
Immunologic Effects of Hydroxyurea in Sickle
Cell Anemia

WHAT’S KNOWN ON THIS SUBJECT: Hydroxyurea is a treatment
option for young patients with sickle cell disease (SCD).
Establishing the safety of hydroxyurea is of paramount
importance. The effect of hydroxyurea on immune function and
immunizations in SCD has not been studied previously.

WHAT THIS STUDY ADDS: Children with SCD receiving
hydroxyurea have lower lymphocyte, CD4, and memory T-cell
counts compared with those receiving placebo, but still in the
range for healthy children. Despite slower response to measles
vaccine, measles, mumps, and rubella and pneumococcal
vaccines are effective.

abstract
BACKGROUND AND OBJECTIVE: Susceptibility to encapsulated bacteria is
well known in sickle cell disease (SCD). Hydroxyurea use is common in
adults and children with SCD, but little is known about hydroxyurea’s
effects on immune function in SCD. Because hydroxyurea inhibits ribonu-
cleotide reductase, causing cell cycle arrest at the G1–S interface, we
postulated that hydroxyurea might delay transition from naive to memory
T cells, with inhibition of immunologic maturation and vaccine responses.

METHODS: T-cell subsets, naive andmemory T cells, and antibody responses
to pneumococcal and measles, mumps, and rubella vaccines were
measured among participants in a multicenter, randomized, double-
blind, placebo-controlled trial of hydroxyurea in infants and young
children with SCD (BABY HUG).

RESULTS: Compared with placebo, hydroxyurea treatment resulted in sig-
nificantly lower total lymphocyte, CD4, and memory T-cell counts; however,
these numbers were still within the range of historical healthy controls.
Antibody responses to pneumococcal vaccination were not affected, but
a delay in achieving protective measles antibody levels occurred in the
hydroxyurea group. Antibody levels to measles, mumps, and rubella
showed no differences between groups at exit, indicating that effective
immunization can be achieved despite hydroxyurea use.

CONCLUSIONS: Hydroxyurea does not appear to have significant
deleterious effects on the immune function of infants and children
with SCD. Additional assessments of lymphocyte parameters of
hydroxyurea-treated children may be warranted. No changes in
current immunization schedules are recommended; however, for
endemic disease or epidemics, adherence to accelerated immunization
schedules for the measles, mumps, and rubella vaccine should be
reinforced. Pediatrics 2014;134:686–695

AUTHORS: Howard M. Lederman, MD, PhD,a Margaret A.
Connolly, PhD,b Ram Kalpatthi, MD,c Russell E. Ware, MD,
PhD,d Winfred C. Wang, MD,e Lori Luchtman-Jones, MD,f

Myron Waclawiw, PhD,g Jonathan C. Goldsmith, MD,g

Andrea Swift, BS,a and James F. Casella, MD,h for the BABY
HUG Investigators
aEudowood Division of Allergy and Immunology, Department of
Pediatrics, and hDivision of Hematology, Department of
Pediatrics, Johns Hopkins University School of Medicine,
Baltimore, Maryland; bClinical Trials and Surveys Corp, Owings
Mills, Maryland; cPediatric Hematology, Children’s Mercy Hospital,
Kansas City, Missouri; dCincinnati Children’s Hospital Medical
Center, Cincinnati, Ohio; eDepartment of Hematology, St. Jude
Children’s Research Hospital, Memphis, Tennessee; fDivision of
Hematology, Department of Pediatrics, Children’s National
Medical Center, Washington, District of Columbia; and gNational
Heart Lung and Blood Institute, National Institutes of Health,
Bethesda, Maryland

KEY WORDS
sickle cell disease, hydroxyurea, immunology, vaccines

ABBREVIATIONS
IgG—immunoglobulin G
MMR—measles, mumps, and rubella
PCV-7—7-valent pneumococcal conjugate vaccine
PCV-13—13-valent pneumococcal conjugate vaccine
PPV-23—23-valent pneumococcal polysaccharide vaccine
SCD—sickle cell disease

Dr Lederman conceptualized and designed the study, performed
laboratory experiments, analyzed and interpreted data, and
wrote the manuscript; Dr Connolly analyzed and interpreted
data, performed statistical analysis, and wrote the manuscript;
Drs Kalpatthi, Ware, Wang, and Luchtman-Jones collected data,
analyzed and interpreted data, and critically reviewed the
manuscript; Drs Waclawiw and Goldsmith analyzed and
interpreted data and critically reviewed the manuscript;
Ms Swift developed and performed the antibody assays,
analyzed the raw data, and reviewed the final manuscript;
Dr Casella conceptualized and designed the study, collected
data, analyzed and interpreted data, and wrote the manuscript;
and all authors approved the final manuscript as submitted.

