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Key Points

• Efficacy of transplanting
allele-level HLA-matched cord
blood units.

We studied the effect of allele-level matching at human leukocyte antigen (HLA)-A, -B, -C,

and -DRB1 in 1568 single umbilical cord blood (UCB) transplantations for hematologic

malignancy. The primary end point was nonrelapsemortality (NRM). Only 7%of units were

allele matched at HLA-A, -B, -C, and -DRB1; 15% were mismatched at 1, 26% at 2, 30% at 3,

16% at 4, and 5% at 5 alleles. In a subset, allele-level HLA match was assigned using

imputation; concordance between HLA-match assignment and outcome correlation was

confirmed between the actual and imputed HLA-match groups. Compared with HLA-matched units, neutrophil recovery was lower

withmismatches at 3, 4, or 5, but not 1 or 2 alleles. NRMwas higherwith unitsmismatched at 1, 2, 3, 4, or 5 alleles comparedwith HLA-

matchedunits. Theobservedeffects are independent of cell doseandpatient age. Thesedata support allele-level HLAmatching in the

selection of single UCB units. (Blood. 2014;123(1):133-140)

Introduction

The importance of high-level donor–recipient matching at various
human leukocyte antigen (HLA) loci for the success of unrelated adult
donor hematopoietic stem cell transplantation is well documented.1-3

The inability to identify HLA-matched volunteer unrelated adult
donors has led to increasing use of unrelated umbilical cord blood
(UCB) as an alternative graft because greater degrees of donor–
recipientHLAmismatch are toleratedwhenUCBgrafts are used.UCB
unit cell dose is a limitation; consequently, the majority of UCB
transplants are performed in children and adolescents. High nonrelapse
mortality after HLA-mismatched UCB transplantation is also an
obstacle.4-8 An important difference when selecting volunteer
unrelated adult donors and UCB units is the criteria for HLA-
matching donors to recipients. Unrelated adult donors are selected to
be closely matched to recipients at HLA-A, -B, -C, and -DRB1 at the
allele level,3 whereas UCB units are selected using lower resolution
HLA typing (antigen-level) for HLA-A and -B and at the allele level

for HLA-DRB1; HLA-C is not typically considered.9-11 We have
previously identified the benefit of matching at the HLA-C locus
for the outcomes of UCB transplants in a population that included
children, adolescents, and adults.12 Among transplantations matched
at HLA-A, -B, and -DRB1, nonrelapse mortality was higher after
transplantations mismatched at HLA-C than transplantations
matched at HLA-C. Similarly, among transplantations with a
single mismatch at HLA-A, -B, or -DRB1, transplantations mis-
matched at HLA-C had higher nonrelapse mortality than trans-
plantations matched at HLA-C. A limitation of that report was
that HLA matching at HLA-A, -B, and -C was defined at the
antigen level. The current analysis sought to establish the relative
importance of allele-levelHLAmatching atHLA-A, -B, -C, and -DRB1
when selecting single UCB units for transplantation in children,
adolescents and adults with acute leukemia and myelodysplastic
syndrome.
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Patients and methods

Patients

Data were obtained from the Center for International Blood and Marrow
Transplant Research, or Eurocord, or the European Group for Blood and
Marrow Transplantation. Patients received a single UCB unit after myelo-
ablative conditioning regimens for treatment of acute leukemia or myelodys-
plastic syndrome using cyclosporine or tacrolimus-containing graft-versus-host
disease (GVHD) prophylaxis. All transplantations were performed between
2000 and 2010. The Institutional Review Boards of the Medical College
of Wisconsin, the National Marrow Donor Program, and the Eurocord-Netcord
scientific committee approved this study. This study was conducted in
accordance with the Declaration of Helsinki.

HLA typing

Donor and recipient HLA typing at HLA-A, -B, -C, and -DRB1 was com-
pleted using molecular techniques with a minimum of antigen split-level
resolution for HLA-A, -B, and -C, and allele-level resolution at DRB1. For
transplantations in the United States, recipient HLA typings were provided
by the transplant center and UCB typings were from a centralized con-
firmatory typing laboratory or through retrospective typing of stored research
samples, as previously described.13 For transplantations reported to Euro-
cord, donor–recipient typings were obtained from the cord blood banks or
from transplant centers. A subset of the typings available included less than
high-resolution typing at the HLA-A, -B, and/or -C loci (n 5 784). A val-
idated HLA high-resolution imputation algorithm, Haplogic III, developed
by the National Marrow Donor Program, was used to impute allele-level
match status for these donor and recipient pairs.13 Examination of the char-
acteristics of donor–recipient pairs with actual and imputed HLA-match
assignments showed the majority of these transplants occurred between the
years 2000 and 2004 and that in vivo T-cell depletion was more common for
this group. Of the 491 transplants between 2000 and 2004, 70% did not have
allele-level HLA typing. In the later period, 40% of donor–recipient pairs
did not have allele-level HLA typing. Donor–recipient HLA match assign-
ments based on actual and imputed high-resolution typings were analyzed
independently for associations with nonrelapse mortality; none were found
(supplemental Table 1, available on the Blood Web site).

