Good afternoon and thank you for joining us today as we discuss hydroxyurea for
the treatment of sickle cell disease. Dr. Emily Meier is a pediatric hematologist at
the Indiana Hemophilia & Thrombosis Center and is also the Director of Sickle Cell
Research at the Center.
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Dr. Meier received unrestricted research grant funding from Pfizer through an
ASPIRE 2016 grant to produce this online learning activity as well as improve sickle
cell disease transition programs in Northeastern Indiana. Dr. Meier will also be
discussing the off‐label use of hydroxyurea in children less than 18 years of age,
because it is not yet FDA‐approved for the treatment of children with sickle cell
disease.
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Upon completion of this learning activity, you will be able to:
• Describe the most common complications of sickle cell disease, including acute
chest syndrome, vaso‐occlusive pain crisis, and stroke;
• Discuss the rationale behind hydroxyurea as a treatment for sickle cell disease;
• Discuss hydroxyurea’s effectiveness at preventing sickle cell disease‐related
complications;
• Review the 2014 NHLBI Guidelines for hydroxyurea treatment for adults living
with sickle cell disease.
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Depicted here is a schematic of the hemoglobin molecule. Globin is the most highly
conserved protein in man. Human hemoglobin is the most widely studied of all of
the globin proteins. It is composed of two alpha (ɑ)‐like globin chains, represented
here in purple; two beta (β)‐like globin chains, represented here in green; and four
heme moieties, which you see can see are within each globin chain. The heme
groups contain iron atoms which allow hemoglobin to transport oxygen from the
lungs to the tissues. The site of the sickle cell mutation is found on the beta‐globin
chain, as shown in panel A of these drawings. In general, hemoglobin molecules in
the red blood cell are packed very tightly and have little access to solvent which
allows efficient oxygen transport by each cell but also affects the chemical behavior
of the molecules such as promoting sickle cell hemoglobin polymerization even with
the slightest of deoxygenation. You can see that the iron atoms shift based on the
oxygenation status of the globin molecules as is shown in panel B of this drawing.
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There are two main hemoglobin switches during ontogeny. The first switch happens
around 5 weeks of life when the embryonic hemoglobins switch into fetal
hemoglobins. The second switch happens postnatally when fetal hemoglobin
switches to adult globin, which will be discussed in upcoming slides. The genes
encoding the ɑ‐like globin chains, which include zeta (ζ)‐globin, mu (μ), and ɑlpha
(α), are located on chromosome 16, while chromosome 11 encodes the β‐like
chains, which include epsilon (ε), gamma (Ɣ), delta (δ), and β. On chromosome 11,
the five genes are arranged in the order in which they are expressed, so ε is an
embryonic β‐like chain, Ɣ‐G and Ɣ‐A are both fetal β‐like proteins, and δ and β are
the adult β globin proteins. Hemoglobin production follows a step‐wise progression
from the 5’ to the 3’ end of the ɑ and the β globin genes. As mentioned previously,
two major switches occur in hemoglobin ontogeny from embryonic hemoglobins,
which are called gower 1 and gower 2 as well as portland; to fetal hemoglobin,
which is ɑ2Ɣ2; and then from fetal hemoglobin to adult hemoglobin, which is ɑ2β2.
Recent evidence suggests that the switch from fetal to adult hemoglobin is largely a
postnatal phenomenon.1 The switching mechanism remains poorly understood
although its importance in the care of persons with hemoglobinopathies such as
sickle cell disease is widely recognized.
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As mentioned earlier, healthy red blood cells contain hemoglobin A. Sickle cell
disease is a group of hereditary disorders in which hemoglobin S, or sickle
hemoglobin, is the predominant hemoglobin. The sickle cell mutation occurs on the
β‐globin protein of the hemoglobin molecule. The four most common genotypes of
sickle cell are hemoglobin SS, hemoglobin SC, hemoglobin Sβ0 thalassemia, and Sβ+
thalassemia. Hemoglobin SS and hemoglobin Sβ0 thalassemia subtypes have the
most severe manifestations, likely because persons who have these subtypes
produce only hemoglobin S as their adult‐type hemoglobin.
