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Introduction

A series of inherited red blood cell (RBC) disorders known as
sickle cell disease (SCD) is a structural abnormality of
hemoglobin leading to the characteristic shape—“the sickle.”
Herrick JB first described the medical condition in 1910 as
peculiar elongated and sickle-shaped.1 SCD occurs most
frequently among people in Sub-Saharan Africa, and less
regularly in regions of the Middle East, the Indian subconti-
nent, Mediterranean regions, and people of African origin.
Globally, over 300,000 children are annually born with this
disease with approximately 150,000 deaths per year; as a
result, it has been identified as a worldwide health issue.2

The average lifespan eagerness of individuals with SCD is
reported to be 40 to 50 years, which is often shorter for
persons with homozygous HbS or HbS/β0 than for persons
with compound heterozygous.3

The sickle hemoglobin, under normal conditions, com-
bines with oxygen or carbon dioxide forming a biconcave
shape termed premeniscocytes, which cannot be differenti-

ated from the healthy RBCs.4 Premeniscocytes have random-
ly distributed hemoglobin and are as flexible as healthy cells.
However, when the oxygen or carbon dioxide is removed,
hemoglobin is transformed into an uncombined state, and
the premeniscocyte undergoes sickling. Ingram established
the genetic basis of the condition in 1958 and showed that
the change from glutamic acid (GAG) to valine (GTG) at
position six of the hemoglobin–globin chain is what causes
the disease.5 The amino acid substitution results from the
point mutation of the hemoglobin molecule. SCD can occur
when one inherits homozygous HbS (HbSS) or compound
heterozygous with b-thalassemia mutations (HbS/β0-thal-
assemia and HbS/βþ -thalassemia, and other structural
β-globin variants such as HbC-African Americans, HbD-In-
dian/Pakistan, HbE-Asian, HbO-Arab).

Persons with SCD may suffer from acute or chronic
complications. Severe complications of SCD include but are
not limited to acute chest syndrome (ACS), hepatic and
splenic sequestration, painful episodes, and stroke. The
disease may also lead to life-threatening chronic
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Abstract Treatment of sickle cell disease (SCD) remains largely palliative. While it can enhance
living standards, persons having SCD still suffer from extreme sickling crises, end-organ
destruction, and reduced life expectancy. Increasing research has resulted in the
recognition and advancement of stem cell transplantation and gene therapy as possible
solutions for SCDs. However, there have been various factors that have hindered their
clinical application. The more advantageous of the two, stem cell transplantation, is
constrained by a small donor pool, transplant difficulties, and eligibility requirements.
The current article reviewed the literature on SCDs, current treatment options, and
more particularly the progress of stem cell transplants. It outlined various challenges of
stem cell transplant and proposed ways to increase the donor pool using alternative
strategies and modifications of regimen conditioning with minimal transplant-related
toxicities and associated complications.
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complications such as osteomyelitis, and damage or injury to
the liver, lungs, kidney, brain, eyes, and heart. The current
disorder-altering strategies of SCD that cure and manage
these problems include crizanlizumab, hydroxyurea (HU), L-
glutamine, RBC transfusion, and voxelotor. However, the only
promising cure, to date, remains an allogeneic hematopoietic
stem cell transplant which has shown excellent potential
recently.6–8 Gene therapy is also a potential therapeutic
strategy currently under investigation. In this article, we
outlined the advances and constraints of hematopoietic stem
cell immigration as a remedy for SCD. The article also
highlighted strategies to improve the procedure through
regimen modification to reduce transplant-related toxicities
and associated complications based on meticulous consider-
ations of current research outcomes.

Pathophysiology of Sickle Cell Disease in
Brief

SCD has a complicated pathway of contributory pathologies,
and although polymerization of sickle cells is central in vaso-
occlusive crises, the hypothesis that it is solely responsible
for vascular obstruction and sickle cell-related painful crises
is no longer valid. In a lowcondition of oxygen concentration,
intracellular hemoglobin becomes insoluble and polymer-
izes into tubulin fibers producing the sickling shape.9 The
inflexible and rigid cells aggregate and block tissue-depriv-
ing cells of blood flow and oxygen, leading to ischemic
damage or tissue necrosis.