Outcomes

The primary outcome investigated was nonrelapse mortality defined as the
time from transplantation to death not related to relapse. Other outcomes
evaluated were: neutrophil recovery (inverse of primary graft failure, defined
as achieving an absolute neutrophil count $0.5 3 109/L for 3 consecutive
measurements on different days), grades 2-4 acute GVHD,14 chronic
GVHD,15 relapse, and overall survival.

Statistical methods

The probabilities of neutrophil recovery, GVHD, nonrelapse mortality, and
relapse were calculated using the cumulative incidence estimator.16 Deathwas
the competing risk for neutrophil recovery and GVHD. For relapse, non-
relapsemortality was the competing risk; for nonrelapsemortality, relapsewas
the competing risk. The probability of overall survival was calculated using
the Kaplan-Meier estimator.17 The 95% confidence intervals (CI) were
calculated with log transformation.

To analyze the association between clinical outcomes and donor–recipient
HLA match, a multivariate pseudo-observation logistic regression model18

was built for neutrophil recovery at day 128, and Cox regression models19

were built for acute and chronic GVHD, nonrelapse mortality, relapse, and
overall mortality. The result generated from the logistic regression model
is expressed as odds ratio (OR) and from Cox regression models as hazard
ratio (HR).

Donor–recipient HLAmatch was examined for the effect of overall HLA
match (matched [8/8] vs 1-allele mismatch [7/8] vs 2-allele mismatch [6/8] vs
3-allele mismatch [5/8] vs 4-allele mismatch [4/8] vs 5-allele mismatch [3/8]),

and for the effect of a single mismatch at the allele level for individual
HLA loci. The other variables tested are shown in Table 1. The sieve method
was used to determine the optimal cutpoint for precryopreserved total
nucleated cell (TNC) of 3 3 107/kg for nonrelapse mortality and overall
mortality.20 Models were built with the use of a forward stepwise selection
procedure and confirmed with a backward selection procedure. Proportional
hazards assumption was tested for each covariate individually; all covariates
met this assumption. First-order interactions between each covariate and
HLA match were tested and none found. All P values are 2-sided and
P values # .01 were considered statistically significant. Analyses were
performed using SAS 9.3 (SAS Institute, Cary, NC).

Results

Patient, disease, and transplant characteristics

Table 1 describes patients, their disease, and transplant character-
istics by their HLA-match groups. The median age of the study
populationwas 9 years and 71%of patients were 16 years or younger
at transplantation. The distribution of diseases and disease status
at transplantation, conditioning regimens, and GVHD prophylaxis
regimens did not differ significantly among HLA-match groups.
The median precryopreserved TNC dose of units was 5 3 107/kg.
Overall, only 14% of transplantations were performed using units
with TNC ,3 3 107/kg. There were no significant differences in
the use of UCB units with TNC ,3 3 107/kg among HLA-match
groups. However, there were differences among groups in the use
of higher dose TNC units. Seventy percent of HLA-matched and
60% of 1- and 2-allele mismatched transplants used units with TNC
.5 3 107/kg compared with 47% and 50% of 3- and 4-allele and
5-allele mismatched transplants, respectively. There were differ-
ences in the characteristics of patients by their age (supplemental
Table 2). Older patients were more likely to have acute myeloid
leukemia or myelodysplastic syndrome, receive non-TBI containing
conditioning, UCB units mismatched at 2, 3, or 4 HLA loci and
contain ,3 3 107/kg or 3-5 3 107/kg total nucleated cells.

Only 7% of donor-recipient pairs were HLA matched at A, B, C,
and DRB1 by allele-level typing. Most donor–recipient pairs were
mismatched at 2 or 3 alleles, accounting for 56% of transplantations.
Fifteen percent of donor–recipient pairs were mismatched at 1 allele
and 16% at 4 alleles. The remaining 5%weremismatched at 5 alleles.
Table 2 shows the distribution of allele-level HLA-match compared
with lower resolution HLA typing, which represents the current
standard for unit selection. Only 54% of transplants considered
matched at HLA-A, -B, and -DRB1 using conventional standards
were actuallymatched at the allele level at 8 loci. Similarly, only 25%
of transplants mismatched at 1 HLA locus and 10% of transplants
mismatched at 2 HLA loci according to conventional standards were
mismatched at 1 and 2 alleles, respectively.

Nonrelapse mortality

The risk of nonrelapse mortality was independently associated with
the overall degree of HLA mismatch (Table 3; Figure 1A). Compared
with HLA-matched transplants, nonrelapse mortality risks were not
significantly different between transplantations mismatched at 1 and 2
alleles (HR 2.79 and 2.69, respectively) or between transplantations
mismatched at 3 or 4 alleles (HR 3.60 and 3.48, respectively).
However, comparedwith transplantationsmismatched at 1 or 2 alleles,
risks were higher after transplantations mismatched at 3 and 4 alleles
(HR 1.31, 95% CI 1.07-1.60, P5 .01) and at 5 alleles (HR 1.69, 95%
CI 1.62-2.46,P5 .006). There was no significant difference in the risk
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estimate of mismatching at 5 alleles compared with mismatching at 3
and 4 alleles (HR 1.29, 95% CI 0.90-1.86, P 5 .16). Examination
of the risk estimates of mismatching at specific loci suggest isolated
allele-level mismatches at HLA-A, -C, or -DRB1 but not at HLA-B
are associated with higher nonrelapse mortality risks (Table 3).

