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Key Points

• Patients homozygous for
HLA-C2 group alleles have
worse outcomes after CBT.

• CB selection based on the
combination of NK licensing
and activating KIRs may
improve outcomes after CBT.

The ability of cord blood transplantation (CBT) to prevent relapse depends partly on donor

natural killer (NK) cell alloreactivity. NK effector function depends on specific killer-cell

immunoglobulin-like receptors (KIR) and HLA interactions. Thus, it is important to identify

optimal combinations of KIR-HLA genotypes in donors and recipients that could improve

CBToutcome.We studied clinical data,KIR andHLAgenotypes, andNK-cell reconstitution

inCBTpatients (n5110).Resultswerevalidated inan independentcohort (n594).HLA-KIR

genotypingof recipientgermlineand transplantedcordblood(CB)graftspredictedfor large

differences in outcome. Patients homozygous for HLA-C2 group alleles had higher 1-year

relapse rate and worse survival after CBT than did HLA-C1/C1 or HLA-C1/C2 (HLA-C1/x)

patients: 67.8% vs 26.0% and 15.0% vs 52.9%, respectively. This inferior outcome was

associated with delayed posttransplant recovery of NK cells expressing the HLA-C2-specific KIR2DL1/S1 receptors.HLA-C1/x patients

receiving a CB graft with the combined HLA-C1-KIR2DL2/L3/S2 genotype had lower 1-year relapse rate (6.7% vs 40.1%) and superior

survival (74.2% vs 41.3%) compared with recipients of grafts lacking KIR2DS2 or HLA-C1. HLA-C2/C2 patients had lower relapse rate

(44.7% vs 93.4%) and better survival (30.1% vs 0%) if they received a graft with the combined HLA-C2-KIR2DL1/S1 genotype. Relapsed/

refractory disease atCBT, recipientHLA-C2/C2genotype, anddonorHLA-KIR genotypewere independent predictors of outcome. Thus,

wepropose the inclusionofKIRgenotyping ingraft selection criteria for CBT.HLA-C1/xpatients should receive anHLA-C1-KIR2DL2/L3/

S2 CB graft, while HLA-C2/C2 patients may benefit from an HLA-C2-KIR2DL1/S1 graft. (Blood. 2016;128(2):297-312)

Introduction

Natural killer (NK) cells are an important component of the graft-
versus-leukemia response, which is critical to preventing relapse after
allogeneic hematopoietic stem cell transplantation (HSCT) for high-
risk hematologic malignancies.1,2 Each mature NK cell expresses a
wide array of activating and inhibitory killer immunoglobulin-like
receptors (KIRs), which are specific for different HLA class I
molecules.3-5 The ability of NK cells to recognize and kill malignant
cells is governed by complex and poorly understood interactions
between inhibitory signals resulting from the binding of inhibitoryKIRs
with their cognate HLA class I ligands, and activating signals from both
the inhibitory KIRs that fail to interact with their appropriate HLA-
ligand (“missing self”) and those from activating receptors.1,5,6 The
inhibitoryKIR2DLgroup of receptors interactswithHLA-Cmolecules,
which can be divided into 2 mutually exclusive groups, based on a
polymorphism in the a-1 chain.7,8 KIR2DL2 and KIR2DL3 recognize
HLA molecules in the HLA-C1 group, whereas KIR2DL1 and the
activating KIR2DS1 receptors recognize the HLA-C2 group.9,10 To
become functional, NK cells must undergo a continuous process of

“education” or “licensing.”11-13 This phenomenon is achieved when
inhibitory KIRs interact with their cognate ligand (eg, KIR2DL2
with an HLA-C molecule in the C1 group) during development.
This process directs NK cell functional maturation and enables
their discrimination of self from missing-self.14 Despite evidence
that specific combinations of HLA and KIR molecules in the donor
are related to transplantation outcomes,1,15-17 the incorporation of
KIR genotype in donor selection criteria has been slow to gain
traction.

Cord blood (CB) transplantation (CBT) has extended access to
HSCT for many patients with hematologic malignancies who lack an
HLA-matched donor, especially those from racial and ethnic
minorities.18-20 Because of its less stringent HLA matching require-
ments, this procedure affords a choice of multiple suitable CB units,
potentially allowing the selection of units that could maximize the
graft-versus-leukemia response based on favorable combinations of
activating and inhibitory KIRs and their HLA ligands. We therefore
studied specific combinations of KIR receptors and HLA ligands in
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patients undergoingCBT to identify thosemost closely linked to clinical
outcome.

Methods

Patients

All patients who received a CBT at MD Anderson Cancer Center (MDACC)
between July 2005 and December 2012 under standardized protocols for the
treatment of different hematologic malignancies were eligible for this analysis.
HLA genotypeswere provided by theHLATyping Laboratory atMDACC.KIR
genotyping was performed with the sequence-specific priming KIR genotyping
kit (Invitrogen,Carlsbad,CA)asdescribedpreviously,21 basedon the availability
of specimens and without preference for patients with particular clinical char-
acteristics. For the discovery and validation studies, patients were selected se-
quentially, and no patient was included in both studies.

