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Umbilical cord blood transplantation (UCBT) has increased access to potentially curative

therapy for patients with life-threatening disorders of the bone marrow and immune

system. The introduction of reduced intensity conditioning (RIC) regimens and double

umbilical cord unit infusions (DUCBT) has broadened the applicability of UCBT to more

frail or larger recipients. The kinetics of chimerism after RIC DUCBT and their clinical

utility are poorly understood. The RIC CBT trial reported here sought to prospectively

evaluate the role of lineage-specific chimerism after DUCBT in adult patients with

hematologic malignancies in the United Kingdom. Fifty-eight patients with a median age

of 52 years were recruited, with overall and progression-free survivals of 59% (95%

confidence interval [CI], 45%-71%) and 52% (95% CI, 39%-64%), respectively, at 2 years.

Nonrelapse mortality was 4% (95% CI, 1%-13%) at day 100, and the relapse rate was 31%

(95% CI, 21%-45%) at 1 year. Peripheral blood lineage-specific chimerism was feasible

from day 7 after transplant onward. Five patterns of chimerism were observed including

(1) complete single unit dominance (39 patients), (2) sustained donor-donor mixed

chimerism (3 patients), (3) sustained donor-recipient mixed chimerism (5 patients), (4)

dominance reversion (1 patient), and (5) primary graft failure (4 patients). The RIC CBT

trial enabled adult patients with high-risk hematologic malignancies to safely access

UCBT in the United Kingdom and provided novel insights into the kinetics of donor and

recipient chimerism after RIC DUCBT that are clinically relevant. This trial was registered

at https://www.clinicaltrialsregister.eu/ctr-search/trial/2004-003845-41/GB as

#NCT00959231 and EudraCT 2004-003845-41.
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Key Points

� Primary graft failure

may be identified by

early chimerism

analysis after DUCBT

with RIC.

� Chimerism does not

appear to be useful in

predicting relapse.
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Introduction

Over the last two decades, umbilical cord blood (UCB) has become
an established alternative source of haemopoietic stem cells. This
has led to potentially curative allogeneic transplantation being
accessed by thousands of patients with diseases of the bone mar-
row and immune system who would otherwise have been precluded
for lack of a suitably HLA matched sibling or adult volunteer unre-
lated donor.1,2

The early success reported in children was initially not replicated in
adults because of the lower progenitor cell dose per body weight of
UCB, leading to poorer engraftment and excess transplant-related
mortality (TRM), and the increased toxicity of ablative regimens in
older patients or those with multiple comorbidities.3

The use of reduced intensity conditioning (RIC) regimens4 combined
with strategies to augment cell dose have broadened the applicabil-
ity of UCB transplantation to larger adolescents and adults. One of
the most effective approaches to increase cell dose has been the
coinfusion of 2 UCB units (double umbilical cord blood transplants
[DUCBT]), a strategy pioneered at the University of Minnesota.1,5

Although DUCBT is thought to promote engraftment5 with both
units contributing to early hematopoiesis, in more than 90% of
patients, only 1 UCB unit will ultimately predominate and exclusively
provide long-term hematopoiesis.1,6-8 However, the factors predict-
ing this, the kinetics of engraftment, and the physiology responsible
for this observation are poorly understood.

A better understanding of the kinetics of engraftment is potentially
important in predicting which cord blood unit (CBU) will become
dominant, better selection of CBUs, early prediction of graft failure,
understanding of the mechanisms of graft-versus-leukemia and
graft-versus-host disease (GVHD), and how DUCBT could poten-
tially provide a platform for posttransplant immune modulation.

This study aimed to investigate the patterns and clinical relevance of
early and long-term chimerism in patients recruited to the phase 2
RIC UCBT trial (transplantation of umbilical cord blood from unrelated
donors in patients with hematologic diseases using a RIC regimen).

Methods

Study design and participants

The RIC UCBT trial was a phase 2 trial, recruiting patients from 15
UK transplant centers. Patients were eligible for the trial if they met
the following 4 inclusion criteria: (1) were 2 to 70 years of age, (2)
had a high-risk hematologic malignancy for which an allogeneic
hematopoietic stem cell transplant was indicated, (3) had no HLA
matched (10/10 allelic) sibling or unrelated donor available, and (4)
were not eligible for an ablative conditioning regimen because of
older age or comorbidities. All participants gave written informed
consent, and the trial was conducted in accordance with the Decla-
ration of Helsinki. The study protocol was approved by the Riverside
Ethics Committee (08/H0706/92) and Medicines and Healthcare
Products Regulatory Agency (21786/0203/001).

Procedures. CBU selection was based on cryopreserved total
nucleated cell (TNC) dose and HLA-A, -B, and -DRB1 match (HLA-
A and -B matching at antigen level and HLA-DRB1 at allelic level).

All units were $4/6 matched to the recipient with no requirement
for interunit matching. A single unit was used for transplantation if

the TNC $ 3.0 3 107/kg for a 6/6 match or TNC $ 4.0 3 107/kg
for a 5/6 match. If no adequate single unit was available, a double

unit graft was selected, in which each unit had a TNC $ 1.5 3

107/kg. An expert national unit selection committee was established
to facilitate optimum unit selection.

