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A

 

BSTRACT

 

Background

 

We investigated the risks and bene-
fits of allogeneic bone marrow transplantation in 
children with complications of sickle cell disease.

 

Methods

 

Twenty-two children less than 16 years 
of age who had symptomatic sickle cell disease re-
ceived marrow allografts from HLA-identical siblings 
between September 1991 and April 1995. The indi-
cations for transplantation included a history of 
stroke (n

 

�

 

12), recurrent acute chest syndrome 
(n

 

�

 

5), and recurrent painful crises (n

 

�

 

5). Patients 
were prepared for transplantation with busulfan, cy-
clophosphamide, and antithymocyte globulin.

 

Results

 

Twenty of the 22 patients survived, with 
a median follow-up of 23.9 months (range, 10.1 to 
51.0), and 16 patients had stable engraftment of do-
nor hematopoietic cells. In three patients the graft 
was rejected and sickle cell disease recurred; in a 
fourth patient graft rejection was accompanied by 
marrow aplasia. In 1 of the 16 patients with engraft-
ment, there was stable mixed chimerism. Two pa-
tients died of central nervous system hemorrhage 
or graft-versus-host disease. Kaplan–Meier esti-
mates of survival and event-free survival at four 
years were 91 percent and 73 percent, respectively. 
Among patients with a history of acute chest syn-
drome, lung function stabilized; among patients 
with prior central nervous system vasculopathy who 
had engraftment, stabilization of cerebrovascular 
disease was documented by magnetic resonance 
imaging.

 

Conclusions

 

Allogeneic stem-cell transplantation 
can be curative in young patients with symptomatic 
sickle cell disease. (N Engl J Med 1996;335:369-76.)

 

©1996, Massachusetts Medical Society.
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RANSPLANTATION of hematopoietic
stem cells from HLA-identical siblings can
be curative in several nonmalignant hema-
tologic disorders, including aplastic anemia,

 

b

 

-thalassemia major, congenital immunodeficiency
disorders, and certain inborn errors of metabolism.

 

1-3

 

Pilot studies of bone marrow transplantation for the
treatment of young patients with symptomatic sickle
cell disease have demonstrated eradication of the
underlying disease with low transplantation-related
mortality.

 

4-10

 

 We undertook this study to determine
whether these results could be reproduced in a mul-
ticenter trial.

Because the clinical course of sickle cell disease is
highly variable and difficult to predict, we attempted
to identify patients at risk for poor outcomes before
extensive organ damage due to sickle cell disease oc-
curred. This strategy was similar to that applied in
patients with 

 

b

 

-thalassemia major.

 

11

 

 We selected pa-
tients with debilitating clinical events, such as stroke,
recurrent acute chest syndrome, and recurrent pain-

T
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ful vaso-occlusive crises, which contribute to the high
morbidity and early mortality among patients with
sickle cell disease.

 

12

 

 We report here the results of al-
logeneic stem-cell transplantation in 22 children with
symptomatic sickle cell disease.

 

METHODS

 

Patients less than 16 years of age with symptomatic sickle cell
disease (sickle cell anemia [hemoglobin genotype S/S], sickle cell–
hemoglobin C disease [S/C], or sickle cell–

 

b

 

-thalassemia) and
HLA-identical sibling donors (hemoglobin genotype A/A or A/S)
were considered for marrow transplantation. Typing for HLA-A,
HLA-B, and HLA-DR antigens was performed with a standard
complement-dependent microcytotoxicity assay.

 

13

 

 All patients were
required to meet the eligibility criteria outlined in Table 1

 

10,14

 

;
those with extensive end-organ damage (e.g., stage III or IV sickle
lung disease or severe renal impairment) were excluded.

 

15,16

 

 Pa-
tients were enrolled at 15 centers in the United States and Europe
(see the Appendix). The study was approved by the institutional re-
view board of the Fred Hutchinson Cancer Research Center and
by the institutional review boards or their equivalents at each of the

collaborating sites. All patients or their parents or guardians gave
written informed consent for their participation.

A Data Safety and Monitoring Board was appointed by the Na-
tional Heart, Lung, and Blood Institute to monitor the safety of
patients, adherence to ethical standards, and progress of this in-
vestigation. The board consisted of five hematologists, a biostat-
istician, and two patient advocates. Quarterly reports were sub-
mitted, and annual progress reports were presented to the board
by the principal investigators.

