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Delayed engraftment and cord graft failure (CGF) are serious complications after unrelated cord blood (UCB)
hematopoietic stem cell transplantation (HSCT), particularly when using low-cell-dose UCB units. The haplo-
cord HSCT approach allows the use of a lower dose single UCB unit by co-infusion of a CD34þ selected
haploidentical graft, which provides early transient engraftment while awaiting durable UCB engraftment.
We describe the frequency, complications, and risk factors of CGF after reduced-intensity conditioning haplo-
cord HSCT. Among 107 patients who underwent haplo-cord HSCT, 94 were assessable for CGF, defined as <5%
cord blood chimerism at day 60 in the myeloid and CD3 compartments, irrespective of neutrophil and platelet
counts. CGF occurred in 14 of 94 assessable patients (15%). Median survival after CGF was 12.7 months with
haploidentical or mixed haploidenticaleautologous hematopoiesis persisting in the 7 surviving. Median
progression-free survival after CGF was 7.7 months and was not statistically different from those without CGF
(10.47 months; P ¼ .18). In univariate analyses, no UCB factors were associated with CGF, including cell dose,
cell viability, recipient major ABO mismatch against the UCB unit, or degree of HLA match. We also found no
association of CGF with recipient cytomegalovirus serostatus, haploidentical donor age, or day 30 hap-
loidentical chimerism. However, higher haploidentical total nucleated and CD34þ cell doses and day 30 UCB
chimerism < 5% in either the myeloid or CD3 compartments were associated with greater risk of CGF. We
conclude that assessing chimerism at day 30 may foretell impending CGF, and avoidance of high hap-
loidentical cell doses may reduce risk of CGF after haplo-cord HSCT. However, long-term survival is possible
after CGF because of predominant haploidentical or mixed chimerism and hematopoietic function.

� 2016 The American Society for Blood and Marrow Transplantation.
INTRODUCTION children and adults. Although UCB transplantation appears

Umbilical cord blood (UCB) is an alternative option to
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to achieve similar overall and leukemia-free survival relative
to adult donor bone marrow or peripheral blood stem cell
transplantation, a major limitation of UCB has been early
morbidity and mortality from delayed hematopoietic re-
covery and a higher incidence of graft failure [1-3]. Delayed
engraftment has been attributed to the low-stem-cell and
T cell content of UCB units, a higher degree of HLA disparity
in the donorerecipient pair, and poor T cell function after
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UCB transplant, leading to higher rates of infections in the
early post-transplant period [2,4-6]. Nonetheless, UCB has
much appeal, such as its availability to a wider range of
recipients, observed low rates of graft-versus-host-disease in
single UCB unit approaches, and potent graft-versus-tumor
effect [6-8]. Theories attribute the superior graft-versus-
tumor effects to aspects of the fetal immune system
and its tolerance of the recipient environment, greater
HLA-mismatch than conventional matched donors [9-11],
and persistence of maternal microchimerism in the UCB graft
[11,12]. Application of reduced-intensity conditioning (RIC)
has extended UCB HSCT to older and less-fit patients [13,14].
As a result, UCB has become an increasingly used graft source
for patients lacking HLA matched related donors.

Graft failure is one of the most feared complications after
allogeneic HSCT, historically associated with high mortality
[15]. Variably defined in the literature by failure to achieve
neutrophil engraftment and/or donor chimerism, it invari-
ably represents failure of sustained hematopoietic function
by the intended graft. Factors associated with increased risk
of graft failure after allogeneic HSCT include degree of HLA
mismatch [16-18], use of unrelated grafts [4,18], T cell
depletion [19], low cell dose [6], use of RIC [18,20] presence
of donor-specific antibodies (DSAs) [21,22], and major ABO
mismatch [23,24]. Mechanisms of graft failure described
include infections in the recipient [25], drug toxicity, and
rejection, which is thought to be recipient immune-
mediated, involving T lymphocytes [26,27], natural killer
cells [28-30], and DSAs [31-33]. Reported rates of graft failure
in UCB transplantation range from 10% to 30%, with
risk factors of greater HLA mismatch, lower cell dose, and
RIC [2,4-6].

At our institutions we have advanced a UCB HSCT
approach after RIC that allows the use of a lower dose single
UCB unit by co-infusion of a CD34þ selected haploidentical
graft, which we refer to as haplo-cord HSCT. Although the
ultimate goal is durable UCB hematopoiesis, the hap-
loidentical graft provides early hematopoietic function until
transition to UCB engraftment. With this approach we have
achieved fast engraftment, comparable rates of relapse, and
low rates of graft-versus-host-disease [34]. Given that haplo-
cord HSCT is performed with the goal of durable umbilical
cord engraftment, we sought to define the frequency of cord
graft failure (CGF) and to describe subsequent outcomes.
METHODS
Eligibility and Enrollment

Adults with hematologic malignancies who underwent first allogeneic
HSCT with haplo-cord HSCT with RIC on 2 consecutive Institutional Review
Boardeapproved protocols at the University of Chicago Medical Center
(UCMC) and the Weil Cornell Medical College (WCMC) between 2006 to
2013 were reviewed (clinical trial.gov NCT00943800 and NCT01810588).
Inclusion criteria required no available matched related donor or matched
unrelated donor. Other protocol inclusion and exclusion criteria were pre-
viously reported and similar in both protocols [34]. All patients provided
written informed consent.
Treatment Plan
RIC used fludarabine (30 mg/m2 daily days �7 to �3), melphalan

(140 mg/m2 on day �2 or 70 mg/m2 daily days �3 and �2), and rabbit
antithymocyte globulin (4.5 to 6.0 mg/kg daily divided over 3 to 4 days) and
occasionally (n ¼ 5) total body irradiation of 400 cGy (200 cGy twice a day
for 1 day) if there was increased risk of central nervous system relapse.
Immunosuppression used tacrolimus from days �1 through 180 and
mycophenolate mofetil starting on day �2 at either 15 mg/kg every 8 hours
or 1000 mg every 8 hours until day 28.
Graft Sources
Preferred haploidentical grafts were related, nonmaternal, and younger

donors. Haploidentical donors grafts were harvested after granulocyte
colony-stimulating factor mobilization at 5 mg/kg subcutaneously twice a
day or 10 mg/kg daily, and CD34þ cells were selected by the Isolex 300i CD34
depletion device (Isolex 300i Magnetic Cell Selection Systems; Nexell
Therapeutics, Irvine CA) before April 2010 or the CliniMACS device (Miltenyi
Biotec Inc., San Diego, CA) thereafter, aiming for a CD3 cell dose below
1 � 104/kg in the initial phase of the study. As of early 2012 the algorithm
was adjusted to also limit the CD34þ cell dose of the haploidentical donor to
approximately 3 to 5 � 106/kg of recipient weight.