All patients received a RIC regimen comprised of fludarabine 40

mg/m2 per day on days 26 to 22 (total 200 mg/m2), cyclophos-
phamide 50 mg/kg on day 26, and total body irradiation 200 cGy

on day 21. No patients received serotherapy. All patients received
granulocyte colony-stimulating factor (lenograstim) 5 mg/kg between

day 17 until absolute neutrophil count was .2.5 3 109/L for 2
consecutive days. GVHD prophylaxis was mycophenolate mofetil

from days 23 to 135 or 7 days after engraftment (whichever was
later), followed by taper and cyclosporine on days 23 to 1100, fol-

lowed by taper if no GVHD.

The end of the study was defined as the time when the final
patient had been followed up for 2 years after transplant. Nonre-

lapse mortality (NRM) at 100 days after transplant was defined as
the time from infusion to death not caused by relapse. Patients

who relapsed were censored at the date of relapse and patients
who did not relapse and did not die were censored at the date of

last follow-up. Overall survival was the time from infusion until a

patient died of any cause. Surviving patients were censored at
the date of last follow-up. Relapse-free survival was the time from

infusion until a patient relapsed or died, whichever occurred first.
Patients who did not relapse and did not die were censored at

the date last of last follow-up. Time to relapse was the time from
infusion until a patient relapsed. Patients who did not relapse

were censored at the date of last follow-up or date of death.

Hematopoietic recovery was defined as (1) time to first of 3 consec-
utive days with absolute neutrophil count . 0.5 3 109/L after first

posttransplant nadir, (2) time to platelets . 20 3 109/L (first of 3
consecutive days) with no platelet transfusions in the 7 preceding

days, and (3) time to red blood cell independence (hemoglobin . 9
g and no transfusions for 15 days). Patients who did not recover by

day 100 were censored at day 100, and patients who recovered
after day 42 but a date was not provided were censored at day 42.

Lineage-specific chimerism studies (peripheral blood mononuclear

cells [PBMCs], B cells, T cells, and granulocytes) were performed
according to local laboratory procedures on 5 to 10 mL EDTA

peripheral blood samples on days 7, 14, 21, 28, 35, 60, and 100, 6

months, and 1 and 2 years to determine the relative contribution of
donor and recipient to overall hematopoiesis.

Primary engraftment was defined as neutrophil recovery associated

with detectable donor chimerism within the first month after trans-
plantation. Sustained donor engraftment was defined as ongoing

neutrophil recovery and donor hematopoiesis beyond day 42. Pri-
mary graft failure (GF) was defined as failure to achieve sustained

donor engraftment. Complete donor chimerism was defined as mar-
row reconstitution of at least 90% donor origin.

Adverse events and cord blood infusion-associated complications

were reported using Common Terminology Criteria for Adverse
Events v4.0. Bacterial, fungal, parasitic, and viral infections and the

incidence of acute and chronic GVHD were reported separately.
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Data analysis

Continuous variables were summarized as median or mean and
range and categorical variables as frequency and percentages.
Time to event outcomes were summarized in terms of event or
event-free rates at prespecified timepoints and plotted using the
Kaplan-Meier method. The time from transplant to neutrophil recov-
ery, platelet recovery, and red blood cell recovery in days was also
summarized using Kaplan-Meier methods (median time to recovery
and rates of recovery at 42 and 100 days after transplant).

Frequencies and percentages were used to summarize the maxi-
mum severity of adverse events (.grade 3), the occurrence of
cord blood infusion-associated complications, GVHD, and
infections.

The association between intrinsic cord blood unit variables and
chimerism outcome was measured using univariate multilevel
logistic regression, which was fitted by considering each patient
a random intercept. A paired t test was also performed to assess
differences between the dominant and nondominant unit and the
effect of time in the change of the % donor PBMCs, B cells,
T cells, and granulocytes. The mean and range of the chimerism
between patients with primary graft failure were compared with
those engrafting.

Results

The target accrual was achieved, with 60 patients recruited between
December 2009 to February 2014 (Figure 1). Two patients withdrew
consent from trial participation and were removed from all analyses.
Of 58 evaluable patients, the median follow-up was 48.7 months
(95% confidence interval [CI], 38-60 months). Patient characteristics
are shown in Table 1: recipients were predominantly male (n 5 35;
60%), were White (n 5 40; 69%), had a Karnofsky performance sta-
tus of 90% to 100% in 51 patients (88%), had a comorbidity index
of 0 to 1 in 40 patients (69%), and had a median age of 52 years
(range, 20-68 years). The indication for transplantation was acute leu-
kemia or myelodysplasia in 71% of patients (acute myeloid leukemia,
47%; acute lymphoblastic leukemia, 12%; myelodysplasia, 12%)
with 40 (69%) of patients having 2 or more lines of previous therapy.
All patients received the conditioning regimen and GVHD prophylaxis
according to protocol. Two patients had a sufficient single CBU graft,
as defined in the trial cord selection algorithm (these patients were
26 and 65 years of age, with weights of 76.5 and 45.4 kg, respec-
tively), with the remaining 56 patients receiving 2 CBUs.

