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limit the impact of these advances.

Historical perspective

Sickle cell disease (SCD) was first described in 1910, in a den-
tal student who presented with pulmonary symptoms (1). Her-
rick coined the term “sickle-shaped” to describe the peculiar
appearance of the rbc of this patient (Figure 1). However, given
the patient’s symptoms, he was not sure at the time whether the
blood condition was a disease sui generis or a manifestation of
another disease (2). In the next 15 years, several similar cases
were described, supporting the idea that this was a new disease
entity and providing enough evidence for a preliminary clinical
and pathological description (3). Shortly thereafter, Hahn and
Gillespie suggested that anoxia caused rbc sickling by demon-
strating that shape changes could be induced by saturating a cell
suspension with carbon dioxide (4). Scriver and Waugh, in exper-
iments that would undoubtedly not receive institutional review
board approval today, 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%
(5). These seminal studies were noted by Linus Pauling, who was
the first to hypothesize in 1945 that the disease might origi-
nate from an abnormality in the hemoglobin molecule (6). This
hypothesis was validated in 1949 by the demonstration of the
differential migration of sickle versus normal hemoglobin as
assessed by gel electrophoresis (7). That same year, the autosomal
recessive inheritance of the disease was elucidated (8). Around
the same time, Watson et al. predicted the importance of fetal
hemoglobin (Hb F) by suggesting that its presence could explain
the longer period necessary for sickling of newborn rbc com-
pared with those from mothers who had “sicklemia” (9). Ingram
and colleagues demonstrated shortly thereafter that the mutant
sickle hemoglobin (Hb S) differed from normal hemoglobin A
by a single amino acid (10). This was followed by studies that
analyzed the structure and physical properties of Hb S, which
formed intracellular polymers upon deoxygenation (11). These
studies placed SCD at the leading edge of investigations to eluci-
date the molecular basis of human diseases.
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The discovery of the molecular basis of sickle cell disease was an important landmark in
molecular medicine. The modern tools of molecular and cellular biology have refined our
understanding of its pathophysiology and facilitated the development of new therapies. In
this review, we discuss some of the important advances in this field and the impediments that

Natural history of SCD

During the time of these pioneering laboratory investigations,
furcher clinical observations brought to light the wide-ranging
manifestations of SCD. In retrospect, it is clear that no amount
of anecdotal reports would have substituted for the tremendous
contributions of the study of the natural history of this disease
known as the Cooperative Study of Sickle Cell Disease (CSSCD).
The CSSCD was commissioned in 1978 by the National Heart,
Lung, and Blood Institute to characterize prospectively the clini-
cal course of SCD in a cohort of more than 4,000 patients from 23
centers across the United States (12). The CSSCD cohort defined
the incidence and characteristics of virtually every known compli-
cation of SCD. One of the earliest contributions of the CSSCD was
to identify the persistent high mortality rate of severe pneumococ-
cal infections in children with SCD, despite the widespread use of
pneumococcal vaccination. This led to the development of the land-
mark Prophylactic Penicillin Study (PROPS), which highlighted the
importance of neonatal screening for SCD followed by prophylactic
penicillin therapy in children between the ages of 4 months and 5
years (13). Other CSSCD studies that evaluated the mortality of the
disease found that 50% of patients died before the fifth decade, and
most of those who died did not have overt chronic organ failure but
succumbed during an episode of acute pain, acute chest syndrome,
or stroke (14). Prospective follow-up made it possible to deter-
mine the incidence (approximately 13 per 100 patient-years), risk
factors, presentation, and prognosis of the acute chest syndrome
(15, 16). 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 (17). This high
risk of a life-threatening complication generated the momentum
for the Stroke Prevention Trial in Sickle Cell Anemia (STOP), which
demonstrated the benefit of prophylactic transfusions in prevent-
ing a first stroke in patients with an elevated flow rate by transcra-
nial Doppler ultrasonography (18). Moreover, the observation that
more than 50% of patients with SCD have at least one crisis per
year and the association between multiple pain episodes and early
death in young adults (14, 19) provided the impetus for the Mul-
ticenter Study of Hydroxyurea (MSH), which is discussed below.
The CSSCD also shed some important light on the incidence and
risk of other complicating conditions, including alloimmunization
(20), pregnancy (21), and surgery (22). Improvements in survival of
patients with SCD have been associated with a marked increase in
the incidence of chronic organ dysfunction, especially pulmonary
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Figure 1