Our discovery cohort included 110 patientswho had undergoneCBTbetween
2009and2012andhadavailablegenomicDNAfromboth the recipient and theCB
graft (Table 1). Themedian follow-up for surviving patients at the time of analysis
was 14 months (range, 2-64 months). An independent cohort of 94 consecutive
patients who received CBT between 2005 and 2009 and had features similar to
those of the study group (Table 2) was used to validate our results. This study was
performed in accord with the Declaration of Helsinki following informed consent
and was approved by the local institutional review board.

Cord unit dominance, achieved bymost patients,was defined as the unitwith
.90% chimerism in the total DNA fraction at the time the assaywas performed.

In vitro NK differentiation from CD341 CB-derived

progenitor cells

CB units for research were provided by the MDACC Blood Bank under a
protocol approved by the institutional review board. CBmononuclear cells were
isolated by density-gradient technique (Ficoll-Histopaque; Sigma-Aldrich,
St. Louis, MO), and CD341 progenitor cells were selected with the CD34
Progenitor Cell Isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany).
CD341 purity was confirmed by flow cytometry and was consistently .98%.
Isolated CD341 cells (5 3 104) were cultured in 0.1-mL serum-free media
(CellGro; Mediatech, Manassas, VA) supplemented with 100 U/mL penicillin/
streptomycin and 10% fetal bovine serum, recombinant human stem cell factor
(30 ng/mL), Flt3 ligand (50 ng/mL), interleukin-15 (50 ng/mL), and insulin-like
growth factor-1 (100 ng/mL) in 96-well culture plates at 37°C in a humidified
atmosphere with 5% CO2 for 4 weeks. The culture medium was renewed with
cytokines every other day, andKIR protein expression was monitored by flow
cytometry for 4 weeks with use of anti-CD56-BV605 (clone HCD56), anti-
CD3-PECy5 (clone UCHT1), anti-KIR3DL1-AlexaFluor700 (clone DX9;
Biolegend, San Diego, CA), anti-KIR2DL1-APC (clone REA284), anti-
KIR2DL3-Biotin (clone REA147 with streptavidin-APC-Cy7; Miltenyi
Biotec), anti-NKG2A-PECy7 (clone Z199), and anti-KIR2DL2/L3/S2-
PECy5.5 (clone GL183; Beckman Coulter, Pasadena, CA).

NK cell phenotyping and functional assays

NK cell cytotoxicity and cytokine production were assessed by preincubating
peripheral blood mononuclear cells either alone (negative control) or with target
K562 cells (effector to target ratio of 10:1) for 5 hours at 37°C in the presence of
anti-CD107a-PECF594 (clone H4A3), GolgiStop/monensin (both from BD
Biosciences, San Jose, CA), and Brefeldin A (Sigma-Aldrich). Phorbol myristate
acetate/ionomycin stimulation was used as a positive control. After coculture, cells
were stained with a live/dead aqua viability marker (Life Technologies, Frederick,
MD), anti-CD56-BV605 (cloneHCD56), anti-CD3-PECy5 (cloneUCHT1), anti-
CD16-BV650 (clone 3G8), anti-NKG2A-PECy7 (cloneZ199;BeckmanCoulter),
and with mAbs against activating and inhibitory KIR receptors, including anti-
KIR2DL1-APC (clone REA284), anti-KIR2DL3-Biotin (clone REA147, com-
bined with streptavidin-APC-Cy7; Miltenyi Biotec), anti-KIR2DL1/
2DS1-PE (clone EB6), anti-KIR2DL2/S2/L3-PECy5.5 (clone GL183),
anti-KIR3DL1/DS1 (clone Z27.3.7), and anti-KIR3DL1-AlexaFluor700

(clone DX9; Biolegend). Cells were then fixed and permeabilized with
fluorescence-activated cell sorter lysing and permeabilizing solution
(both from BD Biosciences). Cytokine production was measured by
intracellular stainingwith anti-IFNg-V450 (cloneB27; BDBiosciences) and
anti-TNFa-PerCPCy5.5 (clone MAB11; Biolegend). All flow cytometry
data were acquired on an LSRFortessa (BD Biosciences) and analyzed on
Flowjo software (Treestar).

Phenotyping of AML blasts

The expression of HLA class I on the surface of acute myeloid leukemia (AML)
blasts and normal myeloid cells was assessed with use of anti-CD33-PE-Cy7
(clone P67.6; BD Biosciences), anti-CD34-PerCP (clone 8G12; BD Biosci-
ences), anti-CD13-PE (clone WM15; BioLegend), and anti-HLA-ABC-APC
(clone G46-2.6; Pharmingen).

Target cells and culture conditions

K562 cells were cultured in RPMI 1640 medium supplemented with 10% heat-
inactivated fetal bovine serum, 1%penicillin, streptomycin, and L-glutamine and
incubated at 37°C with 5% CO2.

Statistical methods

The probability of overall survival (OS) was calculated by the Kaplan-Meier
method. The probabilities of disease relapse and transplant-related mortality
(TRM) were calculated by the cumulative incidence procedure. For disease
relapse, relapse was considered the event of interest, and death prior to relapse
was considered the competitor. For TRM, death not caused by disease relapse
was considered the event of interest, and death caused by the malignancy was
considered the competitor. Univariate analysis was performed with standard
statistical methodology. Variables found to be significant at the P , .10 level
were included in the multivariate analysis, where OSwas examinedwith a Cox
regressionmodel and relapse byFine-Gray regression analysis. Categorical data
were compared with Fisher’s exact test and quantitative data were compared
with the Mann-Whitney or the Kruskal-Wallis test. Hazard ratios (HR) are
reported with 95% confidence intervals (CI). All P values are 2-sided.