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The sickled red blood cell is the source of multiple pathophysiologic pathways. It is not just
the characteristic shape change in sickle cell disease that results in many of the
complications that will be discussed. The illustration on this slide represents a patient with
hemoglobin SS‐type disease, noted by the red blood cells in the center of the image that
have hemoglobin S as their predominant hemoglobin. When these patients become rapidly
dehydrated, it increases the likelihood that the hemoglobin S will polymerize when it is
deoxygenated. Pharmacologic reagents that prevent dehydration may therefore reduce
hemoglobin S polymerization and hemolysis. Phosphatidylserine becomes exposed on the
surface of the red blood cell and may play a role in sickled red blood cell adhesion and
promote coagulation activation. Oxidative damage of red blood cell membrane proteins
likely contributes to altered cell elasticity and the abnormal adhesive properties that causes
sickle erythrocytes to adhere to endothelial cells as depicted in panel A of this image.
Those adhesion molecules then cause the red blood cells to stick to neutrophils that are
circulating, forming heterocellular aggregates composed of sickled red blood cells,
monocytes, and platelets. There is also abnormal intracellular signaling that increases the
activation state of red blood cell adhesion molecules and increases adhesive interactions
which then leads to abnormally activated cell‐cell signaling. Both the sickled red blood cells
and the hypoxia reperfusion injury that can result can lead to activation of inflammatory
pathways involving both mononuclear and polymorphonuclear leukocytes. Platelet
activation also contributes to inflammatory pathways as well as coagulation activation.
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The earliest reports from African tribes of this painful disease occurred in the late
17th century. In the mid‐19th century, the first paper describing splenic pathology at
autopsy of a slave was published.2 In 1904, Dr. James Herrick in Chicago described
the first case in the United States, identified in a dental student from Granada when
Dr. Herrick and his medical student, Dr. Irons, described peculiar elongated and
sickle‐shaped red blood cells.3 In 1949, chemist Linus Pauling and three colleagues
published an article on sickle cell anemia, establishing it as the first molecular
disease.4 In 1985, Indiana joined many other states and began screening all
newborns regardless of ethnicity or race for sickle cell disease and as of 2006, all 50
states in the U.S. do universal newborn screening for sickle cell disease. In 1998, the
FDA granted approval for the use of hydroxyurea as a treatment for adults living
with sickle cell disease.5 Until July 7, 2017, when the FDA approved L‐glutamine for
treatment of people with sickle cell disease, hydroxyurea was the only FDA‐
approved medication to prevent sickle cell crises.
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There are several factors that cause sickling: hypoxia, dehydration, infection with
concomitant fever, acidosis and exercise, most likely secondary to dehydration and
overexertion. There is some evidence that emotional stress can cause sickling, and
also decreases the emotional capacity and reserve that people have for dealing with
pain so patients undergoing stress may be more sensitive to the pain because of the
stress.6 Finally, temperature changes increase sickling. For instance, in Indiana,
jumping into a cold swimming pool on a hot Indiana summer day can trigger a pain
crisis because of red blood cell sickling. The reverse can also occur in the winter,
with increased sickling when a patient goes from a warm house out into the cold
Indiana winter weather.
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Let us review some manifestations of sickle cell disease. Pain is the most common
complication of sickle cell disease. Panel A depicts the hands of an infant with sickle
cell disease undergoing her first pain crisis, called dactylitis or hand‐foot syndrome.
This manifestation typically occurs in the small bones of the hands and the feet.
Prior to the early institution of hydroxyurea before one year of age as
recommended by the 2014 NHLBI Guidelines,7 the median age of first episode of
dactylitis in infants with hemoglobin SS disease was 14 months of age.8
Panel B shows an abdominal X‐ray of a child with splenic sequestration, which is a
common complication before age 5 years. The recurrent sickling and damage from
sickling and red cell adhesion within the spleen typically causes auto‐infarction of
the spleen by age 5 years in children with HbSS or HbSβ0thalassemia. In children
with hemoglobin SC or HbSβ+ thalassemia who have less erythrocyte sickling
maintain splenic function and are at risk for splenic sequestration after 5 years of
age. Despite this, they do have some dysfunction of their spleen. Thus, all patients
with sickle cell disease should be considered immune suppressed and receive broad
spectrum antibiotics and blood culture for any fever above 101.3° Fahrenheit.