This trial has been registered at www.clinicaltrials.gov
(identifier NCT00006400).

www.pediatrics.org/cgi/doi/10.1542/peds.2014-0571

doi:10.1542/peds.2014-0571

Accepted for publication Jul 24, 2014

Address correspondence to James F. Casella, MD, Department of
Pediatrics, Division of Hematology, The Ross Research Building,
Room 1125, 720 Rutland Avenue, Baltimore, MD 21205. E-mail:
jcasella@jhmi.edu

PEDIATRICS (ISSN Numbers: Print, 0031-4005; Online, 1098-4275).

Copyright © 2014 by the American Academy of Pediatrics

(Continued on last page)

686 LEDERMAN et al

http://www.clinicaltrials.gov
mailto:jcasella@jhmi.edu


The use of hydroxyurea to treat sickle
cell disease (SCD) has becomecommon
in children. A recent National Institutes
of Health/National Heart, Lung, and
Blood Institute consensus statement
concluded that there is strong evidence
to support the use of hydroxyurea in
adults but that the evidence for efficacy
of hydroxyurea for children is not as
strong; additional studies were rec-
ommended.1 The recently completed
BABY HUG study explored the safety and
efficacy of hydroxyurea in infants and
toddlers with HbSS and HbS-b0 thal-
assemia, with safety being of para-
mount importance.2

Susceptibility to infection with encap-
sulated bacteria, particularly Strepto-
coccus pneumoniae, is well known in
SCD, because of defects in splenic
function and serum opsonic activity.3

This susceptibility is most marked
early in life, at the age of patients en-
rolled in the BABY HUG trial (9–18
months at study entry). Older children
and adults develop protective anti-
bodies against pneumococcal capsular
polysaccharides that compensate in
part for the immunologic defects in
SCD. Immunizations against encapsu-
lated bacteria and penicillin prophylaxis
are mainstays in the prevention of se-
rious infection in SCD.4–6

Despite this need for immunizations
and the known susceptibility of pa-
tients with SCD to infections, re-
markably little evidence exists about
the effects of hydroxyurea on immune
function in people with SCD. Lowering
of white blood cell and granulocyte
counts by hydroxyurea in adults7,8

and children2,9,10 with SCD has been
documented, but no studies have
reported specific effects on lymphocyte
number or immunologic function. Hy-
droxyurea reversibly inhibits ribonu-
cleotide reductase, leading to cell cycle
arrest at the G1–S interface.11 Because
infants and young children are immu-
nologically immature and their primary

lymphoid organs must produce large
numbers of naive T and B lymphocytes,
the effects of hydroxyurea could be
greater in this age group than in older
children and adults. We hypothesized
that hydroxyurea might delay the nor-
mal progression from naive to memory
T cells, causing a delay in immunologic
maturation, with deleterious effects on
antibody responses to vaccines.

Chemotherapeutic agents can reduce
the initial efficacy of immunizations
and pose risks for immunization with
live, attenuated viral or bacterial vac-
cines.12–14 In addition, waning vaccine-
related antibody titers have been
documented after treatment of child-
hood leukemia,15,16 although this is prob-
ably also influenced by the underlying
disease and intensity of chemotherapy.
Recommendations for patients and
physicians regarding hydroxyurea in-
clude cautions about vaccine efficacy
and safety. The American Cancer So-
ciety and other sources of consumer
information include SCD as an in-
dication for hydroxyurea but provide
warnings about receiving immuniza-
tions during or after treatment with-
out physician advice and about the
need to avoid people who have re-
cently received certain live vaccines.17

Despite these concerns, there are no
specific recommendations for immu-
nization of children receiving hydroxy-
urea for SCD.

The BABY HUG trial provided a unique
opportunity to explore these issues.

METHODS

Patients and Timing of Samples

This study involved participants in
the previously published multicenter,
randomized, double-blind, placebo-
controlled trial of hydroxyurea in
infants and young childrenwith sickle
cell anemia, which was conducted
from 2003 to 2009.2 Participants were
screened between 7 and 18 months of

age and followed for a period of 2
years. Blood was collected for T-cell
subsets at entry, age 24 months, and
exit. Blood for pneumococcal antibody
levels was collected at entry and before
and 2 to 8 weeks after administration
of the 23-valent pneumococcal poly-
saccharide vaccine (PPV-23, given at
∼24 months of age) and at study exit.
Blood for measles, mumps, and rubella
(MMR) antibodies was collected 2 to
10 weeks after the MMR vaccine (at∼12
months, the usual age for MMR in the
United States), at age 24 months, and at
study exit. Acute response to MMR vac-
cine was evaluated for participantswho
were enrolled before MMR vaccination
and had a blood sample within the
required time frame after MMR vacci-
nation. This study was approved by in-
stitutional review boards at each study
site and the coordinating center (Clini-
cal Trials and Surveys Corp) as part of
the BABY HUG study.2

