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Transplantation of highly purified CD34� progenitor cells from unrelated donors
in pediatric leukemia
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Unrelated donors are commonly used for
hematopoietic stem cell transplants, but
graft-versus-host disease (GVHD) is a ma-
jor problem. We investigated whether
transplantation of purified mobilized pe-
ripheral-blood CD34� stem cells from un-
related donors would prevent acute and
chronic GVHD in pediatric patients with
leukemia and avert the need for pharma-
cologic immunosuppression. Thirty-one
pediatric patients with acute lymphoblas-
tic leukemia (ALL, n � 16), acute myeloid
(n � 7), chronic myeloid (n � 6), or juve-
nile myelomonocytic leukemia (n � 2) un-
derwent transplantation. The median pu-
rity of CD34� cells after positive magnet-

activated cell sorting was 98.5%. Patients
received a median of 8.0 � 106 CD34�

cells and 6 � 103 CD3� T lymphocytes per
kilogram, with no posttransplantation
pharmacologic immunosuppression. Pri-
mary acute GVHD > grade II was seen in
only 10% of patients (n � 3) and occurred
only after human herpesvirus 6 (HHV 6)
infection. Two patients had limited chronic
GVHD. Engraftment occurred in all pa-
tients (primary engraftment, n � 26; en-
graftment after reconditioning, n � 5). The
2-year survival estimate was 38% for all
patients and 63% for patients with ALL in
complete remission. Patients with my-
eloid malignancies had a poor outcome.

In comparison to a historical control group
who received unmanipulated bone mar-
row, our patients had a lower incidence of
GVHD (P < .001). No difference was ob-
served in the probability of relapse or
survival. Study patients with ALL in remis-
sion showed a trend toward better sur-
vival (P � .07). Transplantation of purified
peripheral-blood CD34� cells from unre-
lated donors effectively minimizes GVHD
and may be a good therapeutic option for
patients with relapsed ALL. (Blood. 2003;
101:1630-1636)
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Introduction

Childhood leukemias such as acute lymphoblastic leukemia (ALL)
in second or subsequent remission,1,2 high-risk or relapsed acute
myeloid leukemia (AML),3,4 and chronic myeloid leukemia
(CML)5,6 are increasingly treated by hematopoietic stem cell
transplantation. Because only 30% of patients have a histocompat-
ible sibling, alternative donors must be chosen for many patients.7-9

Although closely matched or completely matched unrelated donors
are sought, graft-versus-host disease (GVHD) and early posttrans-
plantation toxicity are major problems.10-12 Pharmacologic prophy-
laxis with cyclosporine and methotrexate can reduce the risk of
severe GVHD from 50% to 24%,13 and ex vivo depletion of donor
T cells can further decrease the risk of GVHD.14-19 It has not been
conclusively established whether T-cell depletion can improve
leukemia-free survival. Some investigators have observed higher
rates of graft failure and leukemic relapse with T-cell–depleted
grafts,20-25 but clinical results are influenced by the depletion
methods used26 and thus must be interpreted cautiously. Techniques
differ in the efficacy of depletion, the recovery of progenitor cells,
the specificity of antibodies used (T-cell–specific antibodies versus
antibodies that can also target other immune cells), and the
mechanics of cell separation (centrifugation, agglutination, or
immunomagnetic separation).26 Recent progress in immunomag-

netic separation techniques allows the positive selection of CD34�

cells and the reproducible and profound depletion of T and B cells.27

Because transplantation of CD34� progenitors from mis-
matched family donors has produced encouraging results,28,29 we
evaluated whether transplantation of CD34� stem cells from the
peripheral blood of unrelated donors would prevent acute and
chronic GVHD and eliminate the need for pharmacologic immuno-
suppression without increasing the risk of graft failure.

Patients and methods

Thirty pediatric patients and one young adult with high-risk leukemia who
received consecutive transplants of purified CD34� stem cells from
unrelated donors at our institution between January 1997 and December
2000 were included in this study and compared to a historical control group
who received transplants of unmanipulated bone marrow from matched
unrelated donors (MUD; Table 1). Informed consent was obtained from the
legal guardians or patients.

Age ranged from 1.5 to 24 years and body weight from 9.6 to 98 kg.
Sixteen patients had ALL, 7 had AML, 6 had CML, and 2 had juvenile
myelomonocytic leukemia (JMML). Of the 23 patients with relapsed ALL
or AML, 16 were in second (n � 15) or third (n � 1) remission after
treatment on the German ALL-BFM REZ95 and AML REZ protocols. Of
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the 23 patients, 4 were considered for transplantation during first remission
(cases of ALL that responded poorly to prednisone or high-risk AML), 3
patients were not in remission at the time of transplantation, 5 of the 6
patients with CML were in chronic phase 1 or 2, and one had accelerated
disease. Neither child with JMML was in remission.

The histocompatibility of patient and donor was determined by
serologic (HLA-A and -B) and high-resolution molecular (HLA-DRB1)
typing methods. Of 31 patient-donor pairs, 15 were completely matched for
HLA-A, -B, and -DRB1, and 16 were mismatched for 1 or 2 antigens (3
HLA-A mismatches, 4 HLA-B mismatches, 6 HLA-DRB1 mismatches,
and 3 HLA-A or -B and HLA-DRB1 mismatches; Table 1). All mismatches
were assessed as split-antigen or molecular mismatches.