Higher nonrelapse mortality was also associated with age older
than 16 years, the diagnosis of acute lymphoblastic leukemia, trans-
plantations done in relapse, TNC ,3 3 107/kg, and transplants
performed before 2005. The effect of TNC (P5 .78) and age (P5 .97)
on nonrelapse mortality was independent of HLA match. Further, the

effects of HLA match were tested separately in younger and older
recipients to confirm the independent effect of HLA match on
nonrelapse mortality (supplemental Table 3). We also examined
for an effect of TNC within HLA groups mismatched at 1, 2, 3, and
4 alleles. For transplantations with units containing TNC 3 3 107/kg
or higher, nonrelapse mortality rates were not different with
further increases in TNC (Figures 2A-D). Similarly, nonrelapse
mortality rates were not different among recipients of HLA-
matched transplants with higher TNC; the 3-year probabilities of
nonrelapse mortality were 21%, 6%, and 6% after transplantation

Table 1. Patient, disease, and transplantation characteristics

Allele-level HLA match

Matched
1-allele

mismatch
2-allele

mismatch
3-allele

mismatch
4-allele

mismatch
5-allele

mismatch P value

Number 117 230 413 466 256 86

Gender, male 67 (57%) 116 (50%) 223 (54%) 272 (58%) 134 (52%) 49 (57%) .33

Age at transplantation ,.001

#16 years 101 (86%) 178 (77%) 322 (78%) 313 (67%) 152 (59%) 53 (62%)

.16 years 16 (14%) 52 (23%) 91 (22%) 153 (33%) 104 (41%) 33 (38%)

Recipient cytomegalovirus

seropositivity

.56

Positive 61 (52%) 123 (53%) 196 (47%) 248 (53%) 125 (49%) 47 (55%)

Negative 53 (45%) 97 (42%) 202 (49%) 206 (44%) 124 (48%) 34 (40%)

Not reported 3 (3%) 10 (4%) 15 (4%) 12 (3%) 7 (3%) 5 (5%)

Disease .77

Acute myeloid leukemia 47 (40%) 86 (37%) 141 (34%) 172 (37%) 113 (44%) 32 (37%)

Acute lymphoblastic leukemia 60 (51%) 117 (51%) 233 (56%) 256 (55%) 110 (43%) 44 (51%)

Myelodysplastic syndrome 10 (9%) 27 (12%) 39 (9%) 38 (8%) 33 (13%) 10 (12%)

Disease status .52

First complete remission 50 (43%) 75 (33%) 160 (39%) 162 (35%) 77 (30%) 27 (31%)

Second complete remission 47 (40%) 95 (41%) 158 (38%) 217 (47%) 97 (38%) 36 (42%)

Relapse/RAEB 20 (17%) 59 (26%) 95 (23%) 86 (18%) 81 (32%) 23 (27%)

Not reported __ 1 (,1%) __ 1 (,1%) 1 (,1%) __

Conditioning regimen .88

TBI containing regimen 60 (51%) 122 (53%) 226 (55%) 260 (56%) 132 (52%) 49 (62%)

Non-TBI containing regimen 57 (49%) 108 (47%) 187 (45%) 206 (44%) 124 (48%) 37 (38%)

In vivo T-cell depletion .14

Yes 87 (74%) 165 (72% 290 (70%) 344 (74%) 201 (79%) 69 (80%)

None 28 (24%) 52 (23%) 106 (26%) 111 (24%) 47 (18%) 14 (16%)

Not reported 2 (2%) 13 (6%) 17 (4%) 11 (2%) 8 (3%) 3 (3%)

Total nucleated cell dose, prefreeze ,.001

,3 3 107/kg 14 (12%) 33 (14%) 56 (14%) 66 (14%) 40 (16%) 10 (12%)

$3-5 3 107/kg 18 (15%) 52 (23%) 99 (24%) 156 (33%) 99 (39%) 31 (36%)

.5 3 107/kg 81 (69%) 138 (60%) 242 (59%) 233 (50%) 106 (41%) 43 (50%)

Not reported 4 (4%) 7 (3%) 16 (4%) 11 (2%) 11 (4%) 2 (2%)

Transplant period .04

2000-2004 28 (24%) 74 (32%) 136 (33%) 128 (27%) 91 (36%) 34 (40%)

2005-2010 89 (76%) 156 (68%) 277 (67%) 338 (73%) 165 (64%) 52 (60%)

Follow-up, median (range), months 37 (3-131) 46 (5-132) 46 (3-147) 37 (3-127) 45 (3-107) 35 (3-122)

TBI dose ranged from 800-1440 cGy; 75% received 1200 cGy or 1320 cGy; n 5 4 received 800 cGy and n 5 1 received 900 cGy. In vivo T-cell depletion: 1156 transplant

regimens included in vivo T-cell depletion. Of these, 1146 received ATG (548 rabbit ATG, 284, equine ATG, and information was not available for 314); 10 patients received

alemtuzumab.

