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Abstract

Nowadays, hematopoietic stem cell transplantation (HSCT) is a common procedure in
hematology units within reference centers, mainly for the treatment of hematological
malignancies such as multiple myeloma, lymphoma, and acute leukemia. Nevertheless, HSCT
has much wider applications, namely in autoimmune diseases, congenital metabolic defects,
and hemoglobinopathies. Thalassemia major and sickle cell disease make up the most
frequent hereditary hemoglobinopathies worldwide. Despite advances on the prevention
and treatment of complications related to these diseases, the only curative approach
available resides in allogeneic HSCT. The main challenges of this treatment remain focused
on the toxicity of pre-transplant conditioning regimens and short-term transplant related
complications like graft-versus-host disease, infections, and disease recurrence. Thus, it is
crucial to establish a balance between the risk vs benefit of HSCT for each patient and follow
the available guidelines for both diseases. Recently, gene therapy has become a real
alternative to allogeneic HSCT. Recent advances in molecular biology methods have
provided more accurate and reliable gene editing techniques such as the CRISP/CAS9 system.
The long-term outcome of gene manipulation procedures remains uncertain, especially in
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the immune system of the host. This review will focus on HSCT and gene therapy in
hereditary hemoglobinopathies.
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1. Introduction

In recent decades, hematopoietic stem cell transplantation (HSCT) has greatly evolved to
become a routinely established treatment for hematopoietic malignancies and some congenital or
acquired diseases. In 2015 the Worldwide Network for Blood and Marrow Transplantation
(WBMT) published the results of a retrospective observational study reporting about one million
hematopoietic stem cell transplants, both autologous and allogeneic [1], performed from 2006 to
2014 worldwide amongst World Health Organization (WHO) member states. Around 1.4% of the
allogeneic hematopoietic stem cell transplants performed in Europe in 2017 were in the clinical
setting of hemoglobinopathies [2]. From 2006 to 2013, the East Mediterranean/African region
registered an increase of 200% in HSCT for hemoglobinopathies [3].

Sickle cell disease (SCD) and PB-thalassemia are the most common hereditary
hemoglobinopathies. It is estimated that around 311,000 neonates /year worldwide are born with
SCD [4, 5] and around 56,000 with thalassemia major (TM) [6].

These patients exhibit inadequate erythropoiesis and their peripheral red blood cells (RBC)
display shortened life spans, which leads to anaemia. They often rely on chronic blood
transfusions ultimately suffering from iron overload and its subsequent consequences on heart
and liver function. About 75% of children affected by these diseases are born in low-income
countries and most will probably die before the age of 5 years [6]. With increasing migration,
predictions indicate that these patients will be of important health and economical concern for
high—income countries in the near future.

Children suffering from congenital hemoglobinopathies who are born in high-income countries
can live decades; nevertheless, they often have a poor quality of life, attributed not only to the
chronic treatments they must endure, but also to the cumulative sequelae these diseases inflict on
their physical and psychological development. HSCT for patients with congenital
hemoglobinopathies, namely SCD and B-thalassemia, is the only curative treatment available at
the moment.

This review will focus on HSCT in the context of genetic haemoglobin disorders SCD and -
thalassemia major. We will briefly describe these pathologies and summarize the recent advances
in HSCT, namely donor types, conditioning regimens, graft-versus-host-disease (GVHD), and late
effects after HSCT. We will finish with an overview of the current status of gene therapy applied in
these settings.
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2. Pathology and Clinics
2.1 Sickle Cell Disease

Haemoglobin S (Hb S) is a variant of adult haemoglobin (Hb A) that results from a point
mutation which leads to the substitution of a glutamic acid for a valine at the sixth position of the
B-globin chain. This mutation causes changes in stability and solubility leading to the formation of
polymers in situations of low oxygenation, reducing the life span of the red blood cell (haemolysis)
and contributing to a vaso-occlusion phenomena with ongoing ischemia-perfusion injury, chronic
organ damage, and decreased life-expectancy. Sickle cell disease is a generic term used to denote
a group of diseases characterized by the presence of haemoglobin S in the absence of HbA1l
production. This classification excludes HbS carrier HbAS, which is the heterozygous form where
the concentration of HbS is always lower than the concentration of HbA and it is mainly
asymptomatic. However, although HbAS stands as a protective condition for malaria infection,
carriers can suffer from exertional rhabdomyolysis and other non-fatal exercise complications,
progressing to end-stage renal disease in chronic kidney disease and elevated risk of venous
thromboembolism and arterial events [7]. The homozygous state (HbSS) represents the most
serious phenotype of sickle cell disease [8-10].

Children may have their growth and development impaired by chronic anemia, malnutrition,
increased metabolic rate, and renal loss of nutrients. Other complications of the disease can be
divided in two main groups: those related to large-vessel vasculopathy (cerebrovascular disease,
pulmonary hypertension, priapism, and retinopathy) and those caused by progressive ischemic
organ damage (hyposplenism, renal failure, bone disease, heart failure,—and liver damage).
Infections are another important concern in this population and a major cause for the increased
morbidity and mortality rates, especially in children where they are the main cause of premature
deaths. This is due to functional asplenia and progressive ischemic involution of the spleen that
provokes an increased susceptibility to bacterial infections (namely Pneumococcus and
Haemophilus influenzae). These situations can be overcome with vaccination and antibiotic
prophylaxis, which in high-income countries led to a childhood mortality rate now close to the one
of the general population. Another potentially life-threatening situation in children is acute splenic
sequestration, which consists of sequestration of red blood cells resulting in acute anemia,
hypovolemia, splenomegaly, thrombocytopenia, and reticulocytosis. There is also an increased risk
of stroke, but early screening with transcranial doppler (TCD) ultrasonography is an important
feature to reduce the incidence of this complication [11, 12].

2.2 Thalassemia Major

Thalassemia represents a heterogeneous group of hypochromic and microcytic anaemias
whose diagnosis requires the exclusion of iron deficiency anaemia, which is the most common
type of anaemia worldwide affecting all ages. Thalassemia is characterized by diminished or
absent production of alpha or beta globin chains, which alters the normal balance of chains,
leading to intracellular accumulation of the non-affected chain and resulting in pathological effects
such as the early destruction of the erythroid precursors before reaching the state of complete
maturation. The erythrocytes that overcome this maturation disorder have abundant precipitates
of excess globin chains that invariably decrease their circulating life span (haemolysis). In severe
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forms, ineffective erythropoiesis results in the expansion of bone marrow, leading to the
distortion of bone structure and to extramedullary activity with enlargement of the hematopoietic
sites. Additionally, chronic anaemia, severe ineffective erythropoiesis, and hypoxia also cause iron
overload due to increased intestinal absorption of iron, ultimately leading to the formation of
reactive oxygen species that can cause tissue damage, organ dysfunction, and death.

Beta-thalassemia usually results from point mutations in globin genes located on the short arm
of chromosome 11 [8, 10, 13]. The clinical severity is also a function of the number and type of
genetic defects, ranging from less severe forms such as beta thalassemia trait which is
asymptomatic and characterized by mild microcytic, hypochromic anaemia, to more severe forms
like beta thalassemia major in which patients suffer from severe anaemia from infancy. Between
these two extremes lies beta thalassemia intermedia with a variable phenotype between the two
aforementioned [10, 13].