Stem cell mobilization and selection of CD34� progenitors

Thirty patients’ donors agreed to donate peripheral-blood stem cells
(PBSCs). One patient received enriched CD34� cells derived from bone
marrow. Donor PBSCs were mobilized by administration of 10 �g/kg of
granulocyte colony-stimulating factor (G-CSF) daily for 5 days and were
harvested by 1 to 2 leukapheresis procedures. We sought to obtain 5 to
10 � 106 CD34� progenitors per kilogram of patient body weight. In 4
patients who experienced graft failure the relevant donors accepted a
second mobilization. CD34� stem cells were selected by using a modified
semiautomated magnetic-activated cell sorting (MACS) technique (Super-
MACS, Miltenyi Biotec, Bergisch Gladbach, Germany) as previously
described27 or by using the automated CLINIMACS device (Miltenyi
Biotec).30 Because T cells were efficiently depleted by the positive selection
of CD34� cells, no additional in vitro–depletion step was necessary. The
enriched grafts were analyzed by fluorescence-activated cell sorting
(FACS) on FACSscan or FACScalibur instruments (Becton Dickinson,
Munich, Germany). Debris, dead cells, cell aggregates, and platelets were
excluded by gating on forward and side light scatter and subsequently on
CD45�, propidium iodide–negative cells. Cell viability was assayed by
trypan blue dye exclusion. The cell suspensions (median volume, 50 mL)
were infused within a 3-minute time period via a central venous catheter.

Treatment protocol

The myeloablative conditioning regimens were based on either total body
irradiation (TBI, 6 fractions of 2 Gy each) or busulfan (16 mg/kg for age

� 3 years and 20 mg/kg for age � 3 years), with specific modifications
according to patients’ pretreatment, diagnosis, and age. Fourteen patients
with ALL received TBI, etoposide (40 mg/kg), rabbit antithymocyte
globulin (ATG, 10 mg/kg daily for 3 days), and either thiothepa (10 mg/kg)
or cyclophosphamide (120 mg/kg). Two children with ALL received
busulfan combined with etoposide (40 mg/kg), cyclophosphamide (120
mg/kg), and ATG (30 mg/kg). Five patients with CML received TBI,
thiotepa (10 mg/kg), cyclophosphamide (120 mg/kg), and ATG (30 mg/kg).
One patient with CML received busulfan, thiotepa, cyclophosphamide, and
ATG. Six patients with AML received busulfan, melphalan (140 mg/m2),
cyclophosphamide, and ATG. One patient with chemotherapy-induced
pretransplantation aplasia underwent a reduced conditioning regimen
(thiotepa, cyclophosphamide, fludarabine, and ATG). The 2 patients with
JMML received busulfan, cyclophosphamide, and ATG with either thiotepa
(n � 1) or melphalan (n � 1).

In the case of graft failure, an 18-day immunologic reconditioning
protocol consisting of murine monoclonal anti-CD3 antibody OKT 3 (0.1
mg/kg) and methylprednisolone (maximum dosage, 5 mg/kg, subsequently
tapered) was administered as previously described.31 Alternatively, a
fludarabine-based regimen (fludarabine 200 mg/m2, cyclophosphamide 40
mg/kg, and rabbit ATG 30 mg/kg) was given. CD34� cells from the same
donor were then infused. With the exception of a short course of
cyclosporine given to the first patient, no posttransplantation immunosup-
pressive therapy was administered.

Assessment of engraftment, chimerism, and immune
reconstitution

The day of engraftment was defined as the first of 3 consecutive days on
which the absolute neutrophil count (ANC) was � 0.5 � 109/L. Chimerism
was assessed weekly in peripheral blood samples until day 100 and was
then assessed every 3 months. Reconstitution of CD3�, CD4�, CD8�,
CD19�, and CD56� lymphocytes was monitored weekly by FACS analysis
until T-cell recovery began and was subsequently assessed every 3 months.

Supportive care

All patients received prophylactic acyclovir, fluconazole, co-trimoxazole
(trimethoprim-sulfamethoxazole), and metronidazole. Immunoglobulin was
given intravenously each week until day 100. G-CSF was administered to
most patients. Patients who were positive for cytomegalovirus (CMV) or
for whom a CMV-negative donor could not be found received high-dose
acyclovir. Polymerase chain reaction (PCR) screening for CMV, herpes
simplex virus, human herpesvirus 6 (HHV 6), and Epstein-Barr virus
(EBV) was performed weekly. Adenovirus surveillance comprised antigen
detection in stool and, if positive, PCR testing of blood. Additional antiviral
treatment was started immediately in the case of positive PCR findings.

Statistical analysis

The collected data were transferred to the Institute for Medical Information
Processing, University of Tuebingen, for further analysis. The probability
of estimators for survival and relapse-free survival were evaluated by the
method of Kaplan and Meier.32 A univariate analysis of prognostic factors
was performed by using the log-rank test. Risk ratios and multivariate
analysis of survival were evaluated by Cox regression after verification of
the proportional hazard assumption by log-minus-log plots. Prognostic
factors for the occurrence of GVHD and engraftment were analyzed by
logistic regression33 or by Fisher exact test.

The following factors were included in the analysis: age (� 11 versus
� 11 years), donor mismatch (no mismatch versus 1- or 2-antigen
mismatch), diagnosis (ALL vs AML vs CML or JMML), disease status at
the time of transplantation (remission vs active disease), number of
contaminating T cells (� 6000/kg body weight vs � 6000/kg body weight),
number of infused CD34� stem cells (� 10 � 106/kg body weight vs �

10 � 106/kg body weight), and type of graft (unmanipulated bone marrow
vs purified CD34� stem cells). All of these factors were tested and found to
have no colinearity or interaction. Differences between the test and control
groups in age, disease status, diagnosis, and number of antigen mismatches

Table 1. Patient characteristics and graft composition

Study group
(n � 31)

Control group
(n � 26)

Diagnosis

ALL 16 13

AML 7 4

CML 6 7

JMML 2 2

Age, y* 10 (1.5-24) 11.5 (4-20)

Weight, kg* 31 (9.6-98) 34 (16-72)

Disease status

Complete remission 1 4 2

Complete remission 2/3 16 14

Chronic phase 1/2 5 9

Active disease 6 1

HLA match

Matched 15 24

Mismatched

1 antigen 13 2

2 antigens 3 0

Graft composition*

CD34� cell purity 98.5% (85%-99.4%) ND

Cell dose

CD34� stem cells � 106/kg 8.0 (1-54) ND

CD3� T cells � 103/kg 6 (0.5-34) ND

ND indicates not done.
*Median (range).
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were examined by the chi square test and Fisher exact test. All tests were
performed by using SAS software (Version 8; SAS Institute, Cary, NC).

