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1. Introduction

Gene therapy is becoming a powerful tool to treat genetic diseases. Clinical trials performed
during last two decades have demonstrated its usefulness in the treatment of several genetic
diseases [1] but also the need to improve vector delivery, expression and safety [2]. New
vectors should reduce genotoxicity (genomic alteration due to vector integration), immuno-
genicity (immune response to gene delivery vectors and/or trangenes) and cytotoxicity (in-
duced by ectopic expression and/or overexpression of the transgene).

In mature erythrocytes, most metabolic needs are covered by glycolysis, oxidative pentose
phosphate pathway and glutathione cycle. Hereditary enzyme deficiencies of all these path-
ways have been identified, being most of them associated with chronic non-spherocytic he-
molitic anemia (CNSHA). Hereditary hemolytic anemia exhibits a high molecular
heterogeneity with a wide number of different mutations involved in the structural genes of
nearly all affected enzymes. Deficiency in metabolic enzymes impairs energy balance in the
erythrocytes, with or without changes in oxygen affinity of hemoglobin and delivery to the
tissues. Despite of having a better understanding of their molecular basis, definitive curative
therapy for Red Blood Cells (RBC) enzyme defects still remains undeveloped.

Conventional bone marrow transplantation allows the generation of donor-derived functional
hematopoietic cells of all lineages in the host, and represents the standard of care or atleasta val-
id therapeutic option for many inherited diseases [3]. However, complications associated to al-
logeneic transplantation can be as severe as the enzymatic deficiency. The recessive inheriting
trait of most of these metabolic diseases and the confined enzymatic defect to the hematopoietic/
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erythropoietic system, make them suitable diseases to be treated by gene therapy. Correction by
gene therapy requires the stable transfer of a functional gene into the autologous self-renewing
Hematopoietic stem cells (HSCs) and their mature progeny. Autologous BM transplantation of
genetically corrected cells shows several advantages over the allogeneic procedure. First, it
overcomes the limitation of human leukocyte antigen (HLA)-compatible donor availability, so
it can be applied to every patient. Second, the reduction of morbidity and mortality associated
with the transplant procedure, as there is no risk of graft versus host disease (GvHD) and conse-
quently noneed for post-transplantimmunosuppression.

To date, gene therapy approaches for the treatment of inherited metabolic deficiencies are still
limited, mainly because of the frequentlack of selective advantage of genetically corrected cells.
This implies that high levels of transgene expression are required, as well as an efficient trans-
duction of HSCs. This requirement have already been described in different RBC diseases as in
the erytropoietic protoporphyria (EPP) [4] caused by the deficiency of the last enzyme of the
heme biosintesis pathway or in the piruvate kinase deficiency (PKD) [3], where there is an im-
pairment in the final yield of ATP in RBC. Additionally, some RBC pathologies require switch-
ing on expression of the transgene at only the proper stage of differentiation, which represents
another challenge in the development of new gene therapy protocols.

2. Gene therapy attempts for inherited metabolic diseases of erythrocytes

Although more than 14 metabolic deficiencies have been identified causing CNSHA, ap-
proaches of gene therapy have been done only in a few of them (Table 1). Below, we are in-
cluding a short description of the different diseases and the attempts addressed.

Among glycolytic defects causing CNSHA, Glucose 6-phosphate dehydrogenase (G6PD) de-
ficiency is the most common genetic disease. More than 400 million people are affected
world wide, showing a vast variability of clinical features. G6PD catalyzes the first reaction
of the pentose phosphate pathway, in which Glucose 6-phosphate (G6P) is oxidized and
Nicotinamide adenine dinucleotide phosphate is reduced (NADPH) resulting in decarboxy-
lation of CO, and pentose phosphate. G6PD plays a central role in the cellular physiology as
it is the major source of NADPH, required by many essential cellular systems including the
antioxidant pathways, nitric oxide synthase, NADPH oxidase, cytochrome p450 system and
others. Indeed, G6PD is essential for cell survival. G6PD is a 20 kb X-linked gene that maps
to the Xq28 region, consisting of 13 exons and 12 introns, which encode a 514 amino acids
protein with ubiquitous expression. More than 100 missense mutations in the G6PD gene
have been identified [14], being most of them single-point mutations causing an amino acid
substitution. Frequently, these mutations cause mild symptoms or no disease, except when
patients are challenged by increased oxidative stress or fava beans. However, some muta-
tions provoke severe instability of the G6PD and, as a result, lifelong CNSHA with a varia-
ble severity [15,16]. Through genetic studies it has been observed that severe clinical
manifestations appear preferentially in exons 7, 10 and 11. As G6PD is X-linked, the defect is
fully expressed in affected males (hemizygotes who inherit the mutation only from the
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mother), whereas in homozygous females the mutations are transmitted from both parents.

Thereby, female heterozygotes represent a red blood cell mosaic population, causing a wide
range clinical picture.
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Table 1. Most Common Erythroid Metabolic Inherited Diseases. BM transplantation and gene therapy approaches
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Patients with CNSHA suffer anemia and jaundice, but often tolerate their condition well.
However, G6PD variants with low activity are related with alterations in the erythrocyte
membrane facilitating its breakdown and causing intravasal hemolysis. These symptoms are
often accompanied by spleno- and hepatomegaly and hemoglobinuria. Besides, leukocyte
dysfunctions caused by lower concentration of NADPH appear when G6PD activity is be-
low 5% of the normal activity, leading to an immune depression [17]. Vives et al. and other
groups have also observed an increased susceptibility to infections [18,19].

Preclinical work from Rovira et al demonstrates that 1G6PD gene transfer into HSCs may be a
viable strategy for the treatment of severe G6PD deficiency [5]. Through the transplantation of
pluripotent hematopetic stem cells transduced with y-retroviral vectors carrying the wild type
human G6PD cDNA, they achieved a stable and lifelong expression of hG6PD in all the hemato-
poietic tissues of primary and secondary receptor mice. In this study, transgene expression was
driven by the 3’ LTR from either the Moloney murine leukemia virus (MMLV) or the myelopro-
liferative sarcoma virus (MPSV), obtaining an efficient transduction in murine hematopoietic
progenitors. The corrected cells were then injected into lethally irradiated syngeneic mice, in-
creasing 2-fold the enzyme activity in peripheral blood cells in comparison with non-trans-
planted control mice. Long-term hG6PD expression derived from the vector was also observed,
which was similar to that of the endogenous enzyme activity. Similar expression was detected
in RBC and in White Blood Cells (WBC) in different hematopoietic organs, as expected due to
the use of a viral ubiquitous promoter. These results support gene therapy as a suitable strategy
for the treatment of severe CNSHA due to G6PD deficiency. Additionally, they also demon-
strated the efficacy of this gene therapy vector in human embryonic stem cells (hESC) in which
the G6PD gene had been inactivated by targeted homologous recombination, which implies the
potential application of gene therapy to G6PD hESCs. Moreover, although a selective advant-
age in favor of G6PD corrected cells has not been reported because the mice used showed nor-
mal G6PD activity, Rovira et al observed a strong selection after transduction of G6PD-deficient
ES cells with their vectors. In this regard, the development of G6PD deficient mouse models
would be a valuable tool to test new protocols. Furthermore, the mouse strain recently devel-
oped by Hay Ko et al may be useful, although it does not reproduce all the features of the human
G6PD-deficiency [20].

Pyruvate kinase deficiency (PKD), the second most frequent abnormality of glycolysis causing
CNSHA, has also been proposed as a potential disease to be treated by gene therapy. Pyruvate
kinase (PK) catalyzes the second ATP generation reaction of the glycolysis pathway by convert-
ing phosphoenolpyruvate (PEP) into pyruvate, yielding nearly 50% of the total ATP production
inred blood cells. PK plays a crucial role in erythrocyte metabolism, since mature RBC are abso-
lutely dependent on the ATP generated by glycolysis, giving the loss of mitochondria, nucleus
and endoplasmic reticulum in their mature state. RPK is therefore necessary for maintaining
cellintegrity and function. Reduced levels of erythrocyte Pyruvate kinase (RPK) lead to an accu-
mulation of glycolytic intermediates that ultimately shortens the life span of mature RBC by
metabolic block [21]. Four tissue-specific isoenzymes of PK (M1, M2, R and L) encoded by two
different genes (PK-M and PK-LR) have been identified in humans [22]. The PK-LR gene, locat-
ed on chromosome 1 (1q21) [23] encodes for both LPK (expressed in liver, renal cortex and small
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intestine) and RPK (restricted to erythrocytes) through the use of alternative promoters [24].
PK-M1 is expressed in adult nomal tissue, like brain or muscle. The PK-M2 isoform is typically
expressed in proliferating tissues like fetal, tumoral and several other adult tissues [25] and dur-
ing the maturation of the erythroblasts, gradually decreases, giving rise to the RPK isoform.

The codifying region of PK-LR gene is splitinto twelve exons, ten of which are shared by the two
isoforms, while exons 1 and 2 are specific for the erythrocyte and the hepaticisoenzyme respec-
tively [26]. However, clinical symptoms caused by PK-LR mutations are confined to RBC be-
cause the hepatic deficiency is usually compensated by the persistent enzyme synthesis in
hepatocytes [27]. To date, more than 150 different mutations in the PK-LR have been associated
with CNSHA, being most of them missense mutations, splicing and codon stop. Only two var-
iants, -72 G and -83 C, have been identified in the promoter regions so far [26,27]. Molecular
studies indicate that severe syndrome is commonly associated with disruptive mutations and
missense mutations involving the active site or protein stability [28].