Children with beta thalassemia major and some with beta thalassemia intermedia typically
manifest failure to thrive, progressive anaemia that evolves to a transfusion-dependent condition,
and hepatosplenomegaly as a manifestation of extramedullary haematopoiesis. During their life
time, they are confronted with many complications, some derived from the disease itself and
others from treatment. Reduced bone mineral density occurs in over 30% of children with beta
thalassemia major. They experience growth abnormalities from chronic anaemia, hypermetabolic
states, endocrine abnormalities, and iron overload. The latter, particularly, is a major concern
because it can lead to a wide range of complications from gonadal dysfunction, cirrhosis, and
endocrine disorders. Furthermore, deposits of excess iron occur in cardiac muscle leading to
cardiac dysfunction which is a common cause of death for these patients. Beta thalassemia major
patients also have a multifactor increased risk of infection [10].

2.3 Treatment Strategies

Supportive treatment is the only option for patients with beta thalassemia intermedia or major.
Treatment strategies involve frequent blood transfusions combined with chelation therapy. For
sickle cell disease the mainstay treatment is hydroxyurea, which induces HbF synthesis preventing
polymerization of HbS and consequently improving blood rheology, reducing adhesive interactions,
increasing total haemoglobin concentration, and decreasing platelet, reticulocyte, and neutrophil
counts. Altogether these events will diminish the frequency of vaso-occlusive crisis and
subsequently lead to fewer blood transfusions and a reduction of acute chest syndrome events,
preserving organ function. Ultimately this will diminish the need for hospitalizations and decrease
mortality. Ongoing studies hypothesize that hydroxyurea may be used in nontransfusion-
dependent beta thalassemia patients [14].

Splenomegaly with hypersplenism is a common problem in thalassemia due to severe anaemia
and extramedullary haematopoiesis leading to exacerbation of haemolysis and thereby worsening
anaemia and increasing transfusion requirements. In these situations splenectomy is
recommended, not only to decrease blood consumption and blood transfusions but also to
improve iron overload and to minimize extramedullary haematopoiesis and growth failure.
However, splenectomised patients carry an increased risk of infection, pulmonary hypertension,
heart failure, and thrombosis. Splenectomy should be avoided in children less than 5 years of age
because pneumococcal bacteraemia is more common in young children. Prior to surgery,
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immunizations against Pneumococcus, Haemophilus influenzae, and Meningococcus are
necessary, and post-splenectomy antibiotic prophylaxis can be considered although this approach
is not consensual.

Transfusion therapy should be started early in life to alleviate symptomatic anaemia, suppress
ineffective erythropoiesis, improve growth, reduce iron overload from increased gastrointestinal
absorption, and prolong life. Specifically, in the case of sickle cell disease, it reduces HbS and can
prevent several complications, namely stroke, vaso-occlusive crisis, and acute chest syndrome.
Associated complications include the risk of transfusion-transmitted infections (primarily hepatitis
B and C) and transfusional hemosiderosis which still remains the leading cause of mortality due to
cardiac complications in thalassemia. Iron chelation therapy in childhood improves survival and
quality of life, and recommendations suggest beginning with an oral chelator given its high oral
bioavailability, longer half-life (enabling once daily dosing), and ability to better chelate cardiac
iron. However, side effects include skin rash, nausea, and diarrhea, which decreases compliance to
the treatment. Furthermore, it is an expensive treatment which is unaffordable in most
developing countries [10, 12, 15].

3. Bone Marrow Transplantation

HSCT is the only available treatment with a curative intent in both diseases regardless of
whether or not gene therapy and gene editing approaches become a valid option in the near
future. Recommendations suggest that if a suitable donor is available, HSCT should be considered
during childhood in SCD. On the contrary, in TM, HSCT is the only curative treatment available and
its efficacy has been established [16].

Despite this, HSCT is a therapeutic option taken cautiously and considered mainly for patients
who have failed all other treatment strategies and in whom disease complications have
importantly diminished their quality of life. Despite major advances performed to lessen HSCT
toxicity and to increase its success rates, the fact that patients proposed for HSCT suffer from
severe complications translates into poor post-transplant outcomes, mainly due to infections,
graft rejection, acute and chronic GVHD (aGCVH, cGVHD), and other post-transplant side-effects
leading to significant morbidity and mortality rates.

3.1 Sickle Cell Disease

In 1984 the first patient with SCD was transplanted [17]. According to the European Society for
Blood and Bone Marrow Transplantation (EBMT) activity survey, in 2016 in Europe there were 138
transplants in patients with SCD, of which 101 were from HLA-identical donors [18].

Awareness of the importance of neonatal screening tests and advances in the treatment of
SCD, especially with the administration of hydroxyurea, have greatly decreased child mortality [19,
20]. Nowadays, 95% of children with SCD reach adulthood, albeit in most cases at the expense of
an accumulation of serious complications which render them incapable of complying with a
normal daily routine, leading inevitably to a decreased survival in adulthood. In fact, although child
mortality has decreased, in adulthood, mortality has increased 1% [21, 22] due in part to the
accumulation of several episodes of acute illness throughout life which invariably lead to end-
organ damage [23].

Page 5/32



OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903086

Despite its curative potential, allogeneic HSCT was regarded in the early 90s as an intervention
of limited usage not only due to the lack of a suitable donor but also due to the inherent risk of
transplant-related complications which could ultimately lead to death. Despite the immense
distress that this disease imposes on patients with its high morbidity, for a long time, HSCT was
restricted to patients with severe disease related complications [24]. In the last decades we have
witnessed an increase in safety of transplant related procedures and a reduction of transplant
related mortality which inevitably shifted the balance of risk versus benefit towards more
favorable HSCT outcomes when compared to quality of life without transplantation. These
changes took time and were slowly reached through the development of several clinical trials
which consequently changed clinical indications of HSCT in SCD [25-27].

Approximately 22 years ago, criteria for bone marrow transplantation included previous
manifestations of severe disease such as stroke, recurrent acute chest syndrome, and vaso-
occlusive crisis. Furthermore, this procedure was restricted to children less than 16 years of age
with an HLA-identical related donor [24]. Independently of the disease status, in this group of
patients the estimated overall survival (OS) and event-free survival (EFS) at 4 years was 91% and
73%, respectively (Table 1) [24].

In 1998, Vermylen et. al. published results of HLA-identical HSCT performed in 50 children
divided into two groups according to the severity of complications [28]. The myeloablative
conditioning regimen consisted of busulfan (Bu)+cyclophosphamide (Cy) (BuCy) and either total
lymphoid irradiation (TLI) or anti-thymocyte globulin (ATG). This study demonstrated that OS and
EFS at 11 years were higher in the group with no history of previous disease related complications
(100% and 93%, respectively), compared to the group with serious disease complications (88% and
76%, respectively) [28]. These results were corroborated by a study involving 50 children
transplanted with matched sibling marrow allografts between 1991 and 1999 [29]. The
conditioning regimen used was BuCy and either ATG or alemtuzumab and the estimated OS and
EFS at 8 years were 94% and 84%, respectively. In both studies, a major concern after HSCT was
gonadal dysfunction [28] and amenorrhoea in females, especially in HSCT performed during peri-
puberty years [28]. Other complications like pulmonary function and cerebral vasculopathy
remained stable or were improved after HSCT (Table 1) [29].

Patients were treated prophylactically with cyclosporine (CSP) with or without methotrexate
(MTX) for a minimum of 6 months after transplantation [28, 29] to minimize the occurrence of
GVHD [28]. In the trial of Walters et al. patients also received prednisone which might explain the
better outcomes obtained concerning the occurrence of GVHD (12%) [29]. In this study, levels of
haemoglobin S (HbS) were maintained at 30% prior to HSCT to minimize the occurrence of
cerebrovascular disease and improve transplantation outcomes (Table 1) [29].