Time to event outcomes

Figure 2 depicts time to event outcomes. Overall survival was 97%
(95% CI, 87%-99%) at 3 months, 70% (95% CI, 57%-80%) at 1

Total recruited
patients (n=60)

Total evaluable
patients (n=58)

1 unit infused
(n=2)

2 units infused
(n=56)

Withdrew
consent (n=2)

Chimerism data
available (n=54)

Sustained
engraftment

(n=48)

Single unit dominance
(n=39)

Persistence of 2 units (n=3)
Persistence of 1 unit and

recipient (n=5)
Dominance reversion (n=1)

Primary
graft failure

(n=4)

Secondary
graft failure

(n=2)

Haematological
recovery

(n=1)

Primary
graft failure

(n=1)

Chimerism data not
available (n=2)

Figure 1. Consort diagram showing recruitment, chimerism analysis availability, and engraftment/chimerism outcomes.
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year, and 59% (95% CI, 45%-71%) at 2 years, with a progression-
free survival of 90% (95% CI, 79%-95%) at 3 months, 60% (95%
CI, 46%-71%) at 1 year, and 52% (95% CI, 39%-64%) at 2 years.
The NRM was 4% (95% CI, 1%-13%) at day 100, and the relapse
rate was 31% (95% CI, 21%-45%) at 1 year. The cause of death
was relapse or disease progression in 17 patients, transplant related
in 8 patients, and unknown cause of death in 1 patient.

The overall incidence of grade II to IV acute GVHD was 33% (19
patients) and III to IV acute GVHD was 24% (14 patients). By the
completion of the study, 12 patients (21%) experienced limited
chronic GVHD and only 2 (3%) had extensive chronic GVHD.
A detailed summary of reported adverse events, specific infections
observed, and cord blood infusion reactions are given in supplemen-
tal Tables 1 to 3.

Hematopoietic recovery is presented in Figure 3. Neutrophil recov-
ery was observed at a median time of 21 days (range, 5-55 days),
with 52 (90%) patients achieving neutrophil recovery by day 42.
The median time to platelet recovery was 38 days (range, 8-64
days), with 49 (84%) patients achieving platelet recovery by day
100. Red cell recovery was observed at a median of 51 days
(range, 6-106 days), with 40 (69%) achieving red cell indepen-
dence by day 100. Primary graft failure was observed in 5 patients,
and 2 patients had secondary graft failure.

Chimerism analyses

Peripheral blood chimerism analysis was available for 54 of the 56
patients having a double UCBT, of whom 4 had primary graft failure
and 2 secondary graft failure (Figure 1). Chimerism data were reli-
ably available at all time points for PBMC, T cells, and granulocytes,
although B-cell chimerism was less frequently reported.

In the 48 patients who engrafted after DUCBT and for whom chime-
rism results were available, 5 different patterns of chimerism kinetics
were observed: (1) early contribution of both units and recipient but
eventual complete dominance of a single UCB unit with disappear-
ance of the second unit and recipient (39 patients; Figures 4A-D),
(2) sustained donor-donor chimerism with an ongoing contribution
of both units and loss of recipient (3 patients), (3) sustained donor-
recipient mixed chimerism with contribution of recipient and 1 of the
units (5 patients), (4) dominance reversion (1 patient), and (5) pri-
mary graft failure (5 patients).

For the engrafting patients, the recipient contribution to all lineages
decreased rapidly and was no longer detectable by days 28 to 35.
In the first 7 to 21 days after transplant, both cord blood units were
detectable in all lineages. However, the dominant unit increased rap-
idly and was the only contribution to hemopoiesis in most patients
by days 28 to 35. The dominant unit could be identified by day 7 in
the T-cell and B-cell lineages and by day 14 in PBMC and
granulocytes.

In the 3 patients with persistence of both cord units, the inter-unit
HLA match was 4/6 for 1 patient and 6/6 for 2 patients. None of
these 3 patients relapsed. In the 5 patients who engrafted with per-
sistent donor-recipient mixed chimerism, the HLA match between
patient and the persisting unit was 4/6 for 4 patients and 5/6 for 1
patient. The HLA match between the nonpersisting unit and the
recipient was 4/6 in 1 patient, 5/6 in 2 patients, 6/6 in 1 patient,
and not known in 1 patient. One of these 5 patients relapsed. In the
1 patient in whom dominance reversion was observed, the recipient

Table 1. Patient characteristics at trial entry

Baseline characteristics N (%) (N 5 58)

Age, y

Median (range) 52 (20-68)

Sex

Female 23 (40%)

Male 35 (60%)

Blood group

A 25 (43%)

O 24 (41%)

B 6 (10%)

AB 3 (5%)

Ethnicity

White 40 (69%)