Fourteen patients were prepared for transplantation with a com-
bination of busulfan (total dose, 14 mg per kilogram of body
weight, administered every six hours for 16 doses over four days),
cyclophosphamide (total dose, 200 mg per kilogram, administered
in 4 daily doses of 50 mg per kilogram), and horse antithymocyte
globulin (ATGAM; total dose, 90 mg per kilogram, administered
in 3 daily doses of 30 mg per kilogram). Four patients received
CAMPATH antibody (10 mg per kilogram each day for five days)
in lieu of antithymocyte globulin.

 

17

 

 Patients 9, 10, and 11 received
busulfan (total dose, 500 mg per square meter of body-surface ar-
ea, in 16 doses over four days), cyclophosphamide (200 mg per kil-
ogram, as above), and rabbit antithymocyte globulin (total dose,
20 mg per kilogram, in 4 daily doses of 5 mg per kilogram), and
Patient 6 received busulfan (16 mg per kilogram, in 16 doses over
four days), cyclophosphamide (200 mg per kilogram, as above),
and antithymocyte globulin (80 mg per kilogram, in 4 daily doses)
at the discretion of the investigators at the center. Since November
1994, the pharmacokinetics of busulfan have been monitored in
North American patients to maintain adjusted steady-state blood
concentrations of 400 to 600 ng per milliliter in order to lower the
risks of graft rejection and toxic effects. On the basis of their blood
concentrations, we calculated that Patients 13, 19, and 20 (who
were 5.2, 3.2, and 12.2 years of age, respectively) received a total
dose of 14 mg of busulfan per kilogram, and Patient 17 (who was
4.2 years old) received 16 mg per kilogram. Patients received either
a combination of methotrexate and cyclosporine (21 patients) or
cyclosporine and prednisone (1 patient) for the prevention of acute
graft-versus-host disease (GVHD).

 

18,19 

 

Prophylaxis with cyclospor-
ine was given for six months after transplantation. The definitions
and methods of grading acute and chronic GVHD have been de-
scribed previously.

 

18,19

 

Before transplantation, six patients who were not receiving
long-term transfusion therapy underwent a partial exchange trans-
fusion to achieve a fraction of hemoglobin S in the blood of 30
percent or less. All patients who were seronegative for cytomega-
lovirus received seronegative blood products.

 

20

 

 After transplanta-
tion, patients received prophylactic broad-spectrum antibiotics
intravenously until the number of circulating neutrophils reached
500 per cubic millimeter and oral penicillin for at least two years
after transplantation.

In response to an increased incidence of neurologic complica-
tions after transplantation, the following guidelines were adopted
in June 1993: anticonvulsant prophylaxis with phenytoin was initi-
ated during the administration of busulfan and continued for six
months after transplantation, hypertension was strictly controlled,
magnesium deficiency was promptly rectified, and hemoglobin
concentrations were maintained at 9 to 11 g per deciliter (5.6 to
6.8 mmol per liter) and platelet counts above 50,000 per cubic mil-
limeter.

 

14

 

 In addition, cerebral magnetic resonance imaging (MRI)
and magnetic resonance angiography were performed in all pa-
tients before transplantation and 180 and 365 days after transplan-
tation. Measurements of pulmonary function (total lung capacity,
forced vital capacity, residual volume, and the ratio of forced expir-
atory volume to forced vital capacity) with pulse oximetry, arterial-
blood gas measurements, or both, were made annually.

Hematopoietic-cell chimerism was identified by in situ hybrid-
ization with a Y-chromosome–specific probe in cells from marrow
and peripheral blood when the donor and recipient were mis-
matched for sex and by studies of restriction-fragment–length
polymorphisms or tandem repeats in DNA when the donor and
recipient were of the same sex. These analyses were performed 56
days, 84 days, and 1 year after transplantation.

 

*Patients with HLA-matched related donors with the sick-
le-cell trait were not excluded.

†The Lansky performance score is a measure of functional
status in children.
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.

 

Criteria for inclusion

 

Sickle cell disease (sickle cell anemia, sickle cell–hemoglobin
C disease, or sickle cell–

 

b

 

-thalassemia) 
Age less than 16 years
HLA-identical related donor
One or more of the following:

Stroke or central nervous system event lasting longer than 
24 hours

Acute chest syndrome with recurrent hospitalizations or 
previous exchange transfusions

Recurrent vaso-occlusive pain (

 

�

 

2 episodes per year for 
several years) or recurrent priapism

Impaired neuropsychological function and abnormal 
cerebral MRI scan

Stage I or II sickle lung disease
Sickle nephropathy (moderate or severe proteinuria or

a glomerular filtration rate 30 to 50% of the predicted
normal value)

Bilateral proliferative retinopathy and major visual impair-
ment in at least one eye