Sickle cells’ reduced antioxidant capability, mediated by
faulty intracellular signaling pathways, insufficient nitric
oxide (NO), and adenosine triphosphate, may result in oxi-
dative damage. The highly reactive oxygen species may
damage cellular membrane proteins and cause hemolysis.
The abnormal membrane proteins at the cell surface con-
tribute to contact among sickle cells and normal RBCs, and
other blood cells. The release of hemoglobin into plasma
traps NO and adversely lowers NO content since arginase-1
activity, responsible for NO production, is lower in sickle
cells. The lower NO concentration causes vasoconstriction of
the vessels contributing to ACS, cardiac ischemia, and stroke.

Additionally, sickle cells have dysregulated microRNAs,
which suppress crucial RNA molecules, contributing to de-
fective erythropoiesis. Adhesive receptors such as RBC inter-
cellular adhesion molecule-4 and basal cell adhesion
molecule may become abnormally activated as a result of
the process. These surface molecules operate as a bridge
connecting sickle cell and endothelium, leukocytes, and
platelets. Other adhesive proteins such as mitogen-activated
protein kinase ERK 1/2, E, and P selectin are upregulated in
SCD and contribute to disease pathology and severity.10

Aside from the interaction between sickle cells and leu-
kocytes and platelets caused by adhesive proteins on sickle
cells, interleukin (IL)-4, IL-10, macrophage inflammatory
protein (MIP-1α), and tumor necrosis factor-α are all exam-
ples of inflammatory cytokines, increased in SCD resulting in
the extreme inflammation and painful episodes associated
with the disease.11,12

As a result of the multiple contributory pathways of the
disease pathology, it is challenging to strategize therapy that
can address all the mechanisms and pathways. There have
been short-term and long-term treatment therapies that
address specific path(s) of the disease pathology. Curative
strategies have also been postulated. However, there are
adverse limitations to such procedures, and detailed studies
ought to be performed.

Current Treatment Options

The majority of SCD therapies are still mainly available for
palliative andwhile theymay improve quality of life, persons
with SCD may still suffer from extreme sickling crises, end-
organ damage/injury, and reduced life expectancy. Current
therapies for SCD include fetal hemoglobin-inducing agent-
HU, RBC transfusion, L-glutamine, antiadhesive agentcrizan-
lizumab, and hemoglobin oxygen-affinity modulator voxe-
lotor. Crizanlizumab and voxelotor were granted accelerated
approval based on their effect on a surrogate endpoint;
therefore, further research and trials are required to verify
and establish their clinical benefits.

Hydroxyurea
HU, also certain hydroxycarbamide, is an antineoplastic oral
drug used to treat chronic myelogenous leukemia, melano-
ma, and inoperable ovarian cancer. Dresler and Stein 13 first
created the chemical compound in 1869, and the United
States Food andDrug Authority (USFDA) officially recognized
it as an anticancer agent in 1967. The drug received approval
from the FDA for use in treating adults with SCD in 1998
based on the evidence of HU-inducing HbF in the mid-
1980s.14,15 Various studies have supported the drug’s effect
on reducing acute painful episodes and ACS and inducing
HbF.16

Although HU is widely believed to induce HbF synthesis,
the mechanism of action for HbF induction remains not
completely established. However, the well-established
mechanism of action of HU as an HbF inducer is the blockage
of synthesis of deoxyribonucleotides, DNA synthesis, and
repair through reversible inhibition of ribonucleotide reduc-
tase.17 The inhibition of ribonucleotide reductase in the S-
phase, where DNA synthesis is highly expressed, leads to the
transitory arrest of erythropoiesis. The recovery from the
arrested state leads to stress erythropoiesis consisting of
erythropoietin induction and enlistment of early erythroid
progenitors that maintain their HbF-producing ability,
resulting in mature erythrocytes with actively expressing
g-gene.18 The erythroid stress-related HbF expression may
happen because of the alteration in the erythroid environ-
ment such as a change in erythropoietic kinetics, signal
transduction, or others.

