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Introduction

Umbilical cord blood is a valuable alternative stem cell
source for patients in need of an allogeneic stem cell trans-
plant but lacking a matched unrelated donor. However, cell
dose is the major limitation in single umbilical cord blood
transplantation (UCBT) for adult patients, as the small num-
ber of hematopoietic progenitor cells in a single umbilical
cord blood unit is associated with protracted or insufficient
neutrophil recovery.1-5

The lack of cord blood units containing a sufficient cell dose
has been overcome by the development of the double UCBT
concept.6 However, the higher cell dose of two units is not a
sufficient explanation of the better engraftment, because only
one cord blood unit ultimately survives. Recently it has been
shown that the outcome of single UCBT using units with
adequate cell doses is comparable to that of double UCBT.7

Moreover, it has been suggested that double UCBT results in
less relapse as compared to single UCBT8 but a recent report
did not confirm that conclusion.7 These observations suggest
that the non-engrafting unit plays a facilitating role in trans-

plant outcome. However, neither the mechanisms of unit pre-
dominance and survival nor the presence and significance of
unit-versus-unit interactions have been consistently demon-
strated yet. Consequently, optimal selection criteria for a dou-
ble unit combination have not been clearly defined.

Various reduced intensity conditioning (RIC) regimens have
been developed to enable the use of UCBT to be extended to
adult patients.9-16 To date, the regimen proposed by the
Minneapolis group yields superior results regarding neu-
trophil recovery and non-relapse-related mortality (NRM).
Indeed, it was reported that UCBT preceded by that non-
myeloablative regimen resulted in a similar survival as com-
pared to RIC peripheral blood stem cell transplantation using
an 8/8 or 7/8 HLA-matched donor.17

The benefit of antithymocyte globulin (ATG) in RIC regi-
mens preceding UCBT is still unclear.18 ATG might prevent
rejection, especially in patients who do not receive
chemotherapy within 3 months prior to transplantation.9,18

On the other hand, ATG induces in vivo T-cell depletion of the
graft. T-cell depletion of cord blood units might interfere with
engraftment potential, thereby resulting in mixed chimerism.
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Double umbilical cord blood transplantation is increasingly applied in the treatment of adult patients with high-
risk hematological malignancies and has been associated with improved engraftment as compared to that provided
by single unit cord blood transplantation. The mechanism of improved engraftment is, however, still incompletely
understood as only one unit survives. In this multicenter phase II study we evaluated engraftment, early
chimerism, recovery of different cell lineages and transplant outcome in 53 patients who underwent double cord
blood transplantation preceded by a reduced intensity conditioning regimen. Primary graft failure occurred in one
patient. Engraftment was observed in 92% of patients with a median time to neutrophil recovery of 36 days
(range, 15-102). Ultimate single donor chimerism was established in 94% of patients. Unit predominance occurred
by day 11 after transplantation and early CD4+ T-cell chimerism predicted for unit survival. Total nucleated cell
viability was also associated with unit survival. With a median follow up of 35 months (range, 10-51), the cumu-
lative incidence of relapse and non-relapse mortality rate at 2 years were 39%  and 19%, respectively. Progression-
free survival and overall survival rates at 2 years were 42% (95% confidence interval, 28-56) and 57% (95% con-
fidence interval, 43-70), respectively. Double umbilical cord blood transplantation preceded by a reduced intensity
conditioning regimen using cyclophosphamide/fludarabine/4 Gy total body irradiation results in a high engraft-
ment rate with low non-relapse mortality. Moreover, prediction of unit survival by early CD4+ lymphocyte
chimerism might suggest a role for CD4+ lymphocyte mediated unit-versus-unit alloreactivity. www.trialregister.nl
NTR1573.
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Persistent dual donor chimerism after double UCBT has
been attributed to the use of ATG as well19,20 (own unpub-
lished data). Furthermore, delayed immune reconstitution
may potentially lead to more infections and higher NRM.
A high incidence of Epstein-Barr virus (EBV)-related com-
plications was reported after ATG-containing non-mye-
loablative conditioning regimens.15,21,22

We hypothesized that a 4 Gy total body irradiation
(TBI)-based conditioning regimen without the use of ATG
would result in rapid and complete donor chimerism with
early T-cell recovery by inducing sufficient recipient
immune suppression to prevent rejection without a nega-
tive effect on cord blood engraftment potential. In this
prospective study we, therefore, evaluated the clinical out-
come of double UCBT preceded by a RIC regimen consist-
ing of cyclophosphamide, fludarabine and 4 Gy TBI. In
addition, we analyzed the pattern of early chimerism and
the influence of graft characteristics on engraftment kinet-
ics and unit survival.