Samples Available for Analysis

All BABY HUG participants who were
randomly assigned to study treat-
ment underwent immunology stud-
ies. Different numbers of samples
were available for the various tests of
immune function (Fig 1 and Table 1). A
participant’s lymphocyte analyses
were included if there was $1 sam-
ple available after study treatment.
These criteria were achieved for 91
participants in the hydroxyurea group
and 88 in the placebo group, for a total
of 179 (92.7%) of 193 randomly assigned
participants in the BABY HUG trial.
For analyses of antibody responses to
PPV-23, we included participants with
a known date of that immunization for
whoma prestudy treatment sample or a
preimmunization sample at 24 months
and $1 postimmunization (age 26
months, or end of study) sample were
assayed (74 in the hydroxyurea group
and 70 in the placebo group, for a total
of 144 [74.6%] of 193 randomly assigned
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participants, Fig 1A and Table 1). For as-
sessment of antibody responses to the
MMR vaccine, we included participants
who had a known date of immunization
and a postimmunization blood specimen
(67 in the hydroxyurea group and 66 in
the placebo group, for a total of 133
[68.9%] of the 193 randomly assigned
participants, Fig 1B and Table 1). To as-
sess the effect of study treatment on the
acute response to the MMR vaccine, we
included only participants for whom
a blood sample was collected between
2 and 10 weeks after immunization
(Fig 1C and Table 1). Results are presented

separately for patients immunized before
and after beginning their randomly
assigned treatment. This subset in-
cluded 15 of 35 (43%) participants in
the hydroxyurea group and 25 of 44
(57%) participants in the placebo
group (Fig 1C).

T-Cell Subsets

Expression of CD45RA (naive) and
CD45RO (memory) T-cell subsets was
determined by 4-color flow cytometry
using the combination CD45RA-FITC/
CD45RO-PE/CD4-PerCPCy5.5/CD8-APC
(Becton-Dickinson, San Jose, CA). T-cell

subsets were determined by standard
methods, using combinations of CD3/4/8
and CD45.

Antibodies to Pneumococcal
Polysaccharides

Type-specific antipneumococcal im-
munoglobulin G (IgG) antibody levels
were measured by using an enzyme-
linked immunosorbent assay, modi-
fied from the method of Koskela.18

Types 26 (6B) and 51 (7F) pneumococcal
polysaccharides and C-polysaccharide
were from the American Type Culture
Collection. All sera were premixed with
pneumococcal C-polysaccharide to mini-
mize nonspecific binding. For each sero-
type, 4 2.5-fold dilutions of serum were
prepared; samples were assayed in
duplicate. Dilutions of the Food and Drug
Administration pneumococcal reference
serum lot 89-SF19 were tested in parallel.
We compared patient and reference
sera by using a 4-parameter logistic-
log function.20 Levels of protection
of $0.35 and $1.0 mg/mL were con-
sidered separately.

Antibodies to MMR

IgG antibodies to each virus were
measured with commercial enzyme-
linked immunosorbent assay kits
(Bio-Quant, San Diego, CA). Antibody
levels were calculated in comparison
with a standard reference serum con-
trol curve supplied with each kit, using
a 4-parameter logistic-log function.20

Antibody levels of $1.1 index were
considered protective.

Statistical Analysis

T-cell subset percentages and log-
transformed counts were compared
with the 2-sample Student ’s t test,
evaluated at a = .05 significance level
for the 2-sided test. Mean percentages
and geometric mean counts are pre-
sented in Table 2.

We compared proportions of patients
with protective antipneumococcal IgG

FIGURE 1
Samples available for study. A, Patients evaluable for PPV-23 response (vaccinated with PPV-23 with$1
preimmunization and 1 postimmunization sample for measurement of pneumococcal antibody levels).
B, Vaccinated participants with $1 blood sample after immunization for measurement of MMR anti-
body levels. C, Patients who received randomized treatment before MMR vaccination and evaluable for
acute MMR response (with$1 blood sample for measurement of MMR antibody levels within the 2- to
10-week acute response window).
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antibody levels by using Fisher’s exact
test, evaluated at a = .05 significance
level for the 2-sided test. Median anti-
body levels are also reported. Separate
analyses of antibodies to MMR were
performed for participants who re-
ceived the MMR vaccine before or after
the first dose of randomized treatment.
We compared proportions of patients
with protective antibody levels by using
Fisher’s exact test, evaluated at a = .05
significance level for the 2-sided test.

Analysis of covariance with effects of
treatment, log-transformed days after
treatment, and the interaction effect
was used to evaluate log-transformed
antibody levels evaluated 2 to 10 weeks
after MMR immunization.