The selection of the conditioning regimen used in HSCT in SCD patients should take into
consideration that contrary to malignant hematologic patients, the effect of graft versus disease is
not required.

A study involving 30 transplant centers and a total of 67 patients using mostly the BuCy
myeloablative regimen (94% of patients) reported an OS and disease free survival (DFS) at 5 years
of 97% and 85%, respectively, with an overall probability of graft rejection at day 100 of 10% and
22% (aGVHD and cGVHD, respectively) (Table 1) [30].

Similarly, studies from Bernaudin et. al. involving 87 patients transplanted from 1988 to 2004
under the classical BuCy conditioning regimen showed an OS and an EFS of 93% and 86%,
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respectively [31]. Interestingly, this group reported an overall cumulative incidence of rejection of
7% at 5 years partly due to the high cumulative incidence of rejection found in the group of
patients transplanted before 1992 (22.6%). These patients also exhibited low mixed chimerism
(5%-49% donor cells) which prompted clinicians to suggest the inclusion of ATG in the standard
conditioning regimen for patients transplanted from 1992 onwards [31]. Adaptations of these
conditioning regimens using BuCy+ATG were implemented by other groups obtaining similar
results in incidence of rejection and stable mixed chimerism (Table 1) [32].

A direct comparison between studies from different centers is always difficult to perform
because several variables are modified at the same time. Nevertheless, in 2014, an attempt was
performed to directly compare the BuCy and the BuCy+ATG regimens but the number of patients
in each group was very small and no differences were found in DFS between the two arms of the
study (50% BuCY and 66.7% BuCy+ATG). Interestingly, the authors found that in patients
previously treated with hydroxyurea (HU), DFS was greatly increased (97.4%) and no rejection was
observed [33]. Another group in Rome published very encouraging results in 40 SCD transplanted
patients, using BUCy+ATG and obtaining a DFS of 91% concomitant with sustained engraftment
and 100% donor chimerism (Table 1) [34].

Altogether these observations suggest that not only does the inclusion of ATG in conditioning
regimens seem to reduce the incidence of rejection by increasing chimerism, but also that
treatment of SCD patients with HU prior to transplantation reduces graft rejection.

Busulfan is considered one of the main myeloablation drugs in HSCT for hemoglobinopathies;
however, it carries a degree of interindividual variability and higher clearance in children [35].
Inclusion of busulfan in conditioning regimens is decisive for a successful engraftment [36] but the
dose administered is limited by its side effects, namely, sinusoidal obstructive syndrome, seizures,
and increased overall transplant related mortality (TRM) [37-39].

A high incidence of neurological complications was observed after HSCT in SCD patients [40,
41], which prompted clinicians to review the guidelines and include the need for anticonvulsant
prophylaxis initiated before and after administration of busulfan and for a period of at least 6
months post-HSCT. Targeted Bu therapy performed in 25 SCD patients undergoing HSCT has
demonstrated that increasing the dose of Bu, administered either orally or intravenously (iv),
allowed for OS and DFS rates of 96% each, at a median follow-up of 4.9 years reporting no graft
rejection [42]. In this study, 16% of patients presented with seizures and although 32% of patients
developed sinusoidal obstructive syndrome, the authors found no statistically significant
correlation with the cumulative Bu exposure despite a trend towards aggravation of this condition
in patients receiving orally administered Bu (Table 1) [42]. Despite the improved transplantation
outcomes using a higher dosage of Bu, long-term effects like gonadal dysfunction remain an
important concern with this conditioning regimen.

With this in mind, the fine tuning of Bu dosing seems crucial to minimize side-effects while at
the same time avoiding graft rejection. A published study using 16 SCD patients who underwent
HLA-matched sibling donor HSCT assessed a different dose of Bu and showed excellent results
with 100% OS and EFS at 3 years, 13% grade I-Il aGVHD, no grade IlI-IV aGVHD, or cGVHD and no
sickle cell related complications post-transplant (Table 1) [43]. Unfortunately, this regimen was
not able to avoid gonadal dysfunction in some of these patients.

In an attempt to improve HSCT outcomes while minimizing toxicity of myeloablative therapy,
other conditioning regimens were tested. A combination of Bu+fludarabine+alemtuzumab was
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administered to 18 patients with SCD before HLA-matched sibling donor HSCT with an OS and EFS
of 100% evaluated at 2 years [44]. Furthermore, no sinusoidal obstructive syndrome was found
and pulmonary, cardiac, and neurological functions were stable or improved. Incidence of aGVHD
was 17% and cGVHD was 11%, comparable to previous studies under the classical condition
regimen of Bu-Cy-ATG, which represents a step forward for the minimization or even ablation of
HSCT side-effects [44]. Similarly, a study involving 14 patients assessed the feasibility of decreasing
the doses of Bu and Cy while maintaining the dose of ATG constant and introducing a fourth agent,
fludarabine. These authors reported that successful engraftment could be achieved with lower
doses of Cy if concomitant administration of fludarabine was used (Table 1) [45]. Unfortunately, it
was not possible to further reduce the dose of Bu, which was the main objective of this study, but
it is worth mentioning that the number of subjects in each group was too small to establish
definitive conclusions from this multicenter trial.

Other strategies have been tried in an attempt to avoid the usage of Bu. Strocchio et. al. used a
treosulfan + thiotepa + fludarabine conditioning regimen in 15 children with SCD transplanted
with hematopoietic stem cells from an HLA-matched sibling or unrelated donor showing an OS and
DFS of 100% and 93%, respectively and no grade II-IV GVHD. In this cohort study no grade llI-IV
regimen-related toxicity was observed for either group (treated with the Treo regimen or the
classical Bu regimen), a finding that the authors attributed to their vast experience in Bu-level
monitoring and strict dose adjustment (Table 1) [46]. Thus, this study showed non-inferiority
results when compared to a classical regimen using Bu.

Side-effects of classical myeloablative conditioning regimens, especially gonadal dysfunction
[47], limit the application of HSCT as a routine procedure for SCD patients. A published report
using a non-myeloablative conditioning regimen consisting of total-body irradiation (TBI) of 300
rad, alemtuzumab and sirolimus in 30 SCD patients (children and adults) enlisted from 2004-2013
showed no aGVHD or cGVHD up to two years post-transplant with an OS of 97% and DFS of 87%,
although with 13% graft failure (4 out of 30 patients) (Table 1) [48]. In 2015 another group
reported the usage of alemtuzumab, fludarabine, and melphalan in 43 SCD pediatric patients
undergoing HSCT from an HLA-matched sibling donor with OS of 93% and EFS of nearly 91% at a
median follow-up of 3.42 years, although with a 13% incidence of cGVHD (Table 1) [49]. The effect
of these non-myeloablative regimens in gonadal function remains to be assessed.
Recommendations from 2014 from an international expert panel suggest the usage of Bu+Cy+ATG
as the standard conditioning regimen for HSCT in SCD and thalassemia major [50].

It is now considered beneficial that children with SCD and a matched sibling donor should
receive an HSCT as early as possible, preferably at pre-school age [50, 51]. Older patients tend to
have more disease related complications which might contribute to worse HSCT outcomes [28].