Methods

Patients and cord blood units
Patients were eligible for inclusion if they met the following cri-

teria: (i) a diagnosis of a high-risk hematologic malignancy (for def-
initions: see Online Supplementary File) or severe or very severe
aplastic anemia relapsing after or failing to respond to immuno-
suppressive therapy in need of an allogeneic stem cell transplant
but lacking a matched unrelated donor; (ii) age 18-65 years inclu-
sive; (iii) absence of severe organ dysfunction; (iv) absence of
active infections; and (v) World Health Organization performance
status 0-2. All patients gave written informed consent to enroll-
ment in the study. Six Dutch transplant centers participated in this
study. The trial protocol was approved by the Dutch Central
Committee on Research Involving Human Subjects (CCMO) and
was conducted according to the principles of the Declaration of
Helsinki. 

The selection of cord blood units was based on total nucleated
cell dose (TNC) and HLA match. The required minimum TNC dose
for each individual unit was 1.5x107/kg recipient body weight and
4.0x107/kg for both units together. HLA matching was performed at
split antigen level for HLA-A and -B and at high resolution level for
HLA-DRB1. The minimal match grade required was 4/6 between
individual units and recipient as well as between both units. The
presence of unit-directed anti-HLA-A, -B or -DRB1 antibodies was
excluded in all patients. Red blood cell- and plasma-reduced units
were selected preferably. Transplant procedures, methods of detect-
ing early chimerism, definitions  and additional analyses of cord
blood units are described in the Online Supplementary File.

Study endpoints    
The primary endpoint of the study was the proportion of

patients with primary graft failure, defined as persistent cytopenia
and bone marrow hypoplasia with <10% donor hematopoiesis at
day +60. Secondary endpoints included the time to peripheral
blood cell recovery, cumulative incidence of acute and chronic
graft-versus-host disease (GVHD), NRM, progression-free survival
and overall survival.

Statistical analysis
This study was designed as a non-randomized, prospective,

multicenter phase II trial, following an optimal Simon two-stage
design.23 The primary endpoint was the proportion of patients
with primary graft failure. A true percentage of 25% patients with

a primary graft failure at day 60 after transplantation would be
considered too high, while 10% or less would be desirable. With
α=0.10 and β=0.20, a sample size of 34 patients would be
required. However, in order to allow for dropouts, it was planned
to include 40 patients. Adverse events and infections were scored
according to the National Cancer Institute’s Common
Terminology Criteria for Adverse Events (CTCAE), version 3.0.
Progression-free and overall survival rates were estimated by the
Kaplan-Meier method, and 95% confidence intervals (95% CI)
were constructed. Kaplan-Meier survival curves were generated to
illustrate progression-free survival and overall survival. The cumu-
lative incidences of progressive disease and NRM were calculated
using competing risk analyses. 

Further exploratory analyses were also performed. The
Wilcoxon matched-pairs signed rank test was used to evaluate
variables associated with unit dominance. Univariate Cox regres-
sion analysis was performed to study the association of unit char-
acteristics of the engrafting unit with outcome. All reported P val-
ues are two-sided, and a significance level α=0.05 was used, with-
out correction for multiple testing.