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Panel C is the X‐ray of a person with acute chest syndrome. Any patient with sickle
cell disease who also has pneumonia should also be considered to have acute chest
syndrome, the leading cause of death in persons with sickle cell disease.9
Prior to widespread screening with transcranial Doppler (TCD), 10% of children with
sickle cell disease would suffer an overt stroke, shown in panel D. Thankfully, we are
now able to identify the patients at highest risk for stroke with TCD so we’ve been
able to decrease the rate to 1% in children,10 however there is an increased risk of
hemorrhagic stroke in young adults in their 2nd and 3rd decade of life. Stroke
incidence increases again in the 50+ age group of adults with sickle cell disease. Silent
infarcts, small deep white matter infarcts that are bright on T1 weighted MRI imaging
are the most common cause of neurologic damage in persons with sickle cell disease
and this can lead to school failure, as well as memory and executive function
problems, because they typically occur in the frontal lobes.
Avascular necrosis, shown in panel E, most commonly occurs in the hip but also can
occur in the knee and the shoulder joints. It typically occurs in adults with sickle cell
disease, but there are also some adolescents who suffer from avascular necrosis. A
patient with sickle cell disease who complains of chronic, daily hip, knee, or shoulder
pain should be evaluated for avascular necrosis.
Shown in panel F, sickle cell retinopathy is more common in patients with HbSC than
those with HbSS because of increased blood viscosity due to higher baseline
hemoglobins. The peak incidence of retinopathy is in persons aged 15 to 25 with
hemoglobin SC disease. This can be a disabling complication because it can lead to
blindness if not detected early, so persons with sickle cell disease should undergo
ophthalmologic observation at least every other year or annually if they have
hemoglobin SC disease beginning at age 10 years.
Finally, leg ulcers, shown in panel G, are commonly seen in adults with sickle cell
disease and are very difficult to manage and resolve. Patients with leg ulcers ideally
should be referred to a wound care specialist to assist with treatment.
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As mentioned previously, the complications differ depending on which subtype of
sickle cell disease a person has. Persons with hemoglobin SS and hemoglobin Sβ0
thalassemia produce only hemoglobin S so they have a significantly higher
incidence of painful episodes as well as acute chest syndrome compared to persons
with hemoglobin SC and hemoglobin Sβ+ thalassemia. Combined, those with
hemoglobin SS and hemoglobin Sβ0 thalassemia also have a much higher rate of
stroke than those with hemoglobin SC and hemoglobin Sβ+ thalassemia. Therefore,
it is only the children with hemoglobin SS and hemoglobin Sβ0 thalassemia who
require regular TCD screenings.
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Fetal hemoglobin levels fall precipitously in healthy infants after birth due. This data
is from a National Institutes of Health laboratory, where flow cytometry analysis
was performed on blood from various aged healthy babies.11 As you can see, fetal
hemoglobin is on the X‐axis and hemoglobin A is on the Y‐axis. As the concentration
of data points moves to the left, the number of erythrocytes lacking hemoglobin F
increases. The data points above the horizontal line within the scatter plot illustrate
the hemoglobin A positive erythrocytes. The far left flow dot plot illustrates that
only 1% of erythrocytes are HbF negative in umbilical cord blood and the remaining
99% are hemoglobin F positive. In a sample from a 3 month old infant which is
shown in the 2nd panel, 28% of erythrocytes were HbF negative and remaining were
HbF positive. In the 3rd panel, which illustrates a flow cytometry analysis from a 6
month old healthy infant, hemoglobin A positive cells outnumber the hemoglobin F
positive cell with 76% of erythrocytes staining negatively for HbF. Adult blood is
shown in the 4th and final panel where only 4% of erythrocytes stained positively for
HbF.
Fetal hemoglobin in the erythrocyte is important for persons with
hemoglobinopathies, especially sickle cell disease, because fetal hemoglobin
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reduces the concentration of hemoglobin S and inhibits HbS polymerization; the
prevalence of many sickle cell disease complications is related to the concentration of
hemoglobin S. You can see that while fetal hemoglobin silencing occurs in persons
with sickle cell disease, as shown in this flow dot plot of a peripheral blood sample
from a 4 year old with HbSS disease12, it is reduced, and it happens much later in life
than in infants who do not have sickle cell disease.