Results

Recipient HLA-C genotypes are associated with distinct

transplantation outcomes

We first classified patients according to the presence of genes encoding
recipient HLA-C ligands for donor inhibitory KIRs. Supplemental
Table1, available on theBloodWebsite, summarizes theHLA-Cgroup
1 (C1) and group 2 (C2)-related alleles. The 24 patientswhowereHLA-
C2 homozygous had a significantly higher risk of relapse and a worse
OS than the 31 patients withHLA-C1/C1 or the 55 patients withHLA-
C1/C2 genotypes (Table 1; Figure 1), regardless of whether the
underlying malignancy was of myeloid or lymphoid origin (supple-
mental Table 2). We validated these findings in an independent cohort
of 94 CBT patients (Table 2).

KIR2DL2/L3/S2-expressing NK cells emerge as the dominant

NK cell subset after CBT regardless of recipient

HLA-C genotype

To determine whether the effect of the HLA-C genotype on outcome is
related to biased expression of HLA-C-specific KIRs during NK cell
development, we differentiated NK cells from CB-derived CD341

hematopoietic progenitors (n 5 8) in vitro and determined the order
of KIR acquisition. HLA-C1-specific KIR2DL2/L3/S2-expressing
NK cells appeared significantly earlier and in greater numbers than
C2-specific KIR2DL1/S1-expressing cells, irrespective of theHLA-C or
the KIR genotype of the CB units used for NK cell differentiation
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Table 1. Patient characteristics and outcomes in the discovery (n 5 110) and validation (n 5 94) cohorts: discovery cohort

1-y overall survival 1-y relapse rate

n Probability (%) HR (95%CI) (risk of death) Cumulative incidence (%) HR (95%CI) (risk of relapse)

Age* P 5 .08 P 5 .74

#40 y 59 52.4 1 32.7 1

.40 y 51 35.6 1.57 (0.94-2.63) 36.0 1.12 (0.56-2.22)

Sex P 5 .23 P 5 .24

Male 48 40.6 1 40.5 1

Female 62 47.9 0.73 (0.44-1.22) 35.1 0.66 (0.23-1.61)

Diagnosis P 5 .75 P 5 .40

AML 44 41.5 1 41.0 1

Acute lymphoblastic leukemia 24 41.7 0.95 (0.49-1.84) 23.1 0.51 (0.18-1.38)

Myelodysplastic syndromes 19 40.6 1.00 (0.49-2.0) 47.6 1.06 (0.45-2.48)

Lymphoproliferative disorder†I 22 43.3 0.75 (0.28-1.51) 30.3 0.44 (0.13-1.50)

Chronic myeloid leukemia 1 100.0 — 0.0 —

Disease status at transplant P 5 .06 P 5 .006

Complete remission 67 52.9 1 23.2 1

Refractory/relapsed disease 43 31.9 1.63 (0.97-2.73) 51.3 2.55 (1.27-5.10)

Conditioning regimen P 5 .20 P 5 .55

Myeloablative 79 38.1 1 46.3 1

Nonmyeloablative 31 22.1 1.19 (0.67-2.09) 40.9 0.56 (0.23-1.36)

Graft P 5 .22 P 5 .20

Double cord 105 45.9 1 32.6 1

Single cord 5 20.0 1.36 (0.82-2.27) 0.60 1.51 (0.84-2.74)

CMV status‡ P 5 .84 P 5 .43

Seronegative 11 53.0 1 56.2 1

Seropositive 97 43.6 1.10 (0.44-2.75) 32.0 0.66 (0.23-1.89)

HLA match between recipient and dominant

CB unit§

P 5 .50 P 5 .34

7-8/8 16 61.4 1 25.1 1

5-6/8 46 47.1 1.41 (0.48-4.13) 30.1 1.33 (0.42-6.01)

#4/8 38 40.8 1.80 (0.61-5.27) 39.6 1.60 (0.61-4.81)

Total mononuclear cells infused|| P 5 .90 P 5 .99

#4.1 3 108/kg 56 46.1 1 34.2 1

.4.1 3 108/kg 54 42.6 1.035 (0.62-1.73) 33.5 0.99 (0.50-1.96)

Patient HLA C group P , .001 P , .001

C1/C1 31 59.9 1 27.3 1

C1/C2 55 48.7 1.35 (0.68-2.67) 24.9 0.92 (0.38-2.26)

C2/C2 24 15.0 4.33 (2.10-8.94) 67.8 4.05 (1.66-9.87)

Patient HLA C group P , .001 P , .001

C1/x 86 52.9 1 26.0 1

C2/C2 24 15.0 3.56 (2.05-6.18) 67.8 4.25 (2.09-8.63)

Patients receiving CB grafts with the combined

HLA-C1-KIR2DL2/L3/S2 genotype{
P 5 .002 P 5 .009

Yes 67 64.6 1 46.9 1

No 37 34.3 2.65 (1.39-5.03) 16.0 3.07 (1.26-7.47)