L-Glutamine
The USFDA 2017 announced the commercial availability of L-
glutamine (under the brand “Endari”) as the second drug for
the treatment of SCD.19 The syntheses of glutathione, nico-
tinamide adenine dinucleotide, and arginine all begin with
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glutamine, compounds central to the protection of RBCs
against oxidative stress or damage and maintenance of
normal vascular tone.20 L-Glutamine is absorbed and me-
tabolized by sickle RBCs at a higher rate that exceeds the
amount the body produces. The mechanistic use of the drug
is to supplement the low L-glutamine levels caused by the
decreased redox potential of sickle RBCs which may lead to
oxidative stress or damage to the cell. By increasing naturally
occurring redox agents like nicotinamide adenine dinucleo-
tide and nicotinamide adenine dinucleotide hydrogenase,
supplementing the low levels of L-glutamine prevents oxi-
dative stress. By neutralizing the oxidative stress in sickle
RBCs andmaking the cellsflexible to deliver oxygen through-
out the body, L-glutamine has been demonstrated to drasti-
cally reduce the frequency of vaso-occlusive episodes and
incidence of ACSwith negligible adverse effects. In addition,
L-glutamine acts as an antioxidant to protect RBC protein
and lipids against oxidation, RBCs fragility, and phosphati-
dylserine exposure.21

Crizanlizumab
On November 15, 2019, crizanlizumabwas also approved for
treating SCD after several reports of a medication that
reduces the incidence of vaso-occlusive crises in adults and
adolescents 16 years old with SCD.22 A humanized monoclo-
nal antibody called crizanlizumab binds to P-selectin, which
is expressed on the surface of platelets and endothelial
cells.23,24 These cells express P-selectin during activation
processes like inflammation.25,26 This starts the leukocytes’
adhesion to the endothelium through the leukocytes’ P-
selectin glycoprotein ligand 1 (PSGL-1). Activated platelets
may also bind to PSGL-1 on the surface of leukocytes. Normal
RBCs do not express PSGL-1 on their surfaces. Sickle RBCs are,
on the other hand, known to possess surface glycoproteins
like PSGL-1 which adheres to activated endothelium, form-
ing an aggregate that obstructs the vasculature, tissue ische-
mia, and vaso-occlusion.27 Crizanlizumab, an anti-P-selectin
monoclonal antibody, inhibits the binding of PSGL-1, thereby
preventing interactions with leukocytes and sickle cells.
Inhibition of these interactions also eliminates subsequent
local hypoxia thatmay cause a rise in P-selectin expression in
the endothelium, HbS polymerization, and severe vaso-oc-
clusive crises.

Voxelotor
Based on the evidence of boosting Hb, the USFDA also
granted accelerated approval to voxelotor, a Hb oxygen-
affinity modulator, on November 19, 2019. The compound
inhibits HbS polymerization and the sickling of HbS-
containing RBCs. The mechanism of voxelotor in reducing
the sickling of RBC is through increasing the proportions
of oxygenated HbS in SCD patients. Oxygenated HbS has
a biconcave shape like normal Hb, and is flexible
and randomly distributed, thereby preventing vaso-
occlusion. The drug safety reported by Hutchaleelaha
et al was high with over 30% of cases of vomiting and
nausea, 50% with diarrhea, and others with gastroenteritis
and headache.28

RBC Transfusion
About 90% of adults with SCDmust have received at least one
RBC transfusion making blood transfusion a mainstay of
treatment for SCD along with HU.29 RBC transfusion can be
given to treat complications of sickle cell or as an intermit-
tent preventive treatment to protect against complica-
tions.30 Blood transfusion is, in some cases, given to treat
stroke in children with abnormal transcranial Doppler.31

Transfusion increases the oxygen capacity of the blood,
especially in people with anemic sexually transmitted dis-
eases (SCDs), and reduces the complications of vaso-occlu-
sion. People with severe anemia usually require a simple
transfusion in which normal blood cells are given without
the removal of one’s blood. However, with mild anemia,
exchange transfusion may be necessary to lower the concen-
tration of HbS through dilution. RBC transfusion may follow
either a restriction policywhere a simple transfusion is given
to reach a prespecified Hb target or a liberal policy in which
transfusion reduces HbS percentage below a preselected
threshold.32 Although there are risks associated with RBC
transfusion, including the transmission of transfusion-asso-
ciated infections, alloimmunization, iron overload, acute or
delayed hemolytic transfusion, and more difficult compati-
bility testing, it has generally improved the quality of life for
people with SCD. Therefore, the benefits and risks must be
assessed before transfusion.