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Because of the known association between higher fetal hemoglobin levels and decreased
rate of sickle cell disease related complications, clinicians and researchers alike have been
searching for a drug to keep the fetal hemoglobin levels high and to prevent switching of
fetal hemoglobin to the adult form of hemoglobin. They looked at medications that directly
activate Ɣ‐globin promoters, like 5‐azacytidine and butyric acid, however, because of the
side effects of 5‐azacytidine, it was not deemed appropriate for the treatment of sickle cell
disease;13 and oral butyrate has not been shown to be effective in recent clinical trials in
increasing fetal hemoglobin to significant enough levels to prevent sickle cell disease
complications.
Then there are the agents that recruit erythroid precursors into proliferation and
differentiation so that they retain the Ɣ chain synthesis program. Hydroxyurea does this.
Many adult cells still can produce high levels of fetal hemoglobin especially during times of
erythroid stress.
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Hydroxyurea is an ideal medication because it causes the switching on of fetal
hemoglobin production by inhibiting the enzyme ribonucleotide reductase and
activating the synthesis necessary for fetal hemoglobin by removing the rapidly
dividing cells that preferentially produce hemoglobin S. Hydroxyurea also has the
added benefit of increasing nitric oxide levels, which are known to be lower in
persons with sickle cell disease. Persons with sickle cell disease at baseline usually
have a higher than normal white blood cell count; hydroxyurea also helps to lower
the white blood cell count into the normal range. There are other qualitative
changes such as a reduction in leukocyte free radical production as well as
decreased expression of L‐selectin, which is important in cell‐to‐cell adhesion. Thus,
hydroxyurea reduces the stickiness of cells within patients with sickle cell disease.
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In hydroxyurea, we have a once daily medication that effectively decreases the
number of sickle cell‐related complications. So what are the treatment goals for
patients receiving hydroxyurea? First, we want to decrease the number of sickle cell
disease‐related complications, namely vaso‐occlusive crises. We would also ideally
like to decrease hospital admissions. We want the fetal hemoglobin to be at least
20%, if not higher, because HbF levels of 20% in both laboratory and clinical studies
have been shown to decrease the hemoglobin S polymerization. Of course, we also
need to ensure that the other cell lines remain healthy, specifically the neutrophil
count remains between two and three thousand per microliter and the platelet
count remains above 80,000/mcL. A hemoglobin concentration between 9 and 10
g/dL would ameliorate many of the effects of chronic anemia. Patients whose
hydroxyurea doses are escalated to maximum tolerated dosing have better
outcomes.
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The Multicenter Study of Hydroxyurea (MSH) in Sickle Cell Disease was published in the
New England Journal of Medicine in 1995.14 This was a randomized placebo‐controlled trial
of the use of hydroxyurea to treat adults with sickle cell disease. 299 adults with sickle cell
disease were randomized to receive either hydroxyurea or placebo. Study participants were
required to meet criteria in order to be eligible, including sickle cell disease severity level as
characterized by frequent painful crises or frequent acute chest syndromes. The trial was
stopped early because the median number of painful crises was 44% lower in the
hydroxyurea group compared to the placebo group. As shown in these graphs, the
cumulative event rate was significantly lower in the adults who were treated with
hydroxyurea, and the time from hydroxyurea initiation to first pain crisis was significantly
longer in the patients receiving hydroxyurea versus placebo (3 months vs. 1.5 months).
That difference became even more marked when the researchers looked at time from
hydroxyurea initiation to the second pain crisis. Patients who were treated with
hydroxyurea in this study also had fewer episodes of acute chest syndrome and
unscheduled blood transfusions than the placebo group. Patients who received
hydroxyurea had a higher total hemoglobin by over 0.5 g/dL and a higher fetal hemoglobin
level by ≥3.2%. The fetal hemoglobin increased from a pre‐treatment baseline level of 4%‐
12% to 10%‐23% during hydroxyurea treatment.

18

There are non‐erythrocyte effects of hydroxyurea that are also beneficial.
Hydroxyurea reduces the soluble VCAM‐1 expression which is another adhesion
marker that is elevated in persons with sickle cell disease. Hydroxyurea also
increases nitric oxide release; persons with sickle cell disease being treated with
hydroxyurea have higher steady‐state plasma levels of nitric oxide than those who
were not receiving hydroxyurea.
