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Key Points

•HLA-A*24 and HLA-
A*32 inhibit KIR3DL11

NK cells and contribute
to NK education.

• The combination of do-
nor KIR3DL1 and HLA-
A*24 is associated with
higher risk of AML re-
lapse following
allogeneic HCT.

HLA-B allotypes exhibiting the Bw4 epitope trigger variable inhibitory signaling of KIR3DL1

receptor types, where strong inhibitory HLA-B and KIR3DL1 allele combinations are

associated with increased risk for relapse of acute myelogenous leukemia (AML) following

allogeneic hematopoietic cell transplantation (HCT). Several HLA-A allotypes also exhibit the

Bw4 epitope. Studies with natural killer (NK) cell clones have demonstrated NK inhibition

via KIR3DL1 by HLA-A Bw41 allotypes, but did not delineate strengths of inhibition or

hierarchies of NK education. Using primary NK cells from healthy donors, we

demonstrate that HLA-A*23, HLA-A*24, and HLA-A*32 proteins are expressed at different

densities and exhibit different capacities to educate and inhibit KIR3DL1-expressing NK

cells in vitro. Among the HLA-A Bw41 allotypes, HLA-A*24 and HLA-A*32 demonstrate the

strongest inhibitory capacity. To determine if HLA-A allotypes with strong inhibitory

capacity have similar negative impact in allogeneic HCT as HLA-B Bw41 allotypes, we

performed a retrospective analysis of 1729 patients with AML who received an allogeneic

HCT from a 9/10 or 10/10 HLA allele-matched unrelated donor. Examination of the donor-

recipient pairs whose Bw4 epitope was exclusively contributed from HLA-A*24 and A*32

allotypes revealed that patients with HLA-A*24 who received an allograft from

a KIR3DL11 donor experienced a higher risk of disease relapse (hazard ratio, 1.65; 95%

confidence interval, 1.17-2.32; P 5 .004) when compared with patients without a Bw4

epitope. These findings indicate that despite weak affinity interactions with KIR3DL1,

common HLA-A allotypes with the Bw4 epitope can interact with KIR3DL11 donor NK

cells with clinically meaningful impact and provide additional insight to donor NK

alloreactivity in HLA-matched HCT.

Introduction

Natural killer (NK) cells eliminate virally infected and transformed cells through the engagement of
activating receptors in the absence of inhibitory ligands. Inhibitory NK cell receptors are central to self-
tolerance via their engagement with class I HLA on target cells. These same receptors and their HLA
class I ligands are essential to the acquisition of functional competence in a process referred to as NK
cell education. Chief among the inhibitory receptors are the killer immunoglobulin-like receptors (KIR),
which are encoded by the highly polymorphic KIR gene family.1 NK cells that express inhibitory KIR for
self-HLA are educated and more responsive than their uneducated counterparts,2,3 but are also more
sensitive to inhibition.

Submitted 16 April 2020; accepted 3 September 2020; published online 13 October
2020. DOI 10.1182/bloodadvances.2020002086.

Send data sharing requests via e-mail to the corresponding author, Katharine C. Hsu, at
hsuk@mskcc.org.

The full-text version of this article contains a data supplement.
© 2020 by The American Society of Hematology

13 OCTOBER 2020 x VOLUME 4, NUMBER 19 4955

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/4/19/4955/1761611/advancesadv2020002086.pdf by guest on 20 M

ay 2024

mailto:hsuk@mskcc.org
https://crossmark.crossref.org/dialog/?doi=10.1182/bloodadvances.2020002086&domain=pdf&date_stamp=2020-10-13


Acute myelogenous leukemia (AML) is sensitive to NK cell killing,4,5

suggesting that NK alloreactivity plays an important role in defining
the graft-versus-leukemia effect after allogeneic hematopoietic cell
transplantation (HCT). Selection of allogeneic stem cell donors with
favorable NK immunogenetic conditions may skew NK cell activity
in vivo toward tumor lysis, improving outcomes in AML patients
undergoing HCT. Early studies highlighted that donor inhibitory KIR
and recipient HLA class I mismatch minimizes NK cell inhibition,
resulting in greater NK cell reactivity and lower AML relapse.6-9

