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Abstract: Sickle Cell Disease (SCD) is one of the most inherited hematologic diseases affecting humans. Clinically, 
there is a progressive multiorgan failure and increased mortality in severe cases. The highest prevalence is in West 
Africa, India, the Mediterranean region, and Middle East countries. Hydroxyurea was the primary drug available for 
SCD and remains first-line therapy for patients with SCD. Three additional drug therapies, L-glutamine, Voxelotor, and 
Crizanlizumab, have been approved as adjunctive agents. However, none of these treatments are curative. Effective 
cell-based therapies are available, such as red blood cell (RBC) exchange and the only curative therapy is hemato-
poietic stem cell transplantation (HSCT). Gene-editing now shows promise in treating SCD and the β-thalassemias. 
Recent clinical trials have proven that this therapeutic strategy is effective, however costly. Despite the availability 
of safe and effective drug treatments, questions focusing on the overall value of these drugs exist in light of rising 
healthcare costs including hospitalizations and medical interventions. Herein, we report a cost-effective evaluation 
that can guide future efforts in making decisions towards HSCT as cell therapy treatment in SCD patients. 
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Introduction

Sickle Cell Disease (SCD) was identified by 
Herrick in 1910 [1] and then characterized bio-
chemically and molecularly by Ingram in 1958 
[2]. SCD arises as a result of a single missense 
mutation, leading to a replacement of gluta- 
mic acid by valine in the sixth position of the 
β-globin chain of hemoglobin. This swap on the 
protein level, converts HbA into the so-called 
sickle hemoglobin (HbS). In hypoxic conditions, 
HbS normally polymerizes resulting in the for-
mation of deoxygenated hemoglobin fibrils, due 
to hydrophobic interactions between the valin-
es in the adjacent HbS molecules, which in turn 
interact with the cytoskeleton and distort the 
natural biconcave disc shape of the red blood 
cell (RBC) creating the irreversible characteris-
tic sickle or sliver moon-shaped cell. 

Studies on examining DNA variants within the 
β-globin gene have confirmed that the HbS 
mutation occurred independently in several dif-
ferent populations in Central Africa, Central 

West Africa, African West coast, Arabian Pe- 
ninsula and India and the presence of falci-
parum malaria has served as a selective factor 
in increasing its prevalence [3]. This would sug-
gest that there is genetic pressure or genomic 
architecture that supports the single base 
change. Over the generations, the HbS gene 
has been reached high frequencies in regions 
with past or present history of malaria endemic-
ity. However, population migration has played a 
major role in distributing HbS gene even to non-
malaria endemic regions. Worldwide, between 
300,000-400,000 individuals are born annual-
ly with SCD [4]. 

The extent of HbS polymerization is the primary 
determinant of the severity of SCD [5]. Clinically, 
SCD is characterized by two main pathologic 
events: hemolysis and recurrent acute vaso-
occlusive crises (VOC). Over time, individuals 
with this condition experience numerous other 
life-threatening comorbidities throughout their 
lifetimes. Acute comorbidities, which can occur 
at any age, include VOC, stroke, acute chest 
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syndrome (ACS), acute renal failure, priapism, 
splenic sequestration and retinopathy. Chronic 
comorbidities such as skin ulcers, pulmonary 
hypertension, diastolic heart dysfunction, kid-
ney disease, and osteonecrosis increase with 
age [6]. Painful VOC crisis are the most com-
mon manifestation of SCD and remain the most 
common reason for presenting to the emergen-
cy department and hospitalization. VOC has 
previously been described to evolve along four 
distinct phases starting from a low-intensity 
pain and exacerbating with the development of 
worsening symptoms such as chronic disabling 
arthritis due to osteonecrosis affecting the 
joints, progressive retinopathy, chronic renal 
failure, increased risks for strokes, and short-
ened lifespan [7]. Chronic inflammatory pro-
cesses associated with SCD and originated 
from a combination of membrane damage of 
erythrocytes carrying HbS and increased intes-
tinal permeability are the main triggers of VOC 
development and aggression [8]. 