ATG, anti-thymocyte globulin; RAEB, refractory anemia with excess blast; TBI, total body irradiation.

Table 2. Allele-level HLA typing (allele-level HLA match at HLA-A, -B, -C, and -DRB1) compared with lower resolution HLA typing
(antigen-level HLA match at HLA-A and -B and allele-level at -DRB1)

Lower resolution HLA typing
Allele-level HLA typing

5-allele mismatch 4-allele mismatch 3-allele mismatch 2-allele mismatch 1-allele mismatch Matched

3-antigen mismatch (n 5 26) 16 (62%) 8 (31%) 2 (7%) __ __ __

2-antigen mismatch (n 5 605) 65 (11%) 187 (31%) 294 (48%) 59 (10%) __ __

1-antigen mismatch (n 5 720) 5 (1%) 60 (8%) 161 (22%) 315 (44%) 179 (25%) __

HLA-matched antigen-level (n 5 217) __ 1 (,1%) 9 (4%) 39 (18%) 51 (24%) 117 (54%)
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of units with TNC,33 107/kg,$3-53 107/kg, and.53 107/kg,
respectively.

Overall mortality

Despite higher nonrelapse mortality, differences in overall mortality
did not reach statistical significance except for transplants mismatched
at 5 alleles compared with HLA-matched transplants (Table 3).
Mortality risks were not significantly different between transplan-
tations mismatched at 1 and 2 alleles (HR 1.31 and 1.20, respectively)
or between transplantations mismatched at 3 and 4 alleles (HR 1.36
and 1.15, respectively). Other variables associated with overall mor-
tality were age older than 16 years, cytomegalovirus seropositivity,
diagnosis of acute lymphoblastic and myeloid leukemia, transplanta-
tion in relapse, TNC ,3 3 107/kg, and transplantation before 2005.

Neutrophil recovery

Compared with HLA-matched transplants, the likelihood of neutrophil
recovery at day 128 was lower for transplants mismatched at 3, 4,
or 5 alleles (Table 4). Recovery was not significantly different for
transplants mismatched at 1 and 2 alleles (OR 0.72 and 0.86, respec-
tively) and 3 and 4 alleles (OR 0.56 and 0.55, respectively). Compared
with transplants mismatched at 1 and 2 alleles, recovery was lower
after transplants mismatched at 3 or 4 alleles (OR 0.69, 95% 0.55-0.86,
P 5 .001) and 5 alleles (OR 0.56, 95% CI 0.35-0.89, P 5 .01).

However, recovery did not differ between 3- and 4-allele and 5-allele
mismatched transplants (OR 0.81, 95% CI 0.51-1.29, P 5 .38). We
did not observe significant differences in the risk estimates considering
mismatching at specific HLA loci (supplemental Table 4).

GVHD

The risks of grades 2-4 acute GVHDwere higher after transplantation
of mismatched UCB units compared with matched transplants but the
differences in risk estimates did not reach the level of significance set
for the current analyses (Table 4; P value .04-.06). There were no
significant differences in the risk estimates considering mismatching
at specific HLA loci (supplemental Table 4). The risks of chronic
GVHD were not significantly associated with HLA matching, con-
sidered as overall degree of HLA disparity (Table 4) or when
mismatching at specific loci were considered (supplemental Table 4).

Relapse

The risk of relapse after transplantation was not significantly asso-
ciated with HLA matching, considered as overall degree of HLA
mismatch except for transplantations mismatched at 4 alleles
(Table 4) or when mismatching at specific HLA loci were consid-
ered (supplemental Table 4). However, relapse risks were higher with
advanced disease (transplantation in second complete remission or
relapse), diagnosis of acute myeloid leukemia, and with units

Figure 1. Nonrelapse mortality and overall survival.

(A) The cumulative incidence of nonrelapse mortality

by HLA match: the 3-year incidence of nonrelapse

mortality after HLA-matched, 1-allele mismatch, 2-

allele mismatch, 3-allele mismatch, 4-allele mismatch,

and 5-allele mismatch transplants were 9% (95% CI

4-14), 26% (95% CI 20-32), 26% (95% CI 22-30), 34%

(95% CI 30-39), 37% (95% CI 31-43), and 41% (95%

CI 30-51), respectively. (B) The probability of overall

survival by HLA match: the 3-year probability of overall

survival after HLA-matched, 1-allele mismatch, 2-allele

mismatch, 3-allele mismatch, 4-allele mismatch, and 5-

allele mismatch transplants were 52% (95% CI 42-62),

42% (95% CI 36-49), 47% (95% CI 42-52), 42% (95%

CI 37-47), 41% (95% CI 35-47), and 34% (95% CI

23-45), respectively.
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containing TNC ,3 3 107/kg. The observed effect of disease
status and cell dose on leukemia relapse was independent of HLA
match.