Among the assortment of KIR receptors and their ligands, the
inhibitory KIR3DL1 receptor and HLA-B ligands bearing the Bw4
epitope are strongly associated with outcomes in viral infection and
malignancy, including allogeneic HCT for AML.7,10-12 The highly
polymorphicKIR3DL1 alleles encode receptor variants with different
cell surface densities ranging from high (KIR3DL1*001, *002, *015)
to low (KIR3DL1*005 and *007), with still one other common variant
retained in the cell (KIR3DL1*004).13,14 KIR3DL1 is known to bind
the Bw4 epitope at amino acids 77 to 83 on the a1-helix of the HLA
molecule, where the amino acid at position 80 critically determines
binding to KIR3DL1.15-18 Allotypes with the Bw4 epitope have either
an isoleucine (I80) or threonine (T80) at this position, whereas
allotypes with the Bw6 epitope exhibit an asparagine residue at
position 80, precluding KIR3DL1 binding.18,19 Specific combinations
of KIR3DL1 expression subtype and the HLA-B Bw4 dimorphism
(I80/T80) display an array of binding strength, leading to strong or
weak NK cell inhibition and education.11,16,17 In AML patients
undergoing allogenic HCT from a 9/10 or 10/10 HLA-matched
donor, donor-recipient KIR3DL1/HLA-B Bw4 subtype combinations
with weak interaction are associated with significantly lower relapse
and higher survival when compared with donor-recipient pairs with
strong inhibition KIR3DL1/HLA-B Bw4 combinations.11

Not sufficiently considered in these genetic association studies are
the HLA-A allotypes that exhibit the Bw4 epitope, specifically the
HLA-A*23, HLA-A*24, HLA-A*25, and HLA-A*32 molecules, which
express the Bw4-I80 subtype and bind KIR3DL1 with highly variable
specificities.16-18,20-23 Prior binding studies of Bw41 HLA-A proteins
used Fc recombinant proteins, tetramers, and NK cell clones to
demonstrate the ability of HLA-A Bw41 molecules to inhibit NK cells
without clear implication for function in vivo.16-18,20-23 Here, we
sought to determine the inhibitory and educating capacities of the
HLA-A Bw41 allotypes, using primary KIR3DL11 NK cells from
healthy human donors. Similar to findings with NK clones, primary
KIR3DL11 NK cells are inhibited and educated by HLA-A*24 and
HLA-A*32. The relatively high population frequency of HLA-A*24
permitted examination of its relevance to transplant outcome in AML
patients receiving allogeneic HCT from HLA-compatible donors.
We find that similar to high inhibitory KIR3DL1/HLA-B pairs, the
combination of donor KIR3DL1 and HLA-A*24 is associated with
increased relapse in AML patients undergoing HCT. Together, these
findings indicate that HLA-A alleles, in particular HLA-A*24, should
be considered when using immunogenetics to predict NK cell
alloreactivity in donor selection for allogeneic HCT.

Methods

Clinical samples and healthy donor peripheral blood

mononuclear cells

We studied 1729 patients with AML who underwent allogeneic HCT
and received an allograft from a 9/10 or 10/10 HLA allele-matched

unrelated donor. All 9/10 matched donor/recipient pairs were
matched for HLA-A-Bw41 ligand. Only donor-patient pairs for
whom HLA typing and donor DNA were available were selected for
analysis. The Center for International Blood and Marrow Transplant
Research provided clinical data, HLA genotyping, and genomic
DNA for KIR genotyping. Studies were executed in compliance with
federal regulations pertaining to the protection of human research
participants and were approved by the Center for International
Blood and Marrow Transplant Research Institutional Review Board.

Following approval from the Memorial Sloan Kettering Cancer
Center (MSKCC) Institutional Review Board, peripheral blood
mononuclear cells (PBMCs) from anonymous healthy donors
were isolated from buffy coats obtained from the New York Blood
Center (New York, NY) using Ficoll centrifugation. Fetal bovine
serum with 10% dimethyl sulfoxide was used to cryopreserve
isolated PBMCs. Informed consent for research was obtained
from all individuals.

KIR gene typing, KIR3DL1 allele typing, and HLA class

I genotyping

KIR gene typing and KIR3DL1 subtyping for patients and healthy
donors were performed as previously described.17,24-27 KIR3DL1-
high, KIR3DL1low, KIR3DS1, or KIR3DL1null (KIR3DL1*004)
subtypes were used to classify the KIR3DL1 alleles, as described
in previous studies.11,17 HLA-A, HLA-B, and HLA-C allele
typing for healthy donors was completed by Histogenetics
(Ossining, NY) and alleles encoding HLA-Bw4-I80, HLA-Bw4-T80,
and HLA-Bw6 subtypes were assigned using the IPD-HLA database,
version 3.34.0.