Osteonecrosis of multiple joints
Red-cell alloimmunization (

 

�

 

2 antibodies) during long-
term transfusion therapy

 

Criteria for exclusion 

 

Age greater than 15 years 
Lack of availability of HLA-identical donor*
One or more of the following:

Karnofsky or Lansky functional performance score

 

�

 

70†
Acute hepatitis or evidence of moderate or severe portal 

fibrosis or cirrhosis on biopsy
Severe renal impairment (glomerular filtration rate, 

 

�

 

30% 
of the predicted normal value)

Severe residual functional neurologic impairment (other 
than hemiplegia alone)

Stage III or IV sickle lung disease
Demonstrated lack of compliance with medical care
Seropositivity for the human immunodeficiency virus
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Statistical Analysis

 

We used the Kaplan–Meier method to estimate survival and
event-free survival (the events we studied were death, graft rejec-
tion, and recurrence of sickle cell disease).

 

21

 

 A cumulative inci-
dence curve for graft rejection is also presented.

 

22

 

 Survival and
graft rejection were evaluated in relation to each of the following
factors with the log-rank test

 

22

 

: the patient’s age and sex, the do-
nor’s sex, the genotypes of both patient and donor, the number
of transfusions received, the incidence of red-cell alloimmuniza-
tion, previous chelation therapy, the presence of hepatomegaly,
and the serum ferritin concentration before transplantation. We
assessed the associations between various factors in contingency
tables by Fisher’s exact test.

 

23

 

RESULTS

 

Characteristics of the Patients

 

Twenty-one patients with sickle cell anemia and
one patient with sickle 

 

b

 

�

 

-thalassemia received mar-
row allografts from HLA-identical siblings between
September 1991 and April 1995 at 15 collaborating
transplantation centers. The 8 girls and 14 boys
ranged in age from 3.3 to 13.9 years (median, 10.4)
(Table 2). The indications for transplantation in-
cluded a history of stroke (12 patients), recurrent
acute chest syndrome (5 patients), and recurrent
painful episodes (5 patients). The pretransplantation
hemoglobin values varied from 6.4 to 11.9 g per
deciliter (4.0 to 7.4 mmol per liter), and the hemo-
globin S fractions reflected the long-term transfu-
sion therapy given to 16 patients.

Cerebral MRI was performed in all 22 patients
before transplantation. Of the 12 patients with a his-
tory of overt stroke, all but 1 (Patient 13) had evi-
dence of cerebral infarction, vasculopathy, or both
on neuroimaging (Table 3). Among the remaining
10 patients, 2 (Patients 6 and 18) had evidence of a
“silent” cerebral infarction on cerebral MRI. Pulmo-
nary function, tested in 18 patients, was normal in
7; mildly-to-moderately or moderately restrictive pul-
monary disease was present in 6 patients, mildly re-
strictive changes were present in 4 patients, and mild
airway obstruction without restrictive changes was
noted in 1 patient (Table 3). A history of recurrent
acute chest syndrome was the chief indication for
transplantation in five patients, and three others (Pa-
tients 2, 9, and 17) had previously had one or two
episodes of the acute chest syndrome. In this sub-
group, pulmonary function was impaired in four pa-
tients, normal in two, and not studied in two. Of the
five for whom a history of recurrent painful episodes
was an indication for transplantation (Patients 9, 10,
16, 21, and 22), the number of painful crises ranged
from 3 to 13 per year; two of these patients also had
osteonecrosis.

Sixteen patients were receiving monthly red-cell
transfusions before transplantation (12 for stroke,
3 for recurrent painful episodes, and 1 for the acute
chest syndrome). Six of these 16 patients had red-
cell alloantibodies, and 10 were receiving chelation

treatment for iron overload (Table 3). The serum
ferritin values in all 22 patients ranged from 58 to
6795 ng per milliliter (mean, 1542). Most of the 22
children had received frequent transfusions before
transplantation, although 5 patients had received 10
or fewer units of red cells. Of the 16 patients who
underwent serologic testing before transplantation,
3 had evidence of a previous viral hepatitis infection
(hepatitis A in Patient 9 and hepatitis C in Patients
1 and 6). Liver biopsies were performed before trans-
plantation in eight patients with a history of hepati-
tis or numerous transfusions. Four patients (Patients
13, 16, 21, and 22) had mild-to-moderate hemosid-
erosis without portal fibrosis, one (Patient 2) had
minimal periportal inflammation, and two (Patients
5 and 6) had changes consistent with chronic hepa-
titis. Only one patient (Patient 20, who had a serum
ferritin concentration of 6795 ng per milliliter) had
evidence of portal fibrosis.