PK deficiency is transmitted as an autosomal recessive trait and although its global inci-
dence is still unknown, it has been estimated in 1:20000 in the general caucasian population
[29]. Clinical symptoms appear in homozygous and compound heterozygous patients,
which lead to a very variable clinical picture, ranging from mild or fully compensated forms
to life-treating neonatal anemia necessitating exchange transfusions and subsequent contin-
uous support [28]. Pathological manifestations are usually observed when enzyme activity
falls below 25% of normal PK activity [30], and severe disease has been associated with a
high degree of reticulocytosis [31]. Hydrops foetalis and death in the neonatal period have al-
so been reported in rare cases [32,33]. PK deficiency treatment is based on supportive meas-
ures since no specific therapy for severe cases is available to date. Periodic cell transfusions
may be required in severe anemic cases, often impairing their quality of life. Splenectomy
can be clinically useful in some patients increasing the hemoglobin levels, as well as iron
chelation to decrease the common iron overload observed in PKD patients [34]. However, in
some severe cases, allogeneic bone marrow transplantation is required and it has been suc-
cessfully performed in one severe affected child [12].

The feasibility of gene therapy in PKD was first reported by the group of Asano, who intro-
duced the human LPK ¢cDNA into C57BL/6 mouse bone marrow cells using a retroviral vec-
tor [7]. They demonstrated the expression of the LPK transgene mRNA in both peripheral
blood and hematopoietic organs after bone marrow transplantation. However, viral-derived
expression in peripheral blood was detectable no longer than 30 days post-transplantation,
indicating an insufficient transduction efficacy of the retroviral vector used or transduction
of non-pluripotent BM cells. In a hemolytic anemia dog model, bone marrow transplanta-
tion of minimal conditioned receptors failed to correct the hematological symptoms [10].
Other approaches to rescue RPK phenotype through a gene addition strategy have been also
addressed using a PKD transgenic mouse model (CBA/N PK-15:¢/PK-15€) [9]. In this assay,
the hemolytic anemia and reticulocytosis was fully corrected when the human gene was
highly expressed by means of pronuclear injection, although splenomegaly was still present.
Interestingly, the authors observed a negative correlation between RBC PK activity and the
number of apoptotic erythroid progenitors in the spleen, providing evidence that the meta-
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bolic alteration in PK deficiency affects not only the survival of RBC, but also the maturation
of erythroid progenitors, resulting in ineffective erythropoiesis [35]. Further studies from
this group indicate that RPK plays an important role as an antioxidant during erythrocyte
differentiation, since glycolytic inhibition by mutations in Pklr gene increased the oxidative
stress in SLC3 cells (established from Pk-1°* mouse) and led to the activation of hypoxia-in-
ducible factor-1 (HIF1), as well as the expression of downstream proapoptotic genes [36].

In addition, our work carried out in mouse models supported the therapeutic potential
of viral vectors for the gene therapy of PK deficiency. Throughout the transduction of
bone marrow cells using vy-retroviral vectors that carry the human RPK ¢cDNA and subse-
quent transplantation, we reported a long-term expression of the human protein in RBC
obtained from primary and secondary receptor mice, without detectable adverse effects
[11]. Recently, we have also reported a successful gene therapy approach using the same
retroviral vectors in the congenital mouse strain AcB55, identified by Min-Oo in studies
of alleles involved in malaria susceptibility [37]. These mice carry a loss-of-function mu-
tation (269T-> A) resulting in the amino acid substitution I90N in the Pkir gene, which
yields a similar RBC phenotype to that observed in PKD patients, including splenomega-
ly and constitutive reticulocytosis. Retroviral-derived expression was capable of fully re-
solving the pathological phenotype in terms of hematological parameters, anemia,
reticulocytosis and splenomegaly, together with normalization of bone marrow and
spleen erythroid progenitors, erythropoietin (EPO), PK activity and ATP levels. Interest-
ingly, despite a strong viral promoter was used to drive the expression of the transgene,
metabolic energy balance was no modified in white blood cells. Moreover, we observed
that values above 25% of genetically corrected cells were needed to fully rescue the defi-
ciency [3], suggesting that RPK transfer protocols will always require a significant extent
of gene-complemented HSC. Nevertheless, other experiments performed in the CBA/N
PK-1°¢/PK-1°¢ mouse model of PKD have reveled that 10% of normal BM renders RBC
expressing nearly normal RPK protein levels [5]. Differences in the genetic defect of the
mouse models used could account for these discrepancies, reinforcing the need for high
transduction efficiencies to address the disease in the heterogeneous human population.
Additionally, we have proposed the in utero transplantation of gene corrected cells as an
alternative option for the treatment of PKD. The transplantation of RPK deficient lineage
negative fetal liver cells transduced with lentiviruses (LVs) expressing the human wild
type version of the RPK in 14.5 day-old fetuses partially restored the anemic phenotype,
mainly due to a low engraftment of corrected cells [13]. Improved in utero cell transfer
would allow therapeutic levels, thus offering an alternative therapeutic option for prena-
tally diagnosed severe PKD. Following our results in the AcB55 mouse model of PKD,
phenotype correction could be reached if the percentage of engraftment of corrected cells
is significant. We are currently developing improved lentiviral vectors that could be ap-
plied in future clinical settings.

Glucose phosphate isomerase (GPI) deficiency is the third most common hereditary cause of
CNSHA, due to mutations in GPI gene located on the long arm of chromosome 19. The
prevalence of this disease is still unknown, with no more than 50 cases reported so far, and
with a higher incidence in the black population. The enzyme catalyzes the reversible isomer-
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ization from glucose 6-phosphate to fructose 6-phosphate, an equilibrium reaction of the
glycolysis pathway. Glucose turnover is affected only in deficiencies below a very low criti-
cal residual GPI activity, but with a drastic decline of lactate formation. As no isoenzyme
does exist, patients suffer not only from CNSHA and tissue hypoxia, but also from neuro-
muscular disturbances. In some cases, GPI deficiency has been found in PKD patients, in-
creasing the severity of the clinical scenario and reflecting the degree of the perturbation of
glycolysis. The lack of ATP leads to a destabilization of the erythrocyte membrane causing
earlier lysis of the RBC and hemolytic anemia of variable degrees [38]. Animal models of
GPI deficiency have been described, showing similar symptoms to the human disease [39].
Until now, no gene therapy attempt has been applied to this deficiency.

Other enzyme deficiencies causing CNSHA are Triose phosphate isomerase (TPI) deficiency,
associated with neuromuscular disorders, mental retardation and frequent infections, Hexo-
kinase deficiency (HK), affecting also platelet metabolism, phosphofructokinase (PFK) defi-
ciency, 2,3-bisphosphoglycerate mutase (BPGM) deficiency and Glutathione synthetase (GS)
deficiency (reviewed in [17,40,41]). Although the incidence of these diseases can be high (ie.
TPI is considered as a frequent enzymopathy affecting 0.1% for caucasian populations and
even 4.6% for black populations), they are considered rare or very rare diseases, because on-
ly few cases (~25 patients in the case of TPI) are diagnosed due to the severity of the clinical
manifestations. No gene therapy approaches have been addressed up to now to treat these
enzymopaties. However, due to their common characteristics, strategies developed in the
other enzyme deficiencies could be applied directly to the treatment of all of them.

3. Optimization of vectors for the gene therapy of metabolic erythroid
diseases: Erythroid specific expression vectors

The introduction of a cDNA, encoding for the correct version of the target mutated gene into
patient cells using retroviral vectors has been successful for several inherited diseases. The
initial integrative vectors for gene therapy design and used in clinical trials were based on
Gamma(y)-retroviral vectors in which the transgene expression was driven by the viral LTR
promoter. y-retroviruses preferably integrate in regions adjacent to the transcription initia-
tion site [42]. The expression of the transgene is promoted by the viral LTR, which drives a
high expression that can affect gene regulation of the surrounding genes. Although a high
efficiency of transduction and therapeutic effects have been described with these vectors in
various monogenic disorders such as immunodeficiencies, adverse effects associated with
insertional mutagenesis have also been observed. This has led to the development of the
next generation of integrative vectors using self-inactivating-LTR lentiviral backbones. SIN-
Lentiviral vectors tend to integrate in intergenic transcribing areas, which represent a safer
integrative pattern than vy-retroviral vectors. Aditionally, the expression of the transgene is
driven by internal promoters, offering a more physiological expression and a less genotoxic
profile when using weak promoters [43]. Current efforts to reduce the mutagenic potential
of gene therapy vectors are focussed on not only the use of new viral backbones [44] but also
on tissue-specific promoters to restrict the transgene expression to target cells [45] and insu-
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lators to confer position-independent expression [46]. Additional regulatory DNA elements
such as locus control regions (LCR), enhancers, or silencers have also been used to increase
lineage specificity.

Gene therapy for RBC disorders requires, ideally, high erythroid-specific transgene expres-
sion in order to avoid side effects in progenitors or hematopoietic lineages other than the
erythroid one. In inherited enzymophaties, the overexpression of metabolic enzymes in non-
erythroid cells could provide these cells with a potential energetic advantage, with the con-
sequent risk of disturbing the physiological generation of ATP in WBC. Also, the restriction
of transcriptional activity to target cells with the use of either tissue-specific or physiologi-
cally regulated vectors decreasees the effect of the integrative vectors in the host genome.
This goal is particularly important for erythrocyte metabolic deficiencies, as all the affected
enzymes are highly regulated and connected with central metabolic pathways. Indeed, an
expression limited to the erythroid progeny would reduce the genotoxic risk, as RBC be-
come transcriptionally inactive during differentiation, and finally extrude their nucleus. To
study tissue-specific gene therapy strategies for RBC diseases, hemoglobinophaties have
been the most widely used.