Sickle erythrocytes. Peripheral blood smear from a patient with SCD
obtained during a routine clinic visit. The smear shows classical
sickle-shaped (arrows) and various other misshaped erythrocytes
(arrowheads). The image was obtained from an air-dried smear using
differential interference contrast (DIC) microscopy with an Olympus
BX61WI work station equipped with a LUMPIlanFI x60 numerical aper-
ture 0.90 « objective (Olympus) and a CoolSNAP HQ camera (6.6 um?2
pixel, 1,392 x 1,040 pixel format) (Roper Scientific). Scale bar: 10 um.

hypertension (23). The lessons learned from the study of the natu-
ral history of SCD underscored the fact that this disease, which is
caused by a single missense mutation in a gene whose expression
is restricted to the hematopoietic system, can have wide-ranging
manifestations and complications that affect every aspect of the
life of afflicted patients.

Genetics of SCD

As mentioned above, pioneering studies by Pauling et al. estab-
lished that SCD results from a defect in the hemoglobin molecule
(7). During the same year, the mode of inheritance of the disease
was shown to be autosomal recessive (8). The sickle mutation was
characterized several years later by Ingram et al. as a glutamine-to-
valine substitution at the sixth residue of the f-globin polypeptide
(24). Several decades later, the human globin genes were cloned,
their DNA sequence was determined, the organization of the glo-
bin gene clusters was characterized, and a great deal of insight was
provided into the mechanisms of their regulated expression (25).
Human hemoglobin is a tetrameric molecule that consists of two
pairs of identical polypeptide subunits, each encoded by a different
family of genes. The human a-like globin genes (T, a4, and o) are
located on chromosome 16, and the B-like globin genes (¢, Gy, Ay,
9, and B) are located on chromosome 11. Interestingly, the genes
are present on both chromosomes in the same order in which they
are expressed during development (Figure 2). During fetal life, the
predominant type of hemoglobin is Hb F (a,y,). During the postna-
tal period, Hb F is gradually replaced by Hb A (c2f3,). Hb A2 (a129,)
is a minor adult-type hemoglobin that accounts for less than 2.5%
of the circulating hemoglobin in normal individuals in adult life.
Upon completion of the switch from Hb F to Hb A, patients with
disorders of the B-globin genes start manifesting the clinical fea-
tures of their diseases. The prospect of therapeutic reactivation of
Hb F production in adult life (see “Advances in the therapy of SCD”)
has been in large part responsible for the tremendous interest in the
elucidation of the molecular mechanisms of the switch from fetal to
adult hemoglobin production. This field of investigation, which has
recently been reviewed (26), led to approval by the FDA of the use of
hydroxyurea for the treatment of patients with SCD.
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Homozygosity for the sickle mutation (i.e., HbSS disease) is respon-
sible for the most common and most severe variant of SCD. Several
other genetic variants of SCD result from the interaction of different
mutations of the human $-globin genes (Table 1). When the S gene
interacts with the € gene, the resulting sickling disorder known as
HbSC disease is typically very mild (14). When a 38 gene interacts
with a B-thalassemia gene (a mutant -globin gene that either
fails to produce normal B-globin mRNA or produces it at mark-
edly decreased levels), the severity of the resulting sickling disorder
depends on the severity of the coinherited $-thalassemia mutation.
When the coinherited B-thalassemia gene is completely inactive (i.e.,
[°-thalassemia), the resulting sickling disorder known as SP°-thalas-
semia tends to be of severity similar to that of homozygous HbSS
disease (27). In contrast, when the coinherited -thalassemia gene is
partially active (i.e., B*-thalassemia), the resulting sickling disorder
known as SP*-thalassemia can have a spectrum of clinical severity.
If the B*-thalassemia mutation is mild, as is commonly the case in
people of African descent, the resulting SB*-thalassemia tends to be
clinically mild. In contrast, if the f*-thalassemia mutation is severe,
asis commonly the case in the Mediterranean populations, the clini-
cal sickling disorder tends to be moderate (28).

