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ABSTRACT

Sickle cell disease (SCD) is a group of hereditary disorders caused by a single point mutation in the 3-globin gene.
This mutation results in the formation of a mutated hemoglobin S (HbS) and the consequent sickle phenotype of
erythrocytes. SCD is common in regions of malaria endemicity. However, changes in population dynamics enabled
the movement of the mutated gene to other areas such as North America and Europe. Sickle cell anemia (SCA) is the
most severe form of SCD and affects millions of people around the globe. The clinical manifestations of SCA arise
primarily from the polymerization of deoxygenated hemoglobin S (deoxyHbS) leading to vascular occlusion and
hemolytic anemia. Clinical complications of the disease are derived from deoxyHbS polymerization, but there are
several therapeutic strategies to reduce the severity of the symptoms. Gene therapy has arisen as a new therapeutic
approach aimed to cure rather than to treat the symptomatology of SCA by targeting the altered B-globin gene for
gene correction.

INTRODUCTION

Sickle cell disease (SCD) refers not to a single disease but to a group of inherited hematopoietic disorders that are
considered one of the most common genetic disorders. SCD is an increasing global public health disorder that affects
globally millions of people and is related to significant morbidity and mortality. They are monogenic disorders
caused by a point mutation in the B-globin gene (HBB) which polymerizes an abnormal version of hemoglobin upon
deoxygenation. SCD includes several inherited hemoglobinopathies with variable phenotypes in which the
heterogeneity appears from different intrinsic characteristics of the sickle erythrocytes. SCD hemoglobinopathies
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divide into two groups, structural variants that produce abnormal hemoglobin and thalassaemias that have a lack or
decreased synthesis of the globin chains. They commonly include sickle cell anemia (homozygous HbSS), HbS -
Thalassaemia, HbSC, HbSD, and HbSE. The anomalous version of hemoglobin (HbS) results in a dramatic physical
deformation of erythrocytes, giving them a sickle shape and altered surface properties. As a consequence of the
sickle shape of erythrocytes, SCD hemoglobinopathies exhibit vaso-occlusion, hemolysis, several degrees of anemia
and endothelial dysfunction, which result in acute and chronic pain in muscles and bones, damage in the most vital
organs such as brain, kidneys, liver, spleen and lungs, and increased susceptibility to infections. The most common
type of SCD is sickle cell anemia (SCA, which is generally confused with sickle cell disease; however, they are not
the same, and the terms cannot be used interchangeably. This study will focus on Sickle cell Anemia as it is the most

severe type of scp.!-8

Epidemiology

While sickle cell anemia (HbSS) results from the inheritance of the HbS alleles from both parents (homozygosity for
the HbS allele), the sickle cell trait is due to heterozygosity for the HbS. Individuals with the sickle cell trait are
carriers of the HbS allele, produce both normal (HbA) and abnormal hemoglobin (HbS), and do not present the
severe clinical symptoms of SCD. Instead, they present a survival advantage over both HbSS and HbAA
homozygotes against falciparum malaria infections. The distribution of the HbS gene in Africa reflects a very close
association with malaria endemicity, with the higher frequency of HbS found in tropical areas of low altitude and
with substantial amounts of annual rainfall. SCD is thought to have arisen from spontaneous mutations in the HBB
gene across different regions. The description of several haplotypes found on the chromosome 11th namely, Bantu,
Benin, Cameroon, Senegal, and Arab— Indian, corresponding to the geographical areas with a high prevalence of the

disease, support this hypothesis.l’4’7’9’10

In populations where malaria is present the prevalence of hemoglobin disorders ranges from 0.3 to 25 per 1000 live
births as SCD provides a relative resistance against falciparum malaria for which the specific role of the mechanism
is still being debated. The sickle cell gene is predominant in Sub-Saharan Africa, the Caribbean, Asia,
Mediterranean, and southern Europe and the Middle East due to the exceptional level of protection that it provides
against malaria to carriers of the HbS allele, which makes them less likely to get the disease and run parasite counts.
The most severe forms of SCD are found in Sub-Saharan Africa and the mildest form in the Indian-Arab haplotype.
Also, almost all white patients with SCD are of Mediterranean origin. The transatlantic slave trade, massive
migration, and changes in population dynamics are responsible for the movement of the mutated gene to geographic
regions where malaria is not endemic such as North America and the United Kingdom, thus, impacting the