Asian or Asian British 10 (17%)

Mixed race 4 (7%)

Black or Black British 3 (5%)

Chinese 1 (2%)

Performance status

70% 2 (3%)

80% 5 (9%)

90% 27 (47%)

100% 24 (41%)

Primary diagnosis

Acute myeloid leukemia 27 (47%)

Acute lymphoblastic leukemia 7 (12%)

Non-Hodgkin (follicular lymphoma, B-cell lymphoma) 7 (12%)

Myelodysplasia syndrome 7 (12%)

Other leukemias (chronic myelomonocytic leukemia,
T-prolymphocytic leukemia, natural killer cell leukemia)

3 (5%)

Hodgkin lymphoma 3 (5%)

Acute undifferentiated leukemia 1 (2%)

Chronic myeloid leukemia 1 (2%)

Multiple myeloma 1 (2%)

Primary myelofibrosis transformed to acute myeloid leukemia 1 (2%)

Disease status at registration

Complete response 46 (79%)

Partial response 8 (14%)

Progression/relapse 2 (3%)

Accelerated phase 1 (2%)

Unknown 1 (2%)

Comorbidity index

0 28 (48%)

1 12 (21%)

2 8 (14%)

31 9 (16%)

Not reported 1 (2%)

Lines of prior treatment

0 1 (2%)

1 17 (29%)

2 26 (45%)

31 14 (24%)
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contribution decreased rapidly as with other patients. However, 1

unit appeared to be increasing in the first 2 to 4 weeks after trans-

plant but then decreased, whereas the second unit subsequently

increased and became the persisting dominant unit, which was

solely responsible for sustained hematopoiesis. The HLA match

between each unit was 5/6 for unit 1 and 4/6 for unit 2 (the interu-

nit matching is unknown), and this patient subsequently relapsed.

Chimerism and relapse

Of the 48 patients who did not have graft failure and for

whom chimerism results are available, once stable donor chi-

merism was achieved, this was sustained for the duration of

follow-up for 41 patients (85%). For the remaining 7 patients,

recipient chimerism subsequently became detectable, and 6

of these patients relapsed (all patients had acute myeloid
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Figure 2. Clinical outcomes following RIC CBT. (A) Overall and relapse-free survivals. (B) NRM and time to relapse.
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leukemia). Of the 21 patients who relapsed overall, 15 had
stable chimerism before relapse, including 11 patients with
acute leukemia, 2 with Hodgkin lymphoma, 1 with follicular
lymphoma, and 1 with multiple myeloma.

Chimerism and GF

Table 2 summarizes the chimerism kinetics between patients

who experienced GF compared with those who engrafted. Five

patients experienced primary GF, and chimerism data were

available for 4 of these. The small number of patients pre-

cludes testing for statistical significance of the clear differ-

ences observed. However, no patient with primary GF had a

combined CBU chimerism in PBMC or T cells of .10% from

day 21 onward, and no engrafting patients had ,10% com-

bined donor chimerism at these time points. A donor contribu-

tion to granulopoiesis was not detectable from day 21 onward

in those with GF and was always present in engrafting

patients. B-cell chimerism results were only available for

1 patient with GF.

Association between intrinsic UCB variables and the

dominant unit

Table 3 summarizes the association between pretransplant CBU

characteristics in determining which unit became dominant or non-

dominant. On multivariate analysis, only the order of unit infusion

was significantly associated with unit dominance, with the first unit

infused more likely to be dominant.
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Discussion

This is the first study to prospectively describe both early (before

day 21) and late lineage-specific chimerism data in DUCBT after the

most commonly used RIC regimen (fludarabine, cyclophosphamide,

and low-dose total body irradiation) and is the only study to report

chimerism kinetics in primary GF in this context (Table 4). The clini-

cal outcomes in this phase 2 trial compare favorably to other

reported series.4,9 Despite the low white cell count in the immediate

post-DUCBT period, lineage-specific chimerism was feasible using

peripheral blood samples at all time points studied.

In 81%of patients achieving sustained donor engraftment in our study,

a single UCB became the dominant contributor to hematopoiesis with

eradication of the second UCB unit and residual recipient bone mar-

row, usually within the first 35 days after transplant. This emergence of

single CBU dominance is well described after DUCBT, appears to be

slower after RIC compared with myeloablative conditioned DUCBT

(Table 4), and is postulated to be caused by intrinsic factors of the

CBUs, immune-mediated reactions between both cord units and

between each unit and recipient, recipient bone marrowmicroenviron-

ment, and different homing efficiencies.6

The only variable found to be predictive of the dominant CBU in our

study was order of infusion, with the first infused unit being more

likely to persist. Two other studies have similarly reported that units

infused between 3.5 and 4.5 hours before the second were more

likely to become dominant.10,11 Ballen et al10 postulate that the first

infused cells have a competitive advantage in populating a limited

capacity within the stem cell niche. A range of other intrinsic factors

have been reported to predict CBU dominance including CD81 T-cell

dose,12 CD31-cell dose,5,6,8,13,14 naïve CD31CD81 subset,6 HLA

match in RIC,8 CD341-cell dose,13,15 CD341-cell viability,13,16

granulocyte-macrophage colony forming unit,2,13 natural killer cells

cells,6 prefreeze TNC,15 and post-thaw TNC viability.17 However, no

single variable has been consistently shown to predict unit domi-

nance across different studies, and at present, it is not therefore pos-

sible to identify which CBU will prevail before transplantation. Our

data, alongside that of Ballen10 and Haspel,11 suggest that it would
be reasonable to infuse the better of the 2 units first, particularly

where there will be a delay between infusions.