Erythroid regulatory elements have been extensively used to manage targeted expression
to RBC using reporter genes (Table 2). The Locus Control Regions (LCR), defined by
their ability to enhance the expression of linked genes to physiological levels in a tissue-
specific and copy number-dependent manner at ectopic chromatin sites are commonly
used. The components of the LCR normally colocalize to sites of DNase I hypersensitivi-
ty (HS) in the chromatin of expressing cells. Individual HS are composed of arrays of
multiple ubiquitous and lineage-specific transcription factor-binding sites. In early experi-
ments performed with retroviral backbones, the group of Ferrari developed an erythroid-
specific vector by the replacement of the constitutive retroviral enhancer in the U3 region
of the 3’ LTR with the HS2 autoregulatory enhancer of the erythroid GATA-1 transcrip-
tion factor gene. The expression of this vector was restricted to the erythroblastic proge-
ny of both human progenitors and mouse-repopulating stem cells [47,48]. Later, they
showed that the addition of the HS1 enhancer to HS2, both from the GATA-1 gene, with-
in the LTR of the retroviral vector significantly improved the expression of the reporter
gene. Another enhancer element that has been used to achieve erythroid-specific expres-
sion is HS40, located upstream of the C-globin gene, since it is able to enhance the activi-
ty of heterologous promoters in a tissue-specific manner [49]. It has been shown to be
genetically stable in MMLV vectors and enhances expression comparable to that of a sin-
gle -globin gene [50], although HS40 lacks some of the properties of the LCR, like posi-
tion independence [51] or copy number dependence [52].

An additional improvement to provide safer vectors for RBC gene therapy was provided by
the use of insulators elements, which have been shown to reduce position effects in trans-
genic animals [60]. Insulators are genomic elements that can shelter genes from their sur-
rounding chromosomal environment, by either blocking the action of a distal enhancer on a
promoter [60,61], or by acting as barriers that protect the gene from the silencing effect of
heterochromatin [61]. The most well studied element is the chicken hypersensitive site 4
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(cHS4), an insulator sequence of the chicken -like globin cluster. Studies performed by
Chung et al with the y-globin promoter and the neo reporter gene on selected cells lines,
demonstrated the ability of cHS4 to insulate the expression cassette from the effects of a
strong -globin LCR element [63] and therefore reducing its genotoxicity. Experiments from
Arumugam et al showed a two-fold reduction in transforming activity with insulated LCR-

containing lentiviral vectors comparing with vectors lacking the cHS4 element [68].

Erythroid tissue-specific vectors

Promoter / enhancer

transgene

Vector type

Reference

HS2 GATA-1 enhancer within the LTR

HS1 to HS2 GATA-1 enhancer within the LTR

Ankyrin-1 and a-spectrin promoters combined
or not with HS40, GATA-1, ARE and intron 8

enhancers

a-globin HS40 enhancer and Ankyrin-1

promoter

IHK, IHBp and HS3Bp chimeric enhancers/
promoters

ALNGFR and Neo* /
EGFP
EGFP and hALNGFR

EGFP

GFP / FECHcDNA

hB-globin cDNA

SFCM retroviral vector

SFCM retroviral vector

HIV-1 based vectors

HIV-1 based vectors

Sleeping beauty transposon

[47]

(48]

[53]

[54]

Physiologically regulated vectors

Promoter / enhancer

transgene

Vector type

Reference

HSFE and B-globin promoter

LCR and B-globin promoter

B-globin and 6-globin promoters combined or

not with HS40, GATA-1, ARE and intron 8
enhancers

LCR HS4, HS3, HS2, B-globin promoter and
truncated B-globin intron 2

LCR, cHS4 and B-globin promoter

B-globin promoter, LCR HS2, HS3, HS4

hp-globin cDNA

hB-globin cDNA or EGFP

EGFP

EGFP

hB-globin cDNA

hp-globin cDNA

MSCV retroviral vector

HIV-1 based vectors

HIV-1 based vectors

HIV-1 based vectors

HIV-1 based vectors

AAV2

[55]

[56,57]

[53]

(58]

[46]

[59]

LTR, long terminal repeats; HS: hypersensitive site; IHK, human ALAS2 intron 8 enhancer, HS40 from aLCR and an-

kyrin-1 promoter; IhBp, human ALAS2 intron 8 enhancer, HS40 from alLCR and B-globin promoter; HS3Bp, HS3

core element form human BLCR and B-globin promoter; LCR, locus control region. Modified from Toscano et al.,

2011

Table 2. Specific vectors for gene therapy of erythroid inherited diseases.
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Tissue-specific expression using alternative human promoters can be convenient or more effi-
cient for some diseases, but driving the expression of the therapeutic genes using own promot-
ers is still the most physiological approach to reduce the genotoxic risk of integrating gene
vectors [62]. The use of physiologically regulated vectors has been limited mainly because the
promoter and the enhancer elements have to be obtained from the affected genes and they are
often too large to be included in a lentiviral backbone, and also because the gene expression pat-
tern depends partially on chromatin positioning [63]. -globin LCR has been widely used when
attempting to solve this limitation. The -globin LCR consists of 5 HS regions located upstream of
the entire cluster of human -like globin genes, each containing a high density of erythroid-spe-
cific and ubiquitous transcription binding elements [64]. Much of the transcriptional activity of
the -globin LCR resides in HS2 and HS3 sites, but site 4 is important in adult globin expression
[65]. Previous studies in vitro and in vivo have shown that -globin LCR can enhance erythroid-
specific expression from heterologous non-erythroid promoters [66,67]. First approaches using
-globin LCR and 3" enhancers were based on murine yretroviral vectors [74,75], but the limited
packaging capacity of these vectors (up to 8 kb) did not allow the presence of such as large regu-
latory sequences. Several vector designs including different combinations of regulatory se-
quences and a deletion of a cryptic polyadenylation site within intron 2 of -globin gene [68],
flanked by an extended promoter sequence and the -globin 3’ proximal enhancer were devel-
oped. The combination of the LCR elements (3'2 kb) spanning HS2, 3 and 4, were the best
amongst several possibilities [69] to achieve a high titer retroviral vector capable of expressing
highlevels of the transgene.

Other approaches to achieve consistent long-term expression of a transgene have been based on
the use of HSFE element, an erythroid-specific chromatin remodelling element derived from
the human p-globin LCR which contains binding sites for the erythroid-specific factors NF-E2,
GATA-1, EKLF and the ubiquitous factor Sp-1, all of which are necessary to establish a hyper-
sensitive chromatin domain. Work by Nemeth et al., demonstrated that the HSFE can mediate
functional tissue-specific “opening” of a minimal human -globin promoter and increases ex-
pression of a human (3-globin gene in both MEL cell clones and in transgenic mice. Their results
indicated that the most effective vector included tandem copies of the HSFE and produced a 5-
fold increase in expression compared to the promoter alone [55] in the context of an integrated
retroviral vector.

Gene therapy for RBC metabolic diseases can also benefit from the new technologies based on
the modification in mRNA stability or translation efficacy of the transgenes. The use of the post-
transcriptional regulatory element (Wpre) from the woodchuck hepatitis virus (WHV) has sig-
nificantly increased transgene expression in target cells [64,65], even in HSC [70] by
stabilization of mRNA at post-transcriptional level. However, it may raise safety concerns,
since it contains a truncated form of the WHV X gene, which has been implicated in animal liver
cancer [71]. Therefore, Wpre has subsequently been improved by a mutation of the open read-
ing frame of the X gene [72]. Combination of erythroid promoters like ankyrin-1 or -spectrin
with Wpre sequence increased 2-fold the expression in unilineage erythroid cultures [53], and
when combined also with erythroid enhancers inserted in tandem: HS540 and GATA-1 or HS40
and I8 enhancers [53]. RNA targeting strategies have mainly been used to down regulate ex-
pression of cellular genes using vectors expressing interference RN As (iRNAs). They can be al-
so used to control the expression of integrating vectors knocking down the transgene by the
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endogenous microRNA cellular machinery. Following this strategy, engineered microRNA tar-
get sequences in the vector (miRTs-vector) are recognized by a cell specific microRNA (miR-
NA), avoiding the expression of the therapeutic gene in undesired cell populations [63]. Several
miRNAs are differentially expressed during hematopoiesis and their specific expression regu-
lates key functional proteins involved in hematopoietic lineage differentiation. Particularly,
miR-223 hasbeen proposed as amyeloid-specific regulator that negatively regulates progenitor
proliferation and granulocyte differentiation and activation [73]. Moreover, Felli et al observed
thathematopoietic progenitor cells transduced with miR-223 showed a significant reduction of
their erythroid clonogenic capacity, suggesting that down-modulation of this miRNA is re-
quired for erythroid progenitor recruitment and commitment [79]. Further studies may deter-
mine if the use of miRNA-223 target in lentiviral vectors could be useful to achieve a desirable
erythroid-specific expression for gene therapy of red blood cell diseases.

In addition, the erythroid-specificity of short segments of the -globin LCR element has been
documented in adeno-associated virus 2 (AAV2) system. Their efficacy to mediate an eryth-
roid-restricted expression has been proved by Tan et al., who reported a successful AAV2-medi-
ated high and stable transduction of the human -globin gene in HSCs from -thalassemia mouse
model, which were then transplanted into recipient and rescued them of the disease [59]. These
vectors have gained attention as potential useful vectors for human gene therapy, mainly be-
cause of their non-pathogenic nature in humans and their relativly easy production. Besides,
AAV?2 vectors are easily purified to high titers and are able to transduce dividing and non-di-
viding cells. However, most of proviral AAV2 genomes remain episomal and the insert size is
restricted to just over 4kb. Further studies are stillneeded to know whether they would be a bet-
ter option than current lentiviral vectors. Also, long-term genotoxic risk of recombinant AAV2
therapy in humanisnotknown up to the date.