Results

Graft composition

The patients received a median of 8.0 � 106 CD34� progenitor
cells per kilogram of body weight (range, 1 � 106 to 54 � 106

cells). The median purity of the CD34� cells after separation was
98.5%, and the viability of the cells was consistently � 95%. The
extent of T-cell depletion was approximately 5 logs, and the median
number of residual T cells was 6000 cells/kg (range, 500 to 34 000
cells/kg) (Table 1).

Engraftment

Primary engraftment occurred in 26 patients (84%). The median
time to an ANC � 0.5 � 109/L with G-CSF stimulation was 11
days (range, 9 to 20 days) (Table 2).

Five patients (16%) had primary graft failure (rejection, n � 3;
nonengraftment, n � 2). However, successful engraftment was
achieved in all of these patients after reconditioning with steroids
and OKT 3, or with fludarabine, cyclophosphamide, and ATG, and
subsequent reinfusion of CD34� progenitors from the original
donors (n � 4) or from another unrelated donor (n � 1). Thus, all
patients were successfully engrafted. A univariate analysis revealed
no association between engraftment and age, diagnosis, or number
of CD3� and CD34� cells in the graft. However, no graft failure
occurred when 10 � 106 or more CD34� cells per kilogram were
infused. HLA mismatch significantly influenced engraftment: all
patients with a matched donor experienced primary engraftment,
and graft failure occurred only in the mismatched group (P � .04)

with an incidence of 31% (5 of 16). These 5 patient-donor pairs
showed one (4 pairs) or 2 (1 pair) split antigen or molecular
mismatches (A31 vs A32; B49 vs B50; DRB1 1101 vs 1104; DRB1
1101 vs 1104; B54 vs B55, and DRB1 1401 vs 1405).

Graft-versus-host disease

Primary acute GVHD. Of 30 evaluable patients, 23 (77%)
showed no symptoms of primary acute GVHD. One patient who
received donor T cells on day 0 could not be evaluated for primary
GVHD; 4 patients (13%) experienced grade I GVHD; 3 patients
who had acute HHV 6 infection had grade II GVHD (n � 1) or
grades III or IV GVHD (n � 2) at the beginning of T-cell recovery,
90 to 120 days after transplantation. Because no other patients had
severe GVHD, the HHV 6 infection was the apparent cause of
GVHD in these patients. The incidence of acute GVHD � grade II
was 10% (3 of 30). A univariate analysis revealed no relationship
between GVHD and HLA mismatch, number of residual T cells,
age, or diagnosis.

GVHD after infusion of donor T cells. One patient (ALL,
active disease) experienced grade II GVHD after an infusion of
donor T cells (50 000 cells/kg body weight), which was given on
day 0; 2 patients who showed no sign of primary GVHD received
donor T cells 1 to 3 months after transplantation; 1 patient received
5 � 25 000 cells/kg because of increasing mixed chimerism. The
other received 3 infusions of 50 000, 1 � 106, and 1 � 107 donor T
cells/kg because of leukemic relapse. Both patients subsequently
experienced grade IV GVHD.

Chronic GVHD. Patients were considered evaluable for
chronic GVHD if they engrafted and survived for 100 days; 2 of 27
patients (7%) had transient and limited chronic GVHD.

Survival

As of February 2002, 11 of the 31 patients survived free of disease,
with a median follow-up of 2.8 years (range, 1.3 to 5 years). One
patient who had a relapse after transplantation entered a third
complete remission after treatment with a mild chemotherapy
regimen of prednisone, vincristine, and asparaginase and several
infusions of donor T cells. Eighteen patients had died of relapse
(n � 8) or infection (viral, n � 5; fungal, n � 2; bacterial, n � 1;
unknown origin, n � 2). One patient died of HHV 6–associated
GVHD. No other transplantation-related complications, such as
EBV lymphoproliferative disease or veno-occlusive disease, were
seen (Table 2).

The overall 2-year survival estimate was 38% (Figure 1A). Age,
HLA mismatch, and number of CD34� and CD3� cells infused did
not influence survival, whereas remission status (P � .03) and
diagnosis (P � .06) were predictive. Of the 6 patients who had
active disease at the time of transplantation, 5 died. Only one
patient in this group (CML in accelerated phase) survived at the
time of this report. Therefore, the probability of 2-year survival was
lower in the group with active disease (17%) than in the group in
remission (44%; P � .03) (Figure 1B). Patients with AML and
CML/JMML also had poorer outcomes (2-year survival estimates
of 14% and 25%, respectively) than patients with ALL (56%)
(Figure 1C). The largest patient group (ALL in remission, n � 14)
had a 63% probability of 2-year survival, whereas both patients
with active ALL died.

