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Abstract
Sickle cell disease (SCD) is a common health problem in the United States involving multiple organ damage. Currently, bone mar-

row transplantation (BMT) is the only curative therapy. Until recently, BMT has not been considered for adults with SCD because

of their inability to tolerate the toxicity of intensive conditioning regimens as a result of long-term organ damage from SCD. A new
conditioning regimen with much-reduced toxicity has recently been reported with great success in BMT for adult sickle cell patients.
However, the reduced-intensity conditioning regimen in adult sickle cell patients has been performed on a small scale. This paper

reviews the clinical trials involving the reduced-intensity conditioning regimen for adults with SCD and the approaches to overcome
the barriers to the more widespread use of this new method of BMT for adults with SCD. Thus far, the only published clinical trial

involving reduced-intensity conditioning for adult sickle cell patients, with survival outcome, reported overall survival of 90% at
30 months post-BMT; however, this study was limited to ten patients. The study suggests that the low toxicity of reduced-intensity

conditioning allows for a stable, mixed donor-recipient chimerism and reverses the sickle cell disease phenotype without serious
adverse effects.
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Introduction

Sickle cell disease (SCD) is a common congenital disorder with multiple organ damage in affected individuals [1]. A single nucleotide

substitution at the 6th position of the beta-globin chain in which glutamic acid is replaced by valine, has been established as the cause of

hemoglobin polymerization, resulting in sickle-shaped red blood cells (RBCs) [2]. This RBC shape distortion results in chronic anemia and
increased hemolytic and vaso-occlusive complications that affect multiple organs.
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Polymerization of the mutated hemoglobin molecule under hypoxic conditions causes RBCs to have a sickle-shaped deformity, become

dehydrated and rigid, and adhere to vascular endothelium [2]. Anemia, growth delay, frequent infection with encapsulated bacteria, bone
infarctions, and chronic organ damage involving the brain, heart, lungs, joints, gallbladder, kidneys, and retina are common complications

of SCD, and account for most of the morbidity and mortality [3]. Median life expectancy is estimated to be 42 years for men and 48 years

for women with homozygous sickle hemoglobin S (HbS) [3]. Organ damage may occur at an early age, contributing to a mortality of 15%

by 18 years [2,3]. The sickle cell gene for HbS is the most common inherited blood condition in the United States. About 70,000 - 100,000
Americans—mostly African Americans—have SCD. About 2 million Americans carry the sickle cell trait [3].
Historical perspective

In 1910, SCD was first described in a patient who presented with pulmonary symptoms [4]. Herrick (1910) coined the term “sickle-

shaped” to describe the peculiar appearance of the RBCs of this patient. However, given the patient’s symptoms, he was not sure at the

time whether the blood condition was a disease by itself or a manifestation of another disease [4]. After several years, similar cases were
described, supporting the idea that this was a new disease entity and providing sufficient evidence for a preliminary clinical and patho-

logical description [5]. Shortly thereafter, Hahn and Gillespie (1927) suggested that anoxia caused RBC sickling by demonstrating that
shape changes could be induced by saturating a cell suspension with carbon dioxide [6]. Scriver and Waugh (1930) proved this concept

in vivo by inducing venous stasis in a finger using a rubber band. They showed that stasis-induced hypoxia dramatically increased the
proportion of sickle-shaped cells from approximately 15% to more than 95% [6]. These seminal studies were noted by Linus Pauling,

who was the first researcher to hypothesize in 1945 that the disease might originate from an abnormality in the hemoglobin molecule [1].
This hypothesis was validated in 1949 by the demonstration of the differential migration of sickle versus normal hemoglobin as assessed
by gel electrophoresis [1]. That same year, the autosomal recessive inheritance of the disease was explained [1]. Around the same time,

Watson et al. (1948) predicted the importance of fetal hemoglobin (HbF) by suggesting that its presence could explain the more extended
period necessary for sickling of newborn RBCs compared with those from mothers who had “sicklemia” [7]. Ingram (1958) demonstrated
that the mutant HbS differed from normal hemoglobin by a single amino acid [8]. This finding was followed by studies that analyzed the
structure and physical properties of hemoglobin S (Hgb S), which formed intracellular polymers upon deoxygenating [8]. These studies
placed SCD at the leading edge of investigations to elucidate the molecular basis of human diseases. Abnormal hemoglobin polymerization
upon deoxygenating gave rise to the idea of a hematopoietic stem cell-based approach as a therapeutic option for SCD [2].