 

Clinical Course after Stem-Cell Transplantation

 

In all patients the absolute neutrophil count ex-
ceeded 500 per cubic millimeter by a median of 18
days after transplantation (range, 15 to 32). The
platelet count rose above 20,000 per cubic millime-
ter, independently of transfusions, by a median of 26
days after transplantation (range, 11 to 40). Mild-
to-moderate veno-occlusive disease of the liver was
noted in two patients, who recovered without se-
quelae. Interstitial pneumonitis developed in Patient
15, who had no prior pulmonary complications.
Bronchoscopy showed no infective cause, and he re-
covered uneventfully. Five patients had bacteremia,
including one episode of 

 

Haemophilus influenzae

 

bacteremia with pneumonia in Patient 9. Grade II or
III acute GVHD developed in two patients. The pa-

 

T

 

ABLE

 

 2.

 

 C

 

HARACTERISTICS

 

 

 

OF

 

 

 

THE

 

 22 P

 

ATIENTS

 

 

 

BEFORE

 

 T

 

RANSPLANTATION

 

.

 

C

 

HARACTERISTIC

 

M

 

EAN

 

 

 

�

 

SD M

 

EDIAN

 

R

 

ANGE

 

Age (yr) 9.9

 

�

 

3.3 10.4 3.3–13.9

Mean corpuscular volume (f l) 85.0

 

�

 

7.1 87.5 72.2–94.0

Hemoglobin F (%) 8.4

 

�

 

8.1 6.0 0.1–25.0

White cells (

 

�

 

10

 

�

 

3

 

/mm

 

3

 

) 13.0

 

�

 

3.8 12.0 8.0–22.8

Platelets (

 

�

 

10

 

�

 

3

 

/mm

 

3

 

) 355

 

�

 

32 371 115–875

Serum ferritin (ng/ml) 1542

 

�

 

1730 1079 58–6795

 

H

 

ISTORY

 

 

 

OF

 

T

 

RANSFUSION

 

N

 

O

 

 H

 

ISTORY

 

 

 

OF

 

T

 

RANSFUSION

 

MEAN MEDIAN MEAN MEDIAN

 

Hemoglobin
g/dl
mmol/liter

9.7
6.0

9.5
5.9

8.3
5.2

8.5
5.3

Hemoglobin S (%) 28 30 84 86
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*MRI denotes magnetic resonance imaging, MRA magnetic resonance angiography, RPD restrictive pulmonary disease, ICH intracranial hemorrhage,
ACS acute chest syndrome, VOC vaso-occlusive crisis, TCD transcranial Doppler scanning, and CVA cerebrovascular accident. Dashes indicate that testing
was not done.

†This column shows the total number of episodes of acute chest syndrome since birth.

‡Numbers of painful crises are reported as mean values over the past three years.

§The letters indicate the minor-blood-group surface antigen targets for alloantibodies.

¶For pulmonary function, restrictive pulmonary disease was categorized as mild (80 percent of the predicted normal values, or 1 SD below normal) or
moderate (60 percent of the predicted normal values, or �2 SD below normal).

TABLE 3. COMPLICATIONS OF SICKLE CELL DISEASE AND THERAPY RECEIVED BY THE 22 PATIENTS.*

PATIENT

NO.
AGE

(YR)

INDICATION

FOR

TRANSPLAN-
TATION

NO. OF

PULMO-
NARY

EVENTS†

NO. OF PAINFUL

CRISES OR

OTHER 
EVENTS‡

>10 UNITS

TRANSFUSED

RED-CELL

ALLO-
IMMUNIZATION§

SERUM

FERRITIN

(ng/ml)
REGULAR 

CHELATION

PULMONARY

FUNCTION¶
CEREBRAL 

MRI OR MRA

BEFORE

TRANSPLAN-
TATION

AFTER

TRANSPLAN-
TATION

BEFORE

TRANSPLAN-
TATION

AFTER

TRANSPLAN-
TATION

1 10.5 Stroke 0 None Yes No 2600 Yes Mild-to-
moderate 
RPD

Mild RPD Abnormal No change

2 10.6 Stroke 1 �1/yr Yes No 3199 Yes Normal Normal Abnormal No change

3 10.2 Stroke 0 None Yes Yes (C,K) 1079 Yes — Moderate 
RPD

Abnormal No change

4 10.1 Stroke 0 None Yes Yes (E,c) 1780 Yes Mild obstruc-
tive changes 
with no 
RPD