The role of immune-mediated mechanisms in determining

CBU dominance is supported by both animal and clinical

data,12,14,18,19 which suggest that immune-mediated HLA

mismatched responses to the recipient and nondominant

CBU contribute to the emergence of single CBU dominance,

which cannot reliably be predicted by the characteristics of

the CBUs before transplant. Thus, understanding chimerism

Table 2. Difference in chimerism between patients with primary graft failure compared with those engrafting

Time after

DUCBT (days)

Recipient Sum of unit 1 1 unit 2

GF Non-GF GF Non-GF

N Mean % (range) N Mean % (range) N Mean % (range) N Mean % (range)

PBMC

7 2 95.00 (91-99) 34 90.12 (32-100) 2 5.00 (0-9) 33 10.94 (0-68)

14 3 88.67 (71-100) 41 49.68 (0-100) 3 11.33 (0-29) 41 48.80 (0-100)

21 2 99.00 (98-100) 37 16.49 (0-83) 2 1.00 (0-2) 38 83.53 (17-100)

28 4 97.00 (88-100) 34 11.12 (0-76) 4 3.00 (0-12) 34 88.74 (24-100)

35 2 100.00 (100-100) 35 10.51 (0-88) 2 0.00 (0-0) 34 89.15 (12-100)

T cell

7 2 85.00 (82-88) 32 61.16 (13-94) 2 15.00 (12-18) 30 39.37 (6-87)

14 3 87.33 (67-100) 35 10.31 (0-49) 3 12.67 (0-33) 37 85.76 (0-100)

21 2 99.00 (98-100) 36 4.78 (0-75) 2 1.00 (0-2) 38 94.68 (25-100)

28 2 100.00 (100-100) 30 2.13 (0-24) 2 0.00 (0-0) 31 97.16 (76-100)

35 2 100.00 (100-100) 32 3.00 (0-70) 2 0.00 (0-0) 33 96.64 (30-100)

B cell

7 0 — 11 65.09 (0-97) 0 — 9 24.89 (0-50)

14 0 — 18 37.44 (0-100) 0 — 16 59.75 (0-95)

21 0 — 16 9.13 (0-44) 0 — 15 88.40 (56-100)

28 1 100.00 (100-100) 21 3.52 (0-25) 1 0.00 (0-0) 21 93.38 (35-100)

35 1 100.00 (100-100) 21 8.62 (0-80) 1 0.00 (0-0) 21 89.67 (20-100)

Granulocyte

7 2 98.50 (97-100) 28 95.54 (70-100) 2 1.50 (0-3) 27 4.30 (0-30)

14 3 74.67 (29-100) 38 56.87 (1-100) 3 25.33 (0-71) 38 41.55 (0-99)

21 2 100.00 (100-100) 37 19.46 (0-91) 2 0.00 (0-0) 38 78.82 (9-100)

28 2 100.00 (100-100) 31 9.97 (0-86) 2 0.00 (0-0) 31 87.58 (14-100)

35 2 100.00 (100-100) 32 10.47 (0-90) 2 0.00 (0-0) 33 85.82 (10-100)

GF - graft failure; Non-GF - those without graft failure.
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kinetics after DUCBT becomes increasingly important
because early identification of the CBU, which will become
dominant, could facilitate novel approaches to immune modu-
lation after DUCBT, such as infusion of T-regulatory cells

derived from the dominant CBU.20 Importantly, our findings
suggest that the prevailing CBU can be identified by day 7 in
the T-cell and B-cell lineages and by day 14 in PBMCs and
granulocytes.

Table 3. Association of intrinsic UCB variables and unit dominance

Multilevel logistic regression

(univariate analysis)

Outcome

OR (95% CI)* PDominant unit, N (%) Nondominant unit, N (%)

Infusion variable

Order of infusion, N (%)

The first unit given 35 (73%) 13 (27%) 1.00 (base)

The second unit given 13 (27%) 35 (73%) 0.14 (0.06-0.34) ,.001

Time between thaw and infusion (min)

Median (range) 8 (0-70) 5 (0-77) 1.00 (0.98-1.03) .75

Volume of cord blood unit (mL)

Median (range) 27 (19-150) 25 (20-200) 1.00 (0.99-1.02) .93

DMSO dose (g)

Median (range) 4 (2-20) 3 (1-14) 1.07 (0.92-1.24) .38

Cord blood unit information

HLA matching, N (%)