Availability of UCB units considering allele-level HLA match

TheNationalMarrowDonor Programmaintains a registry of 180 000
banked, unrelated UCB units. Using a population genetics model that
calculated the population-specific HLA-match likelihoods of iden-
tifying an HLA-matched or a 1- or 2-allele mismatched units, we
predicted the availability of such units given current inventory
size.21,22 The current inventory would ensure that one-third of
Caucasians will have a fully matched unit at the allele level. For the
other races in the United States, the current registry would provide
a much lower success rate with only 5% to 10% identifying a fully
matched unit. However, manymore patients needing a transplant will
have a unit mismatched at 1 or 2 alleles. For Caucasians, the pro-
bability of identifying a unit mismatched at 1 or 2 alleles is 80% and
98%, respectively. Although substantially lower, 33% to 45% of US
minorities will identify a unit mismatched at 1 allele and 80% to 85%
at 2 alleles. With the worldwide inventory of 600 000 units, it is
plausible that an even higher proportion of patients will have access
to better HLA-matched units.

Discussion

We found that allele-level matching at HLA-A, -B, -C, and -DRB1
between the donor (UCB unit) and recipient is associated with the

lowest nonrelapse mortality after UCB transplantation for acute
leukemia and myelodysplastic syndrome. Thus reliance on HLA
typings at low or intermediate resolution or the use of selection
algorithms that do not consider matching at the HLA-C locus is not
fully adequate for selecting optimal UCB units. When a fully
allele-level HLA-matched UCB unit is not available, mismatches at
1 and 2 alleles are better tolerated than mismatches at 3, 4, and 5
alleles. Indeed, nonrelapse mortality rates are 10% to 15% lower
after transplantations mismatched at 1 and 2 alleles compared with
mismatches at 3 or more alleles. We did not observe significant dif-
ferences in nonrelapse mortality risks between transplantations mis-
matched at 3, 4, and 5 alleles, suggesting the absence of an additive
effect for nonrelapse mortality beyond mismatching at 2 alleles.
The absence of an additive effect with mismatching in excess of
2 HLA loci is described after adult unrelated donor trans-
plantations.3 Whereas nonrelapse mortality risks are virtually
identical after 3- and 4-allele mismatched transplants, the risks are
about one-third higher after 5-allele mismatched transplants com-
pared with 3- and 4-allele mismatched transplants. It is plausible that,
in a larger population, there could be significant differences in non-
relapse mortality risks between 5-allele and 3- and 4-allele mismatched
transplants.

When considering locus-specific effects, a singleHLAmismatch at
HLA-A, -C, or -DRB1 was associated with a threefold increase in
nonrelapse mortality risk. An isolated mismatch at HLA-B appears to
be better tolerated, but the likelihood of identifying such a unit is
relatively low because HLA-B and -C loci are in linkage disequilib-
rium and amismatch at 1 locus is likely to occur with amismatch at the

Figure 2. Nonrelapse mortality by total nucleated cell dose. (A) The cumulative incidence of nonrelapse mortality by precryopreserved TNC in recipients of 1-allele

mismatched transplants: 45% (95% CI 29-62), 24% (95% 13-38), and 21% (14-28) for units with TNC ,3 3 107/kg, 3-5 3 107/kg, and .5 3 107/kg, respectively. (B) The

cumulative incidence of nonrelapse mortality by precryopreserved TNC in recipients of 2-allele mismatched transplants: 40% (95% CI 27-53), 25% (95% 17-34), and 23% (18-28)

for units with TNC ,3 3 107/kg, 3-5 3 107/kg, and .5 3 107/kg, respectively. (C) The cumulative incidence of nonrelapse mortality by precryopreserved TNC in recipients of 3-

allele mismatched transplants: 52% (95% CI 39-64), 35% (95% 27-42), and 29% (23-35) for units with TNC ,3 3 107/kg, 3-5 3 107/kg, and .5 3 107/kg, respectively. (D) The

cumulative incidence of nonrelapse mortality by precryopreserved TNC in recipients of 4-allele mismatched transplants: 43% (95% CI 28-58), 39% (95% 30-49), and 29% (21-39)

for units with TNC ,3 3 107/kg, 3-5 3 107/kg and .5 3 107/kg, respectively.
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other. This differential effect of HLA-B mismatching must also be
viewed with caution because there were only 31 donor–recipient pairs
with an isolated HLA-B mismatch in our data set.

TNC content of the unit was the only other donor characteristic
associated with nonrelapse mortality, and its effect was independent
of HLA match. We found that nonrelapse mortality rates are 15% to
20% higher when the UCB units contained ,3 3 107 TNC/kg.
Selecting units with TNC in excess of the required minimum was
not associated with lower nonrelapse mortality, providing further
support for the critical importance of HLA match above a minimum
cell dose threshold. In the current analyses, 70% of children received
units that contained TNC in excess of 5 3 107/kg and about half of
adults received units with TNC ranging from 3 to 5 3 107/kg. By
lowering the cell dose threshold to a minimum of 3 3 107/kg, it is
plausible that better matched units may have been available for these
patients. Two recent reports, one in children and the other in adults
that compared the transplantation of 1 adequately dosed UCB unit
(TNC .2.5 3 107/kg) to the transplantation of 2 UCB units, also
failed to demonstrate differences in nonrelapse mortality risks and
overall survival, lending support to our observation that TNC in
excess of the minimum required does not lower mortality risks.23,24

Together these data confirm the need for a minimum TNC to ensure
engraftment and thereafter prioritize UCB unit selection on HLA
match considering allele-level HLA typing and incorporating
matching at HLA-C locus.