Stroke is the main neurological comorbidity in 
SCD and unfortunately, is one of the few com-
plications seen more often in children than in 
adults [9]. In children with a severe phenotype 
of SCD, ~10% have documented stroke, and 
approximately 20 to 35% have silent cerebral 
infarcts. Parallel studies established that 
approximately 11% of patients with SCD will go 
on to develop a clinically apparent stroke by the 
age of 20 years, and 24% by the age of 45 years 
[10]. Strokes may be complicated by impaired 
cognition and an overall decrease in mental 
acuity. Silent infarcts, which do not manifest 
overtly but can accumulate over time, have 
been shown to cause neurocognitive deficits 
including severe headache, altered mental sta-
tus, slurred speech, seizures, and partial paral-
ysis in cases of overt stroke, in school-aged 
children and adults [10]. Some important ways 
that SCD manifests in the respiratory system 
are ACS, caused by infections and/or a block-
age of blood flow to the chest and resulting in 
lung injury, breathing difficulty, low oxygen to 
the rest of the body. Repeated episodes can 
cause pulmonary arterial hypertension from 
the increased pulmonary vascular resistance 
and diastolic heart dysfunction. ACS is one of 
the most common causes of hospitalization for 
children and adults with SCD and is the root 
cause for more than 25% of premature deaths 
in sickle cell disease [11]. Multiple studies have 

estimated the mortality of the disease and 
found that 50% of patients died before the fifth 
decade, and most of those who died did not 
have overt chronic organ failure but during an 
episode of acute pain, ACS, or stroke [12]. 
Prospective follow-up made it possible to de- 
termine the incidence (approximately 13 per 
100 patient-years), risk factors, presentation, 
and prognosis of the ACS [13]. Patients with 
SCD are at high risk for developing chronic kid-
ney disease during their lifetime. It is possible 
that this progressive loss of kidney function is 
triggered by anemia, hemolysis, inflammation, 
infections and nonsteroidal pain medications. 
Acute kidney injury accounts for between 4% 
and 10% of hospitalized individuals with SCD 
[14]. Acute renal injury frequently co-occurs 
more in patients experiencing ACS (13.6%) th- 
an pain crises (2.3%). Progressive end-organ 
damage to the kidneys may result in adult 
patients becoming dialysis dependent. How- 
ever, renal failure does coincide in approxi-
mately 75% of painful crisis episodes that 
involve multi-organ failure. 

Occlusive events in the liver lead to intrahepat-
ic cholestasis that presents with increased bili-
rubin levels and increased alkaline phospha-
tase, significant jaundice, and an enlarged, 
tender liver upon examination. Priapism is also 
a common complication that occurs amongst 
males, where 35% of all men and boys experi-
ence a painful erection that lasts for more than 
4 hours and remains a major source of distress 
for male patient. Other comorbidities include 
infection and aplastic anemia brought on by 
parvovirus B-19. Ophthalmologic issues such 
as sickle cell retinopathy, can lead to vision 
loss if left uncontrolled in the adult. Leg ulcers 
and avascular necrosis of bone, most com- 
monly in the femoral head and end with the 
need for total hip replacement, may limit SCD 
patients in their social interactions. Unfor- 
tunately, all abovementioned comorbidities, 
may contribute to clinical depression, estimat-
ed to be present in at least 20% of the sickle 
population. Typical ageing disorders further 
complicate the complex disease process and 
with the increase in lifespan of SCD patients, 
there is an increase in comorbidities.