Preferred UCB units were HLA matched using standard UCB matching
criteria: HLA-A and -B, by antigen matching, and at DRB1 by allele matching
with at least 4/6 match. The minimum cell dose varied by protocol and
protocol stage from .5 � 107 total nucleated cells (TNCs)/kg recipient weight
to 2.0 � 107 TNCs/kg. Preference was first given to optimal HLA matching
once the minimum cell dose requirements were met.

Presence of DSAs against the haploidentical and UCB grafts was evalu-
ated by solid-phase immunoassay (Luminex Corporation, Austin, TX). When
DSAs were present, desensitization was performed as previously reported
[35]. Haploidentical cells were infused on day 0, and UCB units were infused
either later on the same day or on the following day.

Definitions and Study Endpoints
Disease risk was classified based on the American Society for Blood and

Marrow Transplantation Request for Information 2006 risk scoring schema
(http://www.asbmt.org). Chimerism at UCMC was performed by PCR for
variable number of tandem repeats in unfractionated whole blood to assess
myeloid chimerism and in the Tcell compartment by CD3 sorting. AtWCMC,
CD33 chimerism was performed instead of unfractionated whole blood
chimerism for myeloid chimerism, along with CD3 sorting. Protocol
chimerism time points included baseline and post-transplant on days 14, 30,
60, 100, 180, and 360, or more frequently if clinically indicated. Results
shown reflect peripheral blood unless only a marrow sample was available.
Neutrophil recovery was defined as the first of 3 consecutive days with an
absolute neutrophil count of at least 500/mL, and platelet recovery was
defined as the first of 7 consecutive days with platelet count of at least
20,000/mL free of transfusion.

Umbilical CGF was the primary endpoint, defined as umbilical cord
chimerism < 5% at day 60 in the myeloid and CD3 compartments irre-
spective of hematopoietic function. Death before day 60 excluded patients
from the primary CGF analysis because cord engraftment may be either lost
or gained at time points before day 60. Primary graft failure referred to a lack
of neutrophil recovery by day 28. Postprocessing UCB viability was
measured at various cord banks using Trypan Blue staining or, more
recently, flow cytometric methodologies as per each cord bank protocol. At
UCMC, post-thaw UCB viability wasmeasured using Trypan Blue staining. At
WCMC, post-thaw UCB viability was measured using Trypan Blue staining
until recently when methodology was changed to flow cytometry with
7-actinomycin D staining. Data were censored as of July 31, 2014.

Statistical Analysis
Descriptive tables with patient and disease characteristics were tabu-

lated. Univariate analyses were performed on various factors to identify
potential risk factors for CGF. The limited number of events precluded
multivariable models. Statistical analysis used to determine association
between CGF and predictor variables were Fisher’s exact test for dichoto-
mous and logistic regression for continuous predictor variables. P values
reported reflect 2-sided tests with an alpha of .05 considered significant,
without adjustment for multiple testing. Overall survival (OS) and
progression-free survival (PFS) estimates were generated by the
Kaplan-Meier method. Patient death in remission defined transplant-
or treatment-related mortality. STATA version 12 (StataCorp LP, College
Station, TX) was used for all analyses.

RESULTS
Characteristics of the Study Cohort

A total of 107 adult patients with hematologic malig-
nancies underwent RIC haplo-cord HSCT between January
2007 and December 2013 at UCMC and WCMC. Table 1
depicts baseline characteristics. Diseases indications were
acute myelogenous leukemia (AML; 51%), acute lympho-
blastic leukemia (12%), myelodysplastic syndrome (11%), and
other (25%). Median patient age was 50 years (range, 18 to
73), and many had active disease at time of transplant (47%).
The mean UCB cell dose was 2.1 �107 TNCs/kg (range, .77 to

http://www.asbmt.org


Table 1
Baseline Characteristics of All Patients and Those Assessable for CGF*

Factor All Patients
(n ¼ 107; 100%)

Assessable
for CGF
(n ¼ 94; 88%)

Median age, yr (range) 50 (18-73) 51 (18-73)
Sex, male 63 (59) 58 (62)
Disease
AML/MDS 67 (62) 61 (64)
ALL 13 (12) 11 (11)
CLL 4 (4) 4 (4)
CML 4 (4) 4 (4)
Other 19 (18) 16 (17)

ASBMT risk
High 41 (38) 39 (42)
Low or intermediate 63 (59) 54 (57)
Missing 3 (3) 1 (1)

Cord HLA match
4/6 26 (24) 24 (25)
5/6 65 (61) 58 (62)
6/6 14 (13) 12 (13)
Missing 2 (2)

Haploidentical high resolution
HLA match
5/10 40/64 (63) 36/57 (63)
>5/10 24/64 (37) 21/57 (37)

DSAs
Against cord 3 3
Against haploidentical 7 6
Against both 1 1

Major ABO mismatch (recipient vs.
cord)

18/67 (27) 17/60 (28)

MDS indicates myelodysplastic syndrome; ALL, acute lymphoblastic leu-
kemia; CLL, chronic lymphocytic leukemia; CML, chronic myelogenous
leukemia; ASBMT, American Society for Blood and Marrow Transplantation.
Values are number of cases with percents in parentheses, unless otherwise
noted.

* Those assessable for CGF include all patients minus those who died by
day 60.
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8.3), and the cord HLA match was 4/6 in 27% and >4/6
(5/6 or 6/6) in 73%. Five patients had UCB doses below
1 � 107 TNCs/kg.
Primary Engraftment
Median time to neutrophil recovery was 11 days (range, 9

to 62) for the entire group, and median time to platelet re-
covery was 29 days (range, 10 to 95). Eleven patients (10%)
did not recover neutrophils by day 28 (primary graft failure),
Table 2
Characteristics of Those Who Died by Day 60 (ie, not assessable for CGF)

Patient
No.