Ours is a predominantly pediatric population, with 29% of re-
cipients older than age 16 years. Older recipients were more likely to
receive UCB units mismatched at 2, 3, or 4 HLA loci and with TNC
,33 107/kg. Because both older age and unitswithTNC,33 107/kg
were also associated with higher mortality, we confirmed that the
observed effect of HLA match on nonrelapse mortality in older
recipients was independent of age and TNC. Consequently, the im-
portance of better HLA matching on lowering nonrelapse mortality

is applicable to both children and adults. However, nonmortality
risks are also mitigated by older age and lower TNC, which dampens
the effect of HLAmatch in older recipients. Our findings differ from
another recent report from Japan that concluded HLAmatch was not
associated with nonrelapse mortality or overall survival in older
patients.25 However, in that report,25 HLA-C was not considered,
allele level typing was used only for DRB1, and 80% of transplants
were mismatched at 2 or 3 loci at a lower resolution HLA match.
It is likely that the small (n 5 76) control group of “matched”
transplantations in that report included a high proportion of allelic
disparities and/or disparities at HLA-C.

The observed higher nonrelapse mortality risks in our study did
not translate into lower overall survival except for transplantations
mismatched at 5 alleles. The absence of an adverse effect on overall
survival after mismatched UCB transplantation, except for trans-
plants with TNC dose,2.53 107/kg, has been recorded by others.26

The absence of a survival advantage in the current analyses may be
attributed to the high competing risk of death from leukemia,
obscuring the ability of a decrease in nonrelapse mortality to lead
to an improvement in overall survival in unselected populations, as
in the current analyses. We did not find significant differences in
relapse risk after HLA-matched and HLA-mismatched trans-
plantations except after transplantation mismatched at 4 alleles,
which is likely a chance finding. The absence of lower relapse
risks after HLA-mismatched transplants is consistent with a pre-
vious report24 and challenges the common practice of tolerating
mismatches in the belief that higher mortality is offset by lower
leukemia relapse.

Mismatching at 3 or more alleles was associated with higher
risks of primary graft failure. Prolonged neutropenia leads to
opportunistic infections, which adds to the burden of morbidity
and mortality. This may in part explain the recorded differences in
nonrelapse mortality between transplantations mismatched at 1

Table 3. Association of HLA match on nonrelapse and overall mortality

Nonrelapse mortality* Overall mortality†

Number HR (95% CI) P value HR (95% CI) P value

Overall HLA match

1-allele mismatched vs matched 226 vs 117 2.79 (1.46-5.34) .002 1.31 (0.95-1.81) .09

2-allele mismatched vs matched 410 vs 117 2.69 (1.44-5.03) .002 1.20 (0.89-1.63) .23

3-allele mismatched vs matched 464 vs 117 3.60 (1.94-6.69) ,.0001 1.36 (1.01-1.84) .04

4-allele mismatched vs matched 254 vs 117 3.48 (1.84-6.66) .0001 1.15 (0.83-1.58) .39

5-allele mismatched vs matched 85 vs 117 4.61 (2.31-9.17) ,.0001 1.63 (1.12-2.39) .01

3- to 4-allele vs 1- to 2-allele mismatched 718 vs 637 1.31 (1.07-1.59) .01 1.03 (0.89-1.19) .69

5- vs 1- to 2-allele mismatched 85 vs 637 1.69 (1.16-2.46) .006 1.32 (0.99-1.76) .06

5- vs 3- to 4-allele mismatched 85 vs 718 1.29 (0.90-1.86) .16 1.28 (0.96-1.70) .09

Single allele mismatch

HLA-A mismatched vs matched 117 vs 117 3.05 (1.52-6.14) .002 1.27 (0.88-1.83) .19

HLA-B mismatched vs matched 31 vs 117 1.26 (0.35-4.55) .72 1.06 (0.75-1.97) .77

HLA-C mismatched vs matched 40 vs 117 3.04 (1.28-7.20) .01 1.41 (0.86-2.31) .17

HLA-DRB1 mismatched vs matched 66 vs 117 2.93 (1.38-6.25) .005 1.31 (0.96-1.78) .17

*Adjusted for patient age, disease, disease status, precryopreserved TNC, and transplant period: nonrelapse mortality risks were higher for patients.16 years compared

with younger patients (HR 1.60, 95% CI 1.26-2.03, P , .001); acute lymphoblastic leukemia (HR 1.35, 95% CI 1.09-1.69, P 5 .007) compared with acute myeloid leukemia;

risks were not significantly different for myelodysplastic syndrome (HR 1.23, 95% CI 0.88-1.72, P 5 .26) compared with acute myeloid leukemia; for those transplanted in

relapse/refractory anemia with excess blasts (HR 1.68, 95% CI 1.28-2.20, P , .001) but not those transplanted in second complete remission (HR 0.97, 95% CI 0.77-1.22,

P5 .82) compared with those in first complete remission; TNC,33 107/kg (HR 1.52, 95% CI 1.16-1.96, P5 .011) and transplants between 2000 and 2004 (HR 1.52, 95% CI

1.23-1.85, P , .001) compared with transplants between 2005 and 2010.