RESULTS

T-Cell Subsets

At study entry, there were no signifi-
cant differencesbetween thehydroxyurea

and placebo groups in absolute lympho-
cyte count or the percentages or absolute
numbers of any of the T-lymphocyte sub-
sets (Table 2). At age 24 months, both
groups showed an expected age-related
decline in absolute lymphocyte count, but
there were statistically significant differ-
ences in the absolute lymphocyte number
(P = .003), absolute T-cell (CD3) count (P =
.040), absolute CD4 count (P = .022), and
memory CD4+CD45RO+ count (Fig 2; P =
.003) between the 2 groups. Similar

TABLE 1 Summary of Groups Used for Analyses

FACS Pneumococcal MMR

HU = 91 Placebo = 88 HU = 74 Placebo = 70 HU = 67 Placebo = 66

Boys 45% 42% 45% 47% 43% 47%
Study visit
Pretreatment (N) 91 88 73 69 — —

Age, mo (SD) 12.5 (2.6) 12.8 (3.1) 12.9 (2.6) 13.1 (2.7) — —

2–10 wk after MMR (N) — — — — 40 38
Age, mo (SD) — — — — 14.7 (3.1) 15.0 (1.9)
Days after vaccination [min, max] — — — — 36 [11, 73] 37 [12, 75]

2–10 wk after MMR on treatmenta (N) — — — — 15 25
Age, mo (SD) — — — — 15.7 (3.1) 15.3 (2.0)
Days after vaccination [min, max] — — — — 33 [13, 61] 38 [14, 75]

Age 24 mo (N) 74 72 65 59 62 60
Age, mo (SD) 24.1 (1.1) 24.4 (1.5) 24.0 (1.1) 24.1 (1.1) 24.0 (1.1) 24.2 (1.3)

Age 26 mo (PPV-23) (N) — — 63 56 — —

Age, mo (SD) — — 26.4 (2.2) 26.3 (2.6) — —

End of study (N) 86 86 66 62 59 58
Age, mo (SD) 37.8 (2.8) 37.5 (2.9) 37.9 (2.9) 37.9 (3.0) 37.8 (2.7) 37.4 (2.8)

FACS, fluorescence-activated cell sorting; HU, hydroxyurea.
a Includes only participants vaccinated after receiving first dose of study treatment.
— indicates not applicable to study design.

TABLE 2 T-Cell Subsets in Children With Sickle Cell Disease

Entry Age 24 mo Exit

HU Placebo P HU Placebo P HU Placebo P

Number of participants 91 88 74 72 86 86
Lymphocytes/mm3a 6776 (0.67) 7106 (0.67) .494 5218 (0.66) 6550 (0.68) .003 4386 (0.67) 5219 (0.67) .012
CD3 %b 53 (11) 54 (12) .936 56 (10) 51 (11) .016 55 (10) 52 (11) .064
CD3 #a 3527 (0.67) 3739 (0.66) .394 2859 (0.65) 3288 (0.66) .040 2384 (0.67) 2670 (0.67) .096
CD4 %b 36 (10) 36 (10) .856 34 (8) 33 (9) .185 32 (8) 32 (9) .653
CD4 #a 2357 (0.67) 2572 (0.67) .199 1770 (0.65) 2068 (0.66) .022 1365 (0.67) 1584 (0.67) .031
Naive CD4+CD45RA+ %b 77 (9) 78 (8) .482 71 (10) 70 (10) .455 68 (11) 66 (11) .150
Naive CD4+CD45RA+ #a 1795 (0.69) 1986 (0.69) .195 1249 (0.68) 1437 (0.69) .084 916 (0.71) 1022 (0.71) .199
Memory CD4+CD45RO+ %b 17 (8) 16 (7) .595 22 (10) 23 (8) .513 26 (10) 27 (10) .212
Memory CD4+CD45RO+ #a 347 (0.73) 374 (0.75) .422 359 (0.66) 445 (0.67) .003 324 (0.67) 409 (0.66) ,.001
CD8 %b 15 (6) 15 (7) .950 18 (7) 16 (7) .112 19 (7) 17 (6) .070
CD8 #a 978 (0.70) 1053 (0.73) .389 882 (0.70) 975 (0.70) .267 782 (0.71) 847 (0.70) .334
Naive CD8+CD45RA+ %b 85 (9) 85 (10) .922 84 (10) 82 (12) .309 85 (7) 82 (9) .026
Naive CD8+CD45RA+ #a 824 (0.70) 884 (0.73) .406 735 (0.69) 792 (0.68) .370 661 (0.71) 691 (0.70) .590
Memory CD8+CD45RO+ %b 9.00 (8) 9.40 (8) .754 9.50 (9) 11 (8) .417 8.80 (6) 11 (6) .031
Memory CD8+CD45RO+ #a 66 (0.99) 76 (0.94) .336 63 (0.99) 82 (0.98) .110 57 (0.86) 78 (0.80) .008