An international retrospective survey including Eurocord, EBMT, and the Center for
International Blood & Marrow Research (CIBMTR) reviewed 1000 children and adults transplanted
from an HLA-identical sibling donor from 1986 up to 2013, and found an inverse correlation
between the age of the patient and the 5-year EFS (93% for <16 years and 81% for 216 years,
p<0.001) and OS (95% for <16 years and 81% for 216 years, p<0.001). In addition, patients >16
years exhibited a higher risk of aGVHD and higher hazard ratios for death and treatment failure
with increasing age [52].
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Table 1 Comparison of outcomes of HSCT in several clinical trials in sickle cell disease patients.

Graft TRM
Reference Patients Stem cells Donor Conditioning oS EFS/DFS aGVHD cGVHD rejection or
(or failure) OM

Walters et al., .
[24] 22 BM Identical Bu+Cy+ATG 91 73/84 9 4.5 18 9
Vermylen et al., . Bu+Cy, Bu+TLI,

50 BM,CB Identical 93 82/85 40 20 10 4
[28] Bu+ATG, Bu
Walters et al. . Bu+Cy+

50 BM Identical 94 84/- 8 4 10 6.2
[29] ATG or AL
Panepinto et al. . Bu+Cy

67 BM,CB,PB Identical . 97 -/85 10 22 13 4.4
[30] other regimens
Bernaudin et al. .
[31] 87 BM,CB,PB Identical Bu+Cy+ATG 93 86/- 20 12.6 7 6.9
Majumdar et al. .
[32] 10 BM,CB,PB Identical Bu+Cy+ATG 90 77/- 36.3 45.4 9 10
Dedeken et al. .
[33] 50 BM,CB,PB Identical Bu+Cy+ATG 94 85.6/- 22 20 8 4
Lucarelli et al. Bu+Cy+ATG

N ! 40 BM Identical urty 91  -/91 50 5 25 9

[34] Bu+Cy+Flu
McPherson et al. .
[42] 27 BM Identical Bu+Cy+ATG 96 -/96 12 ND 0 3.7
Maheshwari et

16 BM Identical Bu+Cy+ATG 100 100/- 13 ND 0 0
al. [43]
Bhatia et al. [44] 18 BM,CB Identical Bu+Flu+AL 100 100/- 17 11 0 0
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Horan et al. [45] 14 BM,CB Identical Bu+Cy+Flu-ATG ND -/100 14 14 7 0
Strocchio et al.
[46] 30 BM,CB,PB MRD, MUD Treo+Thio+Flu 100 -/93 17 ND 7 0
Hsieh et al. [48] 30 PB MRD AL+TBI+Sir 97 -/87 0 0 4 1
King et al. [49] 52 BM,CB MRD AL+Flu+Mel 93 91/- 23 13 1.9 5.7
Gluck tal MAC and -

uckman et al-— 1000 BM,CB,PB  Identical ananont 959 91.4/- 148 143 2.3 7
[52] MAC
Saraf et al.[53] 10 PBSC Haploidentical ATG+Flu+Cy+TBI 87.5 -/87.5 25 12.5 12.5 12.5

BM- bone marrow; CB- cord blood; PBSC- peripheral blood stem cells; MUD - matched unrelated donor; MRD — matched related donor (including matched sibling);
Identical — HLA identical sibling; aGVHD — acute graft-versus-host-disease grade IlI-IV; cGVHD — chronic graft-versus-host-disease ; TRM —transplant related
mortality; OM — overall mortality; Bu- busulphan; Cy- cyclophosphamide; Flu- fludarabine; TBI- total body irradiation; ATG- anti-thymocyte globulin; Thio-
thiotepa; Treo- treosulfan; Dexa- dexamethasone; AZA- azathioprine; HU- hydroxyurea; TT-; MAC- myeloablative conditioning; RIC- reduced intensity conditioning.
Numbers represent percentages.
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3.1.1 Source of HSCs

Donor stem cells can be obtained from bone marrow (BM), peripheral blood (PBSC), or
umbilical cord blood (CB). Early studies on HSCT in SCD used BM or CB as the source of
hematopoietic stem cells. CB has some advantages, namely, cells are readily available from CB
banks, latent viral infection is rare, collection poses no risk for the donor, and, more importantly, it
allows for HLA-mismatches and carries a lower risk of GVHD and relapse which is partially
attributed to the more immature nature of these cells. Nevertheless, CB cells have some
disadvantages that limit their usage, especially the delay in engraftment and consequently in
immune reconstitution, increasing the risk of viral infection which subsequently may influence
graft failure. Furthermore, additional donations from the same donor are not available and cell
dose is an important issue because the volume of cells collected is usually small and may not have
sufficient stem cell numbers for HSCT in adults [54].

Following on this subject, Bernaudin et al. reported no GVHD amongst patients receiving CB as
the source of HSC [31]. If a matched sibling donor is available, recommendations from an
international expert panel suggest that HSCT for SCD should be considered using either BM or CB
stem cells [50].

PBSC carry a greater risk of GVHD [55] because they contain mature T cells. For SCD patients
the graft versus disease effect is not required, thus PBSC can be T cell depleted and/or CD34"
selected after collection and prior to transplantation, if necessary. Engraftment and immune
reconstitution using PBSC are faster than with CB cells allowing the patient a faster recovery of
hematopoiesis which may decrease the risk of infections during aplasia and graft failure [54].
Recent studies from 2018 reported that PBSC from a haploidentical donor can be transplanted in
adults with SCD resulting in stable engraftment and very low incidence of GVHD; however, this
study included only 10 patients and a larger, multicenter, ideally prospective, trial including more
patients should confirm these observations (Table 1) [53]. Thus, deciding which type of donor
stem cells to use depends not only on the availability of an HLA-matched sibling donor but also on
the clinical situation of the patient and on the urgency of the HSCT. Most clinical trials performed
in children using HLA-identical sibling donors have focused on the usage of BM or CB stem cells.

3.1.2 Unrelated and Haploidentical Donors

Finding an HLA-identical sibling donor is the major limitation of HSCT in SCD patients. It is
estimated that less than 30% of these patients will have an HLA-identical sibling donor [56]. In
these situations, stem cells have to be obtained from HLA-matched unrelated donors or HLA-
haploidentical related donors. The probability of finding a matched unrelated donor varies with
the racial and ethnic group of the patient and it has been shown to be around 18% and 19% for
the African and African-American population, respectively [57].

These alternative donor sources carry an increased risk of GVHD and graft rejection, especially
when reduced-intensity conditioning regimens are used (Table 2) [58].

If taken from BM, stem cells of HLA-haploidentical or HLA-matched related donors transplanted
into children and adults under non-myeloablative regimens induced 43% of graft failure [59]. On
the other hand, transplantation of stem cells from HLA-matched related donors into SCD patients
treated with a myeloablative regimen showed no graft rejection or failure; however, these
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patients suffered a progressive decline in renal, pulmonary, and cardiac function, which, by its
characteristics, the authors attributed to toxicity of the conditioning regimen used (Table 2) [60].

A regimen of GVHD prophylaxis consisting of calcineurin inhibitor, methotrexate, and
methylprednisolone was used in SCD patients after transplantation of BM from HLA-matched
unrelated donors. These patients had been treated with a conditioning regimen containing
alemtuzumab, fludarabine, and melphalan and obtained an OS and EFS at 2 years of 79% and 69%,
respectively, but registered an incidence of cGVHD at 1 year of 62%, of which 38% reported
extensive GVHD and 7 GVHD related deaths (Table 2) [61].