Advances in the pathophysiology of SCD

In addition to the obvious shape changes that result from the
formation of intracellular hemoglobin polymers, the polymers
can have a direct impact on the rbc plasma membrane, leading
to the extracellular exposure of protein epitopes and glycolipids
that are normally found inside the cell (Figure 3). These chang-
es and the aberrant expression of adhesion molecules on stress
reticulocytes likely explain the increased adherence of sickle rbc
to vascular endothelium. Although the increased propensity of
sickle rbc to stick to one another was noted many years before
the field of cell adhesion was even conceptualized at the molecu-
lar level, pioneering independent studies by Hebbel, Hoover, and
their colleagues demonstrated that sickle rbc were more apt than
normal rbe to adhere to endothelial cells in vitro (29, 30). Dur-
ing the two decades that followed, multiple studies implicated
virtually all major adhesion pathways in the interactions between
sickle cells and endothelial cells. These pathways include those
involving the integrins (af 1, awPs) (31-33) and their receptors;
immunoglobulin family members (VCAM-1, ICAM-4) (34, 35);
the endothelial selectins (36, 37); soluble adhesion proteins such
as thrombospondin (38), fibrinogen (39), fibronectin (40), von
Willebrand factor (41, 42); and other exposed membrane compo-
nents such as Band3 and sulfated glycolipids (43, 44). Thus, inas-
much as sickle adhesion to the endothelium plays a role in sickle
cell vasoocclusion, the presence of such diverse mechanisms of
adhesion presents an enormous challenge for delineating physi-
ologically relevant therapeutic targets. Interestingly, recent stud-
ies have suggested that targeting a specific adhesion pathway may
be sufficient to reduce vasoocclusion (33, 37, 45).

The studies of the pathophysiology of SCD have been facilitat-
ed by the development of a number of mouse models that express
either a mixture of mouse globins with Hb S, a super-sickling
hemoglobin (e.g., SAD, NY1, S-Antilles mice), or human globin
chains exclusively (e.g., Berkeley, NY1KO mice) (46). The severity
of the phenotype of these transgenic mice depends on the pres-
ence of mouse globin chains, the mean corpuscular hemoglo-
bin concentration (MCHC), and the presence of human Hb F.
Although mice that express the human globin chains exclusively
Number 4
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Figure 2

Chromosomal organization of the a- and f-
globin gene clusters. (A) The genes of the
[B-globin gene cluster (e, Gy, Ay, 6, and p) are
present on chromosome 11 in the same order
in which they are expressed during develop-
ment. The p—locus control region (B—LCR) is a
major regulatory element located far upstream
of the genes of the cluster that is necessary
for the high level of expression of those genes.
(B) The genes of the a-globin gene cluster
(T, a4, and ap) are present on chromosome
B 16, also in the same order in which they are
expressed during development. HS-40 is a
major regulatory element located far upstream
of the genes of the cluster that is necessary
for their high level of expression. (C) During
fetal life, Hb F (awy2) is the predominant type
of hemoglobin. Hemoglobin switching refers
to the developmental process that leads to
the silencing of y-globin gene expression and
the reciprocal activation of adult -globin gene
expression. This results in the replacement of
Hb F by Hb A (a2f2) as the predominant type
of hemoglobin in adult life. Figure modified
from ref. 128.

HS-40

Infant/adult life Hb A (a,B,)

(o] %
Fetal life——————Hb F (o)

have a much more severe phenotype that closely mimics the
major features of the human disease, all transgenic sickle mice
exhibit pathological features of the disease, either spontaneously
or in an inducible manner (46, 47).

As in the human disease, there is a clear role for inflammatory
mediators in the pathogenesis of disease in murine models of SCD
(48-52). Inflammation is likely triggered by the abnormal eryth-
rocyte membrane and the presence of chronic hemolysis. Dense
sickle cells that become dehydrated after several rounds of sickling
expose their annexin V-binding phosphatidyl serine on the outer
layer of the plasma membrane (53, 54). These negatively charged
glycolipids can activate the coagulation cascade (55), leading to
the generation of tissue factor and thrombin, which in turn pro-
mote the inflammatory response. Chronic hemolysis, on the other
hand, leads to the release of plasma-free hemoglobin, which can
scavenge NO and result in endothelial dysfunction (56). Moreover,
the release of heme iron from lysed rbc is a major cause of oxidative
stress that can induce redox-sensitive transcription factors such as
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NF-kB and activator protein-1. These transcription factors in turn
induce the expression of E-selectin, VCAM-1, and ICAM-1 and the
recruitment of adherent leukocytes in venules (51).