Assessment of NK cell activation by flow cytometry

CD107a mobilization and interferon-g (IFN-g) production were
measured to determine NK cell activation. Frozen PBMCs were
thawed and rested overnight in RPMI-1640 medium supplemented
with 10% heat-inactivated fetal bovine serum, 100 U/mL penicillin,
100 mg/mL streptomycin, and 200 U/mL IL-2 (Proleukin, Prome-
theus Laboratories), and incubated at 37°C with 5% CO2. In
V-bottom 96-well plates, PBMCs (2.5 3 105 cells per well) were
incubated with target cells at a 1:5 ratio in the presence of anti-
CD107a antibody (BD Biosciences, San Jose, CA). As target cells,
Epstein-Barr virus-transformed B-lymphocyte cell lines (BLCLs;
kindly provided and generated by Richard O’ Reilly of MSKCC or
derived from Centre d’Etude Polymorphisme Humaine [http://www.
cephb.fr/en/familles_CEPH.php]) (Table 1) and K562 cells (ATCC,
Manassas, VA) were used and cultured in RPMI complete media. To
measure IFN-g production, BD GolgiStop (BD Biosciences) was
added to the cells at a 1:1500 dilution after 1 hour of coculture.

Table 1. BLCL HLA class I genotype

BLCL name HLA-A HLA-B HLA-C

B*38/B*52(I80) A*11:01/A*26:01 B*38:01/B*52:01 C*12:02/C*12:03

Bw6 A*02:01/A*11:01 B*08:01/B*55:01 C*07:01/C*03:03

A*24 A*24:02/A*24:02 B*40:06/B*40:06 C*12:02/C*15:07

A*32 A*32:01/A*01:01 B*35:03/B*40:02 C*04:01/C*15:02

HLA alleles with a Bw4 epitope are indicated in bold. HLA-B*38 and HLA-B*52 have an
isoleucine at amino acid position 80.
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Table 2. Patient and donor characteristics

Overall Bw6/Bw6/non-A*32/*24 Bw6/Bw6/A*32 donor KIR3DL1pos

Bw6/Bw6/A*24

donor

KIR3DL1
pos Bw6/Bw6/A*24 donor KIR3DL1neg

N 604 451 25 110 18

GVHD prophylaxis, n (%)

CsA-based 215 (35.6) 162 (35.9) 11 (44.0) 38 (34.5) 4 (22.2)

Other 55 (9.1) 43 (9.5) 1 (4.0) 10 (9.1) 1 (5.6)

Tac-based 334 (55.3) 246 (54.5) 13 (52.0) 62 (56.4) 13 (72.2)

TBI-based conditioning, n (%)

Unknown 2 (0.3) 2 (0.4) 0 (0.0) 0 (0.0) 0 (0.0)

No 309 (51.2) 234 (51.9) 15 (60.0) 49 (44.5) 11 (61.1)

Yes 293 (48.5) 215 (47.7) 10 (40.0) 61 (55.5) 7 (38.9)

Recipient age, mean (SD), y 40.82 (17.69) 40.68 (17.78) 43.09 (18.58) 40.75 (17.74) 41.66 (14.79)

Donor age, mean (SD), y 32.68 (13.24) 32.40 (12.84) 37.11 (12.74) 33.00 (14.56) 31.35 (15.19)

Recipient CMV serostatus, n (%)

Unknown 8 (1.3) 5 (1.1) 0 (0.0) 3 (2.7) 0 (0.0)

Negative 223 (36.9) 174 (38.6) 7 (28.0) 34 (30.9) 8 (44.4)

Positive 373 (61.8) 272 (60.3) 18 (72.0) 73 (66.4) 10 (55.6)

Donor CMV serostatus (%)

Unknown 45 (7.5) 31 (6.9) 2 (8.0) 12 (10.9) 0 (0.0)

Negative 399 (66.1) 303 (67.2) 18 (72.0) 66 (60.0) 12 (66.7)

Positive 160 (26.5) 117 (25.9) 5 (20.0) 32 (29.1) 6 (33.3)

Graft source, n (%)

BM 287 (47.5) 211 (46.8) 10 (40.0) 57 (51.8) 9 (50.0)

PBSC 309 (51.2) 235 (52.1) 14 (56.0) 51 (46.4) 9 (50.0)

BM, PBSC 8 (1.3) 5 (1.1) 1 (4.0) 2 (1.8) 0 (0.0)