Relapse

The overall probability of relapse at 1 year was 34% in the study
group (Figure 2). In a univariate analysis, remission status was

Table 2. Outcome of transplantation

Study group Control group

Engraftment

Time to ANC more than 0.5 � 109/L (days) 11 (9-20) 20 (14-28)

Primary engraftment 26 (84%) 26 (100%)

Secondary engraftment

(after immune reconditioning �

2nd CD34� infusion) 5 (16%) 0

GVHD

Primary acute GVHD*

Grade 0 23 1

Grade I 4 5

Grade II 1 12

Grades III-IV 2 8

Secondary acute GVHD

(after donor T-cell infusion)

Grade II 1 NA

Grades III-IV 2 NA

Chronic (% of evaluable patients) 2/27 (7%), lim 9/22 (41%), lim � ext

Cause of death

Relapse 8 8

Infection

Viral 5 NK

Fungal 2 2

Bacterial 1 1

Unknown origin 2 1

GVHD 1 7

NA indicates not applicable; NK, not known; lim, limited; and ext, extensive.
*For evaluation of primary acute GVHD, 30 patients were considered; one patient

who had received a donor T-cell infusion on day 0 was excluded.
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predictive in the study group. Patients who were not in remission at
the time of transplantation had a risk of relapse 6 times that of
patients who were in remission at the time of transplantation
(P � .003, log-rank test). Age also influenced the probability of
relapse. Patients younger than 11 had a higher risk of relapse than
did older patients (risk ratio � 7.7, P � .02). In a multivariate
analysis, P values for remission status (P � .05) and age (P � .11)
were not confirmed. However, high risk ratios of 3.8 and 5.6,
respectively, were found again.

Comparison with a historical control group

The results of our study group were compared with those of a
historical control group treated at our institution (Table 2). The
control group comprised 26 patients who consecutively underwent
transplantation between 1990 and December 2000 with unmanipu-
lated bone marrow from matched unrelated donors and who
received GVHD prophylaxis consisting of cyclosporine and metho-
trexate. No patients were excluded. No differences were found
between the study and control groups in age, diagnosis, and
remission state. The CD34� group included more patients with
HLA-mismatched donors (n � 16) than did the control group
(n � 1; P � .001). However, the likelihood of 1-year survival was
similar in the 2 groups (38% vs 31%), and the CD34� group had a
slight survival advantage (Figure 3A). Similarly, no difference was
observed between the 2 groups in the 1-year probability of relapse
(34% vs 31%; Figure 2). Primary engraftment was observed in
84% of patients in the CD34 group compared with 100% in the
control group (P � .06).

A lower probability of death from GVHD was observed in the
CD34� group than in the control group (risk ratio, 7.2; P � .03).
The incidence of acute GVHD � grade II was lower in the CD34�

group (10% vs 77%, P � .001), as was the incidence of chronic
GVHD (7% vs 41%). Patients with ALL in remission who received
CD34�-enriched grafts showed a trend toward a survival advantage
over similar patients in the control group (63% versus 31% 2-year
survival estimate; P � .07) (Figure 3B). The 2 patients with ALL
not in remission at time of transplantation died.

Immune reconstitution

Figure 4 shows the recovery of subsets of immune cells in the study
group. A median of 154 days was required to reach a CD3� cell
count � 100/�L, and a median of 185 days was required to reach a
CD3�/CD4� T helper cell count � 100/�L. Patients’ T-cell counts
were completely normal after one year. However, one patient
developed a severe T-cell deficiency because of a chronic varicella
zoster infection and died after 1.5 years. In contrast, the recovery of
CD56� natural killer (NK) cells was rapid, and a clear NK cell peak
was observed only 1 to 2 months after transplantation. B-cell
recovery was not delayed in most patients, although a sustained
deficiency of CD19� cells occurred in one patient. This patient also
developed a pure red cell aplasia 2 years after transplantation.

Discussion

Transplantation of purified peripheral-blood CD34� cells from
unrelated donors effectively minimized acute and chronic GVHD
in our study group. Moderation of this side effect and its direct and
indirect sequelae is essential to improvement of the outcome of
transplantations using matched unrelated donors. Removal of T
lymphocytes from the graft is a reliable method for preventing
GVHD, and a number of negative selection techniques for T-cell

Figure 1. Survival of patients in the study group. (A) Kaplan-Meier estimate of the probability of survival for all patients who received positively selected peripheral-blood
CD34� cell grafts. (B) The probability of survival according to remission status at the time of transplantation. (C) The probability of survival according to type of leukemia.

Figure 2. Rates of relapse in the study and control groups. Kaplan-Meier
estimates of the probability of relapse in the CD34� transplant group versus the
control group (unmanipulated bone marrow transplants).

Figure 3. Comparison of survival estimates in the study and control groups.
Kaplan-Meier estimates of survival for (A) the entire study and control groups and (B)
only for ALL patients who received CD34� transplants or unmanipulated bone
marrow transplants while in remission.
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depletion have been described and evaluated in clinical tri-
als.17,18,34-43 However, most of these techniques cannot deplete T
cells sufficiently to eliminate the need for posttransplantation
pharmacologic immunosuppression. In addition, transplantation
with T-cell–depleted grafts is associated with a higher incidence of
posttransplantation EBV-associated lymphoproliferative syn-
drome44-47 and a high incidence of nonengraftment or rejection.16,17

Our method, unlike others, depletes T and B cells indirectly by
positive selection of peripheral-blood CD34� cells. We have shown
previously that CD34� stem cells can be purified to a high degree
(98%) by this method, with a CD34� cell recovery of approxi-
mately 70%27,30 and a very low proportion of residual T and B
lymphocytes. In the present study, a median of 8.0 � 106 (range, 1
to 54 � 106) CD34� stem cells per kilogram were transplanted, and
a median of only 6 � 103 (range, 0.5 to 34 � 103) residual T cells
per kilogram were co-infused. In addition, the use of antithymocyte
globulin for rejection prophylaxis in our conditioning regimens
also may result in a further in vivo T-cell depletion. Contaminat-
ing B lymphocytes comprised � 0.5% of cells in the grafts (data
not shown).