4/6 31 (53%) 27 (47%) 1.00 (base)

5/6 15 (48%) 16 (52%) 0.82 (0.34-1.96) .65

6/6 1 (20%) 4 (80%) 0.22 (0.02-2.07) .18

Cord blood unit blood group, N (%)

A 19 (53%) 17 (47%) 1.00 (base)

B 4 (29%) 10 (71%) 0.36 (0.9-1.36) .13

O 24 (57%) 18 (43%) 1.19 (0.49-2.92) .70

AB 1 (33%) 2 (67%) 0.45 (0.04-5.39) .53

Prefreeze characteristics

Total nucleated cell count (107) per kg

Median (range) 2.43 (0.02- 5.81) 2.13 (0.04-5.10) 1.36 (0.82- 2.27) .24

CD341 cell count (107) per kg

Median (range) 0.01 (0.003-0.06) 0.009 (0.004-1.84) 0.17 (0.0009-32.85) .51

Cell viability (%)

Median (range) 98 (0-100) 98 (0 5 100) 1.01 (0.98-1.04) .62

Post-thaw characteristics

Total nucleated cell count (107) per kg

Median (range) 1.87 (0.74-4.60) 1.84 (0.85-2.83) 1.28 (0.52-3.14) .60

CD341 cell count (107) per kg

Median (range) .009 (0.003-0.03) 0.007 (0.004-0.02) NC .17

CD341 cell count (107) per kg

Median (range) 0.41 (0.24 to 0.59) 0.39 (0.29-0.80 0.19 (0.0001-315.6) .66

CFU-GM (107) per kg

Median (range) 0.002 (0.00002-0.01) 0.001 (0.00002-0.01) NC .67

Cell viability (%)

Median (range) 93.5 (41-99) 91 (23-100) 1.00 (0.97-1.03) .94

Source FACT-NetCord Accreditation

No 11 (69%) 5 (31%) 1.00 (base)

Yes 33 (46%) 39 (54%) 0.38 (0.12-1.22) .11

*The odds ratio (OR) represents the odds of being a winning unit in a particular group relative to the odds of being a winning unit in the reference group. OR derived from univariate
multilevel logistic regression with patient as the grouping variable. Multivariate analysis not performed because of the small sample size.
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Table 4. Clinical studies of chimerism after DCBT

Number of

patients

Conditioning

(no of patients)

Timing of chimerism

(sample used for

analysis) Key findings

Predictor of

predominant unit Exclusions Reference

23 MAC – Cy/TBI 1/2Flu
1/2 ATG

Day 21, 60, 100, 180,
360, 720 (PB, BM)

At day 21 single unit chimerism in 76%
At day 100 single unit chimerism in 100%

CD3 dose Unevaluable at day 21
(n 5 2)

Early death (relapse in
2, TRM in 2)

5

110 RIC – Flu/Cy/TBI Day 21, 100, 180, 365
(BM)

At day 21: 2 units present in 43%
At day 100: 2 units present in 9%
At day 180: 2 units present in 3%
At day 365: 2 units present in 0%

No significant
predictor on

multivariate analysis

Graft failure (n 5 7) 4

21 RIC – Flu/Mel/ATG Weeks 2,4,6,8,10,12
Months 6,12,24 (PB
whole blood, where
possible CD3 and

CD33)

3 groups:
10 patients: single unit chimerism at week

6 1 12
4 patients: both units present at week 6

but one dominant at week 12
3 patients: recipient 1 1 unit present at

week 12

At 3 mo,
predominant unit was
the first infused in
76% patients

Graft failure (n 5 2)
Early death (n 5 2)

10

61 MAC (57)
RIC (4)

Month 1, 3, 6 and 12 Persistence of 2 units in 1 patient
Single unit chimerism in 49 patients

CFU-GM Graft failure (n 5 5)
Autologous recovery (n

5 5)
Early TRM (n 5 1)

22

60 MAC – Flu/Cy or Treo/
TBI (46)

RIC – Flu/Cy/TBI (14)

PB–day 7, 14, 21, 28,
56 and 80

BM–day 28, 56 and 80

MAC
Single unit chimerism at a median of 14 d
(range 14-21 d) in all but 1 patient who
had persistent mixed unit chimerism (HLA

match 6/6)
RIC

At day 28 single unit dominance in 4
patients

At day 80 single unit dominance in 10
patients, persistence of 2 units in 3

patients

CD3 dose
Naïve CD81 cell

dose

Graft failure and early
death (n 5 not given)

6

262 MAC (102) – Cy/Flu/TBI
13.2G

NMA (109) – Cy/Flu/TBI
2G

NMA (51) -
Cy/Flu/TBI 2G/ATG

Day 21, 100, 180, 360,
720 (whole BM)

At day 21, a predominant unit (.70%)
was observed in 81% patients undergoing

MAC transplant and 61% after NMA
transplant

By day 100 and later time points, a
predominant unit was observed in 97%

MAC and 95% NMA patients

MAC–CD3 dose
NMA–CD3 dose 1

HLA match

Graft failure (n 5 29)
Dual chimerism (n 5 6)
Unavailable (n 5 2)