Disease Status at
Transplant

Age (yr) HCT-CI Days to
Death

1 AML NR 31 3 32
2 DLBCL CR2 66 0 40
3 HD Primary

refractory
25 4 25

4 ALL CR2 64 2 18
5 DLBCL PR 61 2 48
6 AML CR1 65 1 48
7 AML CR2 69 2 43
8 AML NR 41 NA 7
9 AML NR 62 NA 34
10 ALL CR1 55 NA 33

11 MDS NR 69 NA 37

HCT-CI indicates hematopoietic cell transplantation-specific comorbidity index [3
DLBCL, diffuse large B cell lymphoma; CR2, second complete remission; TTP, thr
PR, partial response; CR1, first complete remission; PNA, pneumonia; NA, not avai

* Chimerism data: % umbilical cord blood/% haploidentical/% autologous.
of which 10 recovered between days 29 and 62. Only 1 of
these 11 patients with primary graft failure also had CGF and
engrafted neutrophils on day 62 and platelets on day 77.
Chimerism studies of this individual showed predominant
cord chimerism at day 30 but predominant autologous
chimerism at day 60 after early relapse of acute lympho-
blastic leukemia on day 21 that was in CR3 at time of
transplant. This patient eventually died on day 303 of
relapsed disease. Overall, cumulative rate of neutrophil re-
covery for the whole group at day 28 was 90% at day 48, 99%.

Patients Not Assessable for CGF
Thirteen patients were not assessable for CGF, which

required chimerism studies at day 60. Chimerism data were
not available on 2 patients, and 11 patients (10.3%) died
before day 60, leaving 94 assessable patients for the primary
outcome of CGF. Of the 11 patients who died by day 60,
disease indications and disease status mirrored the general
population, including AML (n ¼ 5), myelodysplastic syn-
drome (n ¼ 1), acute lymphoblastic leukemia (n ¼ 2),
Hodgkin lymphoma (n ¼ 1), and non-Hodgkin lymphoma
(n ¼ 2) (Table 2). All 11 patients were high risk according to
the American Society for Blood and Marrow Transplantation,
and 6 had active disease at time of transplant. Primary causes
of death were infections (n ¼ 7), progressive disease (n ¼ 3),
or bleeding (n ¼ 1). None of the 11 patients had DSA against
the UCB unit. Just 1 of 11 had DSAs against the haploidentical
donor.

Patients with CGF
Among 94 assessable patients at day 60, CGF occurred in

14 (15%) (Figure 1). Because haploidentical-derived hema-
topoiesis serves to protect against delayed UCB engraftment
and prolonged cytopenias, most patients who experienced
CGF still had timely and adequate hematopoietic function.
Median time to neutrophil recovery in those with CGF was
11 days (range, 9 to 62), with only 1 patient meeting criterion
for primary graft failure by day 28 who eventually recovered
neutrophils on day 62. Median time to platelet engraftment
was 21 days, ranging from 14 to 77 days.

More specifically, the median neutrophil and platelet
counts for CGF patients were 2800/mL and 104 K/mL,
respectively, at day 60. Two of 14 patients (14%) experienced
neutropenia (ie, absolute neutrophil count < 500/mL or
Day 30
Chimerism,*
Myeloid (%)

Day 30
Chimerism,*
CD3 (%)

Days to
ANC

Cause of Death

100/0/0 100/0/0 11 PD, MOF
100/0/0 1/98/1 10 TTP, sepsis
100/0/0 100/0/0 9 Sepsis

ND ND d Sepsis
0/100/0 0/100/0 36 PD

96/4/0 96/4/0 13 Hemorrhage, MOF
64/36/0 61/39/0 21 PNA, sepsis

ND ND d RSV PNA, sepsis
100/0/0 100/0/0 10 Sepsis

0/100/0 ND 23 Toxoplasmosis,
sepsis

2/98/0 0/95/5 12 PD

6]; NR, not in remission; PD, progressive disease; MOF, multiorgan failure;
ombotic thrombocytopenic purpura; HD, Hodgkin disease; ND, not done;
lable; RSV, respiratory syncytial virus.
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Figure 1. Outcomes of Subjects with Cord Graft Failure after Haplo-cord Transplantation.
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requiring granulocyte colony-stimulating factor) and 1
of 14 (7%) had significant thrombocytopenia (platelet
count < 20/mL or platelet transfusion dependence). Of the 2
patients with significant neutropenia, 1 had active disease at
transplant, had haploidentical predominant chimerism
(>50%) at day 30, converting to predominant autologous
chimerism at day 60, and died at day 147 of progressive
disease. The second had AML in first complete remission at
time of transplant, had predominant haploidentical chime-
rism in the myeloid compartment and predominant autolo-
gous chimerism in the CD3 compartment from day 30 and
thereafter, relapsed at day 138, and remains alive at 8months
out from transplant. Among those with successful cord
engraftment at day 60, CGF was not subsequently observed
in the absence of relapse.
Table 3
Characteristics and Outcomes of Patients with CGF

Patient No. Disease/
Status

Days to
Relapse

Days to
Death

Cause of
Death

Age
(yr)

1 AML/CR1 894 40
2 AML/CR1 132 Infection 64
3 MDS/CR1 234 Graft failure 38
4 CML/blast phase 25
5 t-MDS/NR 93 Graft failure 63
6 MDS/NR 714 58
7 ALL/CR1 286 387 Relapse 34
8 CML/CR2 80 Infection 51
9 ALL/CR3 21 303 Relapse 42
10 AML/PIF 44
11 HL/CR3 36
12 AML/CR2 65
13 AML/NR 147 PD 69
14 AML/CR1 18

t-MDS indicates therapy-related myelodysplastic syndrome; PIF, primary inductio
Chimerism Among CGF Patients
Day 30 chimerism in 11 of 13 patients with CGF with data

available had predominant haploidentical chimerism (>50%)
in the myeloid compartment, and 5 of 10 had predominant
haploidentical chimerism in the CD3 compartment (Table 3).
The rest had predominant autologous chimerism in the
respective compartments. Median haploidentical chimerism
in the myeloid and CD3 compartments was 95% (range, 0 to
100%) and 20% (range, 0 to 100%), respectively, at day 60.

Of the 14 patients who exhibited CGF at day 60, none
subsequently developed any cord blood chimerism. Never-
theless, haploidentical chimerism persisted in many
patients. At day 180, 7 of 8 assessable patients retained
predominant haploidentical chimerism in the myeloid
compartment, although just 1 of 8 retained predominant
Chimerism (% UCB/% haploidentical/% autologous)

Day 30,
Myeloid

Day 30,
CD3

Day 60,
Myeloid

Day 60,
CD3

Day 180,
Myeloid

Day 180,
CD3

0/100/0 0/31/69 0/100/0 0/100/0 0/100/0 0/100/0
0/100/0 0/100/0 0/100/0 0/100/0 Dead Dead
5/95/0 5/95/0 0/85/15 0/34/66 0/62/38 0/4/96
4/96/0 1/99/0 0/72/28 0/5/95 0/84/16 0/27/73

10/90/0 12/66/22 0/15/85 0/0/100 Dead Dead
0/86/14 0/9/91 0/71/29 0/5/95 0/13/87 0/4/96
0/100/0 0/100/0 0/88/12 0/9/91 0/90/10 0/29/71
0/100/0 0/37/63 0/6/94 ND Dead Dead

94/1/5 ND 0/0/100 ND 0/0/100 ND
0/0/100 ND ND ND ND ND
0/100/0 ND 0/100/0 0/60/40 0/100/0 0/27/73
0/100/0 9/0/91 0/99/1 0/9/91 0/100/0 0/0/100
9/91/0 ND 0/0/100 ND Dead Dead
1/99/0 84/0/16 0/100/0 0/1/99 0/100/0 0/5/95

n failure; CR3, third complete remission.