A retrospective study of 19 patients receiving BM stem cells or PBSC either from HLA-identical
sibling donors (47.3%), HLA-matched unrelated donors (31.5%), or o/B T cell depleted related
haploidentical donors (21%) reported an OS at 2-years of 89%, 83%, and 75%, respectively. The
authors found an overall incidence of aGVHD of 26% with no significant difference in the group of
haploidentical transplants irrespective of the source of stem cells used [62]. Other studies with
haploidentical donors reported good engraftment times and low incidence of GVHD using BM or
PBSC [53, 63] as sources of hematopoietic stem cells.

A fine balance between stable engraftment and GVHD prophylaxis is one of the main concerns
in HSCT using haploidentical donor stem cells. Schemes of post-transplant GVHD prophylaxis also
contribute to graft failure and strategies to overcome this conundrum are necessary. A regimen
based on ATG+Bu+fludarabine preceded by an immunosuppressive conditioning of
fludarabine+dexamethasone yielded promising results if used with a scheme of GVHD prophylaxis
based on Cy+tacrolimus+mycophenolate mofetil (Table 2) [64]. The side effects of such an
aggressive regimen in long-term organ function remain to be assessed. Furthermore, eligibility for
such a conditioning requires good organic reserves to allow such level of immunosuppression. The
complexity of HSCT from haploidentical donors is demonstrated by the modest, but very relevant
findings, using a conditioning of ATG+ Cy+fludarabine+TBI (3Gy) and Cy+sirolimus+mycophenolate
mofetil for GVHD prophylaxis, with around 87% of stable engraftment and only 1 patient (out of a
total of 8 adult patients) developing cGVHD [53].

These studies indicate that HSCT using HLA-matched unrelated donors or haploidentical donors
should still be considered as a future alternative for SCD patients without an HLA-identical sibling
donor. Nevertheless, at the moment, this procedure requires additional clinical studies before its
widespread use.

Determining the best conditioning regimen and the best GVHD prophylaxis is crucial for the
routine clinical application of HSCT in this setting. At the moment at least 4 clinical trials are
recruiting patients in the USA. These trials target different aspects of the HSCT procedure. Some
intend to use BM stem cells, others PBSC. Conditioning regimens will also be studied as well as
GVHD prophylaxis. The likely major limitation of these studies is always the same: the small
number of patients recruited in most studies. Despite these issues, HSCT should be pursued in an
attempt to improve the technique so it can be safely applied routinely to SCD patients in the
future.
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Table 2 Comparison of outcomes of HSCT in several clinical trials in sickle cell disease and thalassemia major patients using hematopoietic
stem cells from different sources.

Graft
Stem rejection TRM
Reference Patients cells Donor Conditioning (0] EFS/DFS aGVHD c¢GVHD (ojr or
oM
failure)
Kamani et al.
[58] 8 CB MUD AL+Flu+Mel 87.5 37.5/- 25 12.5 42.8 12.5
Bolanos- . .
Haploidentical,
Meade etal. 17 BM MRD Flu+Cy+ATG+TBI 14 -/64.7 5.9 0 0 0
[59]
Dallas et al.
[60] 14 BM,CB MRD Bu+Cy+ATG 93 -/93 28 21 38 0
Flu+Thio+Bu+AT
Dallas et al. . . G+OKT3,HU+
8 PBSC Haploidentical . 75 -/38 50 37.5 10 25
[60] AZA+Thio+Cy+
OKT3
Shenoy et al.
[61] 30 BM MUD AL+Flu+Mel 79 69/- 28 62 10 23.3
Identical,
Khazal et al. PBSC,
19 MUD, Several 84.2 26/- 10.5 10.5 - -
[62] BM . .
haploidentical
de la Fuente . . Cy+Flu+ATG+
18 BM Haploidentical 100 >90 27.7 5 5 11

et al. [65]

TBIt thio
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100
0 (cohort
)" 25 (cohort
Fitzhugh et ’ 1)*,12.5
'tzhugh € 23 PBSC Haploidentical AL+TBI+Sir+Cy 87 (cohort 2), 8.7 4.3 )
al. [63] (cohort
50 (cohort
3) 2), 17
(cohort 3)
Pawlowska et ATG+Bu+Flu
PBSC Haploidentical preceded by * * 25* 75%* 0* 0*
al. [64]
Flu+Dexa

BM- bone marrow; CB- cord blood; PBSC- peripheral blood stem cells; MUD - matched unrelated donor; MRD — matched related donor (including matched sibling);
Identical — HLA identical sibling; aGVHD — acute graft-versus-host-disease grade Il-IV; cGVHD — chronic graft-versus-host-disease ; TRM —transplant related
mortality; OM — overall mortality; Bu- busulphan; Cy- cyclophosphamide; Flu- fludarabine; TBI- total body irradiation; ATG- anti-thymocyte globulin; AL-
alemtuzumab; Sir- sirolimus; TIB- total body irradiation; OKT3- muromonab CD3 OKT3: Mel- melphalan; Thio- thiotepa; Treo- treosulfan; Dexa- dexamethasone;
AZA- azathioprine; HU- hydroxyurea; TT-; MAC- myeloablative conditioning; RIC- reduced intensity conditioning; * each cohort refers to a different concentration
of cyclophosphamide; * study with only 4 patients. Numbers represent percentages.
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3.2 Thalassemia Major

Contrary to the controversy still surrounding HSCT in SCD, in TM this procedure is widely
accepted and even recommended as early as possible in children who depend on chronic blood
transfusions and for whom an HLA identical sibling donor is available [50]. In 2016 in Europe, 335
bone marrow transplants were performed in patients with thalassemia, from which 203 were
from HLA identical donors [18].

The first publications on HSCT performed in TM patients dates from the 80s and 90s [66-68]. In
these early studies is included the “Pesaro Experience” which identified 3 classes of risk for
patients with TM which could be used to correlate the medical status at the time of
transplantation with the predicted outcome post-procedure [67, 69]. These 3 classes are based on
the presence of three criteria: degree of hepatomegaly, degree of portal fibrosis, and quality of
chelation therapy before the transplant. Patients for whom all three criteria are adverse are
included in Class 3; if none of these criteria are adverse they belong to Class 1; with one adverse
criteria or any combination of two, patients are included in Class 2 [69]. This group reported EFS of
95%, 84%, and 64% for patients of Class 1, 2, and 3, respectively, transplanted with BM from an
HLA-identical donor [69] under a BuCy conditioning regimen. Similar results for Class 3 patients
(EFS 62.2%) were obtained in a study in Turkey comprising of 245 children with TM receiving BM
from an HLA-matched related donor (Table 3) [70].

Similarly, two pediatric centres in the UK reported their joint results with TM patients (most in
Class 2 or 3) transplanted with BM from HLA-identical donors over a period of 10 years, showing
an EFS of 82% despite 31% and around 14% of aGVHD grade II-IV and cGVHD, respectively [71]. A
study with 197 patients showed that in fact Class 3 is a heterogeneous group that can be further
subdivided, according to age and liver size, into two subgroups identifying a high-risk group with
very poor HSCT outcomes (OS 39.01% and EFS 23.93%) [72]. These and other studies revealed
similar results in what concerns the incidence of aGVHD and cGVHD with sinusoidal obstructive
syndrome as one of the most threatening events but in general, these results revealed a low
incidence of long-term post-transplantation side effects [73-75]. Most patients in these studies
were submitted to myeloablative regimens with Bu (per os), Cy with or without ATG. Other
conditioning regimens were developed using Bu (iv)+Cy with or without thiotepa or fludarabine in
pediatric patients with values of OS as high as 97% and low rejection rates (around 2% and 5%)
(Table 3) [76, 77].