Results

Characteristics of the patients and cord blood units
Sixty patients were registered for the study between

October 2008 and January 2012. Four patients were not
eligible because of availability of a matched unrelated
donor (n=1), liver dysfunction (n=1) or refractory disease
(n=2), and another three patients did not proceed to trans-
plantation because of early relapse (n=2) or death (n=1).
These seven patients were excluded from the analysis.
The patients’ characteristics are shown in Table 1. Fifty-

Table 1. Patients’ characteristics. 
Number of patients 53

Diagnosis, n. (%) 
Acute myeloid leukemia CR1/CR2 30 (57)
Acute lymphoblastic leukemia CR1/CR2 10 (19)
Chronic myeloid leukemia, 2nd chronic phase 2 (4)
Severe or very severe aplastic anemia 4 (8)
Non-Hodgkin lymphoma 4 (8)
Chronic lymphocytic leukemia 3 (6)

Age, years, median (range) 51 (20-65)
Weight, kg, median (range) 73 (49-119)
Sex

Male 28 (53)
Female 25 (47)

Cytomegalovirus serostatus
Negative, n. (%) 17 (33)
Positive, n. (%) 34 (63)
Unknown, n. (%) 2 (4%)

EBV serostatus
Negative, n. (%) 4 (8)
Positive, n. (%) 49 (92)

HCT-CI score, median (range) 1 (0-6)
Conditioning regimen

Cy/Flu/TBI 2x2 Gy 51 (96)
Cy/Flu/TBI 2 Gy 2 (4)

CR1: first complete remission; CR2: second complete remission; HCT-CI: Hematopoietic
Cell Transplant Comorbidity Index; Cy: cyclophosphamide; Flu: fludarabine; TBI: total
body irradiation.
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three patients underwent double UCBT. Acute leukemia
was the most common diagnosis. The patients’ median
age was 51 years (range, 20-65) and their median weight
was 73 kg (range, 49-119). The median TNC of individual
units was 2.7x107/kg (range, 1.3x107 - 5.2x107) whereas the
median dose of infused TNC per patient was 5.4x107/kg
(range, 3.4x107 - 9.2x107). Most patients received a 4/6 +
4/6 (n=19, 36%) or 5/6 + 4/6 (n=24, 45%) matched unit
combination whereas 13%, 4% and 2% of patients
received a 5/6 + 5/6 (n=7), 5/6 + 6/6 (n=2) and 6/6 + 6/6
(n=1) matched combination, respectively. Additional high-
resolution HLA typing revealed the presence of multiple
allele mismatches (Online Supplementary Table S1). The
median numbers of unit-recipient HLA class I (A, B, C) and
class II (DRB1, DQB1, DPB1) allele mismatches were two
(range, 0-6) and three (range, 0-5), respectively. Killer-cell
immunoglobulin-like receptor ligand mismatches24 were
absent in 43% and 45% of unit versus recipient and unit
versus unit combinations, respectively. The median follow-
up of surviving patients was 25 months (range, 9-49).

Hematologic recovery 
Primary graft failure occurred in one patient (2%). The

cumulative incidence of neutrophil recovery at days +60
and +90 was 83% and 92%, respectively (Figure 1A). The
cumulative incidence of engraftment was 92% with a
median time to neutrophil recovery of 36 days (range, 15-
102). Three patients did not meet the criteria for engraft-
ment at the time of death due to persistent pancytopenia
(n=1) or because the neutrophil count had still not been
measured despite a leukocyte count above 2x109/L (n=2).

However, single donor chimerism had been established in
all three patients. Secondary graft failure occurred in one
patient at 3 months after transplantation. The cumulative
incidence of platelet recovery to 20x109/L, 50x109/L and
100x109/L at day +60 was 66%, 23% and 11%, respective-
ly (Figure 1B-1D).  Neutrophil and platelet recovery were
not associated with allele level or class II unit-unit HLA-
match (Table 2).

A higher TNC content of the surviving unit was associ-
ated with a faster neutrophil recovery (32 versus 39 days;
P=0.04) (Table 2). A higher granulocyte-macrophage
colony-forming unit (CFU-GM) dose of the surviving unit
resulted in neutrophil recovery in 32 days as compared to
39 days with a CFU-GM below the median; this differ-
ence was not, however, statistically significant. TNC dose
infused was not associated with neutrophil recovery (data
not shown).