Table 4
Graft Composition and Traits and Association with CGF at Day 60

No CGF
(n ¼ 80)

CGF
(n ¼ 14)

P

UCB graft
Cord bank reported

(postprocessing)
TNCs/kg � 107 2.1 � 1.1 1.9 � .63 .61
TNCs/kg < 1.5 � 107 27/80 (35%) 3/14 (21%) .54

CD34/kg � 105 .88 � .71 .98 � .80 .65
Viability (%) 95.6 � 4.7 96.9 � 4.6 .38
Viability < 85% 1/80 (1.5%) 1/14 (7%) .31

Transplant center Reported
(post-thaw)
TNCs/kg � 107 1.5 � .72 1.4 � .43 .72
TNCs/kg < 1.5 � 107 47/80 (60%) 8/14 (57%) 1.0

Viability (%) 91.8 � 5.3 91.9 � 5.3 .96
HLA match 4/6 only 19/80 (24%) 5/14 (36%) .32

Haploidentical graft
TNCs/kg � 106 3.8 � 1.6 5.0 � 2.2 .03
CD34/kg � 106 3.8 � 1.6 4.8 � 2.2 .055
CD34/kg < 3.0 � 106 30/80 (38%) 2/14 (14%) .13
CD34/kg < 3.9 � 106 46/80 (58%) 3/14 (27%) .082

CD3/kg � 104 1.2 � .3 .53 � .6 .29
HLA match > 5/10* 20/51 (39%) 2/8 (25%) .67
Haploidentical donor age > 50 9/79 (11%) 2/14 (14%) 1.0

Other characteristics
Day 30 haploidentical

chimerism < 5% (myeloid)
14/77 (18%) 2/15 (14%) .73

Day 30 haploidentical
chimerism < 5% (CD3)

16/66 (24%) 2/10 (20%) .77

Day 30 UCB chimerism < 5%
(myeloid)

14/79 (18%) 10/14 (71%) <.001

Day 30 UCB chimerism < 5%
(CD3)

5/67 (7%) 6/10 (60%) <.001

Recipient-UCB major ABO
mismatch*

41/54 (76%) 6/8 (75%) .46

Recipient cytomegalovirus
seropositive*

1.0

Values are mean � standard deviation or number of cases/assessable
number of cases with percents in parentheses.

* UCMC patients only.
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haploidentical chimerism in the CD3 compartment. By 1 year
after transplant, 6 of 7 assessable patients continued with
predominant haploidentical chimerism in the myeloid
compartment, and 4 of 7 had predominant haploidentical
chimerism in the CD3 compartment. Overall, haploidentical
chimerism appeared dominant in the myeloid compartment
in most who had data available. By contrast, the CD3
compartment was often dominated by autologous
chimerism.

Clinical Outcomes after CGF
Median OS for the CGF group was 12.7 months from

transplant (10.7 months from CGF), whereas median OS for
those without CGF was not reached (P ¼ .51). Seven of the 14
(50%) with CGF died, all within a year of transplant (Table 3).
Causes of death were poor graft function (n ¼ 2), infection
(n ¼ 2), and relapsed/progressive disease (n ¼ 3) (Figure 1).

The haploidentical graft generally was maintained in
patients with CGF, as discussed in detail above. Seven remain
alive (range, 8 months to 5.5 years from transplant), of which
5 remain in remission. No patient required a second alloge-
neic transplant for graft failure specifically, due to adequate
hematopoiesis.

Median PFS was 7.7 months from transplant in those with
CGF and was not statistically significantly different from the
median PFS of 10.47 months in those without CGF (P ¼ .18).
Two patients who remain alive developed late AML relapses
at days 714 and 894. One achieved a second remission after a
second haplo-cord transplant, and the other underwent
reinduction for relapsed AML.

Prognostic Factor Analysis for CGF
In univariate analyses, factors not found to be associated

with CGF (Table 4) included cord bankereported post-
processing viability, cord bankereported cell doses, trans-
plant centeremeasured post-thaw cell doses and viabilities,
haploidentical chimerism at day 30 (<5% in either the
myeloid or CD3 compartments), age of the haploidentical
donor (age > 50 versus <50), recipient major ABO mismatch
against the UCB unit, recipient cytomegalovirus serostatus,
haploidentical high-resolution HLA match (>5/10 versus
5/10 at HLA-A, -B, -C, -DRB1, and -DQ), and degree of UCB
match (HLA match >4/6 versus 4/6). There were limited
numbers of patients with DSAs against the grafts, because
our institutions generally have avoided them, making this
factor not assessable. Of interest, 3 patients did have DSAs
against the UCB unit, underwent desensitization, and none
experienced CGF. Of the 7 patients with DSAs against the
haploidentical graft, 1 died by day 60 and 1 experienced CGF.
Of these, just 1 patient had DSAs against both the UCB unit
and haploidentical graft; this patient engrafted and is in
remission at about 6 months.

Infusion of higher haploidentical cell doses, measured by
TNCs or CD34þ as continuous variables, were associated with
a greater risk of CGF (P¼ .03 and .055, respectively) (Table 3).
Mean of haploidentical cells infused for the entire group
were 4.0� 106 TNCs/kg (standard deviation, 1.7; range, .98 to
11.11) and 4.0� 106 CD34þ/kg (standard deviation,1.7; range,
.95 to 10.95). Additionally, exploratory analysis evaluated
the association of CGF with 2 different thresholds of
haploidentical C34þ cells, which were not found to be sig-
nificant: 3.0 � 106 CD34þ/kg (P ¼ .13) and the median of
3.9� 106 CD34þ/kg (P¼ .082). Day 30 UCB chimerism< 5% in
either the myeloid or CD3 compartment was also strongly
associated with CGF (P < .001 and < .001, respectively).
DISCUSSION
At our institutions we continue to advance a RIC haplo-

cord HSCT approach in those without a matched related or
unrelated donor. In this expanded cohort, similar to our
initial report, most patients achieved early neutrophil re-
covery with a median time of 11 days and >90% achieved
neutrophil recovery by day 28, irrespective of cord engraft-
ment success [34]. This compares favorably with other UCB
approaches where median time to neutrophil recovery falls
in the 20 or more day range. Platelet engraftment occurred at
a median of 29 days, compared with 40 to 50 day ranges
reported in other UCB experiences [3,4,6,8,37,38]. This early
hematopoietic recovery is a result of initial haploidentical
engraftment, and durable UCB engraftment eventually en-
sues in most patients, evenwith the use of smaller UCB units
in comparison with that reported in other UCB transplant
approaches. Because of less stringent cell dose requirements,
better matched UCB units may be chosen.