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This illustration depicts fetal hemoglobin levels as 25% in each sickle erythrocyte,
seen on the right portion of this slide. That decreases the degree of microvascular
obstruction at ANY oxygen level. You can see that in persons with sickle cell disease
who aren’t receiving hydroxyurea, when their red blood cells are fully oxygenated,
they have good blood flow and there is no microvascular obstruction. However,
when they become deoxygenated, sickling occurs, causing vessel occlusion. The
sparing effect of fetal hemoglobin, which is even greater than that of hemoglobin A,
occurs because the mixed hybrid that forms inside the red blood cells does not
enter the polymer phase.
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For adults, dosing should start at 10 to 15 mg/kg/day. For a 50 kilogram adult, this
should be a dose of 500 to 750 mg/day. Dosing should be increased by 5 to 10
mg/kg increments every two months as long as there is no laboratory evidence of
myelosuppression. The maximum tolerated dose should be when myelosuppression
occurs or up to 35 mg/kg/day. Myelosuppression is defined as an absolute
neutrophil count <2000/mcL, OR a platelet count <80,000/mcL, OR an absolute
reticulocyte count <80,000 mcL. If a patient suffers myelosuppression, hydroxyurea
should be held and then labs rechecked in two weeks. If counts recover two weeks
after discontinuing the drug, there are two options: 1) either restart at the same
dosage and repeat the labs in 2 weeks to ensure that the myelosuppression has not
recurred, because myelosuppression can be due to a concurrent viral illness or
another medication effect; 2) or restart hydroxyurea at a dosage 5 mg/kg less than
the toxic dose, and then in 2 to 3 months, attempt to increase the dose again to see
if it is better tolerated.
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Hydroxyurea can cause weight gain because of the decreased metabolic demand for red blood cell
production. Red blood cells with HbF levels of 20% or greater survive on average for about 6 weeks
compared to sickle erythrocytes with HbF levels less than 20% , which live only 10 to 12 days.
Patients treated with hydroxyurea who have an adequate response with a high fetal hemoglobin
level have less energy expenditure in making red blood cells, so they may actually gain weight while
taking hydroxyurea. Hydroxyurea can cause nausea and other gastrointestinal upset; patients are
encouraged to take hydroxyurea before bed to minimize the effects of nausea on their quality of
life. If nausea persists despite night time administration of hydroxyurea, an antiemetic like
ondansetron can be taken 30 minutes prior to hydroxyurea. Some patients report hair thinning, and
on rare occasion there is hair loss but it certainly is not total alopecia as would be seen in a patient
undergoing chemotherapy for an oncologic condition. Some people do experience nail darkening or
other skin pigment changes.
There have always been questions of if hydroxyurea causes leukemia. It has not been shown to be a
carcinogen. However in animal models, hydroxyurea has been shown to be a mutagen and a
teratogen. However, there have been no cases of birth defects in children born to women being
treated with hydroxyurea or in men who fathered children while taking hydroxyurea. Both men and
women should be advised, repeatedly, about the need for contraception if they are going to take
hydroxyurea. There is also no evidence that hydroxyurea increases the risk of leukemia
development in adult or pediatric patients with sickle cell disease and the proven benefits of
hydroxyurea treatment certainly outweigh any theoretical risks associated with malignancy.
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Laboratory monitoring of patients who are taking hydroxyurea, especially in the first
6 months of treatment, should include a complete blood count every 2 to 4 weeks
and fetal hemoglobin levels every 3 to 6 months. On those labs, as the dose is
escalated, the clinician should expect to see a decreased reticulocyte, and
neutrophil count; increased mean corpuscular volume of the red blood cells,
increased fetal hemoglobin levels, and increased total hemoglobin levels.
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Hydroxyurea should be initiated in adults with >3 pain crises per year, who have a
history of any acute chest syndrome, who have a severe anemia defined as
hemoglobin <7 or fetal hemoglobin <2%, if they have persistent or recurrent
priapism, if they have leg ulcers or avascular necrosis, and if they have normal renal
function.