epidemiology of SCA.1:7:8:11.12

Classification of SCD

The group of SCD blood disorders includes hemoglobinopathies in which the sickle HBB gene is inherited at least
from one parent. The structural variants of SCD include sickle cell anemia (SCA) which is caused by the
homozygous sickle HBB gene, which is inherited from both parents. It is caused by a point mutation that replaces
glutamic acid with valine in the sixth amino acid position A-to-T in the first exon of the HBB gene. Other variants
that comprise SCD emerge from the co-inheritance of the sickle HBB gene with another abnormal HBB gene. These
types of co-inherited SCD include HbSC, which results from the coinheritance of the sickle HBB gene with the HbC
gene in which glutamic acid is replaced with lysine in the sixth amino acid position. HbSC represents globally one-
third of the total SCD cases. Another co-inherited SCD is HbSD which is a rare type of B-globin variant in which the
glutamic acid is replaced with glycine at codon 121. HbSE is another rare variant of SCD in which there is a change
from glutamic acid to lysine in the twenty-sixth amino acid position. SCD also includes B-thalassaemias, which can
be caused by more than 200 different mutations and in rare cases by deletions. The B-thalassaemias can be either
caused by absent synthesis of B-globin chains (0-thalassemia) or decreased synthesis of B-globin chains (+-

thalassemia). 11-19
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Genetics and disease mechanism for SCA

Sickle cell disease is a multisystem, monogenic, autosomal recessive disorder. Sickle cell anemia is the most
common and most severe genotype of sickle cell disease, and it was the first disease for which the molecular
mechanism was described. This disease is caused by the presence of a mutated form of hemoglobin A known as
hemoglobin S (HbS) in red blood cells. Hemoglobin is a tetrameric molecule composed of two heterodimers. Fetal
hemoglobin (HbF) has two alpha chains and two gamma chains (0y;), whereas adult hemoglobin A (HbA) has two

alpha and two beta chains (ayf;). HbF is the predominant hemoglobin during the most part of gestation and the first

two months after birth. After that, adult hemoglobin A predominates due to a switch in the expression of the gene
encoding for the y-globin (HBG) to the expression of HBB which codes for the -globin polypeptide chain in
erythroid progenitors. This change in gene expression results in the synthesis of HbA instead of HbF. In individuals
with sickle cell anemia, there is a delayed switch in the expression from HBG to HBB and the subsequent
replacement of HbF by HbS. HbS shortens the life span of red blood cells from ~120 days when HbA is present to
~16 days.4-6.8.9.20:22

Sickle cell anemia is caused by an A-to-T point mutation in the 17 nucleotide of the first exon of the human B-
globin gene (HBB) which is located in the short arm of chromosome 11 at position 15.4 (11p15.4). This nucleotide
switch results in glutamic acid being substituted by valine in the sixth position on the two B-subunits of hemoglobin
A (HbA), leading to the formation of an abnormal hemoglobin S tetramer, (02fS2 HbS) with altered net charge and
conformation. Under oxygen deprivation, the missense mutation generates a hydrophobic motif in the deoxygenated
HbS tetramer (deoxyHbS) which causes the binding between f1 and 2 chains of two hemoglobin molecules. The
polymerization distorts the architecture of red blood cells resulting in their physical deformation and alteration of
rheological features, including diminished flexibility. HbS polymerization depends on the concentration of

deoxyHDbS, intracellular HbS concentration, and the presence of fetal hemoglobin.2’6'9’23’24

Sickle cell disease (SCD)

B-globin gene cluster (11p15.4)

HNORMAL
DR A Normal red blood cells

SHomc-cme k] DHA sequenc

Figure 1. 3d render of the beta-globin mutation that leads to sickle cell disease. ID 115531659 © Meletios Verras | Dreamstime.com