The effective reduction of T cells in the grafts allowed us to
omit all posttransplantation pharmacologic immunosuppression
and maintain a very low incidence of GVHD. Of 30 evaluable
patients, 23 (77%) remained free of GVHD and 4 had grade I
GVHD (13%). Late-onset GVHD in 3 patients (grades II-IV) was
probably triggered by acute HHV 6 infection; GVHD began
between days 90 and 120 after transplantation, at the time of T-cell
reconstitution. Other investigators have reported that HHV 6 can
play a role in the initiation and exacerbation of GVHD also after
transplantation of unmanipulated bone marrow.48,49 The incidence
of primary grades II-IV GVHD (10%, 3 of 30) was significantly
lower than that in our historical control group. Importantly, only 2
patients experienced chronic GVHD, and these cases were limited
and transient. In a study comparing peripheral stem cells to bone
marrow using unrelated donors for transplantation in adult patients,
the incidence of acute GVHD grades II-IV and chronic GVHD in
patients receiving transplants of unmanipulated bone marrow was
32% and 76%, respectively.50 In this study, the incidence of acute
GVHD was lower and chronic GVHD was higher than in our
historical control group. Indeed, chronic GVHD and its long-term
sequelae, especially in pediatric patients, is a major problem in
matched unrelated transplantations, which can be addressed by
using positively selected CD34� stem cells without compromising
the overall outcome.

Two children experienced severe GVHD after receiving donor
T-cell infusions. One patient with JMML received consecutive
infusions of 50 000, 1 � 106, and 1 � 107 T cells/kg because of a

leukemic relapse. Although remission was induced, the patient died
of grade IV GVHD. The second patient received 3 infusions of only
25 000 cells/kg because of increasing mixed chimerism. She
developed severe GVHD, probably because of reactivation of
CMV infection, despite these extremely low T-cell doses. There-
fore, the alloreactive potential of even small T-cell infusions was
not predictable, and we have not identified a safe T-cell dose to
date. For that reason, we did not routinely administer donor T-cell
infusions to induce a graft versus leukemia effect.

None of our patients developed EBV-associated lymphoprolif-
erative disease, despite the extensive T-cell depletion of the graft
and the use of antithymocyte globulin, both of which are consid-
ered to be risk factors.44 In contrast, between 14% and 29% of
recipients with unrelated or mismatched related donors have been
reported to experience this serious side effect when T cells are
directly depleted without removal of B cells by methods such as
E-rosetting or the use of anti-CD6 antibodies.45-47 This disparity is
likely to reflect the indirect depletion of B lymphocytes by our
one-step positive selection of CD34� cells, which considerably
reduces the number of co-infused B cells that may harbor EBV.

Primary engraftment was achieved in 26 patients (84%), with a
median of 11 days required to reach an ANC � 0.5 � 109/L. Three
patients experienced graft rejection, and 2 experienced nonengraft-
ment. There was an increased risk of primary graft failure as
compared to that of our control group, a finding also observed in
other T-cell–depletion studies.16,17 In a univariate analysis, only
HLA mismatch was negatively associated with engraftment. How-
ever, graft failure occurred only in patients who received a stem cell
dose � 10 � 106/kg. Therefore, as observed also in the 3-loci
haploidentical setting, major or minor HLA barriers can be
overcome by the tolerance-inducing effect of an increased number
(megadose) of transplanted CD34� stem cells.28 Although addi-
tional verification is needed, our experience suggests that the
optimal dose of matched unrelated-donor CD34� stem cells is
� 10 � 106/kg. For most pediatric patients, this number can be
obtained by harvesting peripheral mobilized stem cells rather than
bone marrow.

It is important to note that all patients who experienced graft
failure or rejection were successfully engrafted after additional
immunosuppression with either cyclophosphamide and fludarabine
or a course of anti–CD3 antibody OKT-3 and steroids31 followed
by reinfusion of purified CD34� stem cells from the same donor.
This high rate of successful secondary engraftment is likely to
reflect the lower rate of early transplantation-related toxicity in
these patients, who received no immunosuppression, than in
patients who receive unmanipulated bone marrow and are given
cyclosporine and methotrexate for GVHD prophylaxis. The overall
rate of engraftment in our 31 patients was 100%. A primary
engraftment of only 69% was achieved in our patients grafted with
mismatched stem cells. In order to further overcome the HLA
barrier in these patients, an increased CD34� dose with � 10 � 106

cells/kg and/or an intensified conditioning regimen with the
inclusion of fludarabine or adding a short course of an anti-CD3
therapy with OKT 3 and steroids after transplantation, as described
for the haploidentical setting,28 may be helpful to avoid recondition-
ing procedures in the future. Decreasing the nonengraftment/
rejection rate in this mismatched setting would increase the
availability of the donor pool for a significant number of patients.

Although there was no difference in overall survival between
our study and control groups, study patients with ALL who
received transplants while in remission had a higher probability of
survival than did comparable control patients. While relapse was

Figure 4. Immune reconstitution. Reconstitution of CD3�, CD4�, CD8�, CD19�,
CD16�/CD56� T, B, and NK cells after transplantation of CD34� cells. Points
represent the mean values at each time point.
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the most common cause of death in both groups, viral and fungal
infections were the second most frequent cause of death in the
CD34� group, whereas organ toxicity and acute and chronic
GVHD caused most transplantation-related mortalities in the
unmanipulated group. The absence of organ toxicity in the CD34�

group is likely to be associated with the absence of posttransplanta-
tion GVHD prophylaxis, as cyclosporine is believed to play a role
in its pathogenesis.51

Delayed reconstitution of T lymphocytes caused the higher
incidence of viral and fungal infections in the CD34� group. The
absolute numbers of T-cell subsets were low during the first 6
months after transplantation (Figure 4), when essentially all of the
infectious episodes occurred. Six months after transplantation, with
increasing numbers of circulating T lymphocytes and their subsets,
viral and fungal infections became rare and were not life-
threatening. The actuarial risk of lethal viral and fungal infections
in the CD34� group was 37%. Patients with AML and CML
appeared to have more infections (3 of 7 � 43% and 5 of 8 � 62%)
than patients with ALL (2 of 14 � 14%). However, this observation
must be interpreted with caution because of the small number of
patients. The transplantation of higher doses of purified CD34�

stem cells may hasten immune reconstitution. We have shown that
the transplantation of large numbers of CD34� cells (� 20 � 106/
kg) is associated with faster reconstitution of T lymphocytes in
recipients of haploidentical grafts than in recipients of grafts from
matched unrelated donors.52 It should be mentioned that survivors
in our study group had excellent quality of life, being spared the
severe late effects of chronic GVHD. Chronic GVHD and its
treatment can have a disastrous impact on growth and develop-
ment, especially in young children. We suggest that prevention of
chronic GVHD may be more important in this set of patients than in
adults and that the prevention of GVHD in children may counterbal-
ance an increased risk of viral infection.