— Microvascu-
lar disease

ICH

5 11.3 ACS 5 3/yr with 3 
episodes of
priapism

Yes Yes (E,K) 795 No Mild-to-
moderate 
RPD

Mild-to-
moderate
RPD

Normal Normal

6 12.3 ACS 8 5/yr No No 484 No Normal Normal Silent
infarction

No change

7 5.2 Stroke 0 2/yr Yes No — No — Normal Abnormal No change

8 13.9 ACS 2 10–15/yr No No 133 No Moderate
RPD

Moderate
RPD

Normal Normal

9 13.2 VOC 2 	3/yr with 
osteonecrosis

No No 167 No Mild-to-
moderate 
RPD

— Normal —

10 8.3 VOC 0 	3/yr No No 83 No Mild-to-
moderate 
RPD

Mild-to-
moderate
RPD

Normal
Abnormal

on TCD

Normal

11 8.2 Stroke 0 None Yes No 150 No Mild-to-
moderate 
RPD

Mild-to- 
moderate
RPD

Abnormal
Abnormal

on TCD

No change

12 13.7 ACS 3 1/yr Yes No 982 Yes — Normal Normal Normal

13 5.2 Stroke 0 None Yes No 5066 No Normal — Normal —

14 12.3 Stroke 0 None Yes Yes (K,E,c,S) 1633 No Normal Normal Abnormal No change

15 13.3 Stroke 0 �1/yr Yes No 1236 Yes Mild RPD Mild RPD Abnormal No change

16 10.2 VOC 0 13/yr Yes No 1767 Yes Normal Normal Normal Normal

17 4.2 Stroke 2 3/yr Yes No 562 Yes — Normal Abnormal No change

18 8.2 ACS 2 4/yr No No 58 No Mild RPD Mild RPD Silent
infarction

No change

19 3.3 Stroke 0 None No No 656 No Mild RPD — Abnormal New CVA

20 12.3 Stroke 0 None Yes Yes (Jka,s,N,
E,e,C,c)

6795 Yes Mild RPD Mild RPD Abnormal No change

21 13.9 VOC 0 5/yr with 
widespread
osteonecrosis

Yes Yes (I) 1140 Yes Normal Normal Normal —

22 6.9 VOC 0 7/yr Yes No 2723 No Normal Normal Normal Normal
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tient with grade III acute GVHD subsequently died
of chronic GVHD.

Neurologic Complications

After four of the first seven patients enrolled had
neurologic events, including two episodes of intra-
cranial hemorrhage,14 we adopted the prophylactic
measures described above. Three of the next 15 pa-
tients had seizures, but none had intracranial hem-
orrhage. Patient 19 had seizures during busulfan
treatment and was noted to have a subtherapeutic
plasma phenytoin concentration during oral load-
ing. Three months later he had graft rejection and

subsequently had recurrent cerebral infarction when
the hemoglobin S fraction rose to 60 percent. He
later resumed long-term transfusion therapy. Sei-
zures developed in Patient 22 during replacement of
a central venous catheter, and Patient 20 had sei-
zures after the reinstitution of cyclosporine therapy.
Both patients recovered without sequelae.

Graft Rejection

Sustained engraftment with 85 percent or more do-
nor-derived blood cells was demonstrated by tests for
chimerism in 16 of the 20 surviving patients (Table
4). Sickle cell disease recurred in three patients, and

*Patient 1 has previously been described by Johnson et al.,8 Patients 1 and 4 by Walters et al.,14 and Patient 3 by Vermylen and Cornu.9 SCD denotes
sickle cell disease, VNTR variable number of tandem repeats, GR graft rejection, VOC vaso-occlusive crisis, ND not done, GVHD graft-versus-host disease,
and CVA cerebrovascular accident.

†The Lansky performance score is a measure of functional status in children.

‡Follow-up is shown through May 1996.

§Determined by cytogenetic analysis.

¶Determined by VNTR analysis.

�Determined by analysis of restriction-fragment–length polymorphisms.

**The hemoglobin S fraction reflects the resumption of red-cell transfusions.

TABLE 4. RESULTS OF STUDIES OF CHIMERISM AND OUTCOMES AFTER TRANSPLANTATION.*

PATIENT

NO.