We sought to describe the frequency and complications of
CGF with our haplo-cord platform, because haplo-cord HSCT
seeks to achieve durable UCB engraftment. In this report 14
of 94 assessable patients (15%) undergoing RIC haplo-cord
transplant experienced CGF, defined as lack of significant
(<5%) cord blood chimerism among patients surviving to day
60. Because no patient subsequently developed significant
cord engraftment after day 60, lack of cord blood chimerism
at this time point reflects failure of the cord graft. In a similar
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haplo-cord setting after myeloablative conditioning using
similar UCB cell doses (median, 2.4 � 107 TNCs/kg) and more
limited haploidentical cell doses (median, 2.5 � 106 CD34/kg
with 25 to 75 interquartile range, 2.3 to 3), Kwon et al. [39]
reported a CGF rate of 9%. They defined CGF differently as
absence of UCB-specific alleles at day 30 (cutoff < 1% for
whole bone marrow and peripheral blood samples and <5%
for leukocyte lineages).

These rates of CGF after haplo-cord HSCT appear on par to
the reported rates of 4% to 20% in the myeloablative setting
and 6% to 12% in the RIC setting using single and double UCB
approaches, with variable graft-versus-host-disease pro-
phylaxis [40-42]. Brunstein et al. [43] reported a 10% rate of
CGF in a multi-institutional protocol using a RIC double UCB
approach. Outcomes after CGF have universally been very
dismal because delayed engraftment after UCB may result in
prolonged cytopenias and associated morbidities, prohibit-
ing a second transplantation. In their RIC double UCB
approach, Brunstein et al. [43] reported that all 5 with graft
failure died between 23 and 193 days after transplant.
Another group reported a median survival of 3.8 months
after CGF following RIC single UCB transplantation in
adults [44].

By contrast, in our series haplo-cord patients who expe-
rienced CGF often had persistent predominantly hap-
loidentical chimerism to mixed haploidenticaleautologous
chimerism with adequate hematopoietic function, and some
achieved long-term disease control. As a consequence, me-
dian survival after CGF in our series was 12.7 months from
transplant (10.7 months from CGF) with 1 alive and in
remission more than 5 years out without additional cellular
therapy. Of interest, survival was not significantly different
between the CGF and non-CGF groups (median OS not
reached at date of censor), but this is based on limited
follow-up time. PFS also did not differ significantly, with PFS
of 7.7 months from transplant in those with CGF compared
with 10.47 months in those without CGF (P ¼ .18). Thus,
although the rate of CGF of 15% appears similar to or slightly
higher than rates reported in other UCB alone approaches,
the haploidentical graft appears to provide some degree of
protection and disease control in the event of CGF after
haplo-cord HSCT, diminishing the high morbidity and mor-
tality often associated with graft failure.

In our analyses we found that day 30 UCB chimerism
(<5%) in either the myeloid or CD3 compartments to be
strongly associated with CGF. This suggests that assessing
chimerism before day 60 may indicate impending CGF. This
is in line with that reported by the Spanish group in the
haplo-cord transplant setting [42]. They found that the
dynamics of UCB chimerism over time at days 14, 21, and 28
predicts for CGF, which they defined as absence of
UCB-specific alleles by short tandem repeat PCR at day 30.

The optimal strategy after cord blood failure has yet to be
defined. The Spanish group pursued second transplant for
most patients with CGF after myeloablative haplo-cord HSCT
[39,42]. We have not standardly pursued a second transplant
after CGF in our haplo-cord approach in the absence of
inadequate hematopoietic function or relapse. Further
study is required to define the importance of UCB engraft-
ment and specifically how achieving full UCB chimerism
relative to haploidentical chimerism in myeloid and CD3
compartments affects outcomes after the combined haplo-
cord approach. Although it is clear in our data that early
haploidentical engraftment is vital in most to produce
quick hematopoietic recovery, it remains unclear whether
long-term haploidentical or UCB engraftmentmay be equally
effective in long-term disease control. Finally, better under-
standing the kinetics of achieving or losing donor chimerism
may help identify impending graft failure earlier, allowing
for potential planning and interventions.

In an attempt to maximize cord engraftment to leverage
the favorable advantages of durable UCB engraftment, we
explored modifiable pretransplant risk factors associated
with CGF, recognizing the relatively limited number of
events. Lower umbilical cord cell dose was not associated
with CGF, which may be somewhat surprising, given the
observed impact of UCB cell dose by other groups on UCB-
alone transplant-related outcomes such as engraftment and
transplant-related mortality [10,45-47]. However, several
groups have discerned a combined effect of HLA match and
cell dose [46,48-51]. As most of our subjects received UCB
units with >4/6 HLA match (73%), which is more than that
reported in other UCB transplant experiences due in part to
less stringent UCB cell dose requirements with our haplo-
cord approach, we were unable to examine combined
effects of UCB cell dose and HLA-match.

In addition, we did not find a relationship between UCB
viability (measured at the cord banks and at our transplant
centers) and CGF. In the haplo-cord HSCT report by Kwon
et al. [39], at least 5 of 13 of the CGFs had poor post-thaw
colony-forming units, but specific data on pre- and post-
processing viability was not provided. Scaradavou et al. [52]
described an association between cell viability and UCB
engraftment in the double umbilical cord transplant setting.
However, all our UCB units exceeded the threshold viability
of 75% in that study. Furthermore, techniques to measure
UCB viability have evolved from use of Trypan Blue staining,
which is limited by the difficulty in distinguishing cell death
of different cell subsets, to use of more reproducible methods
such as flow cytometry (eg, 7-actinomycin D staining) or
fluorescence microscopy (eg, acridine orange), justifying
future evaluation as centers continue to optimize measure-
ment of viability.