†Adjusted for patient age, disease, disease status, TNC, and transplant period: overall mortality risks were higher for patients .16 years compared with younger patients

(HR 1.43, 95% CI 1.21-1.70, P , .001); acute lymphoblastic leukemia (HR 1.26, 95% CI 1.08-1.48, P 5 .004) compared with acute myeloid leukemia; mortality risks were

lower for those with myelodysplastic syndrome (HR 0.65, 95% CI 0.50-0.84, P 5 .001) compared with acute myeloid leukemia; for those transplanted in relapse/refractory

anemia with excess blasts (HR 2.98, 95% CI 2.44-3.64, P , .001) and in second complete remission (HR 1.51, 95% CI 1.21-1.88, P , .001) compared with those in first

remission; TNC ,3 3 107/kg (HR 1.37, 95% CI 1.14-1.67, P 5 .001) compared with TNC $3 3 107/kg and transplants between 2000 and 2004 (HR 1.35, 95% CI 1.18-1.56,

P , .001) compared with transplants between 2005 and 2010.
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and 2 alleles and those mismatched at 3 or more. Others have found
an association between TNC and neutrophil recovery.26-28 We
did not observe such an effect, but the median TNC delivered was
53 107/kg and more than 85% of transplantations used units with
TNC in excess of 3 3 107/kg. Further, the current analyses consid-
ered allele-level HLA matching and matching at the HLA-C locus,
whereas all previous reports considered lower resolution HLA

matching and did not consider matching at HLA-C. We were unable
to test for donor-specific anti-HLA antibodies known to be asso-
ciated with graft failure29-31 or viability of cells after the unit was
thawed. Similar to that recorded for adult donor transplantations,
acute GVHD risks were higher after HLA-mismatched UCB
transplants even though the risk estimates did not reach the level
of significance set for the current analyses.1,3 Acute GVHD rates are
low after UCB transplantations, and to detect significant differences
attributable to mismatching, many more donor-recipient pairs mis-
matched at 1, 2, 3, or 4 HLA loci would be required than the number
of pairs included in the current analysis. We did not observe
differences in chronic GVHD rates after mismatched UCB trans-
plantations and consistent with that reported after adult donor
transplantation.1,3

Our ability to study the effect of mismatching at specific HLA
loci is limited by the relatively low patient numbers and the limited
number of events in some subgroups. Another limitation was the
use of the validated imputation algorithm, Haplogic III, to assign
allele-level match status for donor–recipient pairs with lower re-
solution HLA typing. The imputation process may be more biased
toward common HLA alleles for assignments because it is driven
by population frequencies. This could lead to a potential under-
estimation of the HLA disparity in the imputed group. However,
the results between the imputed and the actual are not significantly
different, suggesting that any underestimation of HLA disparity
had a minimal effect on the results. Of note, the magnitude of
the relative hazards for nonrelapse mortality for the imputed HLA-
mismatched transplantations is lower compared with that observed
for the group for which allele-level HLA typing was available.
About 70% of transplantations with imputed HLA match occurred
before 2005, a period during which mortality risks were high
compared with the later period. We hypothesize that nonrelapse
mortality risks in the earlier period may be attributed to several
other factors and the effect of HLA mismatch becomes more ap-
parent after 2005 because several of the other known risk factors
have been optimized.

Despite the limitations, ours is the first report that identifies
higher risks of primary graft failure and nonrelapse mortality
after allele-level HLA-mismatched UCB transplants. The results
of our analyses suggest current practice for UCB selection should
be revised; single-unit UCB transplants must have a minimum
precryopreserved TNC of 3 3 107/kg and thereafter the best
allele-level HLA-matched unit should be selected. In the absence
of a fully matched UCB unit, units mismatched at 1 or 2 alleles are
acceptable. We acknowledge that only a small proportion of
patients who may benefit from transplantation will have a fully
matched UCB unit. With similar nonrelapse mortality risks after
1- and 2-allele mismatched transplants (HR 2.7-2.8), selecting
a unit mismatched at 2 alleles will extend access to 80% to 85% of
minorities and almost all Caucasians without an added risk to
nonrelapse mortality compared with transplantations mismatched
at 1 allele. Higher graft failure and nonrelapse mortality associated
with mismatches at 3 or more alleles imply such transplants should
be recommended with caution. The recent successes of haploi-
dentical transplantation warrant the relative merits of trans-
plantation with a haploidentical donor weighed against the relative
merits of 3 or more allele-mismatched single UCB transplanta-
tion.32 To ensure wider access to all ethnic groups to UCB units
with optimal HLA matching (ie, no more than 2 alleles disparate),
additional investments are needed to expand the worldwide
inventory.