HLA-C1/x patients receiving CB grafts with the

combined HLA-C1-KIR2DL2/L3/S2 genotype{
P 5 .003 P 5 .002

Yes 31 74.2 1 6.7 1

No 49 41.3 3.31 (1.45-7.50) 40.1 6.98 (1.61-30.25)

Patients receiving CB grafts with the combined

HLA-C2-KIR2DL1/S1 genotype{
P 5 .17 P 5 .72

Yes 47 51.9 1 35.2 1

No 57 39.1 1.45 (0.85-2.49) 34.0 1.13 (0.56-2.27)

Number of CB units with haplotype B{ P 5 .45 P 5 .30

2 CB units 88 44.9 1 31.2 1

1 CB units 14 42.9 0.961 (0.45-2.03) 43.6 1.37 (0.18-10.15)

0 CB units 2 50.0 1.12 (0.09-16.27) 50.0 2.12 (0.91-4.93)

*The median age was 38 y (range, 2-73).

†Six patients had Hodgkin disease; 4 had chronic lymphocytic leukemia, and 12 had non-Hodgkin lymphoma.

‡Two patients had missing data.

§The identity of the dominant CB unit could not be ascertained in 14 cases.

||The median value for the total nucleated cells infused was 4.1 3 108/kg (range, 2.0 3 108/kg to 19.5 3 108/kg).

{Six patients had missing data.
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(supplemental Figure 2). Using 14-colormultiparameterflow cytometry,
we then studied KIR expression on single cells in peripheral blood
samples from 20 patients at 3 post-CBT intervals. As shown in
Figure 2A-B, KIR2DL2/L3/S2-expressing NK cells dominated the
NK cell repertoire, regardless of the recipient’s HLA-C group.
These findings support our in vitro model favoring the generation
of C1-specific NK cells early after CBT.

Combined HLA-C1-KIR2DL2/L3 and KIR2DS2 genotype in the

CB graft is associated with a lower risk of relapse and superior

OS in HLA-C1/x CBT recipients

LicensedNKcells are functionallymore responsive to their targets.11-13

We therefore hypothesized that protection from relapse in HLA-C1/x
(HLA-C1/C1 or HLA-C1/C2) recipients would be improved if the
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Figure 1. Effect of recipient HLA-C genotype on

clinical outcome after CBT in the 110 patients

in the discovery cohort. (A) One-year cumulative

incidence of relapse. (B) One-year probability of

OS.
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Table 2. Patient characteristics and outcomes in the discovery (n 5 110) and validation (n 5 94) cohorts: validation cohort

1-y overall survival 1-y relapse

n Probability (%) HR (95%CI) (risk of death) Cumulative incidence (%) HR (95%CI) (risk of relapse)

Age* P 5 .09 P 5 .35

#40 y 44 55.0 1 21.1 1

.40 y 50 31.1 1.27 (0.72-1.90) 25.5 1.02 (0.45-2.30)

Sex P 5 .61 P 5 .19

Male 54 40.0 1 19.5 1

Female 40 43.7 0.78 (.45-1.37) 27.3 1.67 (0.77-3.61)

Diagnosis P 5 .51 P 5 .23

AML 39 43.6 1 33.3 1

Acute lymphoblastic leukemia 25 40.0 0.96 (0.50-18.5) 40.1 1.27 (0.53-2.78)

Myelodysplastic syndromes 5 80.0 0.26 (0.21-1.81) 20.0 0.55 (0.07-4.20)

Lymphoproliferative disorder† 16 37.5 1.19 (0.57-2.53) 16.2 0.14 (0.2-1.18)

Chronic myeloid leukemia 9 56.6 0.62 (.21-1.81) 12.5 0.30 (0.04-2.32)

Disease status at transplant P 5 .04 P 5 .02

Complete remission 52 48.9 1 17.8 1

Refractory/relapsed disease 42 34.2 1.47 (1.09-2.56) 33.2 1.84 (1.13-4.22)

Conditioning regimen P 5 .87 P 5 .65

Myeloablative 73 40.9 1 25.1 1

Nonmyeloablative 21 47.4 1.09 (0.63-1.71) 17.6 0.85 (0.42-1.88)

Graft P 5 .73 P 5 .73

Double cord 88 40.5 1 31.9 1

Single cord 6 66.7 0.91 (0.50-1.68) 16.7 0.84 (0.23-1.86)

CMV status‡ P 5 .78 P 5 .44

Seronegative 16 42.9 1 43.2 1

Seropositive 76 42.3 0.99 (0.77-1.36) 29.1 0.65 (0.20-1.91)

HLA match between recipient and dominant

CB unit§

P 5 .11 P 5 .26

7-8/8 10 75.1 1 20.1 1

5-6/8 31 36.8 1.61 (0.96-4.71) 36.8 1.4 (0.84-2.33)

#4/8 43 38.2 1.79 (0.91-3.54) 18.6 0.99 (0.70-1.24)

Total mononuclear cells infused|| P 5 .91 P 5 .73

#3.8 3 108/kg 42.9 1 26.8 1

.3.8 3 108/kg 39.0 0.97 (0.55-1.70) 24.4 0.862 (0.37-2.03)

Patient HLA C group{,# P 5 .002 P , .001

C1/C1 38 50.0 1 22.2 1

C1/C2 40 52.0 0.91 (0.47-1.76) 18.1 0.83 (0.30-2.34)