In addition, the efficacy of some of these erythroid-specific elements and promoters has also
been tested in non-viral vectors, such as transposons. Zhu et al, for instance, studied several
hybrid promoters driving the expression of the human -globin gene using the sleeping beau-
ty transposon (SB-Tn). They combined several erythroid elements to develop different chi-
meric promoters. Their results indicated that the ankyrin-1 minimum promoter was
stronger than -globin’s, and the hALAS I8 enhancer (IH) was significantly more powerful
that HS3 core element from -LCR and -globin promoter [54]. SB-Tn system is a promising
non-viral vector for efficient genomic insertion, even with erythroid-specificity. However, its
efficiency for delivering transgenes into HSCs is still much lower than other engineering vi-
ral vectors.

4. Overcoming conventional gene therapy pitfalls: gene editing in
induced plutipotent stem cells

4.1. Human induced pluripotent stem cells and reprogramming platforms

Since Yamanaka et al first reported the generation of mouse induced Pluripotent Stem Cells
(iPSC) in 2006 by the ectopic expression of four transcription factors (Oct4, Sox2, Klf4 and
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cMyc) [74] and one year later in human cells together with Thompson’s group [75,76], many
laboratories around the world have been able to reprogram a large range of somatic cells in-
to pluripotent stem cells, from neural stem cells [77] to terminally differentiated B-lympho-
cytes [78]. The reproducibility and potentiallity (unlimited self-renewal and ability to
differentiate into any cell type) of this technology has made the iPSC field to advance very
rapidly. The human iPSC (hiPSC) technology brings together all the potential of hESC in
terms of pluripotency without any ethical issue and the immunotolerance of the autologous
cell treatment. Therefore, hiPSC technology is one of the most promising fields for future
therapies for many human diseases. Safer reprogramming approaches have been designed
and many patient specific hiPSC have been generated both to model human diseases and to
correct by gene therapy approaches. Depending on the cell type to be reprogrammed, the
number of factors used could be reduced and, what is more important, oncogenes or tumor
related proteins included in the reprogramming cocktail, like c-MYC or KLF4 [79] could be
removed from the original reprogramming cocktail [80-82]. Several groups developed excis-
able polycistronic lentiviral vectors [83,84] or transposon-based reprogramming systems
[85,86], which could be removed after getting the hiPSC clones. Similar results have been ob-
tained using recombinant proteins [82], synthetic mRNAs [87], and non integrating RNA
Sendai Virus vectors [88]. Except for Sendai viruses, non integrating methods show a re-
duced reprogramming efficiency and the range of cells reprogrammed is not as large as with
lentiviral or retroviral vectors.

iPSC technology makes feasible the availability of patient specific cells to study the biology
of the disease and develop advanced tools to cure the phenotype and could potentially be
used as a therapeutic option (Figure 1). Focussing on metabolic diseases, the first reported
metabolic disease patient specific hiPSC line was obtained one year after the first generation
of hiPSCs. It was from a 42-year old female that suffered from Type I Diabetes mellitus [89]
and it showed no differences compared to a wild type hiPSC line in terms of pluripotency.
Next report in which liver metabolic disease patient samples were reprogrammed was car-
ried out by the group of Ludovic Vallier [90], and showed the potential of this kind of ap-
proaches for disease modelling and new drug discovery. They reprogrammed fibroblast
obtained from «-1 Antitrypsin deficiency (AIATD), Familiar Hypercholesterolemia (FH),
Glucose-6-Phosphate deficiency (G6PD), Crigler-Najjar Syndrome and hereditary Tyrosine-
mia Type 1 patients, and generated hepatocytes that showed characteristics of mature hepat-
ic cells, like albumin secretion or cytocrome p450 metabolism. Three of the five cell lines
(AIATD, FH, and GSD1a hiPSCs) were capable of recapitulating the disease phenotype in
vitro. Disease modelling in erythroid diseased induced pluripotent cell lines has been per-
formed for -Thalassemia [91,92] and sickle cell anemia [93,94]. In these reports the pheno-
type was corrected by LVs integrated in areas of the genome that were considered safe for
viral integration [83] or by gene editing using homologous recombination of the affected lo-
cus [91,93,94].

The future therapeutic application of hiPSC will not only require non-integrative reprog-
ramming system, but also a more precise gene correction. During last years, the cooperation
between hiPSC technology and gene editing is being explored. Human iPSC technology has
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Figure 1. Potential utilities of hiPSC and iPS technology

led to the opportunity to control the integration of viral vectors at a clonal level. As we have
mentioned before, the analysis of lentiviral integration sites in 3-thalassemia hiPSC allowed
the identification of corrected hiPSC clones expressing [-globin transgene from a safe ge-
nomic site (also called Safe harbour), a site in which integration does not disturb the expres-
sion of any neighbouring genes during their erythroid differentiation [83]. The therapeutic
use of patient-specific hiPSC emerges then from the combination of gene and cell therapy.
From this new research field, future gene therapy protocols will emerge.

4.2. Gene editing based on homologous recombination

Gene editing is a process in which a DNA sequence is introduced into a specific locus or a
chromosomal sequence is replaced. This site-specific precise introduction requires an accu-
rate recognition mechanism of the target site on the genome. Under normal conditions, the
maintenance of the integrity of the genome requires that the cells repair DNA damage with
high fidelity. One of the most harmful DNA damage is the generation of double-strand
breaks (DSB). DSB are often resolved by non-homologous end joining (NHE]), which joins
the two ends of the DSB. However this DNA repair mechanism could introduce mutations.
On the contrary, homologous recombination (HR) is a truly accurate DNA repair mecha-
nism because it is basically a “copy and paste” mechanism. This process uses an undamaged
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homologous segment of DNA that can be exogenously provided as a template to copy the
information across the DSB. The fidelity of HR gives us the specificity and accuracy that
gene editing requires.

The natural HR process has been adapted by researchers to get the desirable addition of an
exogenous cassette into the targeted locus. This techniques have been widely use for the
generation of knock-out and knock-in transgenic animals [95]. To correct or insert and ex-
press a transgene by HR we can consider three different strategies: i) Gene correction, a base
or some bases can be substituted from the original strand using an homologous sequence
where this base or bases are modified; it is the way to introduce/repair point or small muta-
tions; ii) Safe harbour integration, a complete expression cassette (promoter, transgene and
regulatory signals) is inserted in a safe place of the genome, without altering the expression
of the surrounding genes and without being silenced by epigenetic mechanisms; this is the
case for AASV1 and CCR5 loci. Additionally to these well known safe harbours, there is a
wide research focused on finding potential new safe harbour places. iii) Knock-in insertion,
the cDNA of a gene is introduced in the same site of the endogenous gene, linked by splic-
ing mechanisms to the endogenous gene assuring the expression of the inserted sequence by
the endogenous regulatory elements of the locus where it is integrated.

Gene editing process can be separated in two different steps, generation of DSB and HR. The
efficacy of gene editing in human cells depends on the generation of DSB at the specific tar-
get site and on the DNA repair mechanism that the cell uses to resolve the DSB. Unfortu-
nately, NHE]J is the dominant pathway to solve these DNA lesions in human cells.
Additionally, HR varies in different cell types and requires transit through S-G2 phase of the
cell cycle [96]. These limitations make gene editing in human cells difficult to achieve. How-
ever, different approaches are being used to improve gene editing by HR, like increasing the
length of the DNA sequences homologous to target site (homology arms) [97], the use of ad-
eno-associated vectors [98], the improvement of selection methods for edited cells or the
stimulation of HR by inducing DSB using DNA nucleases.

Recently, engineered DNA nucleases have been developed to specifically induce DSB at a
unique and defined sequence in the cell genome. These proteins are formed by a nuclease do-
main and a DNA binding domain whose sequence specificity can be engineered. The most
widely used DNA nucleases are Zinc finger nucleases (ZFN), homing meganucleases (MN) and
transcription activator-like effector nucleases (TALEN). They identify a potentially unique se-
quence in the genome and generate DSBs in the desired genomic site, aiming to promote the re-
pair of the DSB by the cell machinery and, ideally by HR. The DNA binding domain of a ZFNs is
derived from zinc-finger proteins and is linked to the nuclease domain of the restriction enzyme
Fok-I. DNA-biding domain is a tandem repeat of Cys,His, zinc fingers, each of which recogniz-
es three nucleotides. ZFNs work as pairs of two monomers of ZFN, one in reverse orientation.
This ZFN dimer can be designed to bind to genomic sequences of 18-36 nucleotides long. TAL-
ENs have a similar structure to ZFNs, but the DNA-binding domain comes from transcription
activator-like effector proteins. The DN A-binding domain in TALENSs is a tandem array of ami-
no acid repeats. Each of these units is able to bind to one of the four possible nucleotides and this
makes that the DNA binding domain can be designed to recognize any desired genomic se-
quence. TALENSs also cleave as dimers. Contrary to these synthetic DNA-nucleases, MNs are a
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subset of homing endonucleases which recognize a DNA sequence from 14 to 40 nucleotides.
Current MNs have been engineered from natural homing endonucleases to increase the num-
ber of target DNA sequences.