Natural killer cells recovered to normal values within 2
months. B cells recovered to normal values after 6 months.
T-cell recovery was slow, with absolute cell counts reach-
ing the lower limits of normal by 12 months. Strikingly,
CD4+ T-cell recovery was somewhat faster than CD8+ T-
cell recovery during the first months after transplantation,
with median cell counts at 3 and 6 months of 0.18x109/L
and 0.27x109/L, respectively (Figure 2).

Chimerism assessment
Complete single donor chimerism (as determined by

short tandem repeat polymerase chain reaction analysis)
was present in 77% of patients at day +32 (Figure 3A),
increasing to 94% at 3 months. Complete donor

Figure 1. Recovery of peripheral blood cells. (A) Absolute neutrophil count (ANC) recovery (B-D): platelet recovery. 
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Table 2. Prognostic factors: results of univariate analysis. 
Neutrophil recovery PFS Relapse NRM OS

HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) P

TNC infused* 2.19 (1.15-4.16) 0.016 1.25 (0.61-2.58) 0.54 0.88 (0.35-2.26) 0.80 2.29 (0.66-7.94) 0.18 1.03 (0.44-2.38) 0.95
TNC viability* 1.41 (0.66-3.02) 0.37 1.26 (0.53-2.99) 0.60 3.64 (0.98-13.58) 0.037 0.30 (0.06-1.48) 0.11 0.85 (0.33-2.21) 0.74
CFU-GM infused* 1.91 (0.89-4.13) 0.10 1.69 (0.71-4.05) 0.23 1.34 (0.43-4.20) 0.61 2.36 (0.58-9.55) 0.21 2.08 (0.77-5.64) 0.14
Viable CD34+ cells* 1.27 (0.70-2.28) 0.43 0.90 (0.44-1.85) 0.77 0.77 (0.31-1.93) 0.58 1.16 (0.35-3.81) 0.80 1.20 (0.52-2.78) 0.67
Viable CD3+ lymphocytes* 1.49 (0.81-2.72) 0.20 0.84 (0.41-1.75) 0.65 0.85 (0.34-2.15) 0.73 0.83 (0.25-2.74) 0.76 0.79 (0.34-1.85) 0.59
Viable NK-cells* 1.22 (0.66-2.25) 0.52 1.66 (0.79-3.52) 0.18 2.54 (0.96-6.72) 0.056 0.86 (0.26-2.83) 0.80 1.12 (0.48-2.60) 0.80
Viable CD19+ lymphocytes* 1.46 (0.79-2.69) 0.23 1.09 (0.52-2.25) 0.83 1.01 (0.40-2.54) 0.99 1.23 (0.37-4.07) 0.73 0.94 (0.41-2.18) 0.89
HLA match grade surviving unit-recipient

A, B, DRB1 selection criteria1 0.81 (0.44-1.51) 0.51 1.26 (0.61-2.59) 0.53 2.01 (0.80-5.02) 0.13 0.53 (0.14-1.99) 0.32 0.77 (0.32-1.84) 0.55
A, B, C, DRB1 allele level2 1.52 (0.81-2.87) 0.20 1.67 (0.80-3.51) 0.18 3.14 (1.24-7.95) 0.015 0.44 (0.09-2.08) 0.26 1.32 (0.56-3.12) 0.53
A, B, C, DRB1, DQB1, DPB1 0.73 (0.36-1.48) 0.39 1.13 (0.51-2.49) 0.76 2.17 (0.78-6.05) 0.13 0.32 (0.07-1.55) 0.12 0.86 (0.34-2.17) 0.75
allele level3

DRB1, DQB1, DPB1 0.97 (0.40-2.34) 0.94 1.71 (0.64-4.57) 0.31 1.73 (0.49-6.09) 0.42 1.67 (0.34-8.12) 0.54 1.42 (0.47-4.27) 0.54
allele level4

HLA match grade unit-unit 
A, B, DRB1 selection 1.05 (0.56-1.99) 0.88 0.58 (0.25-1.35) 0.18 0.84 (0.33-2.16) 0.71 0.18 (0.02-1.51) 0.053 0.43 (0.15-1.26) 0.09
criteria1