C2/C2 16 12.5 2.73 (1.30-5.75) 68.7 5.34 (1.96-14.50)

Patient HLA C group P , .001 P , .001

C1/x 78 51.3 1 19.5 1

C2/C2 16 12.5 2.90 (1.56-5.38) 68.7 5.98 (2.73-13.10)

Patients receiving CB grafts with the combined

HLA-C1-KIR2DL2/L3/S2 genotype

P 5 .07 P 5 .05

Yes 37 56.8 1 16.2 1

No 57 36.8 1.70 (0.94-3.07) 35.7 2.38 (0.96-5.94)

HLA-C1/x patients receiving CB grafts with the

combined HLA-C1-KIR2DL2/L3/S2 genotype

P 5 .02 P 5 .01

Yes 31 67.7 1 6.5 1

No 47 40.4 2.33 (1.13-4.81) 28.3 5.02 (1.13-22.26)

HLA match between recipient and dominant

CB unit§

P 5 .11 P 5 .26

7-8/8 10 75.1 1 20.1 1

5-6/8 31 36.8 1.61 (0.96-4.71) 36.8 1.4 (0.84-2.33)

#4/8 43 38.2 1.79 (0.91-3.54) 18.6 0.99 (0.70-1.24)

Patients received CB grafts with the combined

HLA-C2-KIR2DL1/S1 genotype

P 5 .54 P 5 .20

Yes 35 46.6 1 23.1 1

No 59 41.7 1.19 (0.68-2.07) 34.1 1.31 (0.76-2.01)

*Median age was 41.0 y (range, 1-73).

†Five patients had chronic lymphocytic leukemia; 5 patients had Hodgkin disease, and 6 patients had non-Hodgkin lymphoma.

‡Two patients had missing data.

§The identity of the dominant CB unit could not be ascertained in 10 cases.

||The median value for the total of nucleated cells infused was 3.8 3 108/kg (range, 1.5 3 108/kg to 34.2 3 108/kg).

{The P values for the comparisons of outcomes in C1/C1 vs C2/C2 patients were P 5 .007 for OS and P , .001 for cumulative incidence of progression.

#The P values for the comparisons of outcomes in C1/C2 vs C2/C2 patients were P 5 .001 for OS and P , .001 for cumulative incidence of progression.
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donor NK cells are predicted to be licensed for KIR2DL2 or KIR2DL3
(ie,HLA-C1positive) and the activatingKIR2DS2 is present (combined
genotype KIR2DL2 or KIR2DL3 positive [or both] and KIR2DS2
positive, referred to asKIR2DL2/L3/S2 for the remainder of the paper).
To test thishypothesis,we analyzed theoutcomeofCBT in the80HLA-
C1/x patients in the discovery cohort. The 34 patients who received
units with the genotype HLA-C1-KIR2DL2/L3 but lacking KIR2DS2
and the 15 patients who receivedHLA-C1-negative (unlicensed) grafts
had a significantly higher relapse rate and a worse OS than the 31
patients receiving at least one CB unit with the combined donor
genotype of HLA-C1-KIR2DL2/L3/S2. The HR for relapse were
HR5 7.04 (CI, 1.57-31.47;P5 .002) andHR5 6.87 (CI, 1.33-35.37;
P5 .01), respectively. TheHR for OSwereHR5 3.46 (CI, 1.46-8.20;
P 5 .005) and HR 5 3.00 (CI, 1.109-8.431; P 5 .03), respectively.
Figure 3 shows the plots for the 1-year cumulative incidence of relapse
and probability of OS. TRM rates among the 3 groups were similar
(data not shown). Because patients who receivedKIR2DS2-negative or
unlicensed grafts had a similar outcome, we combined them into a
single cohort for the remainder of the analysis. These 49 patients had
a higher risk of relapse (HR 5 6.98; CI, 1.61-30.25; P5 .002) and a

worseOS(HR53.31;CI, 1.45-7.50;P5 .003) than the31whoreceived
HLA-C1-KIR2DL2/L3/S2 grafts (Table 1). Therewas no impact of either
donor HLA-C or KIR2DL2/L3/S2 alone, or indeed other hapolotype
B–defining genes on outcomes after CBT (supplemental Table 3).

These findings were confirmed in the 78HLA-C1/xCBT recipients
of the validation cohort. The 47 patients who received KIR2DS2-
negative or unlicensed grafts had a higher risk of relapse (HR5 5.02;
CI, 1.13-22.26; P5 .01) and a worse OS (HR5 2.33; CI, 1.13-4.81;
P5 .02) than the 31 who received an HLA-C1-KIR2DL2/L3/S2 graft
(Table 2).