To minimize rejection in Class 3 pediatric patients, other immune suppressive conditioning
regimens were tested. One of the strategies adopted included a scheme of hyper-transfusion
combined with hydroxyurea, azathioprine, and fludarabine a few weeks prior to the classic BuCy
conditioning regimen. This group reported 93% OS and 85% EFS with only 8% graft rejection in 33
patients and minimal aGVHD (Table 3) [78].

Busulfan is considered a major agent for myeloablation, but its concentration must be balanced
to achieve minimal mortality and morbidity due to its side-effects while maintaining high enough
concentrations to minimize graft rejection [36, 39]. Due to the difficulty experienced to achieve
the correct concentration of busulfan, especially in children, some groups have tried equally
effective and less toxic regimens using thiotepa+treosulfan+fludarabine obtaining OS from 93% to
78.5%, EFS from 84% to 71.4%, and graft rejection from 9% [79] to 7% [80]. It is extremely difficult
to compare these and other studies because they differ on the source of stem cells used and some
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even used several sources of stem cells within the same study [77, 80]; furthermore, in some trials
both HLA-identical related and unrelated donors [77, 79] are used and Class 3 patients vary in
number for each study (Table 3) [75, 79, 80].

A national French multicenter study published results on HSCT performed from 1985 to 2007 in
a total of 108 patients transplanted from HLA-identical sibling donors and conditioned with BuCy
with or without ATG. The authors found a decrease in graft rejection from 35% to 10% when ATG
was included in the conditioning regimen and around 82% EFS in patients with ATG versus 55%
EFS without ATG [81]. An Italian group proposed the addition of ATG in conditioning regimens for
high-risk TM patients, i.e., Class 3 pediatric patients, adults, patients receiving hematopoietic stem
cells from unrelated donors, or patients receiving a second HSCT (Table 3) [67, 78, 82, 83].

An alternative strategy would be to perform a risk assessment for each patient and tailor
conditioning regimens for each individual score, which was the strategy adopted by Hussein AA et
al [84]. This group used a myeloablative conditioning regimen consisting of BUCy+ATG in Class 1
and 2 patients whereas Class 3 patients were treated with a reduced intensity conditioning
consisting of Bu+fludarabine+TLI (total lymphoid irradiation)+ATG. OS and EFS were around 97%
and 90%, respectively, for myeloablative conditioning regimen and 100% and 77%, respectively,
for reduced intensity conditioning regimen (Table 3) [84].

A retrospective non-interventional study analysed data from the hemoglobinopathy registry of
the European Society for Blood and Bone Marrow Transplantation from 2000 to 2010 in a total of
1493 patients undergoing HSCT for TM [16]. Their findings showed that if patients were
transplanted below age 14, from a matched sibling donor or a matched family donor, an 0S >90%
and an EFS >83% could be expected.

3.2.1 Source of HSCs

In most studies mentioned so far for HSCT in TM, authors analysed heterogeneous groups of
patients regardless of the source of stem cells used, PBSC or BM. As for SCD, a comparison of
hematopoietic transplantation outcomes amongst different stem cell sources is of crucial
importance.

Publications have shown that Class 1 and 2 TM children treated with BuCy and transplanted
with HLA-matched PBSC or BM had no differences in 2-year OS (83% and 89%, respectively) and
EFS (76% for both groups) despite a higher incidence of aGVHD grades II-1V (72% with PBSC vs 55%
BM) and cGVHD (48% with PBSC vs 19% BM) in patients transplanted with PBSC [85]. GVHD
prophylaxis with cyclosporine and methotrexate showed a higher incidence of GVHD (especially
cGVHD) in patients transplanted with PBSC, highlighting the need for alternative strategies for the
prevention of GVHD (Table 3) [85, 86].

Implementation of a triple immunosuppression protocol (cyclosporine, methotrexate, and
prednisolone) for prophylaxis and treatment of GVHD in Class 3 BM and PBSC transplanted
patients proved efficient with no statistically significant differences found between aGVHD (grade
[I-IV 26% PBSC vs 30% BM) and cGVHD (30% PBSC vs 24% BM) in the two groups of patients, i.e.,
with BM or PBSC (Table 3) [87].

As for SCD, in TM patients HSCT can be performed using CB cells with very good outcomes.
Despite slower neutrophil and platelet recovery times, overall, patients transplanted with CB stem
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cells exhibit less acute and chronic GVHD with similar OS and DFS as compared to patients
transplanted with BM (Table 3) [88].

3.2.2 Unrelated and Haploidentical Donors

The availability of a matched sibling donor is the major limitation to HSCT in TM patients. The
advances and successes of conditioning regimens have allowed the extension of the application of
HSCT to TM patients without an HLA matched sibling donor. Bone marrow from matched
unrelated donors has been used successfully in HSCT of TM patents treated with BuCy with an OS
of 79%, EFS of 66%, and 13% of graft rejection, despite 41% of aGVHD and 25% of cGVHD (Table 3)
[89]. The study also reported that 83% of the patients who died (5 out of 6) were Class 3 patients.

In 2014 a group published its results with 98 TM patients divided into two groups receiving
matched-related or unrelated donor BM and showed an EFS of 88% and 82%, respectively, with an
OS of 94% similar to both groups [90]. The major pitfall of this study is that it included Class 3
patients that were treated with a reduced intensity conditioning regimen and a group treated with
a myeloablative conditioning regimen but each of these groups included recipients of related and
unrelated donor stem cells. Furthermore, within the myeloablative conditioning regimen group,
conditioning was different for recipients of related or unrelated stem cells. In spite of this, the
authors showed very good results not only for TM patients transplanted with stem cells from
unrelated donors as described above, but also for class 3 patients treated with a reduced intensity
regimen with OS and EFS of 90% each [90]. In 2018 a study reported results on 51 class 1 and 2 TM
patients treated with BuCy+fludarabine+tiothepa+ATG receiving HLA-matched HSCT from
unrelated donors with an OS and EFS of 98% and 92%, respectively and only 2 patients
experiencing graft rejection (Table 3) [91].

The use of HSC from unrelated donors broadens the window of application of HSCT to TM
patients without an available HLA-identical sibling or HLA matched family member. However, due
to the high rates of acute GVHD, these procedures should be performed in experienced centers
and, preferably, in class 1 and 2 TM patients. Furthermore, a 10/10 or 9/10 match between donor
and recipient should be the minimum requirement.

Unfortunately some patients do not find an HLA-matched unrelated donor and in this case
alternative donors need to be used. In these situations the only solution is to rely on
haploidentical donors. Advances in conditioning regimens and in treatments for acute and chronic
GVHD will probably make it possible to look at this class of donors as a real option in the future. At
the moment, early studies using heavy conditioning regimens including BuCy + fludarabine +
tiothepa + ATG and T cell depleted PBSC have shown promising results despite high rates of graft
rejection (Table 3) [92-94].
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Table 3 Comparison of outcomes of HSCT in several clinical trials in thalassemia major patients.