Conditioning intensity, n (%)

Unknown 23 (3.8) 19 (4.2) 1 (4.0) 3 (2.7) 0 (0.0)

Nonmyeloablative 19 (3.3) 15 (3.5) 1 (4.2) 3 (2.8) 0 (0.0)

Reduced intensity 70 (12.0) 52 (12.0) 3 (12.5) 12 (11.2) 3 (16.7)

Myeloablative 492 (84.5) 365 (84.3) 20 (83.3) 92 (86.0) 15 (83.3)

T-cell depletion, n (%)

Yes 198 (33.1) 155 (34.6) 7 (29.2) 30 (27.5) 6 (33.3)

No 401 (66.4) 293 (65.0) 17 (68.0) 79 (71.8) 12 (66.7)

Unknown 5 (0.8) 3 (0.6) 1 (4.0) 1 (0.9) 0 (0.0)

HLA match, n (%)

HLA 10/10 matched 384 (63.6) 293 (65.0) 15 (60.0) 62 (56.4) 14 (77.8)

HLA 9/10 matched 220 (36.4) 158 (35.0) 10 (40.0) 48 (43.6) 4 (22.2)

Year of transplant, n (%)

2005-2014 363 (60.1) 274 (60.8) 13 (52.0) 63 (57.3) 13 (72.2)

1989-2005 241 (39.9) 180 (39.2) 12 (48.0) 47 (42.7) 5 (27.8)

Disease status at HCT, n (%)

First complete remission 247 (40.9) 179 (39.7) 10 (40.0) 49 (44.5) 9 (50.0)

Second or later complete remission 156 (25.8) 118 (26.2) 5 (20.0) 25 (22.7) 8 (44.4)

No remission 160 (26.5) 122 (27.1) 8 (32.0) 29 (26.4) 1 (5.6)

Other/unknown 41 (6.8) 32 (7.1) 2 (8.0) 7 (6.4) 0 (0.0)

KIR2DS1 HLA-C1/C2 donor, n (%)

KIR2DS1neg/C1/x 395 (65.4) 300 (66.5) 21 (84.0) 73 (66.4) 1 (5.6)

KIR2DS1pos/C1/x 185 (30.6) 135 (29.9) 4 (16.0) 29 (26.4) 17 (94.4)

C2/C2 24 (4.0) 16 (3.6) 0 (0.0) 8 (7.2) 0 (0.0)

BM, bone marrow; CMV, cytomegalovirus; CsA, cyclosporine A; PBSC, peripheral blood stem cell; SD, standard deviation; Tac, tacrolimus; TBI, total body irradiation.
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For inhibition experiments, PBMCs were cultured with or without
10 mg/mL anti-KIR3DL1 (DX9 clone) antibody for 15 minutes at
room temperature and NK cells were activated for antibody-
dependent cellular cytotoxicity (ADCC) by the addition of 0.1 mg/mL
rituximab before coculture with BLCL target cells. After 5 hours of
coculture with the target, cells were stained using the antibodies
shown in supplemental Table 1. In all experiments, NK cells
exclusively expressing KIR3DL1 were analyzed, excluding cells
coexpressing other inhibitory receptors that could contribute to NK
education (KIR2DL1, KIR2DL2, KIR2DL3, and NKG2A) and cells
coexpressing activating receptors that could enhance NK effector
function (KIR2DS1, KIR2DS2, and NKG2C). Inhibition of NK cells via
KIR3DL1 by HLA-A Bw41 allotypes was calculated as the percent
decrease of activation in culture with the target cells compared with
culture with the same cells in the presence of the KIR3DL1-blocking
clone DX9. Baseline activation, assessed as the frequency of NK
cells expressing CD107a, and percent decrease upon inhibition
were calculated for each donor-target pair, normalizing for donor
variation: 100 3 [1 2 (NK 1 Target)/(NK 1 Target 1 DX9)].

HLA-A Bw41 allotype surface staining

PBMCs of healthy donors with HLA-A genotypes inclusive of HLA-
A*24, HLA-A*32, HLA-A*23, or HLA-A*25 and with HLA-B
genotypes encoding molecules exhibiting only the HLA-Bw6
epitope were thawed and rested overnight in RPMI-1640 complete
medium. For HLA-A Bw41 allotype surface staining, 10 mL of
fluorescein isothiocyanate-conjugated anti-HLA-Bw4 antibody
(One Lambda) was used. PBMCs were also stained with DAPI
(viability marker), anti-CD3, anti-CD56, and anti-CD19 antibodies
(supplemental Table 1) to evaluate the surface expression of the
HLA-A Bw41 allotype on NK, T, and B cells. Flow cytometry data
were analyzed using FlowJo software (v10.6.1, BD, Franklin
Lakes, NJ).

