oncogenesis and 
replication-competent lentivirus safety, and determining levels of engraftment and 
vector expression [72]. The study plans to use CD34+ cells mobilized by granulo-
cyte colony-stimulating factor (G-CSF). Using G-CSF, Sadelain et al. have already 
achieved successful mobilization of CD34+ cells in three beta-thalassemia patients 
in amounts sufficient for transduction. In 2002 Li et al. [73] studied G-CSF periph-
eral blood stem cell mobilization in beta-thalassemia patients and found up to a 21.5 
fold increase in CD34+ cells could be collected. In 2012, Yannaki and colleagues 
studied different mobilization methods in 23 patients with beta-thalassemia [74]. 
They studied patients with or without splenectomy, and found that non-
splenectomized patients tolerated G-CSF, but splenectomized patients could not 
tolerate it without a 1-month pretreatment with hydroxyurea. They additionally 
examined Plerixafor, which reversibly inhibits the CXCR4-SDF1 interaction with 
the BM microenvironment, to mobilize HSCs. Plerixafor proved successful for both 
splenectomized and non-splenectomized patients.

For the Sadelain trial, the previously described TNS9 vector [38, 39] will be used 
to induce transgenic expression of beta-globin. Small unpublished modifications 
have been made to this vector to increase titer, but the gene, promoter, enhancers, 
and LCR remain intact. Two more trials are also in the works. (1) A trial St. Jude 
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Children’s Research Hospital is planned using gamma-globin coding sequences 
under control of the beta-globin promoter. (2) The company Bluebird Bio, a com-
pany specializing in genetic and orphan diseases, is planning a trial in the San 
Francisco area using a LentiGlobin BB305 T87Q virus. The identifiers for the 
TNS9, gamma-globin, and LentiGlobin trials are NCT01639690, NCT00669305, 
and NCT01745120, respectively; and at the time of writing were all recruiting 
participants.

�Mixed Chimerism and In Vivo Selection of Transduced Cells

When undergoing autologous stem cell transplant, patients first need to undergo a 
myeloablative conditioning regimen. The success of conditioning regimen intensity 
depends on a balance between toxicity and the amount of mixed transgenic-
chimerism, i.e. the amount of BM made up of transplanted cells that carry the vector 
(Fig.  6.2). Full myeloablation can, theoretically, result in a complete transgenic-
chimerism, where the BM is made entirely of cultured cells, with a greater amount of 
therapeutic vector-transduced cells than in a partial myeloablation setting. However, 

Fig. 6.2  Mixed chimerism. White: starting bone marrow of the patient before procedure; Textured 
Grey: Bone marrow that has been cultured but not transduced; Black: Bone marrow that has been 
cultured and successfully transduced with therapeutic vector. Ex-vivo expansion would increase 
the total amount of bone marrow that been cultured. More toxic myeloablation would decrease the 
amount of residual bone marrow. Selection with MGMT or MDR1 would increase the amount of 
vector transduced cells
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full myeloablation is more toxic and puts the patient at greater risk, especially in the 
case of graft failure. A reduced-intensity conditioning regimen can be less toxic; 
however it can also lead to a lower composition of therapeutic vector-transduced 
cells due to lower transgenic-chimerism. When a reduced-intensity conditioning 
regimen is used, beta- globin expression from the vector must be high enough to give 
transduced cells a survival advantage compared to untransduced cells. In studies 
done of traditional allogeneic BMT, patients with as low as 20% donor contribution 
were still able to achieve transfusion independence and normal hemoglobin levels. 
However, a high initial engraftment (>90% at 60 days post-transplant) is necessary 
for good chances of stable mixed chimerism [9].

Lucarelli and colleagues identified three Pesaro risk classes for beta-thalassemia 
patients based on previous iron chelation, hepato- and splenomegaly, and liver fibro-
sis [75]. Patients with irregular iron chelation and more liver damage fall into class 
3 while those patients with less iron overload and liver damage fall into class 1 and 
2. A study of 886 beta-thalassemia patients who received transplants from HLA-
matched siblings or parents showed a 91% and 84% probability of Thalassemia-free 
survival with a normal conditioning regimen for class 1 and class 2 patients, respec-
tively [76]. There has been a recent trend to lower-intensity, non-myeloablative con-
ditioning regimens though based on the following data: (1) lower morbidity and 
mortality is associated with these regimens, (2) patients not eligible for the tradi-
tional full myeloablative regimen have been safely transplanted with these regi-
mens, and (3) mixed chimerism can be sustained and still lead to amelioration of 
disease in patients with allografts [77]. Multiple groups have had success with 
reduced-intensity regimens with lower doses of busulfan, or by using alternatives 
such as thiotepa, treosulfan, fludarabine, busulfex, or antithmocyte globulin (as 
reviewed in [77, 78]). All of these myeloablation reports, however, relate to beta-
thalassemia transplants with HLA-matched donors and not to autologous trans-
plants done with vector-transduced cells. The TNS9 trial with vector-transduced 
cells will use a reduced-intensity regimen based off of data from successful alloge-
neic transplants [72] and data from autologous transplants with vector-transduced 
cells in immunodeficiency disorders [79, 80].