HU, hydroxyurea.
a Counts are summarized by geometric means (coefficient of variation) and t test to compare log-transformed counts.
b Percentages are summarized by treatment means (SD) and t test.
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findings were seen at study exit, with
absolute lymphocyte number (P = .012),
absolute CD4 count (P = .031), and
memory CD4+CD45RO+ count (P, .001)
significantly lower in the hydroxyurea
group. In addition, there were statisti-
cally significant differences in naive and
memory CD8 cells, with a higher per-
centage of naive cells (P = .026), lower
percentage of memory cells (P = .031),
and lower absolute number of memory
cells (P = .008) in the hydroxyurea group.
However, none of the lymphocyte counts
or subsetswere below normal values for
similarly aged normal children.21

Antibody to Pneumococcal
Polysaccharide

We chose to test for IgG antibodies to
type 26 because it is included in the
T-dependent 7-valent pneumococcal
conjugate (PCV-7) vaccine that was
administered to all participants be-
fore entry and randomization and
because there is a booster immuni-
zation with the T-independent PPV-23

vaccine administered to children at
age 24 months, many months after
randomization. We chose to test for
antibodies to type 51 because it is a
T-independent (polysaccharide) an-
tigen in PPV-23, to which children
were exposed only after randomiza-
tion. (This study occurred before the
licensure of 13-valent pneumococcal
conjugate vaccine [PCV-13] in 2010;
PCV-13, but not PCV-7 [Prevnar-7],
includes the pneumococcal sero-
type 51 polysaccharide/protein con-
jugate.) IgG antibody levels were
measured at entry (after the stan-
dard series of 3 immunizations with
PCV-7 at ages 2, 4, and 6 months). By
age 23 months, before PPV-23 im-
munization, 80% of the hydroxyurea
and 88% of the placebo patients had
received at least 3 PCV-7 immuniza-
tions; 96% and 99%, respectively, had
received $2 PCV-7 vaccinations. There
was no statistical difference between
the hydroxyurea and placebo groups
in the time to completion of the PCV-7

series. PCV-7 vaccine includes pneumo-
coccal polysaccharide type 26 but not
51. At entry, the geometric mean IgG
antibody level to type 26 was 7.3 mg/mL
(Table 3). For type 51, the geometric
mean level of IgG antibodywas 1.1mg/mL.
The proportions of participants with a
protective antibody level (when defined
as either $0.35 mg/mL or$1.0 mg/mL)
in the hydroxyurea and placebo groups
were not significantly different at entry
or at any of the other time points (Fig 3,
Table 3). Differences were not seen in
the persistence of antibody to the
T-dependent serotype 26 polysaccharide/
protein conjugate antigen, to which
participants were immunized before en-
rollment in this trial; the acute booster
response to the T-independent serotype
26 polysaccharide in PPV-23; or the
T-independent serotype 51 polysaccharide,
to which patients were exposed for the
first time through PPV-23 at 24 months of
age. Furthermore, the pneumococcal an-
tibody levels persisted until study exit, at
a mean age of 37.9 months. There was no

FIGURE 2
Effectsofhydroxyureaon theabsolutenumberofmemoryCD4Tcells. Reference line (reddashes) indicatesbaselinegeometricmean(360cells/mm3, slope=0).
Linear regression lines show slopes (cells/mm3 per month): hydroxyurea, 21.6 and placebo, +1.1.
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statistical relationship between the CD3,
CD4, or CD4+CD45RO+ numbers and the
pneumococcal antibody levels in either the
hydroxyurea or placebo group. Therewere
no statistically significant differences in
pneumococcal antibody responses be-
tween children who had received all of
their PCV-7 immunizations on time and
those whose immunizations were late, but
this conclusion is limited by the small
number of subjects who had delayed
immunizations.

Antibody to MMR

When the MMR vaccine was admin-
istered to participants before ran-
domized treatment, there were no
differences between the hydroxyurea
and placebo groups in the percentage
of participants who were immune to
MMR (Table 4). When MMR vaccine
was administered to participants after
randomized treatment, the percentage
of participants immune to measles 2 to
10 weeks after immunization was lower
in the hydroxyurea group than in the
placebo group (hydroxyurea 10/14 [71.4%]

vs placebo 24/24 [100%]; P = .014). There
were similar findings in the protective
responses to mumps (hydroxyurea 11/14
[78.6%] vs placebo 22/24 [91.7%]) and
rubella (hydroxyurea 10/15 [66.7%] vs
placebo 23/25 [92%]), although the
results did not reach statistical signifi-
cance. By age 24 months, the differ-
ences between treatment groups in
percentage of participants immune to
MMR were not significant (87%–100%
for individual vaccines and 81%–96%
for immunization to all 3).