ZNFs have been widely used for gene editing in hESC and hiPSC. In 2007, Dr. Naldini’s labora-
tory showed the insertion of GFP into the CCR5 safe harbour in human stem cells (HSC and
hESC) after inducing HR by ZFN expression. The CCR5-ZFN and donor DNAs were delivered
into hESC by intergrative deficient lentiviruses. More interestingly, targeted hRESC were able to
differentiate into neurons keeping GFP expression [99]. Soon, the proof of principle for the clini-
cal application of ZFN-mediated gene editing was tested in hiPSC from patients affected by dif-
ferent genetic diseases. The first pre-clinical use of ZFN for gene therapy of a metabolic disease
was performed by Yusa et al. In this report, gene correction was performed at the al-antitrypsin
(A1AT)locus to revert A1AT deficiency in hiPSC derived from a patient with a point mutation.
This group included a Puromycin resistence cassette flanked by piggyBacsites, so that the Puro-
mycin selection facilitated the isolation of corrected A1TATD-iPSC clones. Afterwards, the selec-
tion cassette was removed by piggyBac transposon, obtaining corrected hiPS clones without
any additional sequence. These corrected hiPS clones were then differentiated into hepatocyte-
like cells to confirm the complete correction of the AIATD [101]. Other hiPSC gene editing ap-
proaches and functional correction of erithroid diseases include gene correction of Sickle Cell
Anemia [94] and -Thalassemia [91].

One of the major limitations of ZFN is the generation of “off-target” DSB, due to unspecific
sequence recognition. Different studies have highlighted this as a possible limitation in the
clinical use of ZFN-mediated HR [100,101]. Recent works have explored the potential of oth-
er types of DNA-nucleases in order to prevent the “off-target” cleave limitations of the ZFN,
being TALEN and MN the most promising ones. The feasibility of TALEN to mediate HR in
hESC and hiPSC was assess by Jaenisch’s group when they designed TALEN targeting the
PPP1R12C (at AAVS1 locus), POU5F1 and PITX3 genes at precisely the same positions as the
one targeted by ZFN in their previous work [102]. The authors described a gene editing effi-
ciency similar to the one achieved by ZFN with a low level of “off-targets” [103]. A strategy
to minimize the potential number of “off-targets” is to design TALEN to work as obligatory
heterodimers, which has beeing already done in the engineered MNs. The application of the
TALEN and MN as tools to improve HR is still on going. We are exploring the pre-clinical
use of TALEN and MN to correct erythroid metabolic genetic diseases, such as PKD.

5. Complementary developments for the application of gene therapy to
erythroid metabolic diseases

5.1. In vivo transduction using engineered envelopes

Another challenge for the clinical application of gene therapy relates to vector targeting. To
achieve successful gene therapy, the appropriate gene must be delivered to target cells and
specifically expressed in them, without harming non-targeted cells. The most common and
easiest way to target specific cells is by ex vivo infection of the desired cell population. There-
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fore, cells can be directly exposed to the viral vectors facilitating viral-cell interaction. These
interactions are driven by the envelope protein which can be adapted from other viruses re-
directing the tropism of the vector. The most widely used vectors are lentiviral vectors pseu-
dotyped with the attachment glycoprotein of the vesicular stomatitis virus (VSV-G), which
allows the production of high-titre vectors and confers a broad host range [104]. In compari-
son with them, engineered LVs capable of delivering genes of interest to predetermined
cells, can reduce the targeting of undesirable cell types and improve the safety profile,
which will further enhance the use of this vector system for gene therapy applications
[105,106]. As we have mentioned above, the use of promoters and regulatory sequences that
are only active in target cells adds lineage specific expression, although integration of the
viruses in non desired cells is still possible. Ex vivo-targeted gene delivery, as commonly
used in HSCs transduction, is associated with a risk of inducing cell differentiation and loss
of the engraftment potential of these cells [107]. On the contrary, in vivo gene transfer could
target HSCs in their stem cell niche, a microenvironment that regulates HSC survival and
maintenance [105]. To accomplish this, the vector must display a suitable system to selec-
tively infect the desired population, for example the introduction of a specific ligand to bind
a target-cell receptor [106].

Many attempts have been made to develop targeted transduction systems using retroviral
and lentiviral vectors by altering the envelope glycoprotein (Env), which is responsible for
the binding of the virus to the cell surface receptors and for mediating viral entry into the
cell. The plasticity of the surface domain of Env allows insertion of ligands, peptides or sin-
gle-chain antibodies that can direct the vectors to specific cell types [108]. However, this
type of manipulation negatively affects the fusion domain of Env, resulting in low viral tit-
ers. To overcome this downside, a method to engineer lentiviral vectors has been developed.
These vectors transduce specific cell types by breaking up the binding and fusion functions
of the envelope protein into two distinct proteins [108]. Instead of pseudotyping lentiviral
vectors with a modified viral envelope protein, these lentiviral vectors co-display a targeting
antibody and a fusogenic molecule on the same viral vector surface. Based on molecular rec-
ognition, the targeting antibody should direct lentiviral vectors to the specific cell type. The
binding between the antibody and the corresponding cellular antigen should induce endo-
cytosis resulting in the transport of lentiviral vectors into the endosomal compartment. Once
inside the endosome, the fusogenic molecule should undergo a conformational change in re-
sponse to the decrease in pH, thereby releasing the viral core into the cytosol [109]. The use
of fusion domain of the binding defective Sindbis virus glycoprotein together with an anti-
CD20 antibody has been shown to mediate the targeted transduction of lentiviral vectors to
CD20-expressing B cells [110].

However, two major challenges for in vivo gene delivery are LVthe exposure to the host im-
mune/complement system and off-target cell transfer after systemic administration. For
these reasons, second generation of early-acting-cytokine-displaying LVs has been devel-
oped, that circumvents these obstacles by specifically targeting hCD34" cells [111,112]. For
example, RDTR/SCFHA-LV, consisting of RD114 glycoprotein and stem cell factor (SCF)
fused to the Influenza hameglutinin env protein, is resistant to degradation by human comple-
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ment and efficiently transduces very immature hCD34" HSCs [113]. This new generation of
HSC-targeted LVs should improve current gene therapy protocols through the transduction
of primitive HSCs directly in the bone marrow of patients with genetic diseases.

5.2. In vitro production of mature erythrocytes

Periodical blood transfusion is the previous to the last therapeutic option for severe cases of
CNSHA patients. However, this clinical practice involves also adverse effects related to the
immuneresponse against minor erythrocyte antigens which makes the patients refractory to
additional blood transfusions in the long run. The availability of genetically corrected pa-
tient-specific iPSC would allow the possibility of generating disease free erythrocytes ready
for transfusion, avoiding the adverse immune effects.

There have been numerous attempts to produce RBC in vitro from different sources of stem
cells. To date, the most successful protocol has been developed by the group of Luc Douay
[113,114]. Using peripheral blood CD34" cells, these authors were able to expand and gener-
ate RBC with in vitro and in vivo features of native RBC, and were also capable of transfusing
a patient with in vitro generated erythrocytes. Notably, the same authors reported a protocol
to generate RBC from hiPSC as an alternative source of HSC [114]. Other groups have de-
scribed similar protocols to generate erythrocytes from hESC or hiPSC [115-118], although in
all these studies the RBC generated from embryonic cells expressed embryonic and foetal
hemoglobins but low levels of adult hemoglobin. Additional efforts should be done to make
this possibility a therapeutic option.

6. Conclusions

Erythroid metabolic diseases are well defined and well known diseases which main symp-
tom is CNSHA. As they are monogenic diseases that can be cured by allogeneic bone mar-
row transplantation, they are very good candidates to be treated by gene therapy. However,
the low number of patients with poor prognosis requiring BM transplantation and the ab-
sence of an apparent selective advantage of the corrected cells over the diseased ones have
made their approach for gene therapy less attractive than other erythropaties. Up to now, no
gene therapy clinical trial for erythroid metabolic diseseases has been accomplished. Gene
therapy attempts in animal models have been applied to G6PD and PKD with successful re-
sults, emphasizing the usefulness of a gene therapy approach for these diseases. Although
adverse effects due to ectopic expression of the metabolic enzyme have not been observed,
an erythroid specific expression is preferred. Many developments have been made for the
specific expression of globin genes that could be adapted to vectors developed for the dis-
cussed erythroid metabolic diseases. Similarly, any attempt directed to the improvement of
HSC transduction, including the possibility of in vivo targeted gene therapy could be ap-
plied. On the other hand, the combination of cell reprogramming and gene editing opens a
new world of possibilities that could be easily applied to these diseases. hESC and hiPSC are
helping in the development of the next generation of gene therapy, which implies a precise
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gene targeting. Gene editing by HR is the best and safest gene therapy procedure because
avoids any perturbation in the targeted genome. Besides the combination of hiPSC and gene
editing could be the future therapy for many genetic-based diseases. The hiPSC technology
is the springboard for the development of more efficient HR protocols applicable to other
types of stem cells such as hematopoietic stem cells. The combination of methods for obtain-
ing big amounts of RBC from HSC or embryonic cells, along with the improvement of the
different gene therapy approaches described in this chapter, opens up the possibility of the
therapeutic application involving the infusion of RBC differentiated in vitro from genetically
corrected patient specific stem cells.