The presence of adherent leukocytes in small postcapillary venules
is emerging as a key factor that contributes to vasoocclusion during
SCD (57, 58) (Figure 4). Leukocytes are large cells that are rigid and
not easily deformed as a result of a high viscoelastic coefficient (59).
These physical properties endow leukocytes with a greater potential
than discoid or sickle-shaped rbc (which would lie flat along the
endothelium) to promote vascular obstruction. It has been known
for many years, as a result of microdynamic measurements, that leu-
kocyte recruitment in cat mesenteric venules can lead to a decrease
in the effective diameter of the blood vessels and an increase in blood
flow resistance due to obstruction of the lumen by wbc (60). In addi-
tion, sickle rbc have been shown to interact directly with adherent
wbc in a mouse model of vasoocclusion induced by surgical trauma
and TNF-q, leading to reduced blood flow and death of the mouse
(49). Leukocyte adhesion was shown to be critical in this process,
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Table 1
Genotypes and phenotypes of different sickling disorders
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Genotype Interacting genes Typical clinical severity? % of Hb type/total Hb in a typical patientA.8
Hb § Hb A Hb F Hbh C Hb A,
HbAA (normal) Band p None - 96% 2% - 2%
HbSS pS and gs Severe 95% - 3% - 2%
HbSC BS and ﬁc Mild 48% - 3% 47% 2%
HbSpO [S and pO-thalassemia Severe 93% - 2% - 5%
HbSp* BS and p*-thalassemia Moderate 85% 6% 5% - 4%
(severe thalassemia mutation)
HbSp+ BS and p*-thalassemia Mild 70% 23% 3% - 4%

(mild thalassemia mutation)

A“Typical” refers to the most common presentation of a particular sickling genotype. It should be noted that in many patients, the genotype does not accu-
rately predict the clinical phenotype. BAssessed by gel electrophoresis. Hb Az, minor adult hemoglobin.

since flow reductions and death were prevented in mice deficient in
both P- and E-selectins, key adhesion molecules mediating leuko-
cyte rolling and adhesion (49, 61). Moreover, in vitro studies have
revealed that human sickle cells can directly bind to activated neu-
trophils (62). Recent studies using high-speed fluorescence digital
videomicroscopy suggest that most interactions between rbc and
wbc in vivo are mediated by adherent neutrophils (63). As leukocyte
adhesion plays a key role in vasoocclusion, it thus offers an attrac-
tive therapeutic target for this disease and is consistent with several
clinical studies derived from the CSSCD cohort in which high leu-
kocyte counts correlated with mortality (14), acute chest syndrome
(16), stroke (17, 64, 65), and poor prognosis later in life when identi-
fied in infants with SCD (66).

Advances in the diagnosis of SCD

The diagnosis of SCD is usually simple and rarely poses a major
challenge. Although the sickle-shaped rbc that gave the disease its
name are not always present in the patient’s blood film, the char-
acteristic migration of Hb S by gel electrophoresis is sufficient to
make a diagnosis of a sickling disorder. Gel electrophoresis allows
a definitive diagnosis of some but not all sickling genotypes. For
example, when Hb A is present in the blood of a patient with SCD
at a lower level than Hb S, this is indicative of HbSB*-thalassemia
(Table 1). However, the distinction between HbS%-thalassemia
and homozygous HbSS can be much more challenging to make
when no Hb A is detected by gel electrophoresis. In such situations,
the diagnosis of HbSp°-thalassemia is suggested by an elevated Hb
A; level and a low mean corpuscular volume. Fortunately, there
are a number of excellent reference laboratories in the US where
a definitive molecular diagnosis can be made in essentially every
patient with a hemoglobin disorder.