In children with sickle cell disease, the NHLBI recommends starting hydroxyurea in
any infant ≥9 months of age who has hemoglobin SS or hemoglobin Sβ0 thalassemia
regardless of disease severity.7
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Unfortunately, despite all of its known benefits, hydroxyurea is underutilized for
treatment of persons with sickle cell disease. In a retrospective analysis of Maryland
Medicaid data,15 70% of adults with sickle cell disease who were eligible for
hydroxyurea therapy from fiscal year 1999‐2003 were not taking it. There are both
provider16 and patient17,18 barriers. Provider‐related barriers include a decreased
awareness of the benefits of hydroxyurea, perceived patient apprehension about
the adverse effects of the medication, concerns about the lack of contraception use,
and worries that patients will not be adherent to the treatment program. Patient‐
reported barriers about hydroxyurea include the concern about medication side
effects, the lack of perceived benefit, and a lack of knowledge or awareness about
the effectiveness of hydroxyurea as a treatment for sickle cell disease.
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Is hydroxyurea safe for children? The 2014 NHLBI guidelines7 recommend that
hydroxyurea be offered and recommended for any infant ≥9 months of age with
hemoglobin SS or hemoglobin Sβ0 thalassemia. This recommendation is based on
the BABY HUG study,19 which was a placebo‐controlled, double‐blinded, randomized
study of young infants with sickle cell disease who received either hydroxyurea or a
placebo. There was no dose escalation in this study, so subjects were maintained on
20 mg/kg/day which is the usual starting dose for pediatric patients with sickle cell
disease. As seen in the MSH study for adults, children who received hydroxyurea
had significantly decreased pain events, number of acute chest syndromes, and
unscheduled blood transfusions compared to the placebo group. There have been
no long‐term safety concerns or problems identified in young children who received
hydroxyurea. The children who were enrolled in the original BABY HUG study
continue to be followed and are now reaching adolescence which will give clinicians
additional data about the long‐term safety of hydroxyurea.
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Hydroxyurea is not always indicated. It is a relative contraindication that if females
are unwilling to use contraception, that they should not be treated with
hydroxyurea. Evidence of renal dysfunction by creatinine levels >2.0 is a
contraindication, as is active liver disease. Persons who are HIV positive should not
take hydroxyurea without special informed consent, as hydroxyurea can cause
myelosuppression which would place an already immunocompromised patient at
increased risk of opportunistic infection. If there has been a recent acute stroke,
hydroxyurea is not indicated. Those patients should be receiving chronic monthly
blood transfusions instead.
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It usually takes anywhere from 3 to 9 months to see a response to hydroxyurea.
There is a variable response among patients, so some patients may not see any
benefit at the lower doses and need to be at the maximum tolerated dose whereas
other patients may start to see some differences even at the starting dose.
However, even patients who respond to low doses should have their doses
increased as their laboratory studies allow.
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Results published in 2010 from a long‐term study of people from Greece with sickle
cell disease taking hydroxyurea.20 This is the main graph from one of the figures
that shows the probability of 10‐year overall survival. You can see that the upper
survival curve represents patients receiving hydroxyurea, while the lower curve
represents patients not receiving hydroxyurea. In patients who were receiving
hydroxyurea, they had an 87% probability of overall survival compared to 54%
probability in patients who were not receiving hydroxyurea. The interesting thing
about this is that this was not a randomized study. The persons being treated with
hydroxyurea in this study were more likely to have had severe sickle cell disease
and, thus, were at increased risk of earlier mortality. That was, in fact, not the case
in this study as show in this graph.
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Hydroxyurea is a Category D drug because animal studies have shown birth defects.
All patients should be on a documented effective birth control method.
Hydroxyurea is excreted in breast milk so breastfeeding is not recommended in
women who take hydroxyurea. Hydroxyurea should be withheld in women who
wish to breastfeed their infants.
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In summary, hydroxyurea reduces the frequency of hospitalizations, it increases
fetal hemoglobin in both children and adults with sickle cell disease, and it reduces
the frequency of painful crises, acute chest syndrome, and transfusions in both
adults and children. Patients with the highest fetal hemoglobin levels tend to have
the most prominent increases in parameters such as total hemoglobin and mean
corpuscular volume while having striking declines in parameters such as total white
blood cell count, neutrophils, reticulocytes, and other markers of red blood cell
destruction. Finally, hydroxyurea increases life expectancy in long‐term follow‐up
studies. Thank you for your time and attention.
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