Pathophysiology of SCA
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The polymerization of deoxyHDbS is the basis of the pathophysiology of SCA, and it is the primary determinant of
disease severity. Polymerization is promoted by both hyperosmolarity, which increases the concentration of
hemoglobin in RBCs, and acidosis, which decreases the affinity of HbS for oxygen. The sickle shape of red blood
cells resulting from the polymerization of deoxyHbS promotes intravascular hemolysis and vaso-occlusion, the two
major distinctive features of sickle cell anemia. Hemolysis arises from damaged sickle RBC membranes and leads to
chronic anemia. Because the lifespan of sickle RBCs is shorter than the lifespan of normal erythrocytes, sickle RBCs
are prematurely lysed. Damaged RBCs are removed from circulation by extravascular and intravascular hemolysis.
During the latter, the release of Hb into the circulation generates oxidative stress, depletes nitric oxide, and releases
heme groups promoting inflammation and causing vascular injury. Elevated plasma heme levels increase expression
of cell adhesion molecules (CAMs) on endothelial cells, which promotes the recruitment of neutrophils and its
subsequent interaction with erythrocytes and other cell types. To compensate for the reduced number of RBCs, the
bone marrow increases erythropoiesis. However, this compensation is incomplete, resulting in chronic anemia, which
exerts additional stress on the cardiovascular system. As a result of increased erythropoiesis, the bone marrow
hypertrophies and stress reticulocytes are produced, which are the first cells that adhere to the endothelium, enabling

vaso-occlusion, 2-3-20,23,25-27

Vaso-occlusion is the result of the adhesion of sickle RBCs and leukocytes to the vascular endothelium leading to
reduced blood flow, tissue ischemia, and organ damage. Vaso-occlusion is triggered by the inflammatory stimuli
from hemolysis that activates endothelial cells, which in turn leads to the recruitment of circulating neutrophils to
postcapillary venules. P-selectin, a cell adhesion molecule that is expressed in activated endothelial cells, initiates the
adhesion of recruited leukocytes to the endothelium and mediates abnormal rolling and adhesion of sickle
erythrocytes to blood vessels. Formation of aggregates between sickle RBCs and neutrophils and neutrophils and
activated platelets is mediated by activated Mac-1 (macrophage-1 antigen) expressed on adherent neutrophils and P-
selectin, respectively. The formation of cellular aggregates results in the obstruction of blood flow. Vascular stasis
induces ischemia, thus enhancing RBC sickling and promoting further recruitment of leukocytes. Microvascular
occlusion and ischemia are followed by restoration of blood flow, which further promotes tissue injury mediated by
reperfusion. Cycles of ischemia and reperfusion cause both oxidant and inflammatory stress leading to activation of
vascular oxidases increased expression of endothelial CAMs, increased the synthesis of inflammatory cytokines, and

leukocytosis.3’9’23’28

Hemolytic anemia and vaso-occlusion trigger a cascade of events such as vascular-endothelial dysfunction,
vasculopathy, hypercoagulation, oxidative stress, nitric oxide dysfunction, and inflammation. This chain-reaction of
pathological events leads to a broad range of life-threatening complications by producing irreversible multiorgan

damage.“’6

Clinical Complications of SCA

SCD complications are known to arise from intravascular hemolysis and vaso-occlusion. However, the exact
mechanisms contributing to the complex manifestation of such pathological events remain to be elucidated. Clinical
complications can be broadly classified into acute and chronic complications. The latter can be divided into those
related with large-vessel vasculopathy and those that are the product of progressive ischemic organ damage. Acute
complications such as acute pain crisis (APC), acute chest syndrome (ACS), and stroke are typically the result of
vaso-occlusion. Acute pain crises are the hallmark of SCD and reflect vascular occlusion, compromised oxygen
supply, and infarction-reperfusion injury. APCs are responsible for 90% of hospitalizations in the United States and
the United Kingdom, with 30% of patients reporting daily symptoms. Recurrent and chronic pain is typically
associated with sleep disturbances, anxiety, and depression, this, together with the excessive burden of the disease,
results in a poor quality of life. ACS is the most common example or organ failure in patients with SCA and one of
the main causes of hospitalization and death. It is the result of vascular occlusion in the lungs, and it includes