Hematopoietic Stem Cell Transplantation
Although advances have been achieved in treatment to
control complications and crises of SCD, the safety and
accessibility of these drugs have always been a universal
issue. To date, hematopoietic stem cell transplantation
(HSCT) or bone marrow transplantation remains the only
cure for SCD with gene therapy also considered a promising
strategy. Considering how skeptical most health care pro-
fessionals and SCD patients are about current treatments,
curative therapy should have been an accomplished discov-
ery. However, HSCT with its several concerns including the
selection of patients (end-organ injury, disease severity, and
age), risk of short-term toxicity, long-term adverse effects
(graft-vs-host disease [GVHD], sterility), graft failure, selec-
tion of conditioning regimen, and availability of suitable
donor has limited its prospects. This article focuses on
current advances made in HSCT, especially to overcome
such limitations, recent challenges, and the way forward.

Several factors may be considered in the selection of
patients for HSCT. The eligibility for HSCT, in contrast, is
based on individual benefits-and-risks analysis. The proce-
dure is only recommended for patients for whom a compati-
ble donor is available, and the advantages of recovery exceed
the dangers of transplant-associated complications. Age and
suitable donors are the most significant factors in the
mortality and success of HSCT. Studies show that pediatric
persons with human leukocyte antigen (HLA)-matched sib-
lingdonors using amyeloablative conditioning regimen is, by
far, the most successful transplant.33 A global study of HLA-
identical sibling HSCT revealed 5-year overall survival (OS)
rates of 95 and 81% for patients under the age of 16 and those
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whowere 16 years old, respectively. Event-free survival (EFS)
rates were correspondingly 93 and 81%. The hazard ratio for
treatment failure (graft rejection or death) increased by 9%
with each additional year of age, and the hazard ratio for
acute GVHD increased by 4% with each additional
year.34 ►Table 1 enlists the major ongoing and recently
completed clinical trials for SCDs.

Selection of Conditioning Regimen

Myeloablative regimen, the standard conditioning for HSCT,
has been associated with transplant-related toxicities, veno-
occlusive disease of the liver, hemorrhage, secondary malig-
nancy, graft failure, and sterility.35–37Attempts in preventing
these adverse effects mostly seen in adults have resulted in
newer regimens such as nonmyeloablative and reduced-
intensity conditioning regimens. HSCT using these
approaches is aimed at producing mixed chimerism for
stable disease control. However, an engraftment threshold
that allows the improvement of the disease remains contro-
versial. Previous studies have also heavily associated these
approaches with a greater engraftment dropout rate, a
higher frequency of GVHD, and prolonged immunosuppres-
sion which put patients at risk of infections.38 A study that
has been replicated in other studies prompted the use of an
alemtuzumab nonmyeloablative regimen using HLA-
matched sibling HSCT with no GVHD or transplant-related
mortality and an EFS rate of 90%.39,40

Matched Unrelated Donor
With the chances of an individual finding a matched sibling
donor within the 16 to 20% range, efforts have been made to
increase the number of transplant donors available to most
SCD individuals. Advances in HSCT have led to the use of
matched unrelated, cord blood, and haploidentical donors. A
study using a reduced intensity conditioning regimen in-
cluding alemtuzumab, fludarabine, and melphalan reported
a 10% graft rejection, 76 and 69% incidence of 1- and 2-year
EFS, respectively, and corresponding 86 and 79% rates of OS,
using a matched unrelated donor. The rate of acute GvHD on
day 100 was 28% and that of chronic GVHD was 62% in the
first year. Severe GvHD-related death was also reported in
the second year.41

In 2019, a prospective study on adolescents and young
adults, 17 to 36 years, was conducted using a reduced-
intensity regimen with both HLA-identical sibling donors

and HLA-allele-matched unrelated donors. The progress and
success of unrelated transplantswere still very low. One-year
OS rates for sibling and unrelated transplants were 94 and
80%, respectively, and the corresponding EFS values were of
94 and 60%.42

Cord Blood Donor
The use of unrelated cord blood for the treatment of SCD is
currently discouraged due to the high rate of graft rejection,
GVHD, and posttransplant infections. A study conducted by
Kamani and colleagues in 2012 using reduced-intensity
conditioning with alemtuzumab, fludarabine, and melpha-
lan resulted in a 1-year EFS of 37.5%, acute GVHD of 25%, and
chronic extensive GVHD of 12.5%.43 Despite EFS not meeting
the prespecified target, the reduced-intensity conditioning
used in the study was reported to have a positive safety
profile and therefore new approaches with improved en-
graftment can be adopted for unrelated cord transplants in
persons with severe SCD.