In socio-economical resources-poor countries, 
it is reported that more than 90% of children 
with SCD do not survive to adulthood. However, 
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Table 1. SCD Major complications and manifestations
Main comorbidities of SCD Pathological manifestations
Acute pain and chronic pain syndrome Opioid addiction, negative interference with patients’ daily function, depression and anxiety

Functional asplenia Overwhelming infection

Splenic sequestration Sudden pallor, anemia, abdominal pain and fatigue

Acute chest syndrome (ACS) Fever, pain and tightness in chest, fast breathing, cough and shortness of breath

Right upper quadrant syndrome Acute right upper quadrant pain, nausea, fever, tender hepatomegaly and jaundice

Cerebrovascular disease and stroke Severe cerebral damage, weakness and paralysis

Neurocognitive deficits Lower intelligence, visuo-motor impairments, executive dysfunction and memory dysfunction

Retinopathy Vision loss and blindness

Priapism Irreversible erectile dysfunction, Peyronie’s disease and mental morbidity

Chronic lung disease Cyanosis, palpitations, dyspnea, edema, syncope, fatigue, chest pressure and pain 

Chronic kidney disease Anemia, hematuria, impaired urinary concentration, albuminuria, glomerular damage and end-stage 
renal disease

Pulmonary hypertension Right-sided heart failure, chest pain and dyspnea

Skin ulcers Chronic wounds, thrombosis, gangrene and amputation

Osteonecrosis Fractures, Limited range of motion, limping and severe arthritis

in high-income industrialized countries, the cur-
rent life expectancy for people living with SCD, 
is about 40-60 years. Indeed, SCD is consid-
ered a public health problem with a high preva-
lence among people who in many cases make 
up the poorest groups in society and have less 
access to health. Low socioeconomic and edu-
cational levels directly affect the quality of life 
of patients with SCD. Emphasis must be placed 
on implementing clinical and social strategies 
that specify early diagnosis, ongoing monitor-
ing, and disease-specific therapies, by country. 
Furthermore, there is need to establish, clinical 
and socio-economic indicators that especially 
enhance the development of targeted treat-
ment programs for patients with SCD in their 
resident region.

This review outlines the current availability of 
U.S. Food and Drug Administration (FDA)-
approved drugs and curative cell therapies, 
aims to provide further information that would 
help to evaluate the cost of SCD treatments 
and clarifies the potential cost effectiveness 
evaluation among these treatments in making 
decisions towards hematopoietic stem cell 
transplant (HSCT) as cell therapy treatment in 
SCD patients. 

SCD treatment

Comorbidities and premature death are well 
documented in persons with SCD and summa-
rized in Table 1. Treatment goals at most hospi-
tals are driven by the management of the acute 
complications due to a VOC event. However, 
treatment is most often dictated by the country 

where the patient resides, where those in 
wealthy countries are provided curative thera-
pies and those in less-wealthy countries being 
restricted to symptom management rather 
than curative therapy [15]. 

To select targeted therapies for SCD, different 
international societies have provided evidence-
based recommendations by using the Grading 
of Recommendations Assessment, Develop- 
ment, and Evaluation (GRADE) approach. For 
instance, the American Society of Hematology 
(ASH) stated that the decision-making on spe-
cific treatment programs should be individual-
ized case-by-case. Moreover, while the preop-
erative transfusions are based on genotype, 
total baseline hemoglobin, risks of surgery, 
complications with prior transfusions, and dis-
ease severity, other treatments such as RBC 
exchange are considered depending on the 
clinical indication, patient age, baseline and 
target HbS hemoglobin, venous access prefer-
ences (particularly if central access is requir- 
ed), iron overload and iron chelation status, 
and availability of compatible red cells [16]. In 
the case of patients with recurrent episodes of 
ACS, frequent pain, or other complications (e.g., 
overt stroke), ASH suggests HLA-matched relat-
ed HSCT rather than the standard of care (HU/
transfusion) [17]. 