In 1984, the first successful BMT for SCD was reported [9]; in 1996, the first large-scale study of 22 children with SCD was published

[10]. The participants, all less than 16 years old, received BMT from human lymphocyte antigen (HLA)-matched sibling donors. BMT was

performed after receiving busulfan, cyclophosphamide and antithymocyte globulin (ATG), or alemtuzumab-based regimens. The criteria

for participation included a history of stroke, recurrent acute chest syndrome, abnormal brain imaging, retinopathy, or bone disease.

Evaluation of two years post-BMT indicated that 99% were alive, 72% had stable chimerism, and 18% had graft rejection [10]. However,
neurologic events, including seizures and cerebral hemorrhage, were reported in seven patients (31%) [10]. In Belgium, the first 50 patients with SCD—who received an HLA-matched sibling BMT using bone marrow (48 patients) or cord blood (2 patients), after conditioning with busulfan and cyclophosphamide-based regimens—resulted in 80% having stable chimerism [11].

The evidence that stable mixed hematopoietic chimerism can result from myeloablative BMT in patients with SCD [10,11] led to the

consideration that this application could be an effective treatment for SCD, with substantially reduced transplant-related morbidity and

mortality [12]. Some researchers suggested that small amounts of donor bone marrow chimerism may result in high levels of normal
hemoglobin, as sickled RBCs have a survival disadvantage [12]. In a report by Wu et al. (2007), patients with SCD developed stable but

partial donor myeloid chimerism after myeloablative BMT [12]. Fractions of HbS in blood were 0%, 0%, and 7% in the three patients
whose donors had a normal Hb genotype, which corresponded to a donor myeloid chimerism level of 67%, 75%, and 20%, respectively.
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None of the patients experienced painful events or other clinical complications of SCD after BMT [12]. Wu et al. (2007) concluded that a

significant reduction in morbidity and mortality from SCD might occur with low levels of donor myeloid chimerism [12]. Given the results
of this study and the high toxicity of myeloablative conditioning, there is a growing interest in a nonmyeloablative procedure that can

produce stable mixed chimerism [13]. With the foundation in research reported above, the following discussion will explore BMT as a
therapeutic option for SCD.

Discussion

BMT from a nonaffected donor, usually an HLA-matched sibling, is the only known curative therapy for SCD [14]. The lack of an HLA-

matched sibling has been the most frequently reported drawback of this procedure [15]. Nationwide, about 200 children have been reported cured of SCD after undergoing a myeloablative conditioning regimen [16]. Until recently, BMT has not been considered for adults

with severe SCD because of their perceived inability to tolerate myeloablative conditioning regimens [17]. The development of less toxic,
nonmyeloablative, or reduced-intensity conditioning (RIC) regimens has long been proposed [17]. Its successful application in BMT for
adults with SCD has now been reported [18].

Sources of allogeneic hematopoietic stem cells
For many years, bone marrow aspirated from the iliac crest was the primary source of hematopoietic stem cells for transplantation

[15]. In autologous transplantation, peripheral blood stem cells (PBSCs) replaced aspirated bone marrow during the 1990s. During the

last decade, a similar trend has been seen in allogeneic stem cell transplantation (allo-SCT) for patients with hematological malignancies
[19]. After 5–6 days of injections of granulocyte colony-stimulating factor (G-CSF), a high number of stem cells can be harvested from the

blood by aphaeresis [20]. The PBSC graft has a higher number of nucleated cells, CD34- and CD3-positive cells, as well as natural killer
cells (compared with the bone marrow graft) and results in faster engraftment of neutrophils and platelets [20]. Despite the high number

of T-cells, the incidence of acute graft-versus-host disease (GvHD) is similar to that after transplantation of bone marrow; likely, in part,
due to a shift from Th-1 to Th-2 cells. However, chronic GvHD is more common and, therefore, PBSC is less often used for patients with

nonmalignant disorders (such as SCD) due to a lack of the benefit from the graft-versus-leukemia (GvL) effect correlated with chronic
GVHD [20]. The use of granulocyte-colony stimulating factor (G-CSF) to mobilize stem cells from a donor’s bone marrow into the periph-

eral circulation demonstrated rapid engraftment and a low incidence of GvHD [21]. This finding led to further studies to determine the
feasibility of using PBSC for patients with SCD [11,21,22].