We did find that cell dose of the co-infused CD34 selected
haploidentical graft was associated with CGF, both as
measured by TNCs/kg and CD34þ cells/kg, which mirror each
other very closely with our CD34 selection method. This
supports our initial observation in our first 45 patients [34].
The biology of this observation requires further study.
Although umbilical cord stem cells exhibit superior prolif-
erative potential due to a greater number of early and
committed progenitor cells [53], higher rate of expansion
[54-57], and increased sensitivity to cytokine stimulation
[56], risks of limited cell doses in UCB units is well recog-
nized, making it plausible to hypothesize that a larger dose of
haploidentical cells may counter UCB stem cells’ ability to
populate the recipient’s marrow and function. Higher hap-
loidentical cell dose also functions as a surrogate for younger
donors and/or better mobilization because older unrelated
donors may have smaller cell doses collected and greater
rates of engraftment failure [58,59]. This raises the intriguing
possibility that the optimal donor for a haploidentical alone
transplant, a young male donor, may in fact counter the
ability to achieve cord blood engraftment in the haplo-cord
HSCT setting [60]. However, we did not find a relationship
between haploidentical age and CGF in this report.

We did not find other factors previously reported to
potentially influence graft failure from different donor
sources to be associated with CGF after haplo-cord HSCT,
including recipient cytomegalovirus serostatus, recipient
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major ABO mismatch against the UCB graft, and degree of
UCB graft HLA match (4/6 versus >4/6). These factors may
not apply in the haplo-cord setting because of the unique
immunobiology involved in the co-infusion of the 2 grafts.
We also evaluated haploidentical chimerism at day 30 and
did not find a significant relationship with CGF.

The major limitation in this work relates to the limited
number of patients experiencing CGF to definitively inves-
tigate and establish risk factors. Conversely, the major
strength derives from application of prospective trials and
use of homogenous treatment regimens, including post-
transplant care. However, our results may not apply to
different haplo-cord approaches (eg, myeloablative regi-
mens, regimens without ATG, haploidentical plus double
UCB, etc.).

In summary, approximately 15% of patients have CGF
defined by chimerism data at day 60 after haplo-cord HSCT
with RIC. However, some patients with CGF after haplo-cord
HSCT experience prolonged survival due to predominantly
haploidentical or mixed haploidenticaleautologous chime-
rism and hematopoietic function, with sustained disease
control. Higher haploidentical cell doses may impair umbil-
ical cord graft engraftment, and we recommend limiting the
haploidentical TNC and/or CD34þ cell dose, which we have
incorporated in our current haplo-cord protocols.
ACKNOWLEDGMENTS
Financial disclosure: The authors have no financial

disclosures.
Conflict of interest statement: A.S.A. and K.v.B. received

research support from Miltenyi.
SUPPLEMENTARY DATA
Supplementary data related to this article can be found at

http://dx.doi.org/10.1016/j.bbmt.2016.02.010.
REFERENCES
1. Zhang H, Chen J, Que W. A meta-analysis of unrelated donor umbilical

cord blood transplantation versus unrelated donor bone marrow
transplantation in acute leukemia patients. Biol Blood Marrow Trans-
plant. 2012;18:1164-1173.

2. Rocha V, Labopin M, Sanz G, et al. Transplants of umbilical-cord blood
or bone marrow from unrelated donors in adults with acute leukemia.
N Engl J Med. 2004;351:2276-2285.

3. Eapen M, Rocha V, Sanz G, et al. Effect of graft source on unrelated
donor haemopoietic stem-cell transplantation in adults with acute
leukaemia: a retrospective analysis. Lancet Oncol. 2010;11:653-660.

4. Satwani P, Jin Z, Duffy D, et al. Transplantation-related mortality, graft
failure, and survival after reduced-toxicity conditioning and allogeneic
hematopoietic stem cell transplantation in 100 consecutive pediatric
recipients. Biol Blood Marrow Transplant. 2013;19:552-561.

5. Chan KW, Grimley MS, Taylor C, Wall DA. Early identification and
management of graft failure after unrelated cord blood transplantation.
Bone Marrow Transplant. 2008;42:35-41.

6. Sanz J, Sanz MA, Saavedra S, et al. Cord blood transplantation from
unrelated donors in adults with high-risk acute myeloid leukemia. Biol
Blood Marrow Transplant. 2010;16:86-94.

7. Eikmans M, van Halteren AG, van Besien K, et al. Naturally acquired
microchimerism: implications for transplantation outcome and novel
methodologies for detection. Chimerism. 2014;5:24-39.

8. Laughlin MJ, Eapen M, Rubinstein P, et al. Outcomes after trans-
plantation of cord blood or bone marrow from unrelated donors in
adults with leukemia. N Engl J Med. 2004;351:2265-2275.

9. Lee SJ, Klein J, Haagenson M, et al. High-resolution donor-recipient HLA
matching contributes to the success of unrelated donor marrow
transplantation. Blood. 2007;110:4576-4583.

10. Rocha V, Gluckman E, Eurocord-Netcord registry and European Blood
and Marrow Transplant group. Improving outcomes of cord blood
transplantation: HLA matching, cell dose and other graft- and
transplantation-related factors. Br J Haematol. 2009;147:262-274.

11. van Rood JJ, Scaradavou A, Stevens CE. Indirect evidence that maternal
microchimerism in cord blood mediates a graft-versus-leukemia effect
in cord blood transplantation. Proc Natl Acad Sci USA. 2012;109:
2509-2514.

12. Stern M, Ruggeri L, Mancusi A, et al. Survival after T cell-depleted
haploidentical stem cell transplantation is improved using the
mother as donor. Blood. 2008;112:2990-2995.

13. Brunstein CG, Barker JN, Weisdorf DJ, et al. Umbilical cord blood
transplantation after nonmyeloablative conditioning: impact on
transplantation outcomes in 110 adults with hematologic disease.
Blood. 2007;110:3064-3070.

14. Ballen KK, Spitzer TR, Yeap BY, et al. Double unrelated reduced-
intensity umbilical cord blood transplantation in adults. Biol Blood
Marrow Transplant. 2007;13:82-89.

15. Rondon G, Saliba RM, Khouri I, et al. Long-term follow-up of patients
who experienced graft failure postallogeneic progenitor cell trans-
plantation. Results of a single institution analysis. Biol Blood Marrow
Transplant. 2008;14:859-866.

16. Crocchiolo R, Ciceri F, Fleischhauer K, et al. HLA matching affects
clinical outcome of adult patients undergoing haematopoietic SCT from
unrelated donors: a study from the Gruppo Italiano Trapianto di
Midollo Osseo and Italian Bone Marrow Donor Registry. Bone Marrow
Transplant. 2009;44:571-577.

17. Petersdorf EW, Gooley TA, Anasetti C, et al. Optimizing outcome after
unrelated marrow transplantation by comprehensive matching of HLA
class I and II alleles in the donor and recipient. Blood. 1998;92:
3515-3520.