The major challenge in the diagnosis of sickling disorders is to
identify the disease during the prenatal period, at a time when such
information would be critically important in enabling a couple at
risk to make an informed decision about potential termination of
pregnancy. The marked differences in the expected clinical sever-
ity of the different sickling disorders discussed above should be
taken into consideration when making such decisions. Before the
advent of molecular diagnostics, the only way to make a diagnosis
prenatally was to obtain a fetal blood sample for analysis, which
could only be performed after the 20th week of pregnancy. By that
time, the pregnancy is already too advanced to make it possible
to terminate safely. With the advent of DNA diagnostics, it has
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become possible to make definitive diagnoses of the different sick-
ling disorders during the first trimester by analyzing fetal DNA
obtained by chorionic villous biopsy (67). The molecular diagnos-
tic technology is being pushed further to allow the diagnosis to be
made from a small number of fetal cells that can be harvested from
the maternal circulation (68).

Advances in the therapy of SCD

Induction of Hb F. A large number of epidemiological, clinical, and
laboratory observations have converged to support the notion that
Hb F administration can ameliorate the clinical severity of SCD.
Patients with SCD from the eastern provinces of Saudi Arabia (69)
and from India (70) typically have a very mild sickling disorder
associated with high levels of Hb F. Furthermore, the CSSCD iden-
tified Hb F as a prognostic factor for several sickle cell complica-
tions, including painful events (19), acute chest syndrome (16),
and death (14). Elegant laboratory studies conducted many years
earlier had demonstrated that Hb F interferes with the polym-
erization of deoxygenated Hb S in vitro (71). Based on all these
observations, it was proposed that pharmacological induction
of Hb F production may be an effective therapeutic strategy for
ameliorating the severity of SCD. When the different globin genes
were cloned in the late 1970s (72) and the mechanisms responsible
for their regulation were elucidated during the 1980s (73, 74), it
became clear that epigenetic factors such as DNA methylation and
histone acetylation played important roles in the developmental
regulation of globin gene expression (75-77). Thus, it was pro-
posed that pharmacological agents that alter the epigenetic con-
figuration of the y-globin genes may provide a viable therapeutic
approach to the induction of Hb F.

S-Azacytidine. S-Azacytidine was the first agent to be used to
induce Hb F expression via epigenetic silencing of the y-globin
genes in adult life. The rationale for this approach was based on
the discovery that the actively transcribed adult -globin genes are
hypomethylated and the nontranscribed fetal y-globin genes are
hypermethylated in adult life. In contrast, the adult $-globin genes
are hypermethylated and the y-globin genes are hypomethylated
in fetal life (75, 76). 5-Azacytidine was shown to induce very high
levels of Hb F in anemic baboons (78). Its ability to stimulate Hb F
production was also demonstrated in a small number of patients
with SCD and f-thalassemia (79, 80). In spite of these promis-
ing results, this drug was never tested in large-scale clinical trials
because of concerns about potential carcinogenicity.
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Alteration of the rbc membrane by polymers of sickle hemoglobin. Deoxygenation of Hb S induces a change in conformation in which the
mutant 3 chain binds to a complementary hydrophobic site resulting from a valine replacement, leading to the formation of a hemoglobin
polymer (Hb polymer; lower right, inset). The hemoglobin polymers disrupt the rbc cytoskeleton and form protrusions, giving rise to the char-
acteristic sickle appearance. Interruption of the attachment of the membrane to the protein cytoskeleton results in exposure of transmembrane
protein epitopes and lipid exchanges, notably of phosphatidylserine (PS), between the inside and the outside of the cell (upper right, inset).
Exposure of negatively charged glycolipids contributes to the proinflammatory and prothrombotic state of sickle cell blood. Adapted with

permission from Blackwell Publishing (129).