Another source of allogeneic hematopoietic stem cells is the cord blood (CB). CB, usually wasted during delivery, is rich in hematopoiet-

ic stem cells and can be used as a stem cell source for allo-SCT [16,23]. In many countries, banks of cryopreserved CB units are established

and >100 000 units are available for transplantation and >4200 transplants with CB grafts have been performed [23]. The advantages of
CB are the rapid availability and the reduced risk for GvHD due to the relative lack of mature T cells [16]. Thus, some degree of mismatch

can be allowed. However, drawbacks are a higher incidence of graft failure and slower engraftment resulting in more infections [23]. The
number of nucleated cells and CD34 cells per kilogram bodyweight of the recipient is approximately one log lower compared with bone

marrow as a stem cell source. Several studies have shown the importance of a high CB cell dose and more than 2 × 107 nucleated cells/kg

is recommended. This finding limits the use of CB for adult patients [23]. However, various ways have been explored to increase the cell
number: the pooling of two units or in vitro expansion being most explored. Although the in vitro expansion is theoretically appealing, the
clinical breakthrough has yet to occur. Nevertheless, the pooling of two units has been performed with promising results [16,23].

Currently, allo-SCT for adult patients with SCD utilizes related or identical donors [18]. This limitation is a significant barrier to allo-

SCT for sickle cell patients, given that only a few have healthy compatible siblings [18]. Matthew et al. (2009), reported that out of 59

patients that were HLA-typed only 13 had compatible siblings [18].
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The chemotherapy or irradiation, given immediately before a transplant, is called the conditioning or preparative regimen. The pur-

pose of the conditioning regimen is to help eradicate the patient’s disease before the infusion of hematopoietic stem cells (HSCs) and to

suppress immune reactions [13]. In myeloablative conditioning, a combination of cyclophosphamide with busulfan or total body irradiation is commonly employed [24-26].

Allogeneic hematopoietic stem cell transplantation (HSCT), using conventional standard myeloablative conditioning regimens, is well

established as a treatment option [24]. However, with extensive short- and long-term morbidity and a high mortality rate associated with
this procedure, it is not recommended for many high-risk patients with nonmalignant diseases, such as adult sickle cell patients [17,26].
This limitation led to an increased interest in developing a less toxic conditioning regimen or nonmyeloablative conditioning [27,28].

Nonmyeloablative conditioning or RIC uses lower doses of chemotherapy and radiation, which are too low to eradicate all of the bone

marrow cells of a recipient [27,28]. The significant advantage of reduced-intensity regimens is that the preparative therapy spares primi-

tive hematopoietic precursors of host origin, such that autologous hematopoietic cells would be expected to recover within one month in

the absence of donor stem cell infusion [13]. Most patients treated with these protocols have been selected for their inability to tolerate
fully myeloablative conditioning due to various comorbidities [13,27,28].

In patients with nonmalignant diseases, such as sickle cell patients, RIC is used to replace defective host hematopoietic cells with

healthy donor cells [19]. Hematopoiesis following RIC changes gradually from host to donor origin [13]. The most widely used RIC protocols with dose-variations include the Seattle protocol: fludarabine, low-dose TBI, and post-transplant CsA and mycophenolate mofetil

[29]; the Jerusalem protocol: fludarabine, fresenius antithymocyte globulin, and minimal cytotoxic therapy (either BU 8 mg/kg or CY
120 mg/kg) [13]; and the MD Anderson protocol (and its variations): fludarabine and Ara-C, melphalan, and CY or an anthracycline [28].