Table 4. Association of HLA-match on neutrophil recovery, acute
and chronic GVHD and leukemia recurrence

Overall HLA-match Number OR/ HR (95% CI) P value

Neutrophil recovery*

1-allele mismatched vs matched 227 vs 116 0.72 (0.44-1.70) .18

2-allele mismatched vs matched 410 vs 116 0.86 (0.54-1.36) .52

3-allele mismatched vs matched 464 vs 116 0.56 (0.36-0.88) .01

4-allele mismatched vs matched 254 vs 116 0.55 (0.34-0.88) .01

5-allele mismatched vs matched 84 vs 116 0.45 (0.25-0.82) .009

3-4 allele vs 1-2 allele mismatched 718 vs 637 0.69 (0.55-0.86) .001

5-allele vs 1-2 allele mismatched 85 vs 637 0.56 (0.35-0.89) .01

5-allele vs 3-4 allele mismatched 85 vs 718 0.81 (0.51-1.29) .38

Grade 2-4 acute GVHD†

1-allele mismatched vs matched 226 vs 117 1.27 (0.83-1.93) .26

2-allele mismatched vs matched 410 vs 117 1.45 (0.99-2.12) .06

3-allele mismatched vs matched 464 vs 117 1.53 (1.05-2.23) .03

4-allele mismatched vs matched 254 vs 117 1.51 (1.00-2.27) .05

5-allele mismatched vs matched 85 vs 117 1.49 (0.89-2.49) .13

3-4 allele vs 1-2 allele mismatched 718 vs 637 1.09 (0.92-1.32) .31

5-allele vs 1-2 allele mismatched 85 vs 637 1.08 (0.72-1.61) .72

5-allele vs 3-4 allele mismatched 85 vs 718 0.98 (0.66-1.46) .92

Chronic GVHD‡

1-allele mismatched vs matched 226 vs 117 0.76 (0.47-1.23) .27

2-allele mismatched vs matched 410 vs 117 1.16 (0.77-1.75) .48

3-allele mismatched vs matched 464 vs 117 1.02 (0.67-1.54) .93

4-allele mismatched vs matched 254 vs 117 1.20 (0.80-1.87) .48

5-allele mismatched vs matched 85 vs 117 1.27 (0.70-2.31) .27

3-4 allele vs 1-2 allele mismatched 718 vs 637 1.07 (0.85-1.34) .59

5 allele vs 1-2 allele mismatched 85 vs 637 1.25 (0.75-2.07) .39

5 allele vs 3-4 allele mismatched 85 vs 718 1.17 (0.71-1.94) .53

Relapse§

1-allele mismatched vs matched 226 vs 117 0.93 (0.65-1.33) .69

2-allele mismatched vs matched 410 vs 117 0.77 (0.55-1.07) .12

3-allele mismatched vs matched 464 vs 117 0.75 (0.53-1.05) .09

4-allele mismatched vs matched 254 vs 117 0.50 (0.33-0.73) .001

5-allele mismatched vs matched 84 vs 117 0.83 (0.50-1.36) .45

3-4 allele vs 1-2 allele mismatched 718 vs 637 0.78 (0.64-0.96) .02

5 allele vs 1-2 allele mismatched 85 vs 637 1.01 (0.66-1.54) .98

5 allele vs 3-4 allele mismatched 85 vs 718 1.28 (0.84-1.97) .25

*Adjusted for transplant period: higher likelihood of recovery for transplants in

2005-2010 compared to 2000-2004 (OR 1.41, 95% CI 1.12-1.76, P 5 .003).

†Adjusted for patient age and in vivo T-cell depletion: acute GVHD risks were

lower for patients .16 years compared to those #16 years (HR 0.62, 95% CI 0.50-

0.77, P , .0001) and with in vivo T-cell depletion (HR 0.82, 95% CI 0.51-0.74,

P , .0001).

‡Adjusted for TNC and in vivo T-cell depletion: chronic GVHD risks were lower

with units containing TNC 3 x 107/kg or higher compared to units containing TNC ,3

x 107/kg (HR 0.59, 95% CI 0.45-0.79, P , .001) and with in vivo T-cell depletion (HR

0.65, 95% CI 0.52-0.82, P , .001).

§Adjusted for disease, disease status, interval from diagnosis to transplant, and

TNC: relapse risks were lower for myelodysplastic syndrome (HR 0.32, 95% CI 0.22-

0.47, P , .0001) compared to acute myeloid leukemia, and with units containing

TNC 3 x 107/kg or higher compared to units containing TNC ,3 x 107/kg (HR 0.71,

95% CI 0.54-0.92, P5 .009) and when the interval between diagnosis and transplant

was.24 months compared to,12 months (HR 0.51, 95% CI 0.37-0.70, P , .0001).

Relapse risks were higher for transplants in relapse (HR 5.57, 95% CI 4.25-7.30,

P , .0001) and in second remission (HR 2.28, 95% CI 1.69-3.07, P , .0001)

compared to transplants in first remission.
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