A, B, C, DRB1 allele level2 0.66 (0.35-1.22) 0.17 0.60 (0.27-1.35) 0.20 0.50 (0.18-1.37) 0.16 0.88 (0.23-3.43) 0.86 0.72 (0.30-1.74) 0.46
A, B, C, DRB1, DQB1, 0.92 (0.48-1.77) 0.80 0.76 (0.36-1.63) 0.48 0.83 (0.33-2.08) 0.70 0.62 (0.16-2.50) 0.50 1.00 (0.43-2.31) 1.00
DPB1 allele level3

DRB1, DQB1, DPB1 0.91 (0.43-1.92) 0.79 0.88 (0.35-2.21) 0.79 0.73 (0.21-2.50) 0.60 1.17 (0.28-4.83) 0.83 1.41 (0.55-3.63) 0.53
allele level4

* Surviving unit; values above the median were compared to values below the median. Median values: TNC infused: 2.6 x107/kg; TNC viability: 65%;  CFU-GM: 0.31x104/kg; viable CD34+ cells:  0.35
x105/kg; viable CD3+ cells 4.5x105/kg; viable natural killer (NK)-cells: 9.3x105/kg; viable CD19+ lymphocytes 8.7x105/kg. 1 ≥5/6 vs. 4/6; 2 ≥6/8 vs. ≤5/8; 3 ≥8/12 vs. ≤7/12; 4 ≥5/6 vs. ≤4/6. PFS: pro-
gression free survival; OS: overall survival; HR: hazard ratio.

Figure 2. Immune recovery.  (A) CD4+ lymphocytes, (B) CD8+ lymphocytes, (C) natural killer cells, (D) B-lymphocytes. Dashed lines represent
the upper and lower limits of reference values.
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chimerism with presence of both units was observed in
four (9%) patients at day +32. However, one unit was pre-
dominant at that time point and single donor chimerism
was established at day +60 in three of these patients. They
had received units with an 8/12 (n=1; 4 mismatches at
HLA class II), 11/12 (n=2; mismatch at HLA-DPB1) or
12/12 (n=1) unit-unit match. Double donor chimerism
without a clear unit predominance persisted until disease
relapse beyond day +180 in the patient who had received
a 12/12 matched unit combination. Mixed chimerism was
present in five patients (11%) at day +32 and persisted in
one patient beyond day +90. The results of T-cell
chimerism were concordant with results of unseparated
peripheral blood in the majority of patients at all time
points (data not shown).

Early chimerism was analyzed by short tandem repeat
polymerase chain reaction in 44 patients (Figure 3B). A
median of 40% (range, 0-100) peripheral blood cells origi-

nated from the ultimately surviving unit at day +11, with
this value increasing to 82% (range, 0-100) at day +18.
Predominance of the ultimately surviving unit over the
non-engrafting unit was present in 78% and 89% of
patients at days +11 and +18, respectively. The non-
engrafting unit had completely disappeared beyond day
+18 in most patients. Recipient hematopoiesis did not
contribute substantially to peripheral blood cell recovery
as recipient peripheral blood cells had disappeared before
neutrophil recovery.

Simultaneous three-donor-origin detection of leukocyte
subpopulations based on HLA mismatches using HLA
monoclonal antibodies was possible in ten patients.
Results were reported earlier as a part of a larger group of
patients.25 In brief, at day +11, the median percentages of
cells derived from the surviving unit within CD4+ T cells,
CD8+ T cells, natural killer cells, monocytes and granulo-
cytes in peripheral blood were 89% (range, 46-100), 98%

Figure 3. Chimerism. (A) Development of single donor chimerism. Complete chimerism (1 unit); mixed chimerism (recipient + 1 unit);
complete chimerism (2 units);       mixed chimerism  (recipient + 2 units) (B) Peripheral blood chimerism in patients without graft fail-

ure. Contribution of recipient, surviving unit and non-engrafting unit to peripheral blood counts at different time points. N=44 at days 11, 18
and 25. Recipient; dominant unit; non-engrafting unit.
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(range, 66-100), 61% (range, 36-93), 42% (range, 9-84) and
19% (range, 0-98), respectively (results not shown). Ultimate
unit survival was predicted by chimerism within CD4+

and natural killer cell subsets in 89% (8/9 evaluable
patients) and 89% (8/9 evaluable  patients) of patients,
respectively, at this time point. CD8+ T-cell numbers were
below the detection limit in 7/10 patients, precluding the
prediction of donor chimerism, but chimerism in the three
remaining patients was concordant with ultimate graft
predominance.