TIME TO

REJECTION

(DAYS)
CURRENT CHIMERISM

STATUS

CURRENT HEMOGLOBIN STATUS 
ON ELECTROPHORESIS

LANSKY

PERFORMANCE

SCORE† CLINICAL OUTCOME

FOLLOW-UP

(MO)‡

HEMOGLOBIN F HEMOGLOBIN S DONOR GENOTYPE

percent

1 — 96.5% donor§ 0.7 0 A/A 100 Free of SCD 51.7

2 — 100% donor§ 1.2 0 A/A 100 Free of SCD 35.7

3 164 VNTR not interpretable 9.0 88 A/S 90 GR; recurrent VOC; started 
hydroxyurea

37.5

4 — ND ND ND ND ND Died of intracranial hemorrhage —

5 — 100% donor¶ 2.4 41 A/S 100 Free of SCD 27.8

6 — 93% donor§ 2.2 38 A/S 80 Free of SCD 24.7

7 — 100% donor§ 0.3 34 A/S 100 Free of SCD 23.3

8 — 100% donor§ 0 35 A/S 100 Free of SCD 25.6

9 — ND ND ND ND ND Died of GVHD —

10 — 100% donor¶ ND 0 A/A 100 Free of SCD 39.2

11 — 95% donor¶ ND 31 A/S 100 Free of SCD 28.4

12 156 100% host� 0 25** A/A 100 GR; resumed long-term red-cell 
transfusion therapy

26.3

13 — 10–20% donor§ 6.7 30 A/A 100 No symptoms with stable 
mixed chimerism

19.0

14 — 100% donor§ 0 0 A/A 100 Free of SCD 15.9

15 — 100% donor§ 0 0 A/A 100 Free of SCD 17.6

16 — 100% donor¶ 0.9 0.5 A/A 100 Free of SCD 22.3

17 — 100% donor� ND 37 A/S 90 Free of SCD 13.3

18 — 100% donor¶ 0 0.7 A/A 100 Free of SCD 15.3

19 91 Myeloid lineage: 6–8% 
donor§

Erythroid lineage: 18% 
donor§

0 20** A/S 90 GR; recurrent CVA; resumed 
long-term red-cell transfusion 
therapy

13.5

20 270 10% donor (marrow)§
66% donor (blood)§

ND 4** A/A 100 Late graft failure requiring 
transfusion support

10.3

21 — �90% donor§ 0 �0.5 A/A 100 Free of SCD 34.1

22 — 96% donor§ ND 1.5 A/A 100 Free of SCD 13.8
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graft failure occurred in a fourth. One of the 16 pa-
tients with engraftment had stable mixed chimerism.

Patient 3 had evidence of rejection on day 164
and by eight months after transplantation had no
detectable hemoglobin A. She remained asympto-
matic for nearly two years until she had a recurrence
of vaso-occlusive crises; treatment with hydroxyurea
was initiated, and she is currently free of symptoms.
In Patient 12, hemoglobin electrophoresis on day
156 showed 30 percent hemoglobin S. There was no
evidence of donor cells in the peripheral blood; ac-
cordingly, long-term transfusion therapy was resumed,
and the patient remains asymptomatic. In Patient 19,
cytogenetic studies performed one month after trans-
plantation showed 40 percent donor cells. In situ
hybridization with a Y-chromosome–specific probe
of marrow progenitor colonies revealed a disparity in
the degree of myeloid and erythroid chimerism: 6 of
34 blast-forming unit–erythroid colonies were of do-
nor origin (18 percent), whereas 6 to 8 percent of
600 nuclei of myeloid cells derived from a long-term
marrow culture were scored as donor cells. Similar
findings have been reported in patients with thalas-
semia who had mixed chimerism after marrow trans-
plantation and in an animal model of thalasse-
mia.24,25

Patient 20 had 70 percent donor-derived hemato-
poietic cells in the bone marrow and 90 percent do-
nor cells in the peripheral blood on day 180, but
marrow aplasia developed 270 days after transplan-
tation and she required red-cell and platelet transfu-
sions. Chimerism studies demonstrated more than
90 percent host cells, a result that was consistent
with graft rejection. After treatment with antithy-
mocyte globulin and cyclosporine was instituted, the
cellularity of the marrow improved and the need for
transfusions diminished. Recent chimerism studies
(315 days after transplantation) demonstrated 10
percent donor cells in the marrow and 66 percent
donor cells in the peripheral blood.

Patient 13 had stable mixed chimerism. The he-
moglobin S value was 12 percent three months after
transplantation. Thereafter, serial studies revealed 10
to 20 percent donor cells and 30 percent hemoglo-
bin S in the blood for nearly two years. As of this
writing, the patient has no symptoms of sickle cell
disease.