Combined donor HLA-C2-KIR2DL1 and KIR2DS1 genotype may

improve outcome in HLA-C2 homozygous CBT recipients

Based on the above results, we reasoned that HLA-C2 homozygous
patientswould have a better outcome if they receive aCBunit predicted
to be licensed for KIR2DL1 (HLA-C2/x) and positive for KIR2DS1.
Because of the relatively small number of HLA-C2 homozygous
patients inour series,we combined the discovery andvalidation cohorts
to address this question.
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The 21 of the 40HLA-C2 homozygous patientswho received grafts
that were either HLA-C2-negative or KIR2DS1-negative had a sig-
nificantly higher relapse rate (HR 5 4.21; CI, 1.67-10.61; P 5 .002)
andworseOS (HR5 2.48; CI, 1.18-5.25;P5 .01) than the 19 patients

who received at least one CB unit possessing the combined genotype
of HLA-C2-KIR2DL1 and KIR2DS1. Figure 4A-B shows the curves
for the 1-year cumulative incidence of relapse and probability of
OS. We could not identify any protective effect of the donor
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Figure 3. One-year cumulative incidence of relapse and probability of OS in the 80 HLA-C1/x patients grouped according to the KIR-HLA genotype of the donor

CB graft. The 31 HLA-C1/x patients receiving at least one CB unit with the HLA-C1-KIR2DL2/L3/S2 (red line) have a significantly lower incidence of relapse (A) and better OS

(B) compared with the 15 patients receiving CB grafts that were predicted to be unlicensed (HLA-C1-negative, blue line) and to the 34 patients receiving KIR2DS2-negative

grafts (green line). Tick marks on the lines indicate censored patients.
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HLA-C1-KIR2DL2/L3/S2 genotype on outcome in HLA-C2 ho-
mozygous recipients (supplemental Figure 1).

The combined HLA-KIR genotype of the dominant CB graft

determines outcome after double CBT

In double cord HSCT, one CB unit becomes dominant as the main
source of hematopoiesis.22 We therefore performed a 6-month
landmark analysis to examine the influence of the dominant CB unit’s
KIR-HLA genotype on outcome. The 25 HLA-C1/x patients, in whom
the dominant unit was negative for HLA-C1/x or KIR2DS2, had a sig-
nificantly greater risk of relapse (HR5 5.05; CI, 1.15-30.99; P5 .03)

and a trend towardworseOS (HR5 2.50;CI, 0.89-36.51;P5 .08) than
the23HLA-C1/xpatients inwhomthedominantunitwaspositive for the
combined genotype of HLA-C1-KIR2DL2/L3/S2. By 6 months, the
majority ofHLA-C2 homozygous patients had relapsed, preventing any
further analysis of this subset.

Combined HLA-C1-KIR2DL2/L3/S2 genotype in the CB graft,

recipient HLA-C2 homozygosity, and disease status at

transplant are major factors associated with outcome

To identify key contributors to outcome, we performed a multivariate
analysis that included the variables emerging from the univariate
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Figure 4. HLA-C2 homozygous patients re-

ceiving a CB graft with the combined HLA-C2-

KIR2DL1/S1 genotype have a lower 1-year

cumulative incidence of relapse and better

probability of OS. We combined HLA-C2 homo-

zygous patients in the discovery and validation

cohorts (n 5 40) for this analysis. The 19 HLA-C1/x

patients receiving at least one CB unit with the

combined HLA-C2-KIR2DL1/S1 genotype (green

line) have a significantly lower incidence of relapse

(A) and a better OS (B) compared with the 21

patients receiving CB grafts that were either

KIR2DS1-negative or predicted to be unlicensed
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Figure 5. Prognostic impact of key HLA and KIR genotypes emerging frommultivariate analysis. Adjusted (A-B and C-D) and unadjusted (E-F and G-H) 1-year probabilities

of relapse and OS in the discovery vs validation cohorts according to HLA and KIR genotype. Patients in each cohort were classified into 3 categories: HLA-C1/x receiving an HLA-

C1-KIR2DL2/L3/S2 graft (red line), HLA-C1/x receiving an HLA-C1-KIR2DL2/L3/S2 graft (green line), and HLA-C2 homozygous patients (purple line).
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Figure 5. (Continued).
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analysis (Table 1), as described in “Methods.” Active disease at
transplantation, recipient HLA-C2 homozygosity, and not re-
ceiving a graft with an HLA-C1-KIR2DL2/L3/S2 genotype
were the only independent predictors of relapse andOS.The influ-
ence ofHLA-C1-KIR2DL2/L3/S2was only observed inHLA-C1/
x patients. Briefly, receiving a graft lacking the HLA-C1-
KIR2DL2/L3/S2 genotype had a significant impact on relapse
(HR 5 6.27; CI, 1.44-17.29; P5 .01) and OS (HR5 3.06; 95%
CI 1.32-7.09; P 5 .009) in HLA-C1/x patients but did not
influence relapse (HR50.87;CI, 0.41-1.84;P5 .72) orOS(HR50.66;
CI, 0.17-3.11; P 5 .84) in HLA-C2 homozygous patients (supple-
mental Figure 1).