components from infection, infarction, fat embolism, and pulmonary sequestration. ACS is characterized by chest
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pain, cough, and dyspnea. Increase in the incidence of both acute painful episodes and acute chest syndrome has been
associated with leukocytosis, low HbF levels, and higher hemoglobin plasma concentrations. Stroke affects 10% of
SCD patients. Silent strokes are the most common cerebrovascular accident in children with SCD and are the cause
of irreversible brain damage with cognitive, physical, and psychological impairments. In adults, strokes are

predominantly hemorrhagic, which have a poor prognosis.174’5 11,23

Chronic complications associated with vasculopathy, including pulmonary hypertension (PH), chronic leg ulcers, and
priapism are the result of low steady-state hemoglobin plasma levels and hyperhemolysis. PH prevalence ranges from
6% to 13% in SCD patients, and it is associated with increased mortality. Chronic leg ulcers affect 8% of SCA
patients. Patients suffering from these non-healing wounds show an increased likelihood of having severe hemolysis,
making them prone to develop other complications such as PH and priapism. Inflammation and hemolytic anemia are
associated with priapism. It can occur at any age but has its peak in the third decade. Both priapism and chronic leg
ulcers are debilitating complications of SCD that reduce the quality of life of patients. Chronic complications
associated with progressive ischemic organ damage include renal failure, hyposplenism, and avascular necrosis
(AVN). Renal failure is another cause of mortality and occurs in 5% to 18% of SCD patients. Kidney disease is
thought to be the result of hemolysis; it affects glomerular and tubular function leading to proteinuria and
albuminuria. The estimated glomerular filtration rate (eGFR) in patients with SCD decreases with age. Because low
eGFR appears concomitantly with high systolic blood pressure and high tricuspid regurgitant velocity (TRV), it has
been suggested that chronic kidney disease may be associated with cardiovascular complications. Hyposplenism is
one of the significant causes of illness and death in infants because it renders the children susceptible to septicemia
and splenic sequestration. Finally, AVN of the femoral head has been reported in 30% of SCD patients. It results

from reduced blood supply to the head of the femur which leads to pain and eventual collapse of the hip joint.3'
5,11,12,23,29,30

Diagnosis for SCA

The most reliable methods for SCD diagnosis are electrophoretic techniques such as isoelectric focusing (IEF),
capillary electrophoresis (CE), and high-performance liquid chromatography (HPLC). These techniques are based on
the separation of hemoglobin molecules by differences in isoelectric point, migration velocity, and protein-column
interaction times; and allow the differentiation between sickle-cell trait and SCA samples. Point of care diagnostics
includes the SickleDex test that differentiates SCA and SCT from normal blood based on solubility differences in
HbA and HbS molecules. This test, however, cannot distinguish SCA from SCT. Furthermore, SickleDex, as other
chemical and solubility tests, is prone to error, and it should be used with other diagnostic tools to give an accurate
diagnosis. Lateral flow assays such as SickleSSCAN and HemoTypeSC rely on monoclonal or polyclonal antibodies
specific to HbA, HbS, HbF, and HbC. These immunoassays can accurately detect the presence of different

hemoglobin variants and can discriminate SCA from SCT and healthy blood.3%-31

Early diagnosis is essential to reduce the risk of death from life-threatening SCA complications. Newborn screening
in developed countries has allowed early intervention and treatment of SCA, resulting in the reduction of childhood
mortality and improvement in the quality of life of adults. On the other hand, low-income countries of sub-Saharan
Africa lack robust SCA newborn screening programs. Even though low-cost therapies such as hydroxyurea treatment
and prophylaxis are available in these regions, the lack of appropriate diagnostic tools results in 50% to 80% of
children dying from SCA complications before the age of 5. Although the diagnostic methods have high sensitivity
and specificity, most of them require expensive equipment and extensive training. To reduce SCA-related mortality

in developing countries, the development of simple, rapid, and inexpensive screening tests is required.31’32

THERAPEUTIC STRATEGIES TO TREAT SICKLE CELL ANEMIA
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Transfusion

SCA is characterized by a hypercoagulable state, which increases the risk for thromboembolic complications,
including ischemic stroke, which can cause severe neurocognitive and motor sequelae. Red blood cell (RBC)
transfusion is among the therapeutic strategies for treating Sickle cell anemia due to the capability to prevent the
development of stroke in patients with elevated transcranial Doppler (TCD), reduce the HbS concentration to prevent
sickle-cell associated complications, treat acute chest syndrome and reduce vaso-occlusion related pain. However,