We found additional support for a
delayed response to measles vaccine
by analyzing log-transformed antibody
levels measured 2 to 10 weeks after
vaccinationversus logof time, revealing
a significant difference in percentage
immune (P = .032) and mean antibody
level (P = .010, Fig 4). The log–log re-
sponse model for mumps showed no
significant treatment difference, and
the log–log response model for rubella
showed a significant difference in mean
antibody level (P = .008) but not in
percentage protected. The differences

in antibody responses after immuni-
zation could not be explained by mean
age of participants at immunization or
by baseline lymphocyte, CD4, or mem-
ory CD4 numbers. The means and dis-
tributions of ages of patients in the
hydroxyurea and placebo groups for
the 2- to 10-week postimmunization group
were not significantly different, nor was
the number of days after immunization,
indicating that the timing of samplingwas
not responsible for the differences in
protective or mean antibody levels.

As shown in Fig 1 A and B, there were
29 (12 + 17) participants with no pneu-
mococcal antibody results available and
45 (22 + 23) participants with no MMR
antibody results. Some available sam-
ples were not analyzed because the
participant had no sample collected
in the first postimmunization interval.
Twenty-five participants enrolled later in
the study had no pneumococcal or MMR
antibody result because their samples
were not available when the laboratory
testing was performed. These participants
began the study drug 42 to 46 months

TABLE 3 Geometric Mean and Protective Pneumococcal IgG Antibody Levels

Entry 24 mo (Before PPV-23) 26 mo (After PPV-23) Exit

HU
(n = 73)

Placebo
(n = 69)

P a HU
(n = 65)

Placebo
(n = 58)

P a HU
(n = 63)

Placebo
(n = 56)

Pa HU
(n = 66)

Placebo
(n = 62)

Pa

Serotype 26 (6B)
Geometric mean

antibody (mg/mL)
7.4 7.2 6.9 5.4 37.9 46.6 9.4 9.6

95% CI [5.7–9.5] [5.7–9.2] [5.1–9.3] [4.2–7.0] [29.6–48.6] [35.3–61.4] [7.6–11.7] [7.6–12.0]
% Protective

($1.0 mg/mL)
97.3 97.1 ..999 92.3 94.8 .721 100 100 — 100 100 —

95% CI [90.5–99.7] [89.9–99.7] [83.0–97.5] [85.6–98.9] [94.3–100.0] [93.6–100.0] [94.6–100.0] [94.2–100.0]
% Protective

($0.35 mg/mL)
100.0 100.0 — 100.0 98.3 .471 100 100 — 100 100 —

95% CI [95.1–100.0] [94.8–100.0] [94.5–100.0] [90.8–100.0] [94.3–100.0] [93.6–100.0] [94.6–100.0] [94.2–100.0]
Serotype 51 (7F)
Geometric mean

antibody (mg/mL)
1.2 1.0 1.5 1.2 8.4 9.4 3.7 3.2

95% CI [1.0–1.5] [ 0.8–1.2] [1.2–1.9] [0.9–1.5] [6.4–11.0] [7.2–12.2] [3.0–4.5] [2.6–3.9]
% Protective

($1.0 mg/mL)
60.3 47.8 .177 72.3 58.6 .129 100 98.2 .47 90.9 93.5 .745

95% CI [48.1–71.6] [35.7–60.2] [59.8–82.7] [44.9–71.4] [94.3–100.0] [90.5–100.0] [81.3–96.6] [84.3–98.2]
% Protective

($0.35 mg/mL)
91.8 85.5 .292 93.8 94.8 ..999 100 100 — 100 100 —

95% CI [83.0–96.9] [75.0–92.8] [85.0–98.3] [85.6–98.9] [94.3–100.0] [93.6–100.0] [94.6–100.0] [94.2–100.0]

CI, confidence interval; HU, hydroxyurea.
No P value calculated (—) when hydroxyurea and placebo % protected = 100%.
a Fisher’s exact test.
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after the first participant and had
a mean age of 12.6 months, compared
with 14.0 months for participants en-
rolled earlier (P = .014). Those who did
not have pneumococcal or MMR anti-
body results were comparable in age at
MMR vaccination, baseline lymphocyte,
CD4, and memory CD4 counts, suggesting
that they did not differ significantly from
the population tested, except for age.

DISCUSSION

Because BABY HUG was a placebo-
controlled trial in infants who started
treatment as early as age 9 months of
age, it presented a unique opportunity
to examine the effects of hydroxyurea
on the developing immune system.
We hypothesized that hydroxyurea, by

virtue of its antiproliferative effects
on lymphocytes, might delay the de-
velopmentof the immunologic repertoire
during a crucial period of maturation in
the young child, leading to impaired
responses to immunization and reduced
numbers of memory T cells.