Absolute cell counts, as measured by the different par-
ticipating transplant centers, showed a high inter-laborato-
ry variation. The analyses regarding absolute cell counts
were, therefore, performed separately on a subgroup of 33
patients from a single transplant center as well. Analyses
of TNC viability and CFU-GM were only performed with-
in that subgroup. TNC viability was associated with unit
survival (median 64.5% in surviving units versus 56.5% in
non-engrafting units, P=0.003) (Table 3). Neither absolute
counts of TNC, CD34+ cells, T cells, B cells and natural
killer cells nor degree of unit-recipient allele level HLA
matching were associated with unit survival.

Patients’ outcome 
EBV reactivation requiring therapy and EBV post-trans-

plant lymphoproliferative disease (PTLD) developed in
10% and 4% of EBV-seropositive patients, respectively.
Cytomegalovirus reactivation requiring therapy occurred
in 40% of cytomegalovirus-seropositive patients while
cytomegalovirus disease was not observed. Viral upper
respiratory infections were reported in 26% of patients
whereas BK virus reactivation and infections with
norovirus or adenovirus were reported in 19%, 6% and
6% of patients, respectively. 

The cumulative incidence of NRM at day +90 was 9%
[standard error (s.e.) 4%]; the 2-year NRM was 19% (s.e.
5%) (Figure 4A). Causes of death were infections (viral
and fungal infection, n=1; bacterial sepsis, n=1), infections
in a GVHD setting (viral and/or fungal infection, n=3),
multi-organ failure (n=2), cardiac complications (n=2), sec-
ondary graft failure (n=1) and leukoencephalopathy (n=1). 

The cumulative incidences of acute GVHD grades II-IV
and grades III-IV at day +90 were 53% and 11%, respec-

tively. The cumulative incidence of chronic GVHD at 1
year was 38%, whereas this was 19% for extensive chron-
ic GVHD. The cumulative incidence of relapse or progres-
sion of disease was 23% (s.e. 6%) at 1 year and 39% (s.e.
7%) at 2 years (Figure 4A). The probabilities of progres-
sion-free survival and overall survival at 2 years were 42%
(95% CI, 28-58%) and 57% (CI, 43-70%), respectively
(Figures 4A and 4B). A Hematopoietic Cell
Transplantation Comorbidity Index score of >2 was asso-
ciated with overall survival (hazard ratio 3.14, 95% CI
1.42-6.93, P=0.006).

Absolute cell counts, TNC viability and CFU-GM of the
surviving unit were not associated with NRM, relapse,
progression-free survival or overall survival nor was the
degree of six loci (A, B, C, DRB1, DQB1, DPB1) or HLA
class II (DRB1, DQB1, DPB1) allele level matching (Table
2). However, a higher unit-recipient HLA-A,-B,-C,-DRB1
allele level match (≥6/8) was associated with higher
relapse, but not with overall survival.

A better (≥5/6) HLA-A, -B, -DRB1 unit-unit match
(selection criteria) was associated with lower NRM but
not with time to neutrophil recovery, relapse or progres-
sion-free survival (Table 2). The lower NRM translated
into a trend for better overall survival (92% versus 57% at
1 year and 75% versus 51% at 2 years). Apart from HLA-
matching, mismatching for natural killer cell inhibitory
receptors (KIR) was evaluated for possible association
with relapse. However, KIR mismatching for surviving
units with the recipient (in the graft-versus-leukemia direc-
tion) did not appear to be significantly associated with
relapse (hazard ratio=1.78; 95% CI 0.52-6.04; P=0.36).

Discussion

We studied the outcome and early chimerism of double
UCBT preceded by a RIC regimen using cyclophos-
phamide, fludarabine and 4 Gy TBI. This regimen resulted
in a high engraftment rate, a low NRM and an approxi-
mately 20% incidence of chronic extensive GVHD.