Different RIC protocols vary in their intensity and many studies have been done to determine the effects of various regimens

[13,19,29,30]. Some studies demonstrated that rapamycin might be more beneficial than cyclosporine in the prophylactic treatment for
GvHD, after allo-SCT [30].

Given the results of these studies, there is continuing interest in protocols that are nonmyeloablative and could produce stable mixed

chimerism [12]. The problem to overcome is one of tolerance as there must be a coexistence of both host and donor cells for stable mixed

chimerism to be achieved. While the initial protocols used relatively nonspecific immunosuppressive agents to induce transplantation
tolerance, a recent murine study focused on blocking T-cell activation pathways as a targeted approach for developing donor-specific

tolerance [31]. This study demonstrated that the disruption of the T-cell costimulation signal mediated by the CD28/B7 or CD40/CD40L
pathways (at the time of BMT) could lead to the anergy of donor-reactive host T cells and produce long-term tolerance [31]. This murine-BMT study—that employed nonmyeloablative preconditioning with low-dose busulfan coupled with costimulation blockade of the

CD28/B7 and CD40L pathways—produced long-term, mixed chimerism and robust tolerance to a fully major histocompatibility complex
(MHC)-mismatched allograft in the mouse [31].

The successful use of the costimulation blockade to cross allogeneic barriers suggested the feasibility of clinical application for human

SCD and other nonmalignant hematologic disorders [31]. In a study involving ten adult sickle cell patients, Mathew et al. (2009) utilized

costimulation and a nonmyeloablative conditioning regimen to produce mix chimerism. The conditioning regimen consisted of alemtu-

zumab and a single dose of 300cGy of total body irradiation, plus oral sirolimus (rapamycin), started a day before the transplantation.
Alemtuzumab, an antibody directed against CD52, was used to deplete T cells and B cells, thereby preventing GvHD. The study suggested

that rapamycin is better than cyclosporine in maintaining chimerism in the absence of long-term immunosuppression and in preventing
GvHD [18].
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The first successful bone marrow transplant for sickle cell disease was reported in 1984, establishing the procedure as the only thera-

peutic option for the disease [14]. Until recently, this procedure was not considered for adult patients. Even in children, the widespread
adoption of this treatment option has been slow to develop [18]. There are many impediments to more widespread utilization of bone

marrow transplants in sickle cell patients in general. One of the most significant drawbacks is the risk-benefit factor. Patients with sickle
cell disease are characterized as high-risk if they have had a subclinical stroke, seizure, recurrent severe acute chest syndrome (ACS),

chronic unremitting pain, or early evidence of end-organ damage (such as pulmonary hypertension), which are the screening criteria for
bone marrow transplant [14,18]. These risk factors pose a challenge in determining the appropriate timing of a bone marrow transplant,

given that organ damage can occur at any age, resulting in up to 15% mortality by 18 years of age [2,3]. Another significant limitation is
the lack of compatible donors. Given that only a few sickle cell patients have healthy siblings [18], more studies are urgently needed to
explore the use of unrelated donors.

While published reports are few in number and small in size, they appear to demonstrate curative treatment for adult sickle cell pa-

tients using the reduced-intensity conditioning approach [18]. The use of a nonmyeloablative conditioning regimen and costimulation
before allogeneic stem cell therapy reduces treatment-related toxicity; thus, this approach holds great appeal for the treatment of adult

patients with sickle cell disease [31]. The success of the study involving ten adult sickle cell patients was attributed to the use of rapamycin (sirolimus) to prevent graft-versus-host disease [18]. This finding provides a strong rationale for further development of a reliable

nonmyeloablative stem cell therapy approach that fosters stable mixed chimerism. Also, it suggests a promising role for gene therapy in
sickle cell patients. However, the safety of gene therapy remains a significant challenge.

BMT with HLA-matched sibling donors using RIC is a therapeutic option for patients with SCD. The application of this treatment

modality in adult patients with SCD is still in its infancy. Only one study has been published. Longer follow-up and multicenter clinical
trials are needed to validate the procedure and guide clinicians. A major barrier to multicenter trials appears to be a lack of HLA-matched

sibling donors. Exploration of the use of alternative donors would increase the potential pool of donors and ultimately increase the cure
rate for this disease.
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