Drug therapy for the management of SCD

Despite an improved understanding of the 
pathophysiology of SCD, available drug treat-
ments remain limited (Table 2). Hydroxyurea 
(HU) remained the only FDA-approved therapy 
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Table 2. FDA-approved Drug for the management of SCD
FDA-approved drug 
(FDA-approval date) In vivo Mechanism of action Treatment-related Benefits Treatment-Related Adverse Events General features

Hydroxyurea (1998) HbF induction
↓WBC and platelets
↓LDH and bilirubin levels
↓surface expression of adhesion receptors
↑NO synthesis

↓Painful acute VOC events
↓Inflammation
↓Hemolysis
↓Mortality Ameliorates anemia
Preserves splenic function
Maintains excellent growth development 
and sexual maturation
Prevents chronic organ dysfunction

Headache
Gastrointestinal symptoms including  
Abdominal discomfort and nausea
Anorexia
Skin hyperpigmentation
Neutropenia
Reticulocytopenia

Single-agent 
inexpensive orally 
administered  
once-daily dosing 

L-glutamine (2017) ↑NAD redox potential in sickle red blood 
cells through increasing the availability of 
reduced glutathione
↓ROS and oxidative damage in sickle red 
blood cells
↑NO synthesis

↓Chronic pain
↑Time to pain crisis
↓Daily narcotic use 
↓Episodes of acute chest syndrome

Headache
Nausea
Constipation
Loss of taste
Chest and musculoskeletal pain Fatigue
Cough 
Rare renal and hepatic impairment

Single-agent
orally administered
twice-daily dosing

Crizanlizumab (2019) P-selectin inhibitor, 
Blocks adhesion of neutrophils, activated 
platelets and sickle red blood cells to the 
endothelial surface of the blood vessels

↓VOC rate episodes Nausea
Arthralgia
Back pain
Fever
Pruritus (pruritus and vulvovaginal pruritus)
Pain in the extremity

Monthly intravenous 
infusion

Voxelotor (2019) ↑Hemoglobin’s affinity for oxygen
↓HbS polymerization

↓Hemolysis
↓Anemia
Improves red blood cell deformability
↓Whole blood viscosity

Headache
Gastrointestinal symptoms
Arthralgia
Fatigue
Skin rash
Fever

Orally administered 
once-daily dosing
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Figure 1. Possible molecular approaches for drug therapy.

for SCD for decades. HU has shown to increase 
the levels of fetal hemoglobin (HbF), and modi-
fy the severity of SCD. This can be an effective 
strategy as long as the levels of gamma globin 
are within a range that no longer presents a 
possibility of sickling due to polymerization of 
the mutant globin [18]. Till date, HU appears to 
be the best available therapeutic agent, for chil-
dren and adults with SCD, due to its ease of 
oral administration, safety profile, in vivo effi-
cacy for increasing percentage HbF and de- 
creasing blood viscosity and proven clinical  
efficacy for preventing VOC events, anemia, 
hemolysis and chronic organ dysfunction. How- 
ever, over the past five years, there has been 
progress in the development of drug therapies 
with recent approvals of L-glutamine in 2017 
[19], Crizanlizumab, and Voxelotor, both in 
2019, by the FDA. L-glutamine, an amino acid, 
was shown to reduce oxidative stress of red 
blood cells, thus reducing endothelial adhesion 
and subsequently the number of pain crises. 
Crizanlizumab, a P-selectin inhibitor reduces 
adhesion between the endothelium and endo-
thelial cells, platelets, sickled red blood cells, 
and leukocytes resulting in decreasing the 
grade of inflammation. Finally, Voxelotor pre-
vents HbS polymerization by increasing hemo-
globin’s levels and affinity for oxygen and reduc-
ing therefore markers of hemolysis [20]. Based 
on current knowledge of SCD pathophysiology, 
there are multiple possible molecular approach-
es to treat the disease and its comorbidities 
(Figure 1). Pharmaceutical and clinical research 

studies aiming to discover novel drugs and their 
effect in improving outcomes in SCD are need-
ed [21]. 

Cell therapy for the management of SCD 

Parallel to the new medications being devel-
oped, no single pharmacologic therapy has pro-
vided a complete suppress of the adverse out-
comes of SCD. However, therapeutic approa- 
ches involving “cell” and/or “stem cell” poten-
tial are well studied and reported as curative 
therapies in SCD (Table 3). While these cell 
treatments are considered as optimal thera-
peutic applications, they remain subject to con-
siderable technological and regulatory chal-
lenges and are likely to be costly. 