We found that hydroxyurea treatment
wasassociatedwith statistically significant
reductions in absolute lymphocyte, CD4
T-cell, and memory CD4 and CD8 T-cell
counts compared with the placebo
group; however, the percentages and
absolute numbers of each of those
lymphocyte subsets remained as high
as or higher than in healthy controls of
a similar age.21 The delay in transition
from naive to memory T cells seen in
patients treated with hydroxyurea is

consistent with the antiproliferative ef-
fects of hydroxyurea, which are caused
by inhibition of ribonucleotide reductase
and fit the a priori hypothesis of the
study. The fact that some effect was ob-
served on vaccinations that are more
dependent on T-cell function (MMR) than
T-cell independent vaccination (PPV-23)
suggests that the effects of hydroxy-
urea may be more important for T-cell
maturation than B-cell maturation. The
clinical importance of these findings is
not clear. Although the differences are
numerically small, the reductions in
total lymphocytes and total CD4 cells in
the hydroxyurea-treated children sug-
gest that additional studies are war-
ranted in this group and in others who
begin hydroxyurea therapy early in life
and continue the drug beyond 3 years
of age. However, because children with
SCD generally have higher lymphocyte
counts than controls,22 it is not clear that
the observed reduction in the numbers
of total and memory CD4 cells and CD8
memory cells will lead to an increased
risk of infection or other deleterious
immunologic consequences. In fact, re-
ductions in the number of those cells
may indicate a benefit through a de-
creased inflammatory response. If so,
the number of CD4 T cells, the number of
CD4 and CD8 memory cells, and the ratio
of CD4 memory to naive cells could be
biomarkers for a beneficial hydroxyurea
effect. The data from the placebo group
provide additional detailed normative
information about T-cell subset de-
velopment in African American infants
and young children with SCD.

There is controversy about the level of
pneumococcal IgG antibody that pre-
vents invasive disease (0.35 mg/mL)23

and the level measured acutely after
immunization that represents a nor-
mal antibody response and predicts
long-term protection (1.0–1.3 mg/mL).24

Therefore, we chose to compare the IgG
antibody levels and the percentage of
subjects reaching levels of 0.35 and

FIGURE 3
Semilogarithmic plot of IgG antibody concentrations to pneumococcal polysaccharide serotypes 26 (6B)
and 51 (7F). Individual patients are represented by scatterplot symbols corresponding to their IgG
antibody concentration at pretreatment, age 24months, age 26months, and endof study. Plot symbols of
patients randomly assigned to hydroxyurea are offset left solid diamonds, with geometric means
connected by dashed line. Plot symbols of patients randomly assigned to placebo are offset right open
diamonds, with geometric means connected by unbroken line.
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1.0mg IgG antibody per milliliter between
the hydroxyurea and placebo groups.
Immunization with the T-independent
pneumococcal vaccine PPV-23 was not
affected by hydroxyurea therapy, sug-
gesting there should be no increased risk
for pneumococcal sepsis in infants and
children with SCD who are treated with
hydroxyurea. Both absolute antibody lev-
els and the proportion of children with
levels of pneumococcal antibody likely to
be protective against infection were un-
affected by hydroxyurea. This was true
for a polysaccharide antigen in PCV-7, to
which the participants had been pre-
viously vaccinated (serotype 6B), as well
as one to which they had not been pre-
viously vaccinated (serotype 51).

Our results indicate that there was
a delay in achieving protective levels of
measles antibody among participants
in the hydroxyurea group when com-
pared with the placebo group. There
were some similar trends for the re-
sponse to mumps and rubella, but they
did not reach statistical significance.
The period of this delay can only be
estimated, given the nature of the study
design, but it appears to be in the range

of 30 to 100 days. We were unable to
determine whether the delay in anti-
body response was caused by an effect
on B or T cells, because studies mea-
suring T-cell response were not per-
formed. Such experiments would be
useful for future investigation. Impor-
tantly, antibody levels to all 3 viruses
were similar between groups at exit,
indicating that effective immunization
with live viral vaccines can be achieved
despite hydroxyurea therapy, with lev-
els of antibody to the MMR vaccination
at 100 days after immunization com-
parable to the percentage seen in
healthy children.25 However, these results
suggest that adherence to currently rec-
ommended accelerated immunization
schedules for all children (a single dose
of vaccine in unimmunized children.6
months old, with reimmunization at age
12 to 15 months and$28 days after the
first dose of vaccine)26 may be espe-
cially important for children with SCD
treated with hydroxyurea in the face of
a local epidemic of measles, mumps,
rubella, or other pathogens for which
immunization can provide protection
from infection or severe disease. In

epidemic situations, it may also be
reasonable to provide a hydroxyurea
holiday around the time of vaccination.
It should also be emphasized that the
full immunologic effects of starting hy-
droxyurea treatment earlier in life or
prolonging the treatment beyond the
age of 3 years are not known. Additional
evaluations of CD4 and memory T cells
in particular appear to be warranted.