Outcome

After a median of 23.9 months (range, 10.1 to
51.0), 20 patients were alive, 16 of whom had stable
engraftment with donor hematopoietic cells. Kap-
lan–Meier estimates of survival and event-free sur-
vival at four years were 91 percent and 73 percent,
respectively; the cumulative incidence of graft rejec-
tion was 18 percent (Fig. 1). One patient died three
months after transplantation from an intracerebral
hemorrhage,14 and another died one year after trans-

plantation from complications related to chronic
GVHD and obliterative bronchiolitis. No risk factors
for rejection were identified in the four patients who
had graft rejection. Busulfan concentrations in four
patients were judged adequate for donor engraft-
ment; two of these four (Patients 19 and 20) had
graft rejection despite having steady-state busulfan
concentrations of 429 and 565 ng per milliliter, re-
spectively.26

The effects of marrow transplantation on end-
organ function were examined in patients with en-
graftment who were followed for at least 12 months
(Table 3). All eight survivors with a history of stroke
and stable donor-cell engraftment were studied with
serial cerebral MRI and magnetic resonance angiog-
raphy. As of this writing, they have had no progres-
sion of cerebral disease. The two patients with “si-
lent” cerebral infarction before transplantation have
had no changes on cerebral MRI. Pulmonary func-
tion could be evaluated in four of five patients with
recurrent episodes of the acute chest syndrome be-
fore transplantation. All these patients had stable
pulmonary function. No patient with engraftment
had vaso-occlusive crises after transplantation.

DISCUSSION

In this collaborative multicenter trial we investi-
gated the risks and benefits of allogeneic bone mar-
row transplantation in children with symptomatic
sickle cell disease. Our findings indicate that trans-
plantation of hematopoietic stem cells can cure sick-

Figure 1. Kaplan–Meier Estimates of Survival and Event-free
Survival after Bone Marrow Transplantation in 22 Patients with
Sickle Cell Disease.
An event was defined as death, graft rejection, or recurrence of
sickle cell disease. A cumulative incidence curve for graft rejec-
tion and recurrent sickle cell disease is also shown. Tick marks
represent surviving patients and show the duration of follow-
up after transplantation. Percentages above each curve indi-
cate the estimates of survival and event-free survival and the
cumulative incidence of graft rejection or recurrence of disease
for the entire cohort.
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le cell anemia. End-organ damage was stabilized in
patients with sustained engraftment of donor cells,
but evaluation of the ultimate effect of transplanta-
tion on such damage requires longer follow-up. Trans-
fusions have been discontinued in 16 patients who
had engraftment; all have remained free of disabling
symptoms. These results are especially encouraging
in view of the severity of sickle cell disease in these
patients.

There was allograft rejection followed by a recur-
rence of sickle cell disease or marrow aplasia in 4 of
the 22 patients, a result similar to the 12 percent re-
jection rate reported among children with b-thalas-
semia major who received HLA-matched marrow
grafts from siblings.2 Graft rejection after transplan-
tation of hematopoietic stem cells occurs in patients
with hemoglobinopathy more frequently than in pa-
tients with other hematologic disorders, such as aplas-
tic anemia, severe combined immune deficiency, and
malignant conditions, in whom the rate of rejection
after the transplantation of marrow from HLA-iden-
tical siblings is less than 3 percent.27,28 The cause of
this difference is not understood. Transfusion-induced
sensitization could be a contributing factor, because
among patients with aplastic anemia, the incidence
of graft rejection is lower when transplantation is
performed before transfusions are given.29

The frequency of graft rejection appears to be
lower among patients with b-thalassemia who un-
dergo transplantation early in the course of the dis-
ease, before red-cell transfusions lead to iron over-
load or liver disease.11,30 Lucarelli et al. reported a
graft-rejection rate of 4 percent and event-free sur-
vival of 94 percent among such patients,11 and a sim-
ilar outcome has been reported in patients with sick-
le cell disease.7,9,31 Among 28 Belgian patients with
sickle cell anemia in an earlier report, 3 had graft re-
jection (1 of whom underwent a successful second
transplantation), 1 died from transplantation-related
complications, and 25 survived with stable donor
engraftment (event-free survival, 89 percent).9 More
recently, a Belgian bone marrow–transplantation cen-
ter has required more severe clinical disturbances as
a criterion for transplantation than were previously
required.32 Of 12 patients who met these strict cri-
teria, 4 had graft rejection, 1 died suddenly four
years after transplantation, and 7 have survived free
of sickle cell disease (Ferster A: personal communi-
cation). Giardini et al. reported that of four patients
with advanced symptomatic sickle cell anemia, one
is alive after marrow grafting, whereas four of four
patients with less advanced sickle cell–b0-thalassemia
have survived with donor-derived hematopoiesis.33

These data suggest that patients who have not un-
dergone long-term transfusion therapy and who do
not have severe complications related to sickle cell
disease are optimal candidates for stem-cell trans-
plantation.