Complete single donor chimerism was observed within
1 month in bone marrow as well as in unseparated periph-
eral blood and in peripheral blood T cells in most patients,
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Table 3. Graft characteristics. 
Surviving unit Non-engrafting unit

n.† median range median range P

TNC, x107/kg* 49 2.6 (1.3-5.2) 2.8 (1.5-5.1) 0.84
TNC after thawing, x107/kg 47 2.3 (1.4-5.5) 2.2 (1.4-5.3) 0.72
TNC viability, % 29 64.5 (36.5-79.5) 56.5 (35-82) 0.003
CFU-GM, x104/kg 30 0.30 (0-2.8) 0.31 (0-1.5) 0.46
Viable CD34+ cells, x105/kg 49 0.35 (0-1.7) 0.35 (0-1.7) 0.47
Viable CD3+ cells, x105/kg 47 4.5 (1.0-74) 6.5 (0.3-43) 0.85
Viable CD19+ cells, x105/kg 45 8.7 (0.4-80) 9.9 (0.4-51) 0.94
Viable NK cells, x105/kg 45 9.3 (0.2-38) 8.5 (0.3-45) 0.08
HLA match vs. recipient A B C DRB1, allele level 50 5/8 (3/8-7/8) 5/8 (2/8-7/8) 0.10
HLA match vs. recipient A B C DRB1 DQB1 DPB1, allele level 40 7/12 (4/12-10/12) 7/12 (3/12-9/12) 0.27
HLA match vs. recipient DRB1 DQB1 DPB1, allele level 40 3/6 (1/6-6/6) 3/6 (1/6-6/6) 0.40

Graft characteristics of dominant vs. non-engrafting units. †In four patients a predominant unit could not be assigned because of lack of follow up due to relapsed disease (n=2), pri-
mary graft failure (n=1) or persistent dual chimerism (n=1). TNC: total nucleated cell count; CFU-GM: granulocyte-macrophage colony-forming unit. *as reported by cord blood bank.
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which is faster than that reported after an ATG-containing
RIC regimen.12,15,22,26 Early establishment of complete donor
chimerism might be favorable as persistent mixed
chimerism after RIC stem cell transplantation is associated
with relapse and graft rejection.27 Predominance of one
grafted unit over another was established within 11 days
in most patients. In a previous study in a subcohort of
these patients using flow cytometry with HLA-monoclon-
al antibodies25 we observed that early CD4+ T-lymphocyte
chimerism was predictive of ultimate graft predominance,
which may suggest a role for CD4+ lymphocytes in a graft-
versus-graft reaction. This is in line with several reports
suggesting the presence of a T-cell-mediated unit-versus-
unit allo-immune reaction.28,29 Moreover, a graft-facilitating
role for the non-engrafting unit has been suggested from
findings in experimental models in mice and dogs.30,31 In
addition to this, it was shown that alloreactive CD4+ T
cells directed against mismatched HLA class II molecules
were capable of directly eliminating leukemic cells in adult
patients.32 As many unit-recipient HLA class II mismatches
were present, we hypothesize that HLA class II-specific
CD4+ T cells of the ultimately surviving unit elicit an
immediate and targeted alloreactive immune response
towards mismatched HLA class II molecules of the non-

engrafting unit in the absence of ATG. This hypothesis
may be supported by the observation of a relatively rapid
CD4+ T-cell recovery, by the abundance of class II mis-
matches, and also by the protracted presence of the non-
engrafting unit in patients who had received a unit combi-
nation with a high inter-unit level of HLA matching. The
last observation might point to the absence of a unit-ver-
sus-unit allo-immune reaction between highly matched
units. The delay in CD4+ T-cell recovery and the concomi-
tant protracted time to develop single chimerism as
observed after an ATG-based RIC regimen implies that
ATG might reduce that allo-immune reaction.
Furthermore, specificity of surviving cord blood unit-
derived CD4+ T cells towards mismatched HLA-class II
alleles of the non-engrafting unit was demonstrated in two
patients (results not shown) and this observation provided
the basis for a prospective study of T-cell specificity in
double UCBT (HOVON 115, www.trialregister.nl NTR
3535). 