As the influence of HLA-C1-KIR2DL2/L3/S2 on both outcomes
was only observed in HLA-C1/x individuals, patients were classified
into3 categories thatwere associatedwithdistinct outcomes:HLA-C1/x
patients who received an HLA-C1-KIR2DL2/L3/S2 graft, HLA-C1/x
patients who did not receive an HLA-C1-KIR2DL2/L3/S2 graft, and
HLA-C2 homozygous patients. The adjusted HR for relapse for the 49
HLA-C1/x patients who did not receive an HLA-C1-KIR2DL2/L3/S2
graft and the 24 HLA-C2 homozygous patients compared with the 31
HLA-C1/x patients who received an HLA-C1-KIR2DL2/L3/S2 graft
were6.18 (CI, 1.42-21.85;P5 .01) and16.55 (CI, 3.69-74.21;P, .001),
respectively. Similarly, the adjusted HR for OSwere 2.85 (CI, 1.22-6.63;
P5 .01) and 8.21 (CI, 3.44-19.60; P, .001), respectively. The adjusted
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Figure 6. NK response post CBT. Recovering NK cells

from CB units with a combined HLA-C1-KIR2DL2/L3/2DS2
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HRs for relapse and OS of the 24 HLA-C2 homozygous patients
comparedwith the49HLA-C1/xpatientswhodidnot receiveanHLA-C1-
KIR2DL2/L3/S2 graft were 2.68 (CI, 1.28-5.59; P5 .009) and 2.88 (CI,
1.57-5.30; P 5 .001), respectively. Patients with relapsed/refractory
disease at CBT had a higher risk of relapse and aworseOS: adjusted
HR 2.34 (CI, 1.14-4.75; P5 .02) and adjusted HR 1.60 (1.09-2.79;
P5 .04), respectively. These relationships are shown graphically in
Figure 5A,C,E,G together with side-by-side confirmation from
analysis of the validation cohort (Figure 5B,D,F,H).

The clinical characteristics of patients were similar whether
stratified by their HLA-C group (supplemental Table 4) or their CB
graft HLA-KIR genotype (supplemental Table 5).

KIR2DL2/L3/S2-expressing NK cells reconstituting from CB

units with the combined HLA-C1-KIR2L2/L3/S2 genotype

possess enhanced effector function in HLA-C1/x recipients

We hypothesized that NK cells from anHLA-C1-KIR2DL2/L3/S2 CB
unit are more effective in preventing relapse in HLA-C1/x recipients
because they have enhanced effector function. This idea was tested by
analyzingNK effector function in 27 samples fromHLA-C1/x patients
in the first 100 days post-CBT. The median frequency of CD1071
KIR2DL2/L3/S21NKcells in the 9 samples fromHLA-C1-KIR2DL2/
L3/S2 CB recipients was 20.6% (range 16% to 25%) compared with
16.2% (range 13% to 17%;P5 .041) in the 15 samples from recipients
ofHLA-C1-KIR2DL2/L3-positive butKIR2DS2-negative grafts, and to
12.2% (11.5% to 14.2%; P5 .018) for the 3 samples from recipients
of unlicensed (HLA-C1-negative) units. Similar results were obtained
when we examined the interferon-g response in the 3 groups: 30.8%
(range 28.8% to 33.0%) compared with 26.3% (range, 25.4% to 27.6%;
P 5 .029) and 14.4% (range, 9.7% to 20.5%; P 5 .036) respectively
(Figure 6; supplemental Figure 3).

Discussion

At the start of this study, the impact of KIR-HLA genetics on the
outcomeof CBTwas unclear.Whereas, in a large retrospective registry
study, CBT from KIR ligand-incompatible donors for acute leukemia
patients in complete remission was associated with decreased relapse
and improved survival rates,23 in another study, KIR-ligand mismatch
was associated with the development of severe acute graft-versus-host
disease and the risk of death after double CBTwith a reduced-intensity
conditioning regimen.24 A limitation of these studies is that they only
take into account KIR-ligand mismatch, without consideration for the
role of activatingKIRs orNK licensing.Moreover, they are exclusively
based on genetic studies and lack functional correlates and a plausible
mechanistic basis for theobserved effects ofKIRgenotypeonoutcome.
Our study is thefirst to assess the impact ofNK licensing and activating
KIRs in combination with functional measures of NK reconstitution
after CBT, using an independent cohort to validate results. We report
that patients with an HLA-C1/C1 or HLA-C1/C2 genotype have a
significantly lower relapse rate and higher OS when they receive CB
grafts with an HLA-C1/KIR2DL2/L3/S2 genotype. This protective
effectwas lost if theCBgraftswereHLA-C1-KIR2DL2/L3-positive but
lacked the activating KIR2DS2, or if they were unlicensed (HLA-C1-
negative). All these results were validated in an independent cohort of
patients. Conversely, patients homozygous forHLA-C2 had a superior
outcomewhen transplantedwith anHLA-C2/KIR2DL1/S1-positiveCB
graft. Of note, there was no impact of KIR-HLA genotype on TRM or
the risk of acute or chronic graft-versus-host disease (data not shown).

The notion that the presence of single or multiple activating KIR
genes, such as KIR2DS1 or donor haplotype B, is associated with
protection against leukemic relapse after HSCT is not new.15,16,25,26 In
our study, we did not observe an impact of haplotype B on outcome in
either the discovery or the validation cohorts (Tables 1 and 2;
supplemental Table 3). On the other hand, KIR2DS2 and KIR2DS1
positivity in the CB graft was associated with a lower relapse rate in
specific cohorts of patients. The protective effect of KIR2DS2 was
limited to patientswith theHLA-C1/xgenotype,whereas that ofKIR2DS1
was limited toHLA-C2homozygous patients. Notably, this protection
was seen only in the presence of NK licensing, consistent with studies
inbothhumans andmurinemodels showing that unlicensedNKcells are
hyporesponsive to activating stimuli, and that this hyporesponsiveness
can only be partially reversed by the expression of an activating
receptor.11,27 Indeed, we show that inHLA-C1/x recipients, the effector
function of donor NK cells fromHLA-C1-KIR2DL2/L3/S2-positive CB
grafts is superior to that ofNKcells thatwere eitherunlicensed (HLA-C1/
x negative) or lacked KIR2DS2 (Figure 6; supplemental Figure 3).
Finally, we did not observe any beneficial effect of KIR-ligand
mismatch (data not shown), as reported in early studies post-HSCT.1,28