We found no difference between the study and control groups in
the risk of relapse (Figure 2). This finding may be explained by the
rapid recovery of CD16�/CD56� NK cells (Figure 4), which may
exert an antileukemic effect in vivo.53 This premise is consistent
with the good results we obtained in patients with ALL in remission
(63% 2-year survival) and with those of other investigators who
observed that T-cell depletion appeared to exert no negative impact
in ALL. We also have showed that patients with high posttransplan-
tation NK cell activity have a lower rate of relapse and a better

outcome than patients with low posttransplantation NK cell
activity.54 Our results were less promising in patients with CML/
JMML and AML. In CML, a T-cell–dependent graft versus
leukemia effect clearly exists,20,55 and extensive T-cell depletion
may not be the optimal strategy for these patients. In AML, it is
unclear whether there is an antileukemic effect mediated by NK
cells or T cells. An impressive antileukemic effect exerted by
alloreactive NK cells against myeloblasts has been described in
3-loci haploidentical transplantation with megadoses of purified
CD34� stem cells.56 Because all of our donors were matched or had
minor mismatches, this alloreactive NK cell effect may have been
absent in patients with AML. Such patients may benefit from 3-loci
haploidentical transplantation, if a donor with alloreactive NK cells
can be identified.

An additional advantage of our method is that it provides
well-characterized, highly pure grafts that contain precisely known
numbers of CD34� cells with profound depletion of T cells. Such a
graft provides an excellent basis for further graft engineering.
Selected cell subsets may be added to a basic CD34� cell graft,
such as clearly enumerated T cells, specific T-cell subsets, nonallo-
reactive T cells, or NK cells.

In summary, the transplantation of purified peripheral CD34�

stem cells from unrelated donors effectively minimizes acute and
chronic GVHD, with a high overall rate of engraftment. Despite
T-cell depletion, we observed no increase in the frequency of
relapse. Children with ALL in remission appeared to derive the
greatest benefit from this approach. Relapse and viral or fungal
infection were the main causes of death. Although it is not clear
how the relapse rate can be decreased, infections may be reduced
by intensive screening for viruses and fungi and preemptive
antiviral and antifungal therapies. This method may be of clinical
importance in transplantation for pediatric patients with ALL, and
larger studies in this patient population are warranted.

Acknowledgments

We thank Olga Bartuli, Christiane Braun, Gabi Hochwelker, and
Ulrike Krauter for excellent technical assistance. We thank all the
volunteers who donated mobilized peripheral stem cells, especially
those who were willing to donate a second time after graft rejection.

References

1. Dopfer R, Henze G, Bender-Gotze C, et al. Allo-
geneic bone marrow transplantation for childhood
acute lymphoblastic leukemia in second remis-
sion after intensive primary and relapse therapy
according to the BFM- and CoALL-protocols: re-
sults of the German Cooperative Study. Blood.
1991;78:2780-2784.

2. Hongeng S, Krance RA, Bowman LC, et al. Out-
comes of transplantation with matched-sibling
and unrelated-donor bone marrow in children with
leukaemia. Lancet. 1997;350:767-771.

3. Sierra J, Storer B, Hansen JA, et al. Unrelated
donor marrow transplantation for acute myeloid
leukemia: an update of the Seattle experience.
Bone Marrow Transplant. 2000;26:397-404.

4. Woods WG, Neudorf S, Gold S, et al. A compari-
son of allogeneic bone marrow transplantation,
autologous bone marrow transplantation, and
aggressive chemotherapy in children with acute
myeloid leukemia in remission. Blood. 2001;97:
56-62.

5. Dini G, Lamparelli T, Rondelli R, et al. Unrelated
donor marrow transplantation for chronic myelog-

enous leukaemia. Br J Haematol. 1998;102:544-
552.

6. Hansen JA, Gooley TA, Martin PJ, et al. Bone
marrow transplants from unrelated donors for pa-
tients with chronic myeloid leukemia. N Engl
J Med. 1998;338:962-968.

7. Kernan NA, Bartsch G, Ash RC, et al. Analysis of
462 transplantations from unrelated donors facili-
tated by the National Marrow Donor Program.
N Engl J Med. 1993;328:593-602.

8. Heslop HE. Haemopoietic stem cell transplanta-
tion from unrelated donors. Br J Haematol. 1999;
105:2-6.

9. Davies SM, Ramsay NK, Haake RJ, et al. Com-
parison of engraftment in recipients of matched
sibling of unrelated donor marrow allografts.
Bone Marrow Transplant. 1994;13:51-57.

10. Marks DI, Cullis JO, Ward KN, et al. Allogeneic
bone marrow transplantation for chronic myeloid
leukemia using sibling and volunteer unrelated
donors: a comparison of complications in the first
2 years. Ann Intern Med. 1993;119:207-214.

11. Szydlo R, Goldman JM, Klein JP, et al. Results of

allogeneic bone marrow transplants for leukemia
using donors other than HLA-identical siblings.
J Clin Oncol. 1997;15:1767-1777.

12. Balduzzi A, Gooley T, Anasetti C, et al. Unrelated
donor marrow transplantation in children. Blood.
1995;86:3247-3256.