RBC transfusion has critical side effects such as transfusion reactions, iron overload, and alloimmunization.33-33

Hydroxyurea (Hydroxycarbamide)

A pharmacologic strategy to treat SCA is using hydroxyurea a myelosuppressive agent, which can induce HbF
through altered erythroid kinetics and soluble guanylyl cyclase activation, inhibiting the polymerization of HbS,
therefore preventing the sickling of RBCs. Besides, hydroxyurea promotes lower reticulocyte and neutrophil counts
marrow cytotoxicity and inhibition of ribonucleotide inhibition. It also reduces hemolysis through improved
macrocytosis, intracellular sickling, and erythrocyte hydration. It stimulates improved rheology of circulating
reticulocytes and neutrophils and decreased adhesiveness. Hydroxyurea also promotes nitric oxide (NO) release with
a possible improved vascular response and local vasodilation. Possibly the most relevant known mechanism of
action of hydroxyurea is the inhibition of ribonucleotide reductase (RR) leading to a reduction in intracellular
deoxynucleotide triphosphate pools, DNA synthesis, and eventual cell cytotoxicity. Despite the benefits of

hydroxyurea, there are still some concerns regarding its safety due to it's short- and long-term toxicity proﬁle.36’37

Hematopoietic Stem Cell (HSC) Transplantation

Allogenic HSCT can be used as vectors to replant genes that are essential for normal hematopoiesis either as bone
marrow (BM) or umbilical cord blood (UCB) as stem cell source from matched donors. The major obstacle in HSC
transplantation is that it is restricted to donor availability and the probability of finding a matched donor. It is

recommended that patients with SCA are transplanted as early as possible.38’39

Iron Chelation

As mentioned previously, RBC transfusions despite preventing stroke they have significant side effects that include
iron overload. This is because the human body cannot excrete excess iron. Transfused RBCs at the end of their
lifespan are phagocytosed by reticuloendothelial macrophages in the spleen, liver and bone marrow. In this process,
at first the iron is stored in the reticuloendothelial macrophages, and the hemoglobin is digested. However, when the
capacity of the macrophages is limited, the iron is released to the plasma where it binds to transferrin. When iron
concentration increases, transferrin saturation also increases, leading to the recruit of hepatocytes to aid in storage of
excess iron. When hepatocytes can no longer store more iron, non—transferrin-bound iron appears in the plasma and
enters cardiomyocytes, hepatocytes, pancreatic beta cells and pituitary cells leading to the generation of reactive
oxygen species that result in damage to DNA, proteins, lipids, and organelles and eventually cell dysfunction
necrosis and apoptosis. In SCA iron-induced complications can result in pancreatic and cardiac iron deposition and
liver disease with cirrhosis. For this reason, a therapy with chelating agents that can form complexes with iron and
stimulate its excretion to preserve safe iron levels in the body. The iron-chelating agents that can be used include

parenteral deferoxamine mesylate, oral deferasirox, and synthetic deferiprone.40

Other therapeutic strategies

Other attractive therapeutic approaches for treating SCA include drugs that target cell adhesion since adhesive
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interactions assist in vaso-occlusion; for this reason, drugs that target selectin-mediated adhesion are studied.
Heparins can inhibit P-selectin adhesive interactions; for this, derivatives of low molecular weight heparin such as
Sevuparin are studies as P-selectin blockers. Beta blockers can also be used to target signaling pathways that activate
adhesion molecules to reduce RBC adhesion. Also, poloxamer is a nonspecific inhibitor of adhesion that can lower
blood viscosity and decrease friction along the vessel wall. Another approach to treat SCA is by targeting
inflammatory pathways as platelets, leukocytes, and several proinflammatory pathways contribute to SCA. These
inflammatory pathways can be targeted using adenosine. Invariant natural killer (NK) T cells are involved in
ischemia. These cells can be downregulated by the activation of the adenosine A2A receptor. Other inflammatory
mediators that can be targeted are leukotrienes which are involved in the pain of SCA or inhibiting leukotriene
synthetic enzyme 5-lipoxygenase (5-LO) to interfere with leukotriene formation. Also, inflammation can be reduced
via inhibition of neutrophil adhesion using intravenous g-globulin (IVIg). Another approach for treating SCA is to
use HbF inducing drugs such as decitabine and tetrahydrouridine, arginine butyrate, and pomalidomide in addition to
hydroxyurea. Finally, another method is the use hemoglobin anti-sickling and modification agents such as carbon
monoxide which can reverse or prevent HbS polymerization, Aes-103 which shifts the oxyhemoglobin dissociation

curve to the left, senicapoc which prevents cell dehydration or sanguinate which reduces sickling ad increases Hb

levels.*!