18. Olsson R, Remberger M, Schaffer M, et al. Graft failure in the modern
era of allogeneic hematopoietic SCT. Bone Marrow Transplant. 2013;48:
537-543.

19. Marmont AM, Horowitz MM, Gale RP, et al. T-cell depletion of
HLA-identical transplants in leukemia. Blood. 1991;78:2120-2130.

20. Le Blanc K, Remberger M, Uzunel M, et al. A comparison of
nonmyeloablative and reduced-intensity conditioning for allogeneic
stem-cell transplantation. Transplantation. 2004;78:1014-1020.

21. Ruggeri A, Rocha V, Masson E, et al. Impact of donor-specific anti-
HLA antibodies on graft failure and survival after reduced
intensity conditioning-unrelated cord blood transplantation: a
Eurocord, Societe Francophone d’Histocompatibilite et d’Immuno-
genetique (SFHI) and Societe Francaise de Greffe de Moelle et de
Therapie Cellulaire (SFGM-TC) analysis. Haematologica. 2013;98:
1154-1160.

22. Takanashi M, Fujiwara K, Tanaka H, et al. The impact of HLA antibodies
on engraftment of unrelated cord blood transplants. Transfusion. 2008;
48:791-793.

23. Remberger M, Watz E, Ringden O, et al. Major ABO blood group
mismatch increases the risk for graft failure after unrelated donor
hematopoietic stem cell transplantation. Biol Blood Marrow Transplant.
2007;13:675-682.

24. Badros A, Tricot G, Toor A, et al. ABO mismatch may affect engraftment
in multiple myeloma patients receiving nonmyeloablative condition-
ing. Transfusion. 2002;42:205-209.

25. Mattsson J, Ringden O, Storb R. Graft failure after allogeneic hemato-
poietic cell transplantation. Biol Blood Marrow Transplant. 2008;14:
165-170.

26. Raff RF, Deeg HJ, Loughran TP Jr, et al. Characterization of host cells
involved in resistance to marrow grafts in dogs transplanted from
unrelated DLA-nonidentical donors. Blood. 1986;68:861-868.

27. Cudkowicz G, Bennett M. Peculiar immunobiology of bone marrow
allografts. II. Rejection of parental grafts by resistant F 1 hybrid mice.
J Exp Med. 1971;134:1513-1528.

28. Kiessling R, Hochman PS, Haller O, et al. Evidence for a similar or
common mechanism for natural killer cell activity and resistance to
hemopoietic grafts. Eur J Immunol. 1977;7:655-663.

29. Murphy WJ, Kumar V, Bennett M. Acute rejection of murine bone
marrow allografts by natural killer cells and T cells. Differences in
kinetics and target antigens recognized. J Exp Med. 1987;166:
1499-1509.

30. Murphy WJ, Kumar V, Bennett M. Rejection of bone marrow allografts
by mice with severe combined immune deficiency (SCID). Evidence
that natural killer cells can mediate the specificity of marrow graft
rejection. J Exp Med. 1987;165:1212-1217.

31. Nordlander A, Mattsson J, Sundberg B, Sumitran-Holgersson S. Novel
antibodies to the donor stem cell population CD34þ/VEGFR-2þ are
associated with rejection after hematopoietic stem cell transplantation.
Transplantation. 2008;86:686-696.

32. Warren RP, Storb R, Weiden PL, et al. Lymphocyte-mediated cytotox-
icity and antibody-dependent cell-mediated cytotoxicity in patients
with aplastic anemia: distinguishing transfusion-induced sensitization
from possible immune-mediated aplastic anemia. Transplant Proc.
1981;13:245-247.

33. Taylor PA, Ehrhardt MJ, Roforth MM, et al. Preformed antibody, not
primed T cells, is the initial and major barrier to bone marrow
engraftment in allosensitized recipients. Blood. 2007;109:
1307-1315.

34. Liu H, Rich ES, Godley L, et al. Reduced-intensity conditioning with
combined haploidentical and cord blood transplantation results in

http://dx.doi.org/10.1016/j.bbmt.2016.02.010
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref1
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref1
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref1
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref1
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref2
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref2
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref2
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref3
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref3
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref3
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref4
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref4
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref4
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref4
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref5
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref5
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref5
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref6
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref6
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref6
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref7
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref7
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref7
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref8
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref8
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref8
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref9
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref9
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref9
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref10
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref10
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref10
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref10
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref11
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref11
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref11
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref11
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref12
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref12
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref12
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref13
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref13
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref13
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref13
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref14
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref14
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref14
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref15
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref15
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref15
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref15
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref16
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref16
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref16
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref16
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref16
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref17
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref17
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref17
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref17
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref18
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref18
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref18
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref19
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref19
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref20
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref20
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref20
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref21
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref21
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref21
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref21
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref21
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref21
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref21
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref22
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref22
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref22
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref23
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref23
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref23
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref23
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref24
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref24
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref24
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref25
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref25
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref25
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref26
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref26
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref26
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref27
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref27
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref27
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref28
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref28
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref28
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref29
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref29
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref29
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref29
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref30
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref30
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref30
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref30
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref31
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref31
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref31
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref31
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref31
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref31
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref32
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref32
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref32
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref32
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref32
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref33
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref33
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref33
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref33
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref34
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref34


S.B. Tsai et al. / Biol Blood Marrow Transplant 22 (2016) 1065e10721072
rapid engraftment, low GVHD, and durable remissions. Blood. 2011;
118:6438-6445.

35. Gergis U, Mayer S, Gordon B, et al. A strategy to reduce donor-specific
HLA Abs before allogeneic transplantation. Bone Marrow Transplant.
2014;49:722-724.

36. Sorror ML, Maris MB, Storb R, et al. Hematopoietic cell transplantation
(HCT)-specific comorbidity index: a new tool for risk assessment
before allogeneic HCT. Blood. 2005;106:2912-2919.

37. Brunstein CG, Laughlin MJ. Extending cord blood transplant to adults:
dealing with problems and results overall. Semin Hematol. 2010;47:
86-96.

38. Le Bourgeois A, Mohr C, Guillaume T, et al. Comparison of outcomes
after two standards-of-care reduced-intensity conditioning regimens
and two different graft sources for allogeneic stem cell transplantation
in adults with hematologic diseases: a single-center analysis. Biol Blood
Marrow Transplant. 2013;19:934-939.