13. Nademanee A, Schmidt GM, Parker P, et al. The
outcome of matched unrelated donor bone mar-
row transplantation in patients with hematologic
malignancies using molecular typing for donor
selection and graft-versus-host disease prophy-
laxis regimen of cyclosporine, methotrexate, and
prednisone. Blood. 1995;86:1228-1234.

14. Oakhill A, Pamphilon DH, Potter MN, et al. Unre-
lated donor bone marrow transplantation for chil-
dren with relapsed acute lymphoblastic leukaemia in
second complete remission. Br J Haematol. 1996;
94:574-578.

15. Casper J, Camitta B, Truitt R, et al. Unrelated
bone marrow donor transplants for children with
leukemia or myelodysplasia. Blood. 1995;85:
2354-2363.

16. Green A, Clarke E, Hunt L, et al. Children with

TRANSPLANTATION OF UNRELATED-DONOR CD34� CELLS 1635BLOOD, 15 FEBRUARY 2003 � VOLUME 101, NUMBER 4



acute lymphoblastic leukemia who receive T-cell-
depleted HLA mismatched marrow allografts from
unrelated donors have an increased incidence of
primary graft failure but a similar overall trans-
plant outcome. Blood. 1999;94:2236-2246.

17. Soiffer RJ, Fairclough D, Robertson M, et al.
CD6-depleted allogeneic bone marrow transplan-
tation for acute leukemia in first complete remis-
sion. Blood. 1997;89:3039-3047.

18. Champlin R. T-cell depletion to prevent graft-
versus-host disease after bone marrow trans-
plantation. Hematol Oncol Clin North Am. 1990;4:
687-698.

19. O’Reilly RJ. T-cell depletion and allogeneic bone
marrow transplantation. Semin Hematol. 1992;
29:20-26.

20. Apperley JF, Jones L, Hale G, et al. Bone marrow
transplantation for patients with chronic myeloid
leukaemia: T-cell depletion with Campath-1 re-
duces the incidence of graft-versus-host disease
but may increase the risk of leukaemic relapse.
Bone Marrow Transplant. 1986;1:53-66.

21. Bunjes D, Hertenstein B, Wiesneth M, et al. In
vivo/ex vivo T cell depletion reduces the morbidity
of allogeneic bone marrow transplantation in pa-
tients with acute leukaemias in first remission
without increasing the risk of treatment failure:
comparison with cyclosporin/methotrexate. Bone
Marrow Transplant. 1995;15:563-568.

22. Ringden O, Remberger M, Aschan J, Lungman P,
Lonnqvist B, Markling L. Long-term follow-up of a
randomized trial comparing T cell depletion with a
combination of methotrexate and cyclosporine in
adult leukemic marrow transplant recipients.
Transplantation. 1994;58:887-891.

23. Mitsuyasu RT, Champlin RE, Gale RP, et al.
Treatment of donor bone marrow with monoclonal
anti-T-cell antibody and complement for the pre-
vention of graft-versus-host disease: a prospec-
tive, randomized, double-blind trial. Ann Intern
Med. 1986;105:20-26.

24. Wagner JE, King R, Kollman C. Unrelated donor
bone marrow transplantation (UBMT) in 5075 pa-
tients with malignant and non-malignant disor-
ders: impact of marrow T cell depletion (TCD)
[abstract]. Blood. 1998;92:686.

25. Cavazzana-Calvo M, Bordigoni P, Michel G, et al.
A phase II trial of partially incompatible bone mar-
row transplantation for high-risk acute lympho-
blastic leukaemia in children: prevention of graft
rejection with anti-LFA-1 and anti-CD2 antibod-
ies. Societe Francaise de Greffe de Moelle Os-
seuse. Br J Haematol. 1996;93:131-138.

26. Champlin RE, Passweg JR, Zhang MJ, et al. T-
cell depletion of bone marrow transplants for leu-
kemia from donors other than HLA-identical sib-
lings: advantage of T-cell antibodies with narrow
specificities. Blood. 2000;95:3996-4003.

27. Lang P, Schumm M, Taylor G, et al. Clinical scale
isolation of highly purified peripheral CD34� pro-
genitors for autologous and allogeneic transplan-
tation in children. Bone Marrow Transplant. 1999;
24:583-589.

28. Handgretinger R, Klingebiel T, Lang P, et al. Me-
gadose transplantation of purified peripheral
blood CD34(�) progenitor cells from HLA-
mismatched parental donors in children. Bone
Marrow Transplant. 2001;27:777-783.

29. Aversa F, Terenzi A, Felicini R, et al. Mismatched
T cell-depleted hematopoietic stem cell transplan-
tation for children with high-risk acute leukemia.
Bone Marrow Transplant. 1998;22(suppl):S29-
S32.

30. Schumm M, Lang P, Taylor G, et al. Isolation of
highly purified autologous and allogeneic periph-
eral CD34� cells using the CliniMACS device.
J Hematother. 1999;8:209-218.

31. Schlegel PG, Eyrich M, Bader P, et al. OKT-3-
based reconditioning regimen for early graft fail-
ure in HLA-non-identical stem cell transplants.
Br J Haematol. 2000;111:668-673.

32. Kaplan E, Meier P. Nonparametric estimation
from incomplete observations. J Stat Assoc.
1958;53:457-481.

33. Hosmer DW, Lemeshow S. Applied Logistic Re-
gression. New York, NY: John Wiley & Sons;
1989.

34. Jansen J, Hanks S, Akard L, et al. Selective T cell
depletion with CD8-conjugated magnetic beads
in the prevention of graft-versus-host disease af-
ter allogeneic bone marrow transplantation. Bone
Marrow Transplant. 1995;15:271-278.