There are several limitations to this
study. First, sample sizes, particularly
for the measurements of MMR vaccine
responses, were small. Because par-
ticipants at study entry were 9 to 18
months old, many had already received
the MMR vaccination before entry and
werebeyond thewindowwhensamples
were to be obtained. In addition, only
patients with paired samples before
and after vaccination were included.
Our analyses of patients who were and
were not included in the study did not
reveal any important demographic or
treatment response differences; there-
fore, we do not believe that the con-
clusionswerebiased.Second, important
long-term effects of hydroxyurea could
be missed, given the short period of
study treatment of eachpatient (2 years).
Third, a fixed dose of 20 mg/kg per day
wasused in theBABYHUG study,whereas
dosing up to 35 mg/kg per day or maxi-
mum tolerated dose is commonly used in
practice. It is possible that greater effects
on the immune system might be seen at
these higher doses. Finally, the small
number of patients treated with hy-
droxyurea in the BABY HUG study (96)
makes it difficult to exclude low-frequency
adverse events and effects.

CONCLUSIONS

Overall, we provide additional evidence
for the safety of hydroxyurea in the
treatment of infants and children with
SCD. Our results showed no significant
effects of hydroxyurea on recall or pri-
maryantibody response topneumococcal
polysaccharides, providing confirmation

TABLE 4 MMR Protective Antibody Levels

Antibody MMR Before
Randomized Treatment?

Visit Number (%) of Participants With Protective
Antibody Levels

HU Placebo P (Fisher’s
exact test)

Measles Yes 2–10 wk after MMR 23/24 (95.8) 10/11 (90.9) .536
Age 24 mo 40/40 (100.0) 31/31 (100.0) —

End of study 36/36 (100.0) 28/29 (96.6) .446
No 2–10 wk after MMR 10/14 (71.4) 24/24 (100.0) .014

Age 24 mo 18/19 (94.7) 28/28 (100.0) .404
End of study 21/21 (100.0) 27/27 (100.0) —

Mumps Yes 2–10 wk after MMR 23/24 (95.8) 9/11 (81.8) .227
Age 24 mo 40/41 (97.6) 27/31 (87.1) .158
End of study 37/38 (97.4) 26/29 (89.7) .308

No 2–10 wk after MMR 11/14 (78.6) 22/24 (91.7) .337
Age 24 mo 19/21 (90.5) 28/29 (96.6) .565
End of study 19/21 (90.5) 28/30 (96.7) .561

Rubella Yes 2–10 wk after MMR 24/25 (96.0) 10/13 (76.9) .107
Age 24 mo 36/36 (100.0) 24/24 (100.0) —

End of study 33/33 (100.0) 22/22 (100.0) —

No 2–10 wk after MMR 10/15 (66.7) 23/25 (92.0) .081
Age 24 mo 15/16 (93.8) 26/26 (100.0) .381
End of study 17/18 (94.4) 26/26 (100.0) .409

HU, hydroxyurea.
No P value calculated (—) when hydroxyurea and placebo % protected = 100%.
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that the PCV-7 and PPV-23 vaccines given
at 2 to 18 months and 24 months, re-
spectively, are immunogenic in infants
with SCD. Our findings and previous
results from the BABY HUG clinical trial
indicate that hydroxyurea therapy, as ad-
ministeredtochildrenages9to42months,
did not cause a detectable, clinically im-
portant immunodeficiency, because there
was no increase in any type of infection
among participants in the hydroxyurea
group.27 Delays in antibody response
after vaccination to measles and possibly
mumps and rubella were identified, but
the ultimate development of immunity
over time did not appear to be affected.
The implications of these findings for
vaccination in endemic areas or during
epidemics must be considered, but no
immediate safety concerns from hy-
droxyurea were identified for adminis-
tration of live viruses or other vaccines
according to currently recommended
schedules for young children with SCD. Fi-
nally, statistically significant differences in
CD4 T-cell and memory T-cell numbers
between hydroxyurea-treated partic-
ipants and controls warrant additional
study to determine whether they are
clinically significant. The data herein
represent the best available evidence
for health care providers with regard to
immunizations of patients receiving hy-
droxyurea for SCD.
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FIGURE 4
LogacuteantibodylevelstoMMR.Scatterplotsymbolsrepresentlog10(acuteresponseindex/1.1)ofpatientswho
startedrandomized treatmentbeforeMMRvaccination.Curvilinear linesrepresentregressionof log10antibody
level versus log10 days after MMR vaccination in model that included randomized treatment and treatment by
time effects. Horizontal line represents the protective level of antibody. Plot symbols of patients randomly
assigned to hydroxyurea are black diamondswith dashed line. Placebo are gray triangleswith unbroken lines.
Model treatment mean antibody index and rate difference (difference in slope) results were measles, mean
P = .010, rate P = .032; mumps, mean P = .516, rate P = .663; rubella, mean P = .008, rate P = .497.
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