Nomenclature

5-FU 5-fluorouracil

A1ATD-1 antitripsin deficiency

AAV Adeno-associated virus

BM Bone marrow

BPGM 2,3-bisphosphoglycerate mutase
CNSHA Chronic non spherocytic hemaolotyc anemia
DSB Double strand breaks

Env Viral envelope

FH familiar hypercholesterolemia

G6P Glucose-6-phosphate

G6PD Glucose-6-phopahate dehydrogenase
GPI Glucose phosphate isomerase

GS Glutathione synthetase

hESC human embryonic stem cell

hIF1 hypoxia-inducible factor-1

hiPSC Human induced pluripotent stem cell
HK Hexokinase

HR Homologous recombination

HS DNase I hypersensitive sites

HSC Hematopoietic stem cell

iPSC Induced pluripotent stem cell
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kb kilobases

LCR Locus control region

LTR Long terminal repeats

LV Lentivirus

MN homing meganuclease

NHE] non-homologous end joining
PFK phosphofructokinase

RBC Erythrocytes

SIN-LV Self-inactivated lentiviral vector
TALEN transcription activator-like effector nuclease
TPI Triose phosphate isomerase

WT wild-type

ZFN zinc finger nuclease

Aknowledgements

The authors thank L. Cerrato, M.A. Martin and I. Orman for their technical assistance. We
would also like to thank Dr. J. Bueren for careful reading and suggestion of the manuscript.
M.G.G. was partially supported by a short-term fellowship from the European Molecular Bi-
ology Organization (EMBO ASTF 188.00-2010). Z.G. is a fellowship of the PhD program of
the Departamento de Educacion, Universidades e Investigacion del Gobierno Vasco. This
work was funded by grants from the Ministerio de Economia y Competitividad
(SAF2011-30526-C02-01), Fondo de Investigaciones Sanitarias (RD06/0010/0015) and the
PERSIST European project. The authors also thank the Fundacién Botin for promoting trans-
lational research at the Hematopoiesis and Gene Therapy Division-CIEMAT/CIBERER.

Author details

Maria Garcia-Gomez, Oscar Quintana-Bustamante, Maria Garcia-Bravo, S. Navarro,
Zita Garate and Jose C. Segovia

Differentiation and Cytometry Unit, Hematopoiesis and Gene Therapy Division, Centro de
Investigaciones Energéticas, Medioambientales y Tecnolégicas (CIEMAT) and Centro de In-
vestigacion Biomédica en Red de Enfermedades Raras (CIBER-ER), Madrid, Spain



530 Gene Therapy - Tools and Potential Applications

References

(1]

(2]

9]

[10]

(11]

(12]

[13]

Aiuti A, Bachoud-Levi AC, Blesch A, et al. Progress and prospects: gene therapy clin-
ical trials (part 2). Gene Ther. 2007;14:1555-1563.

Herzog RW, Cao O, Srivastava A. Two decades of clinical gene therapy success is fi-
nally mounting. Discov Med. 2010;9:105-111.

Naldini L. Ex vivo gene transfer and correction for cell-based therapies. Nat Rev
Genet. 2011;12:301-315.

Richard E, Mendez M, Mazurier F, et al. Gene therapy of a mouse model of protopor-
phyria with a self-inactivating erythroid-specific lentiviral vector without preselec-
tion. Mol Ther. 2001;4:331-338.

Rovira A, De Angioletti M, Camacho-Vanegas O, et al. Stable in vivo expression of
glucose-6-phosphate dehydrogenase (G6PD) and rescue of G6PD deficiency in stem
cells by gene transfer. Blood. 2000;96:4111-4117.

Richard RE, Weinreich M, Chang KH, Ieremia ], Stevenson MM, Blau CA. Modulat-
ing erythrocyte chimerism in a mouse model of pyruvate kinase deficiency. Blood.
2004;103:4432-4439.

Tani K, Yoshikubo T, Ikebuchi K, et al. Retrovirus-mediated gene transfer of human
pyruvate kinase (PK) cDNA into murine hematopoietic cells: implications for gene
therapy of human PK deficiency. Blood. 1994;83:2305-2310.

Morimoto M, Kanno H, Asai H, ef al. Pyruvate kinase deficiency of mice associated
with nonspherocytic hemolytic anemia and cure of the anemia by marrow transplan-
tation without host irradiation. Blood. 1995;86:4323-4330.

Kanno H, Utsugisawa T, Aizawa S, et al. Transgenic rescue of hemolytic anemia due
to red blood cell pyruvate kinase deficiency. Haematologica. 2007;92:731-737.

Zaucha JA, Yu C, Lothrop CD, Jr., et al. Severe canine hereditary hemolytic anemia
treated by nonmyeloablative marrow transplantation. Biol Blood Marrow Trans-
plant. 2001;7:14-24.

Meza NW, Quintana-Bustamante O, Puyet A, et al. In vitro and in vivo expression of
human erythrocyte pyruvate kinase in erythroid cells: a gene therapy approach.
Hum Gene Ther. 2007;18:502-514.

Tanphaichitr VS, Suvatte V, Issaragrisil S, et al. Successful bone marrow transplanta-
tion in a child with red blood cell pyruvate kinase deficiency. Bone Marrow Trans-
plant. 2000;26:689-690.

Meza NW, Alonso-Ferrero ME, Navarro S, et al. Rescue of pyruvate kinase deficiency
in mice by gene therapy using the human isoenzyme. Mol Ther. 2009;17:2000-2009.



[14]

[15]

[16]

(17]

(18]

(19]

(20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

Gene Therapy for Erythroid Metabolic Inherited Diseases
http://dx.doi.org/10.5772/52531

Bulliamy T, Luzzatto L, Hirono A, Beutler E. Hematologically important mutations:
glucose-6-phosphate dehydrogenase. Blood Cells Mol Dis. 1997;23:302-313.

Beutler E, Kuhl W, Gelbart T, Forman L. DNA sequence abnormalities of human glu-
cose-6-phosphate dehydrogenase variants. ] Biol Chem. 1991;266:4145-4150.

Mason PJ, Sonati MF, MacDonald D, et al. New glucose-6-phosphate dehydrogenase
mutations associated with chronic anemia. Blood. 1995;85:1377-1380.

Jacobasch G, Rapoport SM. Hemolytic anemias due to erythrocyte enzyme deficien-
cies. Mol Aspects Med. 1996;17:143-170.

Vives Corrons JL, Feliu E, Pujades MA, et al. Severe-glucose-6-phosphate dehydro-
genase (G6PD) deficiency associated with chronic hemolytic anemia, granulocyte
dysfunction, and increased susceptibility to infections: description of a new molecu-
lar variant (G6PD Barcelona). Blood. 1982;59:428-434.

Roos D, van Zwieten R, Wijnen JT, et al. Molecular basis and enzymatic properties of
glucose 6-phosphate dehydrogenase volendam, leading to chronic nonspherocytic
anemia, granulocyte dysfunction, and increased susceptibility to infections. Blood.
1999;94:2955-2962.

Ko CH, Li K, Li CL, et al. Development of a novel mouse model of severe glucose-6-
phosphate dehydrogenase (G6PD)-deficiency for in vitro and in vivo assessment of
hemolytic toxicity to red blood cells. Blood Cells Mol Dis. 2011;47:176-181.

Zanella A, Fermo E, Bianchi P, Chiarelli LR, Valentini G. Pyruvate kinase deficiency:
the genotype-phenotype association. Blood Rev. 2007;21:217-231.

Fothergill-Gilmore LA, Michels PA. Evolution of glycolysis. Prog Biophys Mol Biol.
1993;59:105-235.

Satoh H, Tani K, Yoshida MC, Sasaki M, Miwa S, Fujii H. The human liver-type pyr-
uvate kinase (PKL) gene is on chromosome 1 at band q21. Cytogenet Cell Genet.
1988;47:132-133.

Noguchi T, Yamada K, Inoue H, Matsuda T, Tanaka T. The L- and R-type isozymes
of rat pyruvate kinase are produced from a single gene by use of different promoters.
J Biol Chem. 1987;262:14366-14371.

Guguen-Guillouzo C, Szajnert MF, Marie ], Delain D, Schapira F. Differentiation in
vivo and in vitro of pyruvate kinase isozymes in rat muscle. Biochimie. 1977;59:65-71.

Kanno H, Fujii H, Miwa S. Structural analysis of human pyruvate kinase L-gene and
identification of the promoter activity in erythroid cells. Biochem Biophys Res Com-
mun. 1992;188:516-523.

Nakashima K, Miwa S, Fujii H, et al. Characterization of pyruvate kinase from the
liver of a patient with aberrant erythrocyte pyruvate kinase, PK Nagasaki. ] Lab Clin
Med. 1977;90:1012-1020.



532 Gene Therapy - Tools and Potential Applications

(28]

[39]

[41]
[42]

Zanella A, Fermo E, Bianchi P, Valentini G. Red cell pyruvate kinase deficiency: mo-
lecular and clinical aspects. Br ] Haematol. 2005;130:11-25.

Beutler E, Gelbart T. Estimating the prevalence of pyruvate kinase deficiency from
the gene frequency in the general white population. Blood. 2000;95:3585-3588.

Diez A, Gilsanz F, Martinez J, Perez-Benavente S, Meza NW, Bautista JM. Life-threat-
ening nonspherocytic hemolytic anemia in a patient with a null mutation in the
PKLR gene and no compensatory PKM gene expression. Blood. 2005;106:1851-1856.

Miwa S, Kanno H, Fujii H. Concise review: pyruvate kinase deficiency: historical per-
spective and recent progress of molecular genetics. Am ] Hematol. 1993;42:31-35.

Gilsanz F, Vega MA, Gomez-Castillo E, Ruiz-Balda JA, Omenaca F. Fetal anaemia
due to pyruvate kinase deficiency. Arch Dis Child. 1993;69:523-524.

Ferreira P, Morais L, Costa R, et al. Hydrops fetalis associated with erythrocyte pyru-
vate kinase deficiency. Eur ] Pediatr. 2000;159:481-482.

Zanella A, Bianchi P, Turlo A, et al. Iron status and HFE genotype in erythrocyte pyr-
uvate kinase deficiency: study of Italian cases. Blood Cells Mol Dis. 2001,27:653-661.