If after transplant a patient were to have a non-therapeutic level mixed chime-
rism, or suboptimal transgene expression, it would be helpful to have an in vivo 
strategy to increase the chimerism. Conferring a cytoprotective drug resistance to 
lentiviral-transduced cells is one of these strategies. The human multidrug resis-
tance 1 (MDR1) gene encodes a P-glycoprotein drug efflux pump that confers resis-
tance to several chemotherapy drugs, including paclitaxel and doxorubicin, both of 
which under normal conditions are hematopoietically toxic. Researchers discovered 
a modest positive selection of peripheral blood progenitor cells that had been trans-
duced with MDR1 could be achieved by giving paclitaxel [81, 82]. In a second set 
of studies, researchers used a mutated MGMT gene. MGMT encodes the enzyme 
O6-methylguanine-DNA methyltransferase, and confers resistance to nitrosoureas 
and O6-benzylguanine drugs. A dual vector was created encoding both MGMT 
under a constitutive promoter and gamma globin under erythroid control elements 
(V5 from Table  6.1). Murine wild-type [83] and murine beta-thalassemic bone 
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marrow [84] were transduced with this vector. This dual vector was able to increase 
the number of fetal hemoglobin expressing cells in vivo after treatment with drug. 
Furthermore, for thalassemic bone marrow, researchers could achieve amelioration 
of the anemia. Researchers also showed that ex  vivo selection of lentiviral-
transduced and transplantable cells was possible. They pretreated the cells with 
drug prior to transplantation and saw that a greater number a mice achieved thera-
peutic fetal hemoglobin levels as compared to untreated controls [84].

MGMT has been studied in both dogs [85] and non-human primates. One study 
with non-human primates showed mostly mild and transient enrichment of MGMT-
transduced cells [86], while another group showed more stable enrichment [87]. 
The dog [85] and one non-human primate study [87] showed no significant enrich-
ment for vector integration sites near proto-oncogenes after drug treatment. In the 
dog study, two dogs had to be euthanized due to health complications, but these 
complications seemed to be unrelated to the MGMT-transduced cells. The other 
non-human primate study [86] did not extensively study genome toxicity, but also 
saw no evidence of clonal dominance or leukemic transformation. MGMT and 
MDR1 have additionally been combined, with bicistronic vectors encoding both 
genes. The stoichiometry between the two genes has even been examined. With an 
MDR1-IRES-MGMT vector, Maier and colleagues [88] saw a similar cytoprotective 
effect for monotherapy with paclitaxel or O6-BG/temozolomide, and a greater cyto-
protective effect with the combination therapy. Later studies showed that a F2A 
provided the best stoichiometry between the two drug resistant genes for the best 
cytoprotective effect [89].

�Concerns and Genome Toxicity

Although lentiviral vectors offer a number of benefits, there are still many unmet 
concerns. Sustained, high expression is still difficult to achieve, as transgene silenc-
ing by chromatin modifications is still a problem. Insulators have helped this situa-
tion, but it has not been solved entirely. Additionally, there is a mild concern with 
replication-competent lentivirus; although as generations of lentiviruses progress, 
they resemble the original HIV-1 genome less [90]. The SIN, or self-inactivating 
design for a lentivirus removes a 400bp region from the 3′ long terminal repeat. This 
deletion abolishes the enhancer/promoter activity of the virus, therefore reducing 
transcriptional interference. It is less likely to recombine with cells that have been 
infected with HIV-1 or make replication-competent lentivirus as it has less similar-
ity [91].