Graft
, Stem L rart TRM or
Reference Patients cells Donor Conditioning OS EFS/DFS aGVHD cGVHD rejection oM
(or failure)
- BM,
Yesilipek
245 PBSC, MRD Several 85 -/68 13.5 12.5 31.8 7.75
et al. [70]
CB
Lawson et Identical, Bu+Campath,
W 55 BM ' urtamp 94.5 /81.8 31 14.5 13.2 5.4
al. [71] MRD ATG or Flu
53.6
39 (high (high
risk 23.9 (high 17 (high risk risf
Mathews Cy+Bu or class 3)  risk class 3) class 3)
197 BM MRD - . class 3)
et al. [72] RIC 78.3 70.3 (low 14 (low risk
. . 20 (low
(low risk risk class 3) class 3) risk
class 3)
class 3)
Di
Bartolome
o et 115 BM MRD Cy+Bu 89.2 -/85.7 37 17 6.7 8.7
al.[73]
Bu+Cy,
Ullah et ey
48 BM MRD HU+AZA+ 79 -/75 35.4 8.3 10.4 20.8
al.[74]
Flu+Bu
91 (class
Sabloff et Bu+Cy+ ( 88 (class 2)
179 BM MRD 2) 64 38 13 9.4 6.1
al. [75] ATG 62 (class 3)
(class 3)
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Bu iv
Gaziev et Phenotipica different
71 BM lly identical doses, 91 87 30 12 5 8.5
al. [76]
parent preceded by
HU+AZA
Li et al BM, Bu+Cy+Flu+ 92.3 90.4 9.6 1.9 (PBSC) 7.7
) 82 PBSC MRD, MUD . y (PBSC),  (PBSC), (PBSC), O ) ’ (PBSC),
[77] Thio 6.9 (BM)
BM+CB 90 (BM) 83.3(BM) 3.6 (BM) 10 (BM)
By+Cy+
Sodani et . ey
al. [78] 33 BM Identical preceded by  93/85 85/- 9 ND 8 6
] HU+AZA+Flu
B d Identical, Flu+Thio+
ernareo 5o BM entica urhio 93/84  -/84 14 1.7 9 7
et al. [79] MUD Treo
BM, .
Choudhary Flu+Thio+
28 PBSC, MRD, MUD 71.4 -/78.5 14 7.1 7.1 21.4
et al. [80] Treo
CB+BM
Galambru BM, -/69.4
n et al. 108 PBSC, Identical Bu+CyzATG 86.8 (83 post 20.4 11.1 10 12
[81] CB+BM 1994)
Lucarelli .
107 BM Identical Bu+Cy 66 -/62 - - 4 28
et al. [82]
66 20.5 5.6 37
62 (Group
] Bu+Cy (Group (Group (Group (Group (Group
Gaziev et . A), 4 (Group A),
al. [83] 122 BM Identical A)Hu+AZA+ A), 67 67 (Grou A),20 A),13.3 8 (Group B) A), 27
’ Flu (Group B) (Group B) P (Group (Group P (Group
B) B) B) B)
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97.8 20.5 16
86.4 2.3
(total), (total), (total),
) Bu+Cy+ATG, (total), 11.3 (total), (total)
Hussein et 96.8 16.1 19
44 PBSC MRD Bu+FIUu+ATG+ 90.3 6.4 (MAC),  3.2(MA
al. [84] T8l (MAC), (MAC) (MAC),  (MAC), 7 (RIC) A
100 27 (Rlé) 30.8 7.6 ’ (RIC)
(RIC) (RIC) (RIC)
Ghavamza 83 74 49 14
BM, 76 (PBSC), 18 (PBSC),
deh et al. 183 MRD Bu+Cy (PBSC), (PBSC), (PBSC), (PBSC),
PBSC 76 (BM) 9 (BM)
[85] 89 (BM) 57 (BM) 17 (BM) 9 (BM)
Iravani et BM, .
52 Identical Bu+Cy 80 65 47 28 5.8 13.5
al. [86] PBSC
27
73 (BM),
Irfan et al. BM, 65 (BM), 30 (BM), 24 (BM), 7 (BM), (BM),
56 MRD Bu+Cy+ALG 67
[87] PBSC (PBSC) 55 (PBSC) 26 PBSC 30 PBSC 15 (PBSC) 33
(PBSC)
85 (BM),
) 11.8 4.6
Locatelli _ 95 (BM), 83 (CB)/ 21 (BM), 7.4 (BM),
485 CB,BM Identical several (BM), (BM),
et al. [88] 97 (CB) 88 (BM), 10 (CB) 10.4 (CB)
7.1 (CB) 3.1 (CB)
83(CB)
LaN B
aNasaet BM MUD UGy, gg 66 41 25 13 25
al. [89] Bu+Cy+Thio
Anurathap
Flu+Bu,
anetal. 98 BM MRD, MUD 94 87 31.6 12.2 6 7.1
Cy+Flu+Bu
[90]
K t BuCy+Flu+
arasu €t g4 BM, PBSC MUD Ly 98 92 12 0 3.9 1.9
al. [91] Thio+ATG
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Gaziev et Haploidenti .

14 PBSC ByCy+Thio 84 69 28 21 14 7
al. [92] cal
Sodani et 31 BM, Haploidenti BuCy+Flu+ 93 20 0 0 53 ;
al. [93] PBSC cal Thio+ATG
Anurathap Habloidenti Flu+Dexa
anetal. 31 PBSC Calp followed by 95 94 29 16.1 6.4 3.2
[94] ATG+Flu+Bu

BM- bone marrow; CB- cord blood; PBSC- peripheral blood stem cells; MUD - matched unrelated donor; MRD — matched related donor (including matched sibling);
Identical — HLA identical sibling; Bu- busulphan; Cy- cyclophosphamide; Flu- fludarabine; TBI- total body irradiation; ATG- anti-thymocyte globulin; Thio- thiotepa;
Treo- treosulfan; Dexa- dexamethasone; AZA- azathioprine; HU- hydroxyurea; TT-; MAC- myeloablative conditioning; RIC- reduced intensity conditionin; TRM —
transplant related mortality; OM — overall mortality; aGVHD — acute graft-versus-host-disease grade II-IV; cGVHD — chronic graft-versus-host-disease. Numbers

represent percentages.
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4. Gene Therapy

TM and SCD are both hemoglobinopathies but the course of the disease differs greatly between
the two. Moreover, these pathologies are extremely debilitating, greatly reducing the quality of
life of patients and are a huge burden to healthcare systems. The only available cure is HSCT but
this therapy comes with high risks and side effects either from immunosuppression, GVHD, or
graft rejection. Furthermore, in most cases, no matched sibling donors are available which further
increases the risks associated with this approach.

Recently, gene therapy arose as a new potential strategy to cure TM and SCD. Several groups
have worked on gene transference into hematopoietic stem cells to cure hemoglobinopathies. The
major goal is to achieve safe and efficient gene expression that would allow transplanted stem
cells to safely and stably express the gene of interest.

Retroviral vectors were one of the available tools for gene transfer experiments. Although
initially promising due to their stable integration into the genome, they proved inefficient because
they are prone to variegation and silencing in stem cells [95]; furthermore, they mainly integrate
dividing hematopoietic stem cells and their tendency to insert near transcriptional sites makes them
more prone to alter the expression of endogenous genes and induce insertional oncogenesis [96].

Lentiviral vectors can insert larger amounts of DNA, integrate non-dividing cells, and have a bias
towards integration into sites of gene bodies. Furthermore, they were designed with a self-
inactivating strategy which minimizes activation of genes in the vicinity of the insertion point,
increasing their safety profile [97].

Lentiviruses were amongst the first viral vectors to be tested successfully [98, 99]. In short,
CD34+ autologous stem cells are obtained from peripheral blood by apheresis or from bone
marrow, and ex vivo transduced with the lentiviral vector carrying the gene of interest. Afterwards,
transduced autologous hematopoietic stem cells are transplanted (reinfused) into the recipient
[98, 100].