Aizawa S, Kohdera U, Hiramoto M, et al. Ineffective erythropoiesis in the spleen of a
patient with pyruvate kinase deficiency. Am ] Hematol. 2003;74:68-72.

Aisaki K, Aizawa S, Fujii H, Kanno J, Kanno H. Glycolytic inhibition by mutation of
pyruvate kinase gene increases oxidative stress and causes apoptosis of a pyruvate
kinase deficient cell line. Exp Hematol. 2007;35:1190-1200.

Min-Oo G, Fortin A, Tam MF, Nantel A, Stevenson MM, Gros P. Pyruvate kinase de-
ficiency in mice protects against malaria. Nat Genet. 2003;35:357-362.

Lakomek M, Winkler H. Erythrocyte pyruvate kinase- and glucose phosphate iso-
merase deficiency: perturbation of glycolysis by structural defects and functional al-
terations of defective enzymes and its relation to the clinical severity of chronic
hemolytic anemia. Biophys Chem. 1997;66:269-284.

Merkle S, Pretsch W. Glucose-6-phosphate isomerase deficiency associated with non-
spherocytic hemolytic anemia in the mouse: an animal model for the human disease.
Blood. 1993;81:206-213.

Hoyer JD, Allen SL, Beutler E, Kubik K, West C, Fairbanks VF. Erythrocytosis due to
bisphosphoglycerate mutase deficiency with concurrent glucose-6-phosphate dehy-
drogenase (G-6-PD) deficiency. Am ] Hematol. 2004;75:205-208.

Njalsson R. Glutathione synthetase deficiency. Cell Mol Life Sci. 2005;62:1938-1945.

Wu X, Li Y, Crise B, Burgess SM. Transcription start regions in the human genome
are favored targets for MLV integration. Science. 2003;300:1749-1751.



[43]

[44]

[45]

[46]

[47]

(48]

(49]

[50]

[51]

[52]

[54]

Gene Therapy for Erythroid Metabolic Inherited Diseases
http://dx.doi.org/10.5772/52531

Modlich U, Navarro S, Zychlinski D, et al. Insertional transformation of hematopoiet-
ic cells by self-inactivating lentiviral and gammaretroviral vectors. Mol Ther.
2009;17:1919-1928.

Montini E, Cesana D, Schmidt M, et al. Hematopoietic stem cell gene transfer in a tu-
mor-prone mouse model uncovers low genotoxicity of lentiviral vector integration.
Nat Biotechnol. 2006;24:687-696.

Montini E, Cesana D, Schmidt M, et al. The genotoxic potential of retroviral vectors is
strongly modulated by vector design and integration site selection in a mouse model
of HSC gene therapy. ] Clin Invest. 2009;119:964-975.

Puthenveetil G, Scholes J, Carbonell D, et al. Successful correction of the human beta-
thalassemia major phenotype using a lentiviral vector. Blood. 2004;104:3445-3453.

Grande A, Piovani B, Aiuti A, Ottolenghi S, Mavilio F, Ferrari G. Transcriptional tar-
geting of retroviral vectors to the erythroblastic progeny of transduced hematopoiet-
ic stem cells. Blood. 1999;93:3276-3285.

Testa A, Lotti F, Cairns L, et al. Deletion of a negatively acting sequence in a chimeric
GATA-1 enhancer-long terminal repeat greatly increases retrovirally mediated eryth-
roid expression. ] Biol Chem. 2004;279:10523-10531.

Ren S, Wong BY, Li ], Luo XN, Wong PM, Atweh GF. Production of genetically stable
high-titer retroviral vectors that carry a human gamma-globin gene under the control
of the alpha-globin locus control region. Blood. 1996;87:2518-2524.

Emery DW, Chen H, Li Q, Stamatoyannopoulos G. Development of a condensed lo-
cus control region cassette and testing in retrovirus vectors for A gamma-globin.
Blood Cells Mol Dis. 1998;24:322-339.

Robertson G, Garrick D, Wu W, Kearns M, Martin D, Whitelaw E. Position-depend-
ent variegation of globin transgene expression in mice. Proc Natl Acad Sci U S A.
1995;92:5371-5375.

Sharpe JA, Summerhill R, Vyas P, Gourdon G, Higgs DR, Wood WG. Role of up-
stream DNase I hypersensitive sites in the regulation of human alpha globin gene ex-
pression. Blood. 1993;82:1666-1671.

Moreau-Gaudry F, Xia P, Jiang G, et al. High-level erythroid-specific gene expression
in primary human and murine hematopoietic cells with self-inactivating lentiviral
vectors. Blood. 2001;98:2664-2672.

Zhu ], Kren BT, Park CW, Bilgim R, Wong PY, Steer CJ. Erythroid-specific expression
of beta-globin by the sleeping beauty transposon for Sickle cell disease. Biochemistry.
2007;46:6844-6858.

Nemeth M]J, Lowrey CH. An Erythroid-Specific Chromatin Opening Element In-
creases beta-Globin Gene Expression from Integrated Retroviral Gene Transfer Vec-
tors. Gene Ther Mol Biol. 2004;8:475-486.

533



534  Gene Therapy - Tools and Potential Applications

[56]

[57]

[58]

[67]

[68]

May C, Rivella S, Callegari J, et al. Therapeutic haemoglobin synthesis in beta-thalas-
saemic mice expressing lentivirus-encoded human Dbeta-globin. Nature.
2000,406:82-86.

Pawliuk R, Westerman KA, Fabry ME, et al. Correction of sickle cell disease in trans-
genic mouse models by gene therapy. Science. 2001;294:2368-2371.

Hanawa H, Yamamoto M, Zhao H, Shimada T, Persons DA. Optimized lentiviral
vector design improves titer and transgene expression of vectors containing the
chicken beta-globin locus HS4 insulator element. Mol Ther. 2009;17:667-674.

Tan M, Qing K, Zhou S, Yoder MC, Srivastava A. Adeno-associated virus 2-mediated
transduction and erythroid lineage-restricted long-term expression of the human be-
ta-globin gene in hematopoietic cells from homozygous beta-thalassemic mice. Mol
Ther. 2001;3:940-946.

Lisowski L, Sadelain M. Current status of globin gene therapy for the treatment of
beta-thalassaemia. Br ] Haematol. 2008;141:335-345.

Sun FL, Elgin SC. Putting boundaries on silence. Cell. 1999;99:459-462.

Zychlinski D, Schambach A, Modlich U, et al. Physiological promoters reduce the
genotoxic risk of integrating gene vectors. Mol Ther. 2008;16:718-725.

Toscano MG, Romero Z, Munoz P, Cobo M, Benabdellah K, Martin F. Physiological
and tissue-specific vectors for treatment of inherited diseases. Gene Ther.
2011;18:117-127.

Levings PP, Bungert J. The human beta-globin locus control region. Eur ] Biochem.
2002;269:1589-1599.

Navas PA, Peterson KR, Li Q, McArthur M, Stamatoyannopoulos G. The 5'HS4 core
element of the human beta-globin locus control region is required for high-level glo-
bin gene expression in definitive but not in primitive erythropoiesis. ] Mol Biol.
2001;312:17-26.

Blom van Assendelft G, Hanscombe O, Grosveld F, Greaves DR. The beta-globin
dominant control region activates homologous and heterologous promoters in a tis-
sue-specific manner. Cell. 1989;56:969-977.

Montiel-Equihua CA, Zhang L, Knight S, et al. The beta-Globin Locus Control Region
in Combination With the EFlalpha Short Promoter Allows Enhanced Lentiviral Vec-
tor-mediated Erythroid Gene Expression With Conserved Multilineage Activity. Mol
Ther. 2012;20:1400-1409.

Sadelain M, Wang CH, Antoniou M, Grosveld F, Mulligan RC. Generation of a high-
titer retroviral vector capable of expressing high levels of the human beta-globin
gene. Proc Natl Acad Sci U S A. 1995;92:6728-6732.



[69]

(72]

(73]

[76]

(80]

(81]

(82]

Gene Therapy for Erythroid Metabolic Inherited Diseases
http://dx.doi.org/10.5772/52531

Sadelain M, Rivella S, Lisowski L, Samakoglu S, Riviere I. Globin gene transfer for
treatment of the beta-thalassemias and sickle cell disease. Best Pract Res Clin Haema-
tol. 2004;17:517-534.

Ramezani A, Hawley TS, Hawley RG. Lentiviral vectors for enhanced gene expres-
sion in human hematopoietic cells. Mol Ther. 2000;2:458-469.

Kingsman SM, Mitrophanous K, Olsen JC. Potential oncogene activity of the wood-
chuck hepatitis post-transcriptional regulatory element (WPRE). Gene Ther.
2005;12:3-4.

Zanta-Boussif MA, Charrier S, Brice-Ouzet A, et al. Validation of a mutated PRE se-
quence allowing high and sustained transgene expression while abrogating WHV-X
protein synthesis: application to the gene therapy of WAS. Gene Ther.
2009;16:605-619.

Johnnidis JB, Harris MH, Wheeler RT, ef al. Regulation of progenitor cell prolifera-
tion and granulocyte function by microRNA-223. Nature. 2008;451:1125-1129.

Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryon-
ic and adult fibroblast cultures by defined factors. Cell. 2006;126:663-676.

Takahashi K, Tanabe K, Ohnuki M, et al. Induction of pluripotent stem cells from
adult human fibroblasts by defined factors. Cell. 2007;131:861-872.

Yu J, Vodyanik MA, Smuga-Otto K, et al. Induced pluripotent stem cell lines derived
from human somatic cells. Science. 2007;318:1917-1920.