Hydroxyurea. The clinical development of hydroxyurea as an
agent that induces Hb F production in SCD provides a vivid illus-
tration of how scientific discoveries can be translated into thera-
pies that improve the outlook for patients afflicted with a debili-
tating disease. Interestingly, controversy over the mechanism of
induction of Hb F by S-azacytidine provided the motivation for
a study in which hydroxyurea, an S phase-specific chemothera-
peutic agent that does not inhibit DNA methyltransferase, was
shown to result in a marked increase in Hb F levels in baboons
(81). Hydroxyurea is an inhibitor of ribonucleotide reductase
that had been in use for many years in the treatment of myelo-
proliferative disorders. It is an orally available drug that is rela-
tively well tolerated and simple to use. After the demonstration
of its ability to induce Hb F production in baboons, hydroxy-
urea was tested in a number of small clinical trials in adults with
SCD (82-84). A larger MSH study showed a marked decrease in
the frequency of painful crises and acute chest syndrome and
a reduction in transfusion requirements and hospitalizations
in adults with moderate to severe SCD after hydroxyurea treat-
ment (85). After 9 years of follow-up, patients with SCD treated
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with hydroxyurea were shown to have improved survival (86).
Other studies demonstrated the clinical efficacy and short-term
safety of hydroxyurea in children with SCD (87-89).

Although hydroxyurea was shown to have Hb F-inducing
activity similar to that of 5-azacytidine in anemic baboons and
patients with SCD, its molecular targets and mechanism(s) of
action are still not fully elucidated. It was originally proposed
that hydroxyurea may elevate Hb F levels by accelerating ery-
throid differentiation in the bone marrow, leading to the
appearance of “fetal-like” cells in the peripheral blood (25).
More recent studies have shown that hydroxyurea generates NO
in vivo, which results in the activation of the NO/cGMP signal-
ing pathway and the upregulation of y-globin gene expression
in patients with SCD (90). Hydroxyurea has other effects that
may also benefit patients with SCD. For example, hydroxyurea
was shown to decrease the adhesion of sickle cells to endothe-
lium and to decrease the expression level of soluble VCAM-1
(91, 92). Owing to its myelosuppressive activity, hydroxyurea
reduces circulating wbc counts and likely the number of adher-
ent leukocytes recruited to the wall of small venules. The reduc-
Volume 117
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tion of wbc counts was correlated with the clinical benefit from
hydroxyurea (93). It is still not entirely clear how much of the
clinical benefit from hydroxyurea could be attributed to its
effect on Hb F levels compared with its other activities.

Butyrate. Concerns over the potential for serious side effects of
chemotherapeutic agents such as S-azacytidine and hydroxyurea
has stimulated the continuation of the search for safe and effec-
tive inducers of Hb F production. Butyrate, a short-chain fatty
acid that inhibits histone deacetylase (HDAC), was shown to
stimulate embryonic or fetal globin gene expression in chicken,
mice, and baboons (94-96). When arginine butyrate was admin-
istered to patients with SCD intermittently (four days every four
weeks), it resulted in sustained induction of Hb F production in
a majority of patients (97). In spite of the considerable promise
of this agent in the treatment of SCD, the difficulty of admin-
istrating large volumes of this drug through central venous
catheters poses a major therapeutic challenge. It is unlikely that
the full potential of butyrate and other HDAC inhibitors will be
realized until an oral compound is identified that has the same
efficacy as butyrate.

Decitabine. The recent introduction of decitabine (5-aza-2-
deoxycytidine), a new analog of 5-azacytidine that does not
incorporate into RNA, has resulted in renewed interest in the
use of DNA hypomethylation therapy for the induction of Hb
F production in SCD. In recent small-scale clinical trials in
patients with SCD, treatment with decitabine resulted in sig-
nificant increases in mean y-globin synthesis, Hb F levels, and
the number of F cells (rbc that contain Hb F) (98-100). Interest-
ingly, increased Hb F levels were observed in 100% of patients
with SCD who received decitabine, including patients who had
previously failed to respond to hydroxyurea. The increase in the
levels of Hb F was associated with significant improvement in
several factors that are important in the pathophysiology of
vasoocclusion, including rbc adhesion, endothelial damage, and
activation of the coagulation pathway (100). Larger and longer-
term studies are needed to confirm the efficacy and safety of
decitabine in the treatment of SCD.
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Figure 4