8

29 TBI/Cy/Ara-C/BCNU
(19)

Bu/Cy/BCNU/ATG (4)
Bu/Flu/TBI/ATG (6)

Day 7,14,21,30 (PB,
whole blood)

24 patients engrafted: 1 had dual
chimerism and 23 had full donor

chimerism of one unit
Suggestion that primary graft failure may
be predicted by lack of detectable cord

blood by PCR at day 14

No significant
predictor on

multivariate analysis

Graft failure (n 5 2)
Dual chimerism (n 5 1)
Early death (n 5 3)

40

36 RIC - Flu/Cy/TBI Day 30, 60, 100 (PB
CD3)

29 patients achieved full donor chimerism
(at least 95%) of 1 unit within 100 d, 7
patients had mixed chimerism (14-94%

contribution by 1 unit)
Attainment of full donor chimerism within
100 d was significantly associated with a

lower relapse risk

No significant
predictor of

predominant unit

— 9

38 RIC – Flu/Mel/ATG Day 30, 60, 100 (PB,
whole blood)

At day 100, 66% patients had
hematopoiesis derived from single unit.
Persistent dual chimerism beyond 1 y

observed in 2 patients

First unit infused
predicted dominant

unit

11

53 RIC - Flu/Cy/TBI 4Gy Day 11, 18, 25, 32 (PB,
whole blood and T cells,

CD3, CD4, NK,
Monocytes, granulocytes)
Day 32 (unseparated

BM)

Single unit dominance observed in 94%
patients

1 patient experienced graft failure
Unit predominance observed by day 11

and dominant unit predicted by CD4, CD8
and NK cell chimerism at day 11

Higher TNC viability
predicted dominant

unit

17,41

8 Various 3-4 d intervals from day
7 until neutrophil

recovery, then weekly
until 3 mo (PB, whole

blood)

Dominance of 1 unit by day of
engraftment. All patients had contribution

of dominant unit . 90% at day 28

42
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Although complete donor chimerism is usually achieved by single
CBU dominance, we identified 3 patients in whom both CBUs per-
sisted, with eradication of host. Stable mixed donor-donor chimerism
is rare, affecting around 4% DUCBTs at 1 year after transplant, is
often skewed with 1 CBU contributing more than the other, and
appears to be more common after MAC.21 Mixed donor-donor chi-
merism may persist long term but may eventually revert to single
CBU dominance, in 1 case as late as 2 years after transplant.22 The
2 CBUs involved in this mixed chimera may be phenotypically and
functionally different, with the more dominant unit functioning like a
single unit with the smaller having a more naive phenotype.23 Toler-
ance between the 2 CBUs may be more common where there is
close interunit HLA matching,6,13,24 but this does not appear to be
essential. Although Lamers et al25 demonstrated that T cells derived
from dominant CBU were alloreactive against HLA class II alleles of
the recipient leukemic cells, suggesting that graft-versus-graft allor-
eactivity might promote a graft-versus-leukemia effect and reduce
the risk of relapse, to date, there is no clear evidence that patients
with stable mixed donor-donor chimerism and intercord tolerance
are at an increased risk of relapse.

Five patients in our study had persistent donor-recipient mixed chi-
merism, one of whom relapsed. In the context of conventional sibling
and unrelated donor hemopoeitic stem cell transplantation, the pres-
ence of mixed recipient-donor chimerism is associated with an
increased risk of GF26-28 and relapse28,29 and is more common
after RIC. There are limited and conflicting data regarding the risk of
relapse in patients with stable mixed donor-recipient chimerism after
CBT. In a Japanese study of single-unit CBT after myeloablative
conditioning, mixed recipient-donor chimerism within the first 90
days after transplant was not associated with an increased risk of
relapse on multivariate analysis.30 Peterlin et al9 reported a higher
risk of relapse but not GVHD in those not achieving complete donor
chimerism after RIC DUCBT. Adults treated in the Nagoya Blood
and Marrow Transplantation Group Study were found to have a
higher risk of relapse in patients with mixed donor-recipient chime-
rism at day 56 after a single CBT.31 It would be possible to intro-
duce early immunomodulatory interventions in recipients with
persistent donor-recipient mixed chimerism after CBT, as would be

considered in sibling and unrelated donor BM or PBSC transplants,

such as early withdrawal of immune suppression or infusion of cell
fractions (eg, CD41 T cells32) expanded from the residue from the

dominant unit. However, at the current time, no clear recommenda-

tions can be made given the lack of consistent evidence regarding

risk of relapse in this context. Indeed, 1 patient is reported to be

alive in remission with stable donor-recipient chimerism 15 years
after single CBT.33