We observed one case of stable mixed chimerism
(in Patient 13) in which the reduction in hemoglo-
bin S was sufficient to render the patient asympto-
matic. Stable donor–host chimerism was also report-
ed in patients with thalassemia.24,34 In such patients
the risk of graft rejection appeared highest when
more than 30 percent residual host cells were
present two months after transplantation, although
in three patients stable mixed chimerism persisted
for four to seven years.24 Our data confirm that
erythropoiesis by a minority of engrafted donor cells
can lead to a majority of circulating normal erythro-
cytes.35 This observation has implications for the de-
sign of less cytotoxic pretransplantation condition-
ing regimens, which may result in stable mixed
chimerism.

The optimal timing of marrow transplantation in
the course of sickle cell anemia remains uncertain, in
part because of the unpredictable nature of the dis-
ease. We selected patients who appeared to have a
high risk of severe morbidity and early death. Only
6 percent of patients with sickle cell anemia who
were less than 16 years old and were followed in the
collaborating centers met the criteria for transplan-
tation specified in the study protocol.36 But by the
time these patients were selected, many had such se-
vere vasculopathy and organ damage that they were
predisposed to adverse events after transplantation.
Marrow transplantation might therefore be better if
performed early in the course of sickle cell disease,
especially in patients with neurovascular disease (si-
lent stroke) or pulmonary disease.37

The long-term administration of hydroxyurea to
stimulate the production of fetal hemoglobin and
the transfusion of red cells to lower sickle hemoglo-
bin levels are other therapies now available for the
treatment of patients with symptomatic sickle cell
disease.38,39 The evolving role of the transplantation
of hematopoietic stem cells and the availability of
other therapeutic options underscore the need for
controlled clinical trials to investigate the risks and
benefits of and the indications for therapeutic inter-
vention in sickle cell disease.
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APPENDIX

The following investigators and centers made up the collabora-
tive study group: Atlanta — J.R. Eckman and J. Wingard, Emory
University; Augustin, Germany — R. Dickerhoff and T. Klinge-
biel, University of Bonn; Birmingham, United Kingdom — P.J.
Darbyshire, Birmingham Children’s Hospital National Health
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Service Trust; Boston — J. Antin, E. Guinan, B. Gee, and O. Platt,
Dana–Farber Institute, Children’s Hospital, and Harvard Univer-
sity, and L. McMahon, Boston Comprehensive Sickle Cell Cen-
ter; Chapel Hill, N.C. — E. Orringer and J. Wiley, University of
North Carolina; Creteil, France — F. Bernaudin, M. Kuentz, and
J.P. Vernant, Hôpital Henri Mondor; Dallas — G.R. Buchanan,
Z.R. Rogers, and E. Sandler, University of Texas Southwestern
Medical Center; Durham, N.C. — M.L. Graham, T. Kinney, and
J. Kurtzberg, Duke University; Houston — K.W. Chan, University
of Texas; Indianapolis — F.O. Smith and W. Rackoff, Indiana
University School of Medicine; London — S.C. Davies and I.A.G.
Roberts, Royal Postgraduate Medical School; Los Angeles —
R. Parkman, D. Powars, and C. Lenarsky, University of Southern
California; Milwaukee — B. Camitta and J.P. Scott, Medical Col-
lege of Wisconsin; New Haven, Conn. — J. Rappeport, Yale Uni-
versity; Oakland, Calif. — R. Vichinsky and L. Styles, Children’s
Hospital of Oakland; Philadelphia — K. Ohene-Frempong and
N. Bunin, University of Pennsylvania; St. Louis — D. Wall, St.
Louis University; St. Petersburg, Fla. — A. Wayne and M. Klem-
perer, University of Southern Florida; Sao Paulo, Brazil —
S. Brandalise and R. Pasquini, University of Campinas; San Fran-
cisco — W.C. Mentzer and M. Cowan, University of California,
San Francisco; Seattle — K.M. Sullivan, M.C. Walters, D.C. Mat-
thews, J.E. Sanders, and F.R. Appelbaum, Fred Hutchinson Can-
cer Research Center and University of Washington; Stanford, Cal-
if. — M. Amylon, B. Glader, and K. Blume, Stanford University;
Toronto — N.F. Olivieri, Hospital for Sick Children; Washington,
D.C. — P. Dindorf and O. Castro, Children’s Hospital National
Medical Center, George Washington University, and Howard
University.
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