Sickle cell vasoocclusion. Abnormal, sickle
rbc induce the expression of inflammatory and
coagulation mediators, leading to the activa-
tion of the vascular endothelium. Sickle rbc
themselves may also stimulate endothelial
cells directly by adhesion. The stimulated
endothelial cells are poised to recruit roll-
ing and adherent leukocytes in venules by
expressing chemokines and cell adhesion
molecules such as the selectins and immu-
noglobulin family members. Activated, firmly
adherent neutrophils capture circulating dis-
coid and sickle-shaped rbc, leading to tran-
sient episodes of vascular occlusions that are
initiated in the smallest postcapillary venules.
Interactions between rbc and leukocytes tend
to occur at vessel junctions, where leukocyte
recruitment is the most active. In sickle mice,
vasoocclusion can be prevented by the inhibi-
tion of leukocyte adhesion or the inflammatory
response. The large arrow indicates the direc-
tion of blood flow.
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Bone marrow transplantation

The idea of replacing the bone marrow, which is the source of the
defective sickle cells, with bone marrow that produces normal rbc
is an intuitive therapeutic approach in SCD. However, for many
years, such an approach was considered too risky for a nonma-
lignant disorder such as SCD, since the mortality of the proce-
dure itself was around 20%. The reduction in mortality follow-
ing bone marrow transplantation (BMT), resulting from recent
advances in immunosuppressive therapy and supportive care and
the fact that long-term survival of patients with B-thalassemia
after BMT was shown to be greater than 90% (101), resulted in
renewed interest in 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 (102-104). A major limita-
tion in the use of BMT for the treatment of SCD is the fact that
a matched sibling donor is available to less than 15% of patients
who are suitable candidates for transplantation (105). In an effort
to increase the availability of sources of hematopoietic stem cells
for transplantation, clinical trials are being conducted to evalu-
ate cord blood transplantation in the treatment of SCD (106). To
date, very few transplantation procedures have been performed
in adults with SCD because of concerns that the morbidity and
mortality of BMT is higher in adults than in children. The use of
nonmyeloablative BMT to reduce peritransplant morbidity and
mortality has been associated with a very high graft rejection rate
(107). BMT is the only curative therapy for SCD, and the major
challenge is to make it more widely available to patients with a
severe disease phenotype.

Impediments that limit the impact of the

advances in SCD

In spite of the fact that hydroxyurea has been shown to improve
both survival and the quality of life in patients with SCD, only
a small fraction of eligible patients with SCD in the US are cur-
rently receiving hydroxyurea (108, 109). Although the reasons
for the reluctance to use hydroxyurea are not entirely clear, there
are many potential contributing factors. These include patient
Volume 117~ Number 4
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concerns about a drug that is used primarily to treat cancer, phy-
sician concerns about potential long-term mutagenic effects,
lack of familiarity of primary care providers with the use of a
chemotherapeutic agent, and resistance among patients with
SCD to use therapies that are perceived to be experimental in
nature. Careful investigation into the impediments to the use of
hydroxyurea is necessary in order to realize the full potential of
this important therapeutic advance.

Prenatal diagnosis is another area in which the development
of important new technology has had a very limited impact in
SCD. In spite of the fact that DNA diagnostics have made it pos-
sible to identify an affected fetus much earlier during pregnancy,
the impact of these advances on the number of new births with
SCD in the US has been extremely small. In contrast, the same
technology has had a very large impact on the number of new
births with B-thalassemia in Mediterranean regions including
Greece, Cyprus, and Sardinia (110). Although the reasons for the
differences in the impact of the same technology in these closely
related disorders have not been investigated, it is conceivable that
they are a reflection of the fact that a majority of patients with
B-thalassemia die from iron overload before the third decade of
life, while survival of patients with SCD into the fifth, sixth, and
even seventh decades of life is not unusual. The reluctance to ter-
minate an affected pregnancy may also be motivated by cultural
and ethnic factors that have not received adequate attention. It is
sobering to keep in mind that the one intervention that has had
the largest impact on the natural history of SCD during the last
few decades is the introduction of penicillin prophylaxis during
childhood (13). This should serve as a reminder that important
therapeutic advances are bound to have a very limited impact on
the natural history of any human disease unless they are widely
accepted by the patients they are intended to help.