Only one case of primary graft failure was observed, but
the time to neutrophil recovery was prolonged (36 days)
compared to that reported by others for RIC12-16,33,34 or mye-
loablative regimens.6,8,33,35 Our chimerism results revealed
that recipient hematopoiesis disappeared early after trans-

Figure 4. Survival. (A) Progression-free
survival (PFS), non-relapse mortality
(NRM) and progressive disease (PD). (B)
Overall survival.
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plantation and did not, therefore, contribute to neutrophil
recovery, which differs from less myelotoxic conditioning
regimens. In contrast to most other studies, granulocyte
colony-stimulating factor (G-CSF) was not applied in this
study. The duration of neutropenia may largely be attrib-
uted to the lack of G-CSF, as Ponce et al. reported a median
time to neutrophil recovery of 26 days using a comparable
4 Gy-based RIC regimen supported with G-CSF34 while
use of the less myelotoxic cyclophosphamide/fludarabine/
TBI 2 Gy regimen with G-CSF resulted in a median time
to neutrophil recovery of 9-12 days.13,17 In our study, the
prolonged neutropenia resulted in a protracted stay in hos-
pital but did not result in early NRM. 

Despite the lack of ATG as well as the expected higher
toxicity of a 4 Gy TBI dose, rates of NRM and GVHD
were similar to those reported by the Minneapolis group,
using a lower TBI dose with or without ATG.13,17 In addi-
tion, the incidence of EBV-PTLD was low, in contrast to
that reported after ATG-containing RIC regimens.12,15,21,22,26

These findings suggest that ATG can be safely omitted
using our 4 Gy-based conditioning regimen. An ATG-free
conditioning regimen might permit the development of
unit-versus-unit allo-immune reactions thereby leading to a
rapid establishment of single donor chimerism and disease
control. Moreover, suppression of transient autologous
recovery by 4 Gy TBI might lead to a stronger
antileukemic effect as well.

We did not find an association between graft character-
istics and unit survival except post-thawing TNC viability.
To date, TNC, CD34+ cell content and degree of HLA
matching have not been found to predict unit survival, but
CD3+ cell dose36,37 and CD34+ cell viability36,38 may be asso-
ciated with unit predominance. Our observation that post-
thawing TNC viability was associated with unit survival
supports the hypothesis that, apart from immunological
unit-versus-unit reactions, unit quality is important in unit
survival. 

We observed a higher relapse rate if the surviving unit
had a ≥6/8 unit-recipient match compared to a ≤5/8 HLA
match. Recently, an association was found between
degree of allele level HLA matching and risk of NRM, but
not of relapse, after single unit myeloablative UCBT.39

Moreover, it was suggested that allele level HLA matching
of the surviving unit was associated with GVHD severity
in double UCBT preceded by an ATG-free conditioning
regimen.40 Malignant cells express class II HLA antigens
and are, therefore, susceptible targets for CD4+ T cells.
The lower relapse rate in our ≤5/8 matched transplants
may thus be explained by a higher frequency of allo-
immune CD4+ T cells in the engrafting unit resulting in a
graft-versus-disease reaction. In double UCBT, the tran-
sient presence of the non-engrafting unit might fuel that
allo-immune reaction of higher mismatched units leading
to better disease control at the cost of more severe GVHD.    

In conclusion, double UCBT after RIC using cyclophos-
phamide, fludarabine and 4 Gy TBI was associated with a
high engraftment rate, but slow recovery. However, the
protracted neutropenic phase was not associated with
NRM. Despite a relatively slow recovery, rapid establish-
ment of unit predominance leading to single donor
chimerism was observed in 94% of patients. These results
suggest that G-CSF is not necessary for engraftment and
establishment of chimerism. Furthermore, early CD4+ T-
lymphocyte chimerism was predictive for ultimate graft
predominance, suggesting a role for HLA class II in unit-
versus-unit reactions, leading to single donor chimerism,
which has provided a basis for an ongoing, prospective
study. 
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