Kim JB, Zaehres H, Arauzo-Bravo M], Scholer HR. Generation of induced pluripo-
tent stem cells from neural stem cells. Nat Protoc. 2009;4:1464-1470.

Hanna J, Markoulaki S, Schorderet P, et al. Direct reprogramming of terminally dif-
ferentiated mature B lymphocytes to pluripotency. Cell. 2008;133:250-264.

Rowland BD, Bernards R, Peeper DS. The KLF4 tumour suppressor is a transcription-
al repressor of p53 that acts as a context-dependent oncogene. Nat Cell Biol.
2005;7:1074-1082.

Meng X, Neises A, Su R], et al. Efficient reprogramming of human cord blood CD34+
cells into induced pluripotent stem cells with OCT4 and SOX2 alone. Mol Ther.
2012;20:408-416.

Liu T, Zou G, Gao Y, et al. High Efficiency of Reprogramming CD34(+) Cells Derived
from Human Amniotic Fluid into Induced Pluripotent Stem Cells with Oct4. Stem
Cells Dev. 2012.

Kim D, Kim CH, Moon ]I, et al. Generation of human induced pluripotent stem cells
by direct delivery of reprogramming proteins. Cell Stem Cell. 2009;4:472-476.

535



536  Gene Therapy - Tools and Potential Applications

[83]

(84]

(85]

(86]

(87]

[94]

(93]

Papapetrou EP, Lee G, Malani N, et al. Genomic safe harbors permit high beta-globin
transgene expression in thalassemia induced pluripotent stem cells. Nat Biotechnol.
2010,29:73-78.

Sommer CA, Sommer AG, Longmire TA, et al. Excision of reprogramming trans-
genes improves the differentiation potential of iPS cells generated with a single excis-
able vector. Stem Cells. 2010;28:64-74.

Mali P, Chou BK, Yen ], et al. Butyrate greatly enhances derivation of human induced
pluripotent stem cells by promoting epigenetic remodeling and the expression of
pluripotency-associated genes. Stem Cells. 2010;28:713-720.

Woltjen K, Hamalainen R, Kibschull M, Mileikovsky M, Nagy A. Transgene-free pro-
duction of pluripotent stem cells using piggyBac transposons. Methods Mol Biol.
2011;767:87-103.

Warren L, Manos PD, Ahfeldt T, et al. Highly efficient reprogramming to pluripoten-
cy and directed differentiation of human cells with synthetic modified mRNA. Cell
Stem Cell. 2010;7:618-630.

Fusaki N, Ban H, Nishiyama A, Saeki K, Hasegawa M. Efficient induction of trans-
gene-free human pluripotent stem cells using a vector based on Sendai virus, an
RNA virus that does not integrate into the host genome. Proc Jpn Acad Ser B Phys
Biol Sci. 2009;85:348-362.

Park IH, Arora N, Huo H, et al. Disease-specific induced pluripotent stem cells. Cell.
2008;134:877-886.

Rashid ST, Corbineau S, Hannan N, et al. Modeling inherited metabolic disorders of
the liver wusing human induced pluripotent stem «cells. J Clin Invest.
2010;120:3127-3136.

Wang Y, Zheng CG, Jiang Y, et al. Genetic correction of beta-thalassemia patient-spe-
cific iPS cells and its use in improving hemoglobin production in irradiated SCID
mice. Cell Res. 2012;22:637-648.

Papapetrou EP, Lee G, Malani N, et al. Genomic safe harbors permit high beta-globin
transgene expression in thalassemia induced pluripotent stem cells. Nat Biotechnol.
2011;29:73-78.

Sebastiano V, Maeder ML, Angstman JF, ef al. In situ genetic correction of the sickle
cell anemia mutation in human induced pluripotent stem cells using engineered zinc
finger nucleases. Stem Cells. 2011;29:1717-1726.

Zou ], Mali P, Huang X, Dowey SN, Cheng L. Site-specific gene correction of a point
mutation in human iPS cells derived from an adult patient with sickle cell disease.
Blood. 2011;118:4599-4608.

Robbins J. Gene targeting. The precise manipulation of the mammalian genome. Circ
Res. 1993,73:3-9.



[96]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

Gene Therapy for Erythroid Metabolic Inherited Diseases
http://dx.doi.org/10.5772/52531

Delacote F, Lopez BS. Importance of the cell cycle phase for the choice of the appro-
priate DSB repair pathway, for genome stability maintenance: the trans-S double-
strand break repair model. Cell Cycle. 2008;7:33-38.

Song H, Chung SK, Xu Y. Modeling disease in human ESCs using an efficient BAC-
based homologous recombination system. Cell Stem Cell. 2010;6:80-89.

Khan IF, Hirata RK, Wang PR, et al. Engineering of human pluripotent stem cells by
AAV-mediated gene targeting. Mol Ther. 2010;18:1192-1199.

Lombardo A, Genovese P, Beausejour CM, et al. Gene editing in human stem cells us-
ing zinc finger nucleases and integrase-defective lentiviral vector delivery. Nat Bio-
technol. 2007;25:1298-1306.

Gabriel R, Lombardo A, Arens A, et al. An unbiased genome-wide analysis of zinc-
finger nuclease specificity. Nat Biotechnol. 2011;29:816-823.

Pattanayak V, Ramirez CL, Joung JK, Liu DR. Revealing off-target cleavage specifici-
ties of zinc-finger nucleases by in vitro selection. Nat Methods. 2011;8:765-770.

Hockemeyer D, Soldner F, Beard C, et al. Efficient targeting of expressed and silent
genes in human ESCs and iPSCs using zinc-finger nucleases. Nat Biotechnol.
2009;27:851-857.

Hockemeyer D, Wang H, Kiani S, et al. Genetic engineering of human pluripotent
cells using TALE nucleases. Nat Biotechnol. 2011;29:731-734.

Zavada J. VSV pseudotype particles with the coat of avian myeloblastosis virus. Nat
New Biol. 1972;240:122-124.

Cronin ], Zhang XY, Reiser J. Altering the tropism of lentiviral vectors through pseu-
dotyping. Curr Gene Ther. 2005;5:387-398.

Waehler R, Russell S, Curiel DT. Engineering targeted viral vectors for gene therapy.
Nat Rev Genet. 2007;8:573-587.

Peled A, Petit I, Kollet O, et al. Dependence of human stem cell engraftment and re-
population of NOD/SCID mice on CXCR4. Science. 1999;283:845-848.

Yang L, Bailey L, Baltimore D, Wang P. Targeting lentiviral vectors to specific cell
types in vivo. Proc Natl Acad Sci U S A. 2006;103:11479-11484.

Joo KI, Wang P. Visualization of targeted transduction by engineered lentiviral vec-
tors. Gene Ther. 2008;15:1384-1396.

Lei Y, Joo KI, Wang P. Engineering fusogenic molecules to achieve targeted transduc-
tion of enveloped lentiviral vectors. ] Biol Eng. 2009;3:8.

Relander T, Johansson M, Olsson K, et al. Gene transfer to repopulating human
CD34+ cells using amphotropic-, GALV-, or RD114-pseudotyped HIV-1-based vec-
tors from stable producer cells. Mol Ther. 2005;11:452-459.



538 Gene Therapy - Tools and Potential Applications

[112]

[113]

[114]

[115]

[116]

[117]

[118]

Di Nunzio F, Piovani B, Cosset FL, Mavilio F, Stornaiuolo A. Transduction of human
hematopoietic stem cells by lentiviral vectors pseudotyped with the RD114-TR chi-
meric envelope glycoprotein. Hum Gene Ther. 2007;18:811-820.

Frecha C, Costa C, Negre D, et al. A novel lentiviral vector targets gene transfer into
human hematopoietic stem cells in marrow from patients with bone marrow failure
syndrome and in vivo in humanized mice. Blood. 2011;119:1139-1150.

Lapillonne H, Kobari L, Mazurier C, et al. Red blood cell generation from human in-
duced pluripotent stem cells: perspectives for transfusion medicine. Haematologica.
2010;95:1651-1659.

Lu SJ, Feng Q, Park JS, et al. Biologic properties and enucleation of red blood cells
from human embryonic stem cells. Blood. 2008;112:4475-4484.

Ma F, Ebihara Y, Umeda K, et al. Generation of functional erythrocytes from human
embryonic stem cell-derived definitive hematopoiesis. Proc Natl Acad Sci U S A.
2008;105:13087-13092.

Hatzistavrou T, Micallef SJ, Ng ES, Vadolas ], Stanley EG, Elefanty AG. ErythRED, a
hESC line enabling identification of erythroid cells. Nat Methods. 2009;6:659-662.

Dias J, Gumenyuk M, Kang H, et al. Generation of red blood cells from human in-
duced pluripotent stem cells. Stem Cells Dev. 2011;20:1639-1647.



	Chapter 21
Gene Therapy for Erythroid Metabolic Inherited Diseases
	1. Introduction
	2. Gene therapy attempts for inherited metabolic diseases of erythrocytes
	3. Optimization of vectors for the gene therapy of metabolic erythroid diseases: Erythroid specific expression vectors
	4. Overcoming conventional gene therapy pitfalls: gene editing in induced plutipotent stem cells
	4.1. Human induced pluripotent stem cells and reprogramming platforms
	4.2. Gene editing based on homologous recombination

	5. Complementary developments for the application of gene therapy to erythroid metabolic diseases
	5.1. In vivo transduction using engineered envelopes
	5.2. In vitro production of mature erythrocytes

	6. Conclusions
	Nomenclature
	Aknowledgements
	Author details
	References