Future directions

Future of diagnostics in SCD. As discussed above, the molecular
methods of identifying the sickle mutation in utero and after
birth are well established and widely available. However, although
the same sickle mutation in the -globin gene is responsible for
the spectrum of the pathophysiology of the sickling disorder,
the clinical manifestations of the disease are extremely heteroge-
neous. Many factors that contribute to this heterogeneity, such
as an interaction of the B¢ gene and the f-thalassemia gene, are
well known. Other factors such as the Hb F levels and the coin-
heritance of a-thalassemia have also been known to modulate the
clinical severity of sickling disorders for many years (69, 70, 111).
Other genetic determinants that contribute to the variability of
Hb F levels were identified outside the B-globin gene cluster and
mapped to two different chromosomes (112, 113). More recent
studies have demonstrated that the gene responsible for the vari-
ability in Hb F levels that was previously mapped to chromosome
6p23 (112) is cMYB (114). As the understanding of the pathophys-
iology of the disease evolves, the number of potential epistatic
genes (i.e., modifying genes) increases. Thus, mutations or poly-
morphisms that have an impact on cell adhesion, thrombosis, rbc
dehydration, and inflammation are likely in candidate epistatic
genes in SCD. As is the case with the coinheritance of a-thalasse-
mia, some of these genetic determinants might increase the risk of
some complications and decrease the risks of others. A number of
studies have investigated the potential effects of candidate modi-
fying genes that are implicated in the pathophysiology of the dis-
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ease (e.g., methylenetetrabydrofolate reductase and the pathogenesis
of avascular necrosis [ref. 115], factor V R485K and the risk of
venous thrombosis [ref. 116], and UDP glucuronosyltransferase-1
polymorphism and serum bilirubin levels [ref. 117]). Other inves-
tigators are using an unbiased genetic approach that consists of
the analysis of hundreds of SNPs in a large number of patients to
identify genes that increase the risk of a particular complication.
Using such an approach, Sebastiani and colleagues recently iden-
tified 31 SNPs in 12 genes that interact with Hb F to modulate
the risk of stroke (118). In the future, such biased and unbiased
approaches may make it possible to identify a genetic blueprint
in a particular patient that defines his/her risk of developing any
of the known complications of SCD. It might even be possible
at some point to use this information to implement therapeutic
interventions before the complications develop.

Future of therapeutics in SCD. Gene therapy offers enormous promise
as a potential curative therapy for SCD, but concerns over the safety
of random genomic insertion must first be resolved (119). Preclinical
studies in mice have provided the proof of principle that transduction
of bone marrow stem cells with lentiviral vectors that express a
-globin gene can prevent Hb S polymerization in vivo (120, 121).
The wide range of abnormalities engendered by the sickle cell muta-
tion offers several other opportunities for therapeutic interventions.
For example, the NIH Road Map is supporting ongoing investiga-
tions in which high-throughput screening approaches are used to
discover novel low-molecular-weight compounds that can alter
key aspects of the disease, including hemoglobin polymerization,
expression of Hb F, and leukocyte adhesion. Current clinical trials
are evaluating the efficacy of Ca?*-sensitive Gardos channel inhibi-
tors (e.g., ICA-17043), with or without hydroxyurea, in preventing
dehydration of erythrocytes (122). Vasoactive drugs (e.g., NO, silde-
nafil, endothelin antagonists) are being evaluated for the treatment
of pulmonary hypertension. Statins are of potentially great interest
since they can increase NO production and reduce leukocyte adhe-
sion (123, 124). Antiinflammatory drugs that inhibit NF-kB and the
upregulation of adhesion molecules have shown promise in pilot
clinical studies (125). Intravenous gammaglobulins are currently
under clinical evaluation following a study demonstrating a dose-
dependent reduction in leukocyte adhesion and in the number of
interactions between rbc and wbc, accompanied by improvements in
microcirculatory blood flow and survival of sickle transgenic mice
(126). Furthermore, there is growing interest in the prevention and
treatment of vasoocclusion by novel selectin antagonists since they
appear to participate in multiple pathways involved in sickle vaso-
occlusion, including the adhesion of leukocytes, rbc, and platelets
to the endothelium and to each other (127). Almost a century after
SCD was first described, we may be at the dawn of a new era in which
a physician might be able to use genetic information to select one or
more drugs that target specific aspects of disease pathophysiology
that are relevant to a particular patient with SCD.
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