Gene therapy Strategies to treat SCA

Most therapeutic strategies to treat SCA are targeted to reduce the symptoms of the disease rather than to cure the
disease itself. The only currently available cure is the allogeneic HSC transplant. However, the application of this
therapy is highly restricted to donor availability and donor-host compatibility. Thus, there has been an increasing
interest in the development of autologous gene therapy techniques to correct the patient’s HSCs, so they produce
healthy RBCs with wild-type hemoglobin. To achieve this objective, research has been undertaken to achieve
efficient and safe gene transfer using viral vectors. Although the first attempts were focused on developing
integrating gammaretroviral vectors for B-globin gene transfer, later was found that lentiviral vectors offer some
advantages over gammaretroviral vectors. For instance, insertional oncogenesis has not been reported for lentiviral
vectors. Also, lentiviruses have the tendency to insert in transcriptionally active regions rather than in transcriptional
start sites as in the case of gammaretroviruses, thus, decreasing the potential of altering gene expression.
Furthermore, lentiviral vectors can transduce nondividing HSCs and have a safer integration profile because most of

them have a self-inactivating design.6’42’43

Other novel gene therapy strategies for site-specific gene correction include the use of targeted nucleases such as
CRISPR-associated Cas9 nuclease, homing endonucleases, zinc-finger nucleases (ZFNs), and transcription-activator-
like effector nucleases (TALENSs), which can create site-specific double-strand breaks in DNA. These therapeutic
options rely on the endogenous eukaryotic DNA-repair mechanisms: nonhomologous end joining (NHEJ) and
homology-directed repair (HDR). Of the two, HDR is the most attractive mechanism for gene correction because
NHE]J repair can lead to errors at the break site, thus, increasing the possibility of disturbing B-globin production by

knocking out gene function.*2-44

ZFNs have been used to specifically target the B-globin gene and induce high levels of DNA cleavage in human
CD34+ hematopoietic stem and progenitor cells (HSPCs). B-globin—targeted ZFNs were delivered with a repair
template via an integrase-defective lentiviral vector (IDVL) or with an oligonucleotide donor and affected efficient
gene correction via homology-directed repair at the B-globin locus in HSPCs. It was shown that modified HSPCs
were able to differentiate into erythroid and myeloid lineage both in vivo in immunodeficient mice and in vitro. Also,
gene correction of bone marrow CD34+ cells from patients with SCD led to the production of wild-type hemoglobin
(HbA) in cell culture. Despite successful transplantation of modified human cells into immunodeficient mice, the
levels of gene correction decreased in the spleen and bone marrow after about four months following engraftment.
This suggests that gene correction is more efficient in downstream progenitors than in more primitive HSCs, which
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are the ultimate target to achieve favorable and continuous clinical effects.?

A self-inactivating lentiviral vector was used to transfer a modified HBB encoding an antisickling variant of the f3-

globin gene (B2 T87Q) to a patient homozygous for HbS. CD34+ HSCs were obtained from the patient’s bone
marrow and were transduced with the LentiGlobin BB305 vector. Following engraftment of transduced HSCs,
normal blood cell counts were reached in all lineages, suggesting that the modified HSCs were able to differentiate

into lymphoid and myeloid cells. Also, a high concentration of therapeutic HbAT87Q was achieved. It was suggested

that the expression of HbAT87Q could suppress intravascular hemolysis because stable hemoglobin concentrations
were attained following gene addition. Furthermore, an overall improvement in SCA-associated clinical events and
SCA markers was observed. A similar study using the LentiGlobin BB305 Drug Product was carried out in a subject