Several studies have been done on non-viral methods to achieve gene transfer 
[92]. However, these methods have not been as efficient and still have difficulty 
achieving sustained and stable expression. The Sleeping Beauty transposase (SB) 
system is a non-viral method; it is a synthetic transposon system, reverse engi-
neered from defective copies in fish [93]. Sjeklocha and coworkers used SB to 
transduce human CD34+ cord blood cells. They saw integration and expression of 
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the beta-globin gene, and in studies with K562 cells, saw sustained transgene 
expression [94].

One of the greatest concerns with lentiviral gene therapy is random integration. 
Random transgene integration can potentially disrupt a tumor suppressor or cause 
activation of an oncogene. In trials for X-linked severe combined immunodefi-
ciency, leukemia developed as a result of aberrant gene activation from random 
integration [95]. One method of preventing malignancy with lentiviruses is to ana-
lyze the insertion sites before transplantation and select those “safe harbor” sites 
which are least likely to cause endogenous gene perturbation. A safe harbor is an 
integration site that is more that 50–100 kb away from known coding, miRNA, and 
ultraconserved regions. In 2011, Papapetrou published a paper concerning genomic 
“safe harbors” and induced pluripotent stem cells (iPSCs). They found that about 
10% of integrations occurred in safe harbors and permitted beta-globin gene expres-
sion [96, 97].

Another method is to have a failsafe way of getting rid of vector-transduced cells 
should they become malignant. In addition to the therapeutic gene, a suicide gene 
can also be transduced at the same time. If malignancy occurs, this suicide gene can 
be induced with drugs to cause apoptosis and ablate vector-transduced cells in the 
body. Two such suicide genes studied in the context of gene therapy are the herpes 
simplex virus type 1 thymidine kinase (HSVtk) and inducible caspase 9 (iCasp9) 
[98]. HSVtk-transduced cells can be eliminated with the phosphorylation of acyclo-
vir or ganciclovir by HSVtk. iCasp9 is expressed as a monomer, but upon addition 
of AP1903, dimerizes and causes apoptosis. In a study with T-cells, iCasp9 effected 
immediate death, but HSVtk needed 3 days of treatment [99].

Last, site-specific integration—which does not disrupt other genes—is a new 
area being explored. Site-specific correction of the beta-globin gene has been done 
with iPSCs. Making iPSCs from thalassemic cells usually requires the addition of 
four factors: Oct4, Sox2, Klf4, and c-Myc, although a number of other gene combi-
nations have been successfully tried [100, 101]. This field alone is a large area of 
research, and reprogramming can be done in a variety of ways: lentiviruses, epi-
somes, nonintegrating viruses, synthetic RNA, or proteins. In 2009, Ye and col-
leagues showed iPSCs could be successfully generated from thalassemic patients 
and upon differentiation, could be stained for HbF [102]. Zou [103] and Sebastiano 
[104] showed in two separate papers that thalassemic iPSCs could undergo site-
specific correction of beta-globin using zinc finger nucleases and homologous 
recombination. This provided the scientific basis for potentially non-integrating in 
situ correction. While the iPSCs generated in the above papers were done with ran-
dom integration, it is possible to combine a non-integrating method of iPSC genera-
tion and site-specific correction, thus avoiding integration-associated genome 
toxicity. Most recently, Ma in 2013 used non-integrating episomal technology to 
create iPSCs and non-integrating TALEN to perform in situ correction [105]. All of 
these studies have been met with very limited success though, as iPSCs express 
extremely low and nowhere near therapeutic levels of beta-globin upon differentia-
tion. Site-specific insertion into the adeno-associated virus preferred integration site 
(AAVS1) has also been done with limited success. In 2008, Howden and colleagues 
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used bacterial artificial chromosomes and components from adeno-associated virus 
to preferentially insert beta-globin into the AAVS1 in K562 cells [106]. Of the 36 
insertion sites analyzed, only 6 of them (17%) occurred in AAVS1, and 5 out of 
those 6 were intact and functional.

�Conclusion

Beta-globin gene addition strategies have come a long way in the past 25 years. 
Many different vectors with a wide-range of genetic elements have proven success-
ful in preclinical tests and some will be tested in clinical trials. However, work still 
needs to be done to improve the safety and efficacy. Genomic toxicity and malig-
nancy are some of the largest hurdles to overcome in order to move gene therapy to 
widespread clinical application. Consistently therapeutic transgene expression for 
those with thalassemia major is an additional problem. For those vectors that do 
prove safe and effective, research into increasing the number of engraftable lentivi-
ral transduced cells would help with cases of insufficient mixed chimerism.
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