RBC exchange is a standard common practice 
for treating SCD-related complications, where 
RBCs from a healthy matched donor are in- 
fused while the patient’s RBCs are simultane-
ously removed. This provides both an oxygen 
carrying capacity and removal of cells able to 
initiate an occlusive event thereby decreasing 
the likelihood of sickling and VOCs. An RBC 
exchange is preferred to a simple RBC transfu-
sion to minimize the clinical complications of 
the increased viscosity of just adding more 
RBCs [22]. Repeated RBC exchange leads to 
sensitization of the patient to non-ABO anti-
gens present on RBC so care in matching is key 
to long-term use of this option. Minimization of 
RBC donors for individual patients is an effec-
tive strategy often employed [23].



Treatment of sickle cell disease

66	 Am J Blood Res 2023;13(2):61-70

Table 3. Cell therapy for the management of SCD
Cell therapies in SCD In vivo Mechanism of Action Cell Therapy Related - Benefits Cell Therapy Related-Limitations
RBC exchange ↓HbS concentration and blood 

viscosity 
↓the burden of sickled cells 

Prevents or mitigates neurological disease and 
the associated comorbidities

Alloimmunization by repeated RBC transfusion
Risk of iron overload

Allogeneic HSCT HLA-matched 
sibling donor 
transplant 

Restores normal hematopoiesis Mitigates progressive organ dysfunction 
97% Overall survival in
10-15 year follow-up
Lower rates of healthcare utilization

Limitation of suitable donor 
Conditioning regimens dependence
Patient with end-organ damage usually excluded
Transplantation related toxicity

HLA-matched 
unrelated donor

Restores normal hematopoiesis Mitigates progressive organ dysfunction
Lower rates of healthcare utilization

Lack of comprehensive donor registries
Time for search process, coordination of donor 
High rates of graft rejection 
Conditioning regimen-dependence
Outcomes related to age of donor and recipient
Transplantation related toxicity

Haploidentical 
donor

Myeloablative conditioning regimens 
required 

Larger donor pool
Available to most patients
Improvement in the intensity of the conditioning 
regimens 
↓Transplantation-related toxicity and graft failure 

High rates of graft rejection 
Follow up less than 5 years

Autologous  
Hematopoietic Stem 
Cell gene-based 
therapy

Gene addition CD34+ HSCs are genetically modi-
fied by adding a therapeutic β-globin 
gene with lentiviral transduction

Robust β-globin expression in erythroid cells Toxicity of conditioning
Risk of insertional oncogenesis and long-term 
high-level expression
Reduces CD34+ HSCs engraftment ability
Transplantation related - toxicity:

Gene editing CD34+ HSCs are genetically modi-
fied by CRISPR - based editing of a 
repressor protein 

HbF induction
Avoiding insertional mutagenesis

Minimal transplantation related - toxicity
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HSCT to replace the source of defective RBCs 
with marrow from a healthy donor is now a com-
mon therapy. The risks associated with this 
therapy are those that are associated with 
other allogenic transplants. The mortality of 
transplants is decreasing as new studies of 
graft failure, graft versus host disease (GvHD), 
and cohorts of transplants are performed by 
age of the recipient. New strategies for immu-
nosuppressive therapy and increased options 
to manage GvHD are reducing the morbidity 
and mortality. Current improvements in allo-
genic transplant with the introduction of engi-
neered grafts where the α/β T-cell fraction is 
depleted are proving to be much less toxic.  
The mortality reduction following HSCT also 
includes recent advances in immunosuppres-
sive therapy and supportive care. The long-term 
survival of β-thalassemia patients that have 
undergone a HSCT was shown to be greater 
than 90% [24], and this has illuminated the util-
ity and safety of this therapy for SCD. Clinical 
trials that were conducted in children with SCD 
in Europe and the US showed greater than 90% 
long-term survival [25]. A major limitation in the 
use of HSCT for the treatment of SCD is the fact 
that a matched sibling donor is available to less 
than 15% of patients who are otherwise suit-
able candidates for transplantation [26]. In an 
effort to increase the availability of sources of 
hematopoietic stem cells for transplantation, 
clinical trials are being conducted to evaluate 
cord blood transplantation in the treatment of 
SCD [9]. To date, very few transplantation pro-
cedures have been performed in adults with 
SCD because of concerns that the morbidity 
and mortality of HSCT is significantly higher in 
adults than in children. The use of nonmyeloab-
lative regimens prior to HSCT in an effort to 
reduce morbidity and mortality have been 
associated with a very high graft rejection rate 
[27]. Currently, HSCT is the only approved cura-
tive therapy for SCD, and the major challenge is 
to make it more widely available to patients 
with a severe disease phenotype. A major limi-
tation to the use of this therapy is the availabil-
ity of HLA-matched siblings to be donors. The 
use of unrelated donors with a matched HLA is 
much less common, primarily due to the risk of 
GvHD as high as 19% in the first 100 days for 
acute GvHD and 29% over 3 years for chronic 
GvHD [28]. Haploidentical donors, where the 
donor is a parent or sibling are also an alterna-
tive approach that has a high graft survival rate 