In 2017, Ribeil J.A. and colleagues presented their results on the first SCD patient successfully
transplanted with lentiviral transduced autologous CD34+ bone marrow cells achieving stable
haemoglobin levels and transfusion independence for 6 months after transplantation [101]. No
adverse events related to the lentiviral vector used were reported in this study.

In a very recent study, 22 TM patients were submitted to a myeloablative conditioning regimen
with Bu and reinfused with autologous CD34+ cells transduced ex vivo with a lentiviral vector
encoding a variant of haemoglobin A. At a median of 26 months after infusion most patients were
red cell transfusion independent with haemoglobin levels ranging from 8.2 to 13.7 per decilitre.
The adverse events observed were transplant related and not attributed to lentiviral gene therapy
itself [102]. Numerous phase I-1l clinical trials are ongoing and, in the future, patients lacking an
HLA-identical donor will certainly be eligible and benefit from gene therapy [103, 104].

4.1 CRISP/CAS9 Technology

An important goal of gene therapy is to overcome the random insertion of viral vectors into the
human genome. An ideal strategy would target the locus of insertion in the DNA and precisely
place the gene carried by the viral vector at specific sites in the DNA. So, instead of using a gene
addition procedure, we should rather adopt a gene editing approach.
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One strategy to achieve this goal is by using the CRISP/Cas9 (clustered, regularly interspaced
palindromic repeats-associated nuclease Cas9) technology. CRISP/Cas9 allows the introduction of
site-specific double-strand DNA breaks into the human genome guided by a RNA molecule (gRNA)
which recognises a specific sequence on the DNA and is bound to an endonuclease, Cas9, which
cleaves the double stranded DNA.

Two different approaches were tested by researchers: 1) correction of the mutated B-globin
gene, and 2) enhancing fetal haemoglobin production. In both, the major challenge is to choose
the best approach to deliver CRISP/Cas9 gRNA inside the cells.

Hoban and colleagues have achieved 18% of gene modification in vitro in human CD34+ and
progenitor cells using electroporation to insert the CRISP technology into the HSCs [105]. This
strategy is less likely to succeed because as holes are introduced in the cell, it recognizes this as an
external insult and reacts to correct it by destroying the RNA material inserted. As such, small
percentages of modified cells should be expected.

Several approaches have been tested to correct the B-globin mutation using a viral vector to
insert the CRISPR/Cas9 gRNA inside the cell, thus avoiding its destruction at cell entry. Results are
modest, but promising. More frequently, an adenovirus is used to deliver the CRISP technology
inside the hematopoietic cell. After enrichment for modified CD34+ cells, a percentage of 90% of
gene corrected cells can be achieved [106].

Another group used an unmodified single gRNA together with a single stranded DNA
oligonucleotide donor (ssODN) which allowed the correct placement and correction of the SCD
mutation in HSCs without the need to resort to a viral vector for CRISP/Cas9 technology delivery [107].

More recently an improved CRISP/Cas9 system with higher on-target activity (HiFi Cas9) was
used successfully to correct, ex vivo, the mutation causing SCD in human CD34+ hematopoietic
and progenitor cells [108].

Rescuing fetal haemoglobin expression seems easier than correcting the B-globin gene. The
reason is simple: expression of fetal haemoglobin is silenced through a set of genes, disrupting any
of those genes will break its effect and automatically result in re-expression of fetal haemoglobin.
This approach does not require homology-directed repair, because it does not involve correction
of a mutation, but solely disruption of the expression of a repressor gene [109]. This approach is
pursued by several pharmaceutical companies with promising results (CRISP Therapeutics,
http://www.crisprtx.com; Editas Medicine, http://www.crisprtx.com).

Although encouraging, these are pre-clinical studies mainly with ex vivo transductions of
hematopoietic stem cells and experiences in animal models. Hematopoietic stem cells are fragile
and will require extensive in vitro manipulation in order to achieve B-globin gene correction
followed by re-infusion into the host. It remains to be assessed if their potential to differentiate
into the different subsets will be affected.

Other important issues concern the longevity of these cells after re-infusion, how they will
repopulate the bone marrow, and how stable the edited gene expression will be.

5. Conclusion

Currently HSCT in SCD is only recommended for symptomatic pediatric patients with an HLA-
identical sibling donor. The same happens with pediatric TM patients for whom HSCT is
recommended before the development of iron overload and iron-related tissue damage [50]. At
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the moment HSCT from unrelated donors for SCD and TM patients should only be considered in
the context of controlled trials [50] due to the higher risk of graft rejection and cGVHD. Exceptions
are pediatric TM patients with life-long controlled iron overload and a well-matched unrelated
donor. This is a serious obstacle to the wide application of the procedure. Most patients do not
have a matched sibling donor, so either they are enrolled in controlled HSCT trials or they must
comply with the classic medical treatment with all its limitations.

Whenever possible BM should be used in HSCT for TM or SCD patients due to the higher rate of
cGVHD observed with PBSC [50]. The prophylactic regimen recommended for prevention of
CGVHD is a feature that also needs to be reviewed. The most widely used protocol includes MTX
and cyclosporine but other associations using ATG or alemtuzumab should be tested in
combination with other immunosuppressive drugs [50].

Consensus for HSCT in TM is easier to achieve because this pathology courses with more
homogeneous clinical features and transfusion dependency is usually accepted as an indication for
HSCT in these patients. On the contrary, in SCD there are substantial clinical differences between
patients and disease development is often complicated and unexpected, so indications for HSCT in
SCD are not so consensual.

In these hemoglobinopathies HSCT are allogeneic and considered the last treatment option. In
haematological malignancies HSCT are mostly autologous and sometimes a first line treatment as
soon as the patient is in remission. The fact that TM and SCD patients have more treatment
options, although with a poor quality of life, sometimes deters them from risking HSCT.

In SCD it is also important to have in mind the late consequences of HSCT, namely gonadal
dysfunction, which carries a high psychological burden for the remaining life of the patient. Would
it be more beneficial to comply with a chronic transfusion program or to be transplanted with
HSCT from HLA-identical donors? The DREPAGREFFE trial intends to answer this and other
guestions and it is surely a very important study whose results will be anxiously expected as soon
as enough patients are recruited [110].

Furthermore, HSCT is a complex and very expensive technique only available in high income,
developed countries, which requires expert teams and very well equipped centres, so it is not
available for the majority of TM and especially SCD patients. The high cost of HSCT, when the
majority of hemoglobinopathies occur in very low income countries, associated with the fact that it
is not a first choice treatment probably explains why so few HSCT have been performed for these
diseases. Nonetheless, these patients are a huge burden for healthcare systems. In the USA, it is
estimated that a SCD patient at the age of 45 has cost $1 million in healthcare expenses so far [111].

The assumption that HSCT carries a considerable risk of mortality which may be superior to the
one observed with supportive care in SCD patients imposes an enormous barrier to the
acceptance of this procedure. The inherent risks of infertility and GVHD are additional obstacles to
the wide acceptance of this procedure by patients and their parents. On the other hand, a
successful transplant will enable normal erythropoiesis and a life free of SCD and its related life-
long complications. Thus, the final questions are: do these patients show an improvement in
quality of life? Will they remain disease free or is the risk still too high to take? More clinical trials
need to be performed so we can answer these questions confidently, but surely HSCT is the only
available option for some TM and SCD patients and it is an option that should seriously be
considered whenever an HLA-identical donor is available.
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New developments in gene therapy treatments bring hope to the application of new strategies

for the cure of SCD or TM. So far, this approach has proved efficient and safe but long-term effects
need to be studied and evaluated and at the present we can only be optimistic about this
methodology as a promising future treatment.
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