These observations emphasize the importance of the combination
of NK licensing and activating KIRs, as opposed to only KIR-ligand
mismatch or the presence of an activatingKIRper se, to alloreactivity in
the post-CBT setting. Moreover, HLA class I molecules may be
downregulated on leukemic cells, creating a situation of de facto KIR-
ligand mismatch, irrespective of whether such a mismatch exists at the
genotype level. In the absence of a KIR-ligand mismatch, NK cells
are capable of killing leukemic blasts with low expression of HLA
class I molecules more efficiently than cells with high HLA class I
expression.29,30 Indeed, our analysis of HLA class I expression on
primary blasts from patients with acute lymphoblastic leukemia31 or
AML (supplemental Figure 4) showed significantly lower expression
on leukemic blasts compared with cells from healthy donors. Thus,
we propose that in a setting where cancer cells downregulate HLA
class I molecules, the licensing status of NK cells and coexpression of
activating KIRs will be the major determinants of alloreactivity. This
novel observation confirmsexperimentalwork in amurinemodel27 that
the recognition of self-MHC class I and licensing leads to enhanced
function of NK cell activation receptors.

Our data also support the hypothesis that NK licensing is
determined by the HLA group of the donor rather than the recipient.
We found that inHLA-C1/xpatients,NKcells reconstituted fromHLA-
C1-negative (unlicensed) CB units had significantly inferior effector
function in vitro comparedwith those regenerated from licensed (HLA-
C1/x) grafts.Moreover,HLA-C1/xpatients receivingHLA-C1-negative
CBunits faredworseafterCBT.Thedominant roleof donorMHCclass
I molecules in the licensing of NK cells is supported by studies in
murine models32 and functional studies in HSC recipients.33

In this study, HLA-C2 homozygous patients had a significantly
higher relapse rate after CBT than did HLA-C1/x-positive patients, as
reported for patients receiving stem cell transplants other than CB.17,34

However, the effect of HLA-C2 homozygosity on outcome after CBT
appeared to be muchmore dramatic than previously reported, showing
independent prognostic significance in amultivariate analysis, andwas
observed to the same extent in patients with lymphoid or myeloid
malignancies. Our data further support a role for NK cells in protection
against relapse following HSCT in lymphoid malignancies, as also
reported by others.24,35 CB differs from peripheral blood in ways
that could influence the quality of NK cell reconstitution following
transplantation (eg, less mature NK functional phenotypes, infusion
of fewer mature NK cells, and a smaller hematopoietic progenitor
cell dose). Thus, to explore the underlying mechanism for the poor
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prognostic impact of HLA-C2 homozygosity, we investigated the
sequential acquisition of KIRs on NK cells, both in vitro and in vivo,
and found earlier recovery and higher frequencies of HLA-C1-specific
KIR2DL2/L3/S2-expressing NK cells compared with HLA-C2-
specific KIR2DL1/S1-positive cells. Thus, we attribute the worse
outcome of HLA-C2 homozygous patients to the delayed recovery of
KIR2DL1-expressing NK cells.

CBT, unlike other approaches toHSCT, allows a choice ofmultiple
donors for transplantation. Historically, these units have been selected
on the basis of 4/6 HLA match and cell dose.18,19,36,37 Inexpensive
methods for KIR genotyping are available at many centers and can be
easily applied concomitantly to HLA genotyping, without a delay in
CB selection. We therefore propose that KIR genotyping should be
combined with HLA-matching in the selection of the most appropriate
CB units for use in transplantation. HLA-C1/x patients should benefit
from units positive for the HLA-C1-KIR2DL2/L3/S2 genotype (while
those homozygous for HLA-C2 may benefit from an HLA-C2-
KIR2DL1/S1-positive CB graft). Important biological differences exist
between CBT and other types of HSCT. CB contains unique popula-
tions of NK cell progenitors that are either absent or present in minute
numbers in peripheral blood.38-40 Furthermore, in CBT, significantly
fewer progenitor cells and T cells (most of which are naı̈ve) are infused.
Thus, it is not clear whether our findings can be applied to other
transplant modalities.

Our data also support a role for NK cell immunotherapy after
transplantation. We recently reported the feasibility of expanding
clinically relevant doses of NK cells from CB units using a GMP-
compliant procedure.41Wenowpropose that the infusionofmatureNK
cells expanded from HLA-C2-KIR2DL1/S1-positive CB units imme-
diately after CBT may overcome the delayed recovery of HLA-C2-
specific KIR2DL1/S1-expressing NK cells, thus preventing disease
relapse in HLA-C2 homozygous patients. A clinical trial investigating

the 2 strategies, CB selection based on HLA-KIR typing and adoptive
therapy with CB-derived NK cells, is underway at this center.
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