A more recent study tested the previous reduced-intensi-
ty conditioning regimenwith thiotepa in nine children to see
the effect on engraftment. The findings showed increasing
engraftment with 1-year EFS and OS rates of 78 and 100%,
respectively, but the incidence of acute GVHD and viral
infections of 44 and 78% were still very high.44,45

Contrary to unrelated cord blood, transplanting related
cord blood has had excellent results in SCD. According to
reports, the 6-year EFS and OS for SCD patients who received
HLA-identical sibling cord blood were 90 and 97%, respec-
tively. Graft failurewas noted in 10.4% of patients, with acute
GVHD occurring in 11% of the 96 patients and no incidence of
chronic severeGVHD.46Aside from the difficulty in obtaining
HLA-identical related cord blood for the majority of SCD
patients, there have been reports of significant delay in the
time of engraftment for neutrophils and platelets, which
place SCD patients at increased risk of viral infection.47

Haploidentical Donor
With continuous efforts to expand the HSCT donor pool,
haploidentical transplants, which use half-matched donors,
have seen major improvements in the conditioning regimen
with promising outcomes. Haploidentical transplants have
previously been associated with high transplant morbidity,
graft failure, and extensive GVHD. Also, the transplant pro-
cedure of haploidentical cells has itself been reported to
cause a decline in cardiac, pulmonary, and renal functions.

Table 1 Listing some major ongoing and recently completed hematopoietic stem cell transplantation clinical trials in sickle cell
disease

Recruitment status Study type Allocation Clinical phase Clinical trial identifier

Not yet recruiting Interventional Randomized Phase 3 NCT05392894

Not yet recruiting Interventional Nonrandomized Phase 3 NCT04046705

Completed Interventional N/A Phase 3 NCT01877837

Completed Interventional Nonrandomized Phase 3 NCT00176852

Recruiting Interventional N/A Phase 3 NCT04293185
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Haploidentical transplant uses half-matched donor cells or
one HLA-matched haplotype, making donors easily
accessible.48

For patients with significant organ damage, an alemtu-
zumab nonmyeloablative regimen with and without post-
transplant cyclophosphamide was utilized to create a secure
HLA-haploidentical peripheral blood stem cell transplant
strategy.49,50 The conditioning regimen without cyclophos-
phamide had all patients rejecting graft after 7 months of
transplantation. In patients that received cyclophosphamide,
graft failure decreased significantly to 50%, and acute and
chronic GVHD was diagnosed in 16%. Two of the 21 patients
died from congestive heart failure, infections, and pulmo-
nary hypertension. In a similar study with a thiotepa-aug-
mented nonmyeloablative regimen, 93% stable engraftment
and 100% OS were achieved after 6 months. Five of the 15
patients that received cyclophosphamide developed acute
GVHD and 6 patients had chronic GVHD. Other complica-
tions reported in the study were mainly asymptomatic viral
infection, occurring in nine patients, and one case each of
typhlitis, gastritis, and gastrointestinal bleeding.51–53

A recent study by Foell et al, using CD3/CD19 and ab /CD19
T cell-depleted haploidentical cells achieved 100% primary
engraftment.54 The recorded rates of EFS and OS were 100
and 88%, respectively, where all individuals who survive are
devoid of SCD-related morbidity and comorbidities. The
incidence of GVHD was considerably high with 28 and 16%
developing acute GVHD and chronic GVHD, respectively.
Viral reactivation was reported in 52%, and 4% each with
macrophage activation syndrome and veno-occlusive dis-
ease of the liver.55