If the presence of persistent donor-recipient chimerism does not

consistently identify those at risk of relapse, we considered

whether falling donor chimerism could be used in identifying

imminent relapse. Our data show that once complete donor chi-

merism was achieved after DUCBT, it was usually maintained for
the duration of the study, in keeping with the Minnesota experi-

ence.5 This was not the case for 7 patients in whom recipient

chimerism subsequently became detectable, and 6 of these

patients relapsed. However, of the 21 patients who relapsed
overall, 15 had stable chimerism at the time of relapse. These

data suggest that lineage-specific chimerism monitored at the

frequency used in our study is not informative in predicting

relapse. It is likely that the utility of using lineage-specific chime-

rism to predict relapse is dependent on (1) whether the disease
for which the patient was transplanted is primarily located in the

bone marrow or not, (2) the speed with which relapse occurs,

(3) how frequently chimerism is assessed, and (4) how rapidly

immune suppression can be withdrawn. We speculate that dis-

ease specific minimal residual disease monitoring will be more
useful in identifying at-risk patients who might benefit from post-

transplant immunomodulation or introduction of posttransplant

disease-modifying drugs.

Primary GF is a recognized limitation of CBT. Although engraftment

is associated with HLA match and cell dose of infused units,34 GF

cannot be reliably predicted. Early identification of those who will
not engraft using chimerism would be useful clinically and enable

rescue strategies (such as withdrawal of immune suppression, autol-

ogous rescue, or rescue transplant from another donor) to be imple-

mented promptly, thereby reducing TRM. Three studies have shown

Table 4. (continued)

Number of

patients

Conditioning

(no of patients)

Timing of chimerism

(sample used for

analysis) Key findings

Predictor of

predominant unit Exclusions Reference

35 MAC
Flu/Cy/TBI
Flu/Treo/TBI

Day 7, 14, 21, 28, 42,
56, 80, 180, 365, 730

(PB T cells, granulocytes,
monocytes, NK cells)

Single donor dominance in 38% at day
14 and additional 47% at day 28.
T cell chimerism at day 7 predicted
dominant unit. Too few granulocytes,
monocytes and NK cells at day to be

predictive.
Persistent contribution of both units

observed in 3 patients

No significant
predictor

Primary graft failure (n 5

2)
Early relapse (n 5 2)
Early mortality (n 5 1)

43

56 MAC Day 21 (BM total
chimerism)

3 patients had graft failure
Donor haemopoiesis was from 1 unit in 49

patients and 2 in 7 patients.
Higher donor chimerism at day 21
correlated with speed of neutrophil
engraftment and likelihood of platelet

recovery by day 180

— —
44

20 MAC – Flu/Bu/TLI Day 30, 60, 100, 180,
365 (BM or PB)

All evaluable patients achieved sustained
full donor chimerism from day 30 with

single donor in all but 1 patient

No significant
predictor

Graft failure
Early relapse
N 5 not given

45
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that early chimerism can predict GF in patients undergoing single
CBT after MAC. Moscard�o et al35 found that GF was predicted by
a threshold donor chimerism of 65% at day 14 in 71 adult recipi-
ents (67% GF if lower vs 3% if higher than this threshold). In 94
pediatric recipients, Elkaim et al36 reported that failure to achieve
.99% donor chimerism within the first month of CBT was associ-
ated with an increased risk of nonengraftment. Chan et al37 found
that 7 of 110 pediatric recipients had less than 5% donor chime-
rism in the third or fourth week after UCBT and all had GF.37 Previ-
ous chimerism studies in DUCBT have focused on the kinetics of
CBU dominance and have excluded patients with GF (Table 4).
Five patients in our study had primary GF, and chimerism data were
available for 4. The chimerism kinetics in these patients was clearly
different to engrafting patients, although the small sample size pre-
cludes testing for statistical significance. However, no patient with
primary GF had a combined CBU chimerism in PBMC or T cells of
.10% from day 21 onward, and no engrafting patients had ,10%
combined donor chimerism at these time points. A donor contribu-
tion to granulopoiesis was not detectable from day 21 onward in
those with GF and was always present in engrafting patients.
Although these data must be considered preliminary, it would be
reasonable for clinicians to begin planning rescue procedures in
patients with a combined donor chimerism in PBMC or T cells of
less than 10% and an absence of donor derived granulopoiesis at
day 21 after RIC DUCBT. Should engraftment subsequently be
observed, the rescue procedure can be abandoned but if GF is
confirmed, further intervention may be achieved more rapidly with
the potential to reduce TRM.

This prospective phase 2 trial of CBT after RIC provides novel
insights into the kinetics of donor and recipient chimerism that are
clinically relevant. We showed that multilineage-specific chimerism
using peripheral blood is feasible across multiple transplant centers
using local laboratories even when the white cell count is low early
after CBT. We confirmed that the clinical outcomes of this
approach are excellent in adults with high-risk malignancies and
described distinct patterns of stable chimerism after DUCBT. Fur-
ther exploration of the risk of relapse in patients with persistent
donor-donor and donor-recipient mixed chimerism are required to
understand the utility of conventional and novel38,39 immunomodula-
tory therapy after DUCBT. Furthermore, our data suggest that it may
be possible to use lineage-specific chimerism to predict GF earlier
and instigate appropriate interventions.
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