39. Kwon M, Bautista G, Balsalobre P, et al. Haplo-cord transplantation
using CD34þ cells from a third-party donor to speed engraftment in
high-risk patients with hematologic disorders. Biol Blood Marrow
Transplant. 2014;20:2015-2022.

40. Kekre N, Antin JH. Hematopoietic stem cell transplantation donor
sources in the 21st century: choosing the ideal donor when a perfect
match does not exist. Blood. 2014;124:334-343.

41. Gluckman E, Rocha V, Chevret S. Results of unrelated umbilical cord
blood hematopoietic stem cell transplantation. Rev Clin Exp Hematol.
2001;5:87-99.

42. Kwon M, Martinez-Laperche C, Balsalobre P, et al. Early peripheral
blood and T-cell chimerism dynamics after umbilical cord blood
transplantation supported with haploidentical cells. Bone Marrow
Transplant. 2014;49:212-218.

43. Brunstein CG, Fuchs EJ, Carter SL, et al. Alternative donor trans-
plantation after reduced intensity conditioning: results of parallel
phase 2 trials using partially HLA-mismatched related bone marrow or
unrelated double umbilical cord blood grafts. Blood. 2011;118:282-288.

44. Narimatsu H, Kami M, Miyakoshi S, et al. Graft failure following
reduced-intensity cord blood transplantation for adult patients. Br
J Haematol. 2006;132:36-41.

45. Barker JN, Rocha V, Scaradavou A. Optimizing unrelated donor cord
blood transplantation. Biol Blood Marrow Transplant. 2009;15:154-161.

46. Barker JN, Scaradavou A, Stevens CE. Combined effect of total nucleated
cell dose and HLA match on transplantation outcome in 1061 cord
blood recipients with hematologic malignancies. Blood. 2010;115:
1843-1849.
47. Purtill D, Smith K, Devlin S, et al. Dominant unit CD34þ cell dose
predicts engraftment after double-unit cord blood transplantation and
is influenced by bank practice. Blood. 2014;124:2905-2912.

48. Gluckman E. Ex vivo expansion of cord blood cells. Exp Hematol. 2004;
32:410-412.

49. Eapen M, Rubinstein P, Zhang MJ, et al. Outcomes of transplantation of
unrelated donor umbilical cord blood and bone marrow in children
with acute leukaemia: a comparison study. Lancet. 2007;369:
1947-1954.

50. Rocha V, Kabbara N, Ionescu I, et al. Pediatric related and unrelated
cord blood transplantation for malignant diseases. Bone Marrow
Transplant. 2009;44:653-659.

51. Gluckman E, Rocha V, Arcese W, et al. Factors associated with out-
comes of unrelated cord blood transplant: guidelines for donor choice.
Exp Hematol. 2004;32:397-407.

52. Scaradavou A, Smith KM, Hawke R, et al. Cord blood units with low
CD34þ cell viability have a low probability of engraftment after
double unit transplantation. Biol Blood Marrow Transplant. 2010;16:
500-508.

53. Broxmeyer HE, Gluckman E, Auerbach A, et al. Human umbilical cord
blood: a clinically useful source of transplantable hematopoietic stem/
progenitor cells. Int J Cell Cloning. 1990;8(Suppl 1):76-89; discussion
89e91.

54. Hows J, Bradley B, Joyce D, et al. Umbilical cord blood for trans-
plantation. Lancet. 1992;340:921-922.

55. Lu L, Xiao M, Shen RN, et al. Enrichment, characterization, and
responsiveness of single primitive CD34 human umbilical cord blood
hematopoietic progenitors with high proliferative and replating po-
tential. Blood. 1993;81:41-48.

56. Hao QL, Shah AJ, Thiemann FT, et al. A functional comparison of CD34 þ
CD38� cells in cord blood and bone marrow. Blood. 1995;86:
3745-3753.

57. Cardoso AA, Li ML, Batard P, et al. Release from quiescence of
CD34þ CD38� human umbilical cord blood cells reveals their
potentiality to engraft adults. Proc Natl Acad Sci USA. 1993;90:
8707-8711.

58. Davies SM, Kollman C, Anasetti C, et al. Engraftment and survival after
unrelated-donor bone marrow transplantation: a report from the na-
tional marrow donor program. Blood. 2000;96:4096-4102.

59. Tempescul A, Ianotto JC, Hardy E, et al. Peripheral blood stem cell
collection in elderly patients. Ann Hematol. 2010;89:317-321.

60. Wang Y, Chang YJ, Xu LP, et al. Who is the best donor for a related HLA
haplotype-mismatched transplant? Blood. 2014;124:843-850.

http://refhub.elsevier.com/S1083-8791(16)00115-4/sref34
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref34
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref35
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref35
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref35
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref36
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref36
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref36
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref37
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref37
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref37
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref38
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref38
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref38
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref38
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref38
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref39
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref39
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref39
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref39
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref39
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref40
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref40
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref40
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref41
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref41
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref41
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref42
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref42
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref42
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref42
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref43
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref43
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref43
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref43
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref44
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref44
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref44
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref45
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref45
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref46
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref46
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref46
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref46
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref47
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref47
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref47
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref47
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref48
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref48
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref49
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref49
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref49
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref49
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref50
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref50
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref50
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref51
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref51
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref51
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref52
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref52
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref52
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref52
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref52
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref53
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref53
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref53
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref53
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref53
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref54
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref54
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref55
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref55
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref55
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref55
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref56
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref56
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref56
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref56
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref57
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref57
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref57
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref57
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref57
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref57
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref58
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref58
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref58
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref59
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref59
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref60
http://refhub.elsevier.com/S1083-8791(16)00115-4/sref60

	Frequency and Risk Factors Associated with Cord Graft Failure after Transplant with Single-Unit Umbilical Cord Cells Supple ...
	Introduction
	Methods
	Eligibility and Enrollment
	Treatment Plan
	Graft Sources
	Definitions and Study Endpoints
	Statistical Analysis

	Results
	Characteristics of the Study Cohort
	Primary Engraftment
	Patients Not Assessable for CGF
	Patients with CGF
	Chimerism Among CGF Patients
	Clinical Outcomes after CGF
	Prognostic Factor Analysis for CGF

	Discussion
	Acknowledgments
	Supplementary Data
	References