Challenges of the Transplantation Therapy
at Present

The medical industry is expanding rapidly, with fresh con-
cepts for ensuring safety and simplifying difficult procedures
such as HSCT treatment, which has a crucial function in
developing drugs and bioscience exploration and is antici-
pated to enhance significantly.56 Even though clinical and
preclinical investigations have affirmed the efficacy of HSCT
in the treatment of SCDs, there remain a few drawbacks and
possible adverse reactions, such as a vast stem cell
manufacturing, prospective allograft denial of cells, threat
of cell tumorigenesis, grafting or survivorship effectiveness
of cell transplantation, obstacles with the route of adminis-
tration, and targeting issues. Many of these factors hinder
HSCTs’ quick clinical translation and use.57 GVHD is the
major immunological obstacle to allogeneic HSCT effective-
ness. With a mortality rate of over 20%, GVHD is the second
largest fatality cause in allogeneic HSCT patients, after only
primary illness mortality. Acute GVHD affects 20 to 70% of
patients, while persistent GVHD, the leading cause of mor-
bidity following allogeneic HSCT, can impact more than 50%
of patients. The transfer of alloreactive donor T cells inside
the stem cell transplant causes both acute and chronic GVHD,
although their etiology and clinical characteristics are
unique.58

Further obstacles in obtaining HSCT include the slow
aging of culture cells, repetitive cell extraction and infusion,
expense, safety, and ethical concerns. Next, the acquired
exogenous stem cells should be allogeneic; immunological
rejection following cell transplantation is a possible barrier
in the use of HSCTs.59,60 Allogeneic stem cells, like any other
tissue or organ transplant, might be denied by the host
immune system. The primary cause of this is that the trans-
planted tissue does not match the host’s HLA. Normally, host
T lymphocytes identify MHC class 1-protein antigens on
other cells; if they do not match, the immune system is
triggered, and the transplanted cells are attacked.61,62 Addi-
tionally, the possible tumorigenicity of transplanted foreign
stem cells is the most obvious issue with cell therapy. When
put into a live host, stem cells, particularly embryonic stem
(ES) cells or induced pluripotent stem (iPS) cells, can create
teratomas or malignant tumors.63,64 According to research,
iPS cells produced from B6 mouse embryonic fibroblasts
endure immunological rejection and develop teratomas after
being transplanted into B6 mice. Even though no major
immune rejection occurs, ES cells generated from B6 mice
cause teratogenesis in mice.65 Concurrently, the tumorige-
nicity of iPS cells is linked to c-Myc gene insertion site
mutagenesis and the permanent expression of reprog-
rammed foreign genes.66,67 In allogeneic transplantation, a
small number of contaminated foreign cells may also pro-
mote carcinogenesis, and even very tiny levels of contami-
nating undifferentiated ES cells have been observed to create
tumors in mice.68 Luckily, extensive steps are already being
made across the world to establish regulatory standards and
regulations to assure the safety of patients. HSCTs will have a
substantial impact on human wellness in the coming years.

Conclusion

Despite recent breakthroughs in the care of people with SCD,
themechanism of action, safety, and clinical benefits of these
drugs remain elusive to most scientists. Universal clinical
trials are needed to be initiated and performed under strict
conditions and analysis to firmly establish the safety and
benefits of these drugs. Gene therapy as a cure for SCD is an
interesting and potential research area but its safety and
efficacy are yet to be established. For those with SCD,
allogeneic HSCT is the only treatment option. However,
concerns about donor availability and transplant-related
complications had limited the use of HSCT. Recent studies
have discovered new approaches to expand the donor pool
and prevent some transplant-associated complications. Most
of these approaches met the prespecified target of an EFS
rate; however, the incidence of transplant-related diseases
was considerably high.

Aside from using HLA-matched sibling donors, all efforts
to expand the donor pool have resulted in a high incidence of
transplant-related conditions that are most deadly to recip-
ients. However, reports from studies using haploidentical
peripheral stem cells are encouraging and demonstrate a
safer and more feasible procedure that could be adopted as
an alternative cure for SCD patients. Also, different
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conditioning regimens have been shown to result in trans-
plant-related toxicities. Therefore, to determine the opti-
mum regimen for diverse donor cells with various
therapeutic alternatives to SCD, substantial research is
needed.
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