and a decreased risk of GvHD, when the graft is 
manipulated to remove the α/β T-cells. Several 
recent studies have shown that the age or 
recipient, at transplant, is a significant varia- 
ble in successful engraftment while minimizing 
complications from GvHD the risks decrease 
when the patient is less than 13 years old [28].

Gene editing therapy has now been used in a 
few clinical trials with good results. Correcting 
the defect in the β-globin gene using gene edit-
ing technologies such as CRISPR has now been 
used [29]. In this scenario, the bone marrow 
stem cells from the patient are treated in the 
laboratory with a gene editing method that cor-
rects the single base defect and restores a 
functional β-globin gene. The cells are then 
infused back into the patient where they re- 
populate the marrow and produce “normal” 
β-globin. Ensuring that the only change made 
within the genome of the cells is critical to the 
success of this treatment, ensuring that no 
other problems are inadvertently introduced 
with the correction of the β-globin gene. As the 
editing technology becomes better and meth-
ods are in place to ensure there are no off-tar-
get effects this will become more widely used.

Gene silencing is also now used to treat SCD. 
The BCL11A gene encodes a protein that is 
responsible for the down-regulation of the 
γ-globin genes shortly after birth and is respon-
sible for the fetal to adult switch of the hemo-
globin gene. The treatment uses a short hairpin 
RNA to silence the BCL11A gene, removing the 
negative regulation and resulting in an increase 
in the γ-globin transcription. In a phase 1 study 
of six patients, bone marrow stem cells (CD34+) 
were modified with a lentivirus that carried the 
BCL11A silencing short hairpin RNA. In this 
small study all six patients showed increased 
HbF expression (58.9 to 93.6%) at a median 
follow-up of 18 months [30]. Patients reported 
no VOC events and other complications related 
to SCD were reduced in all subjects.

In a first-in-human study, Crispr/Cas9 editing 
was used to silence the BCL11A gene in two 
patients with β-thalassemia and sickle cell dis-
ease each [31]. Therefore, autologous CD34+ 
stem cells were edited by electroporation with 
no evidence of off-target editing. After myeloab-
lation, the patients received the edited CD34+ 
stem cells. After more than one year, both pa- 
tients had high levels of allelic editing in bone 
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Cas9 gene editing of autologous CD34+ stem 
cells has now been shown to be an attractive 
alternative, however the associated cost is pro-
hibitive for most individuals within the affected 
geographic regions. Gene therapy, for older 
patients with SCD, in whom allogeneic trans-
plantation has a high transplant-related mor-
bidity and mortality now have a low risk alterna-
tive to HSCT. The clinical trials supporting gene 
editing therapy show promising results, howev-
er the number of subjects in these trials re- 
mains small, long-term follow-up is needed. 
Both HSCT and gene editing fix the stem cell 
compartment but do not address the problem 
associated with genetic transmission. Aware- 
ness, screening and education are still the 
most cost effective tools to reduce the overall 
burden of SCD.
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