35. Herve P, Flesch M, Cahn JY, et al. Removal of
marrow T cells with OKT3-OKT11 monoclonal
antibodies and complement to prevent acute
graft-versus-host disease: a pilot study in ten pa-
tients. Transplantation. 1985;39:138-143.

36. Flynn JM, Byrd JC. Campath-1H monoclonal anti-
body therapy. Curr Opin Oncol. 2000;12:574-581.

37. Slocombe GW, Newland AC, Yeatman NW,
Macey M, Jones HM, Knott L. Allogeneic bone
marrow transplantation for adult leukaemia with
soy bean lectin fractionated marrow. Bone Mar-
row Transplant. 1986;1:31-39.

38. Aversa F, Tabilio A, Terenzi A, et al. Successful
engraftment of T-cell-depleted haploidentical
“three-loci” incompatible transplants in leukemia
patients by addition of recombinant human granu-
locyte colony-stimulating factor-mobilized periph-
eral blood progenitor cells to bone marrow inocu-
lum. Blood. 1994;84:3948-3955.

39. Reisner Y, Kapoor N, Kirkpatrick D, et al. Trans-
plantation for acute leukaemia with HLA-A and B
nonidentical parental marrow cells fractionated
with soybean agglutinin and sheep red blood
cells. Lancet. 1981;2:327-331.

40. de Witte T, Hoogenhout J, de Pauw B, et al.
Depletion of donor lymphocytes by counterflow
centrifugation successfully prevents acute graft-
versus-host disease in matched allogeneic mar-
row transplantation. Blood. 1986;67:1302-1308.

41. Debelak J, Shlomchik MJ, Snyder EL, et al. Isola-
tion and flow cytometric analysis of T-cell-
depleted CD34� PBPCs. Transfusion. 2000;40:
1475-1481.

42. Heimfeld S, Fogarty B, McGuire K, Williams S,
Berenson RJ. Peripheral blood stem cell mobili-
zation after stem cell factor or G-CSF treatment:
rapid enrichment for stem and progenitor cells
using the CEPRATE immunoaffinity separation
system. Transplant Proc. 1992;24:2818.

43. Urbano-Ispizua A, Solano C, Brunet S, et al. Allo-
geneic transplantation of selected CD34� cells
from peripheral blood: experience of 62 cases
using immunoadsorption or immunomagnetic

technique from the Spanish Group of Allo-PBT.
Bone Marrow Transplant. 1998;22:519-525.

44. van Esser JW, van der HB, Meijer E, et al. Ep-
stein-Barr virus (EBV) reactivation is a frequent
event after allogeneic stem cell transplantation
(SCT) and quantitatively predicts EBV-lympho-
proliferative disease following T-cell–depleted
SCT. Blood. 2001;98:972-978.

45. Rooney CM, Smith CA, Ng CY, et al. Infusion of
cytotoxic T cells for the prevention and treatment
of Epstein-Barr virus-induced lymphoma in allo-
geneic transplant recipients. Blood. 1998;92:
1549-1555.

46. Gerritsen EJ, Stam ED, Hermans J, et al. Risk
factors for developing EBV-related B cell lympho-
proliferative disorders (BLPD) after non-HLA-
identical BMT in children. Bone Marrow Trans-
plant. 1996;18:377-382.

47. Hale G, Waldmann H. Risks of developing Ep-
stein-Barr virus-related lymphoproliferative disor-
ders after T-cell-depleted marrow transplants,
from CAMPATH Users. Blood. 1998;91:3079-
3083.

48. Takemoto Y, Takatsuka H, Wada H, et al. Evalua-
tion of CMV/human herpes virus-6 positivity in
bronchoalveolar lavage fluids as early detection
of acute GVHD following BMT: evidence of a sig-
nificant relationship. Bone Marrow Transplant.
2000;26:77-81.

49. Appleton AL, Sviland L, Peiris JS, et al. Human
herpes virus-6 infection in marrow graft recipi-
ents: role in pathogenesis of graft-versus-host
disease, from the Newcastle upon Tyne Bone
Marrow Transport Group. Bone Marrow Trans-
plant. 1995;16:777-782.

50. Remberger M, Ringden O, Blau IW, et al. No dif-
ference in graft-versus-host disease, relapse, and
survival comparing peripheral stem cells to bone
marrow using unrelated donors. Blood. 2001;98:
1739-1745.

51. Ho VT, Weller E, Lee SJ, Alyea EP, Antin JH,
Soiffer RJ. Prognostic factors for early severe pul-
monary complications after hematopoietic stem
cell transplantation. Biol Blood Marrow Trans-
plant. 2001;7:223-229.

52. Handgretinger R, Lang P, Schumm M, et al. Im-
munological aspects of haploidentical stem cell
transplantation in children. Ann NY Acad Sci.
2001;938:340-357.

53. Zeis M, Uharek L, Glass B, et al. Allogeneic
MHC-mismatched activated natural killer cells
administered after bone marrow transplantation
provide a strong graft-versus-leukaemia effect in
mice. Br J Haematol. 1997;96:757-761.

54. Lang P, Klingebiel T, Pfeiffer M. Antileukemic ac-
tivity and risk of relapse after allogeneic trans-
plantation of purified peripheral CD34� stem cells
in children [abstract]. Blood. 2000;96:582.

55. Sehn LH, Alyea EP, Weller E, et al. Comparative
outcomes of T-cell-depleted and non-T-cell-
depleted allogeneic bone marrow transplantation
for chronic myelogenous leukemia: impact of do-
nor lymphocyte infusion. J Clin Oncol. 1999;17:
561-568.

56. Ruggeri L, Capanni M, Casucci M, et al. Role of
natural killer cell alloreactivity in HLA-mismatched
hematopoietic stem cell transplantation. Blood.
1999;94:333-339.

1636 LANG et al BLOOD, 15 FEBRUARY 2003 � VOLUME 101, NUMBER 4