with SCA. The patient produced 51.5% of antisickling Hb with 48% of HbAT87Q: and SCD-related events were not

further seen in the patient even after stopping the transfusion therapy.6=45

Because it has been noted that SCD patients with high levels of HbF have extended survival and mild SCD clinical
manifestations, other genome-editing techniques are based on increasing the production of fetal hemoglobin rather
than repairing the SCD mutation. This can be achieved by gene addition of y-globin or B/y-globin hybrid. Also, the
modification of the B-globin locus has been proposed to mimic the hereditary persistence of fetal hemoglobin
(HPFH) by creating small deletions or point mutations in the y-globin gene promoters. Knocking out the BCL11A
repressor of y-globin by disrupting its coding sequence or by targeting the BCLI1A4 enhancer could also be a potential
strategy to treat SCD. However, the role of BCL11A in B-cell development and HSC function have limited the
application of this strategy. The transcription factor LRF/ZBTB7A (Pokemon) is also a major repressor of y-globin.
LRF and LRF/ BCL11A knockout erythroid cell line resulted in upregulation of y-globin. But, similar to BCL11A,

the role of LRF in the hematopoietic system has reduced its applicability for SCD treatment.3:44

Gene ® Viral Vectors
Therapy Gammaretroviral
Approaches —  Lentivirus

®  Nucleases
— CRISPR-associated Cas9 nuclease
Homung nuic
Zinc-finger nucleases (ZFNs)
— _ Transcription-activator-like effector nucleases (TALENS)

ASES

Preclinical Trials s 7FNs have been used to specifically target the f-globin gene and induce high levels of DNA cleavage in
human CD34+ hematopoietic stem and progenitor cells (HSPCs).
o the f-globin-targeted ZFNs were delivered with a repair template via an integrase-defective lentiviral vector
and effected efficient gene correction via HDR at the f-globin gene locus in HSPCs.
o Modified HSPCs were able to differentiate into erythroid and myeloid lineages both in vivo, in
immunodeficient mice, and in vitro. Gene correction of bone marrow CD34+ cells from patients with SCD
led to the production of HbA.

Clinical Trials s A lentiviral vector was used to transfer an antisickling variant of the f-globin gene (B*™?) to a patient
homozygous for HbS.
o D34+ HSCs were obtained from the patient’s bone marrow and were transduced with the LentiGlobin
BB305 vector.
» Following engraftment of the transduced HSCs, normal blood cell counts were reached in all lineages.
o Anoverall improvement in SCA-associated clinical events was observed. The patient produced 51.5% of
antisickling Hb, with 48% being HbAT™@

Table 1. Summary of Gene Therapy Approaches

CONCLUSION

Sickle cell disease is a group of monogenic inherited diseases caused by point mutations in the -globin gene (HBB)
which polymerizes an abnormal version of hemoglobin upon deoxygenation. These altered versions of hemoglobin
(HbS) result in dramatic physical deformation of erythrocytes, giving them a sickle shape and altered surface
properties. The most common type of SCD is sickle cell anemia (SCA), which is caused by an A-to-T point mutation

in the 17! nucleotide of the first exon of the human B-globin gene (HBB). This nucleotide switch results in glutamic
acid being substituted by valine in the sixth position on the two -subunits of hemoglobin A (HbA). The therapeutic
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strategies to treat sickle cell anemia include red blood cell (RBC) transfusion to reduce the HbS concentration to
prevent sickle-cell associated complications. Another treatment uses hydroxyurea to induce HbF through altered
erythroid kinetics and soluble guanylyl cyclase activation, inhibiting the polymerization of HbS, therefore avoiding
the sickling of RBCs. Hematopoietic stem cell (HSC) transplantation is an approach that allows the replanting of
genes that are essential for normal hematopoiesis, and other therapeutic strategies that serve to treat the symptoms of
SCA. However, these approaches, in the most part, do not cure the disease they only manage it. For this reason, gene
therapy strategies have been investigated to correct the patient’s HSCs, so they produce normal RBCs with wild-type
hemoglobin, either using lentiviral vectors or site-specific gene correction with CRISPR-associated Cas9 nuclease,
homing endonucleases, zinc-finger nucleases (ZFNs), and transcription-activator-like effector nucleases (TALENS).
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