Statistical analysis

Cox proportional hazards regression models were used for time-to-
event post-HCT outcomes for relapse and death. Cumulative
incidence estimates were used to calculate the probabilities of
overall relapse. Multivariate analysis was performed without adjust-
ments for multiple comparisons with the following covariates

(Table 2): year of transplant, total body irradiation, age of patient
and donor, conditioning regimen, T-cell depletion, graft type,
disease status, cytomegalovirus serostatus, sex match, HLA-
match, and donor KIR2DS1/HLA-C1. One-way analysis of variance
(ANOVA) and x2 tests were used to assess frequencies of clinically
relevant covariates in the population grouped by recipient Bw4
content and donor KIR3DL1 allele group.

For in vitro NK function studies, unpaired Mann-Whitney U test and
2-way ANOVA with multiple comparisons were used for statistical
analysis, and *P # .05 **P # .01, ***P # .001, and ****P # .0001
were used as the P values. Clinical and functional analysis were
performed in R and Prism 7 software (GraphPad, San Diego, CA),
respectively.

Results

Moderate surface expression of HLA-A*24 and

HLA-A*32, but not HLA-A*23 or HLA-A*25, is found on

primary lymphocytes

For KIR3DL11 NK cells from individuals with HLA-B Bw41

allotypes, titration of NK education and inhibitory strengths is
highly correlated with expression levels of both the receptor and
ligand.17 We therefore investigated the cell surface expression
levels of the different HLA-A Bw41 allotypes on lymphocytes by
staining with anti-HLA-Bw4 antibody PBMCs from healthy
donors with HLA-A*24, HLA-A*32, HLA-A*23, or HLA-A*25
genotypes. All donors lacked HLA-B allotypes with the Bw4
epitope, ensuring that any measurable Bw4 staining would be
contributed by the HLA-A allotype alone. Of all the HLA-A Bw41

allotypes, we found HLA-A*32 expression to be most detectable
on T, NK, and B cells. Its expression, although detectable, was
significantly lower compared with expression of the HLA-B
Bw41 allotypes HLA-B*38 and HLA-B*52, despite the fact that
they all belong to the Bw4-I80 subtype group (Figure 1). In
addition to HLA-A*32, HLA-A*24 could be detected on the cell
surface of T and NK cells, albeit at more modest levels and more
so in the context of HLA-A*24 homozygosity. In contrast, cell-
surface expression of HLA-A*23 and HLA-A*25 was undetectable
on lymphocytes (Figure 1).
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Figure 1. HLA-A*24 and HLA-A*32, but not HLA-A*23 or HLA-A*25, are expressed on lymphocytes. PBMCs from healthy donors genotyped for HLA-A*24, HLA-A*32,

HLA-A*23, or HLA-A*25 in combination with Bw6/Bw6 or genotyped for HLA-B*38 or HLA-B*52 were stained with fluorescein isothiocyanate-conjugated anti-HLA-Bw4

antibody. Mean fluorescence intensity (MFI) of the indicated Bw41 HLA-A allotype is depicted among CD31CD562 (T cells), CD32CD561 (NK cells), and CD191

(B cells) cells.
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KIR3DL11 NK cells are educated by HLA-A*24 and

HLA-A*32, but not by HLA-A*23 or HLA-A*25

We then investigated how the different HLA-A Bw41 allotypes
contribute to the education of primary KIR3DL11 NK cells and
whether differences in education are evident between the KIR3DL1
high vs low expression subtypes, as occurs with HLA-B Bw4-I80
allotypes.17 Based on previous studies with NK clones suggesting
that HLA-A*24 can educate KIR3DL11 NK cells,22 and on prior
binding studies between soluble KIR3DL1 and HLA-A–coated
beads,16,17 where HLA-A*32 demonstrated high affinity, HLA-
A*24 demonstrated modest affinity, and HLA-A*23 and HLA-A*25
demonstrated either no binding or weak binding, we anticipated
that only HLA-A*24 and HLA-A*32 proteins would contribute to
NK education. We compared cytotoxic and cytokine response
capacities of KIR3DL1high and KIR3DL1low NK cell populations
from healthy donors with 1 or more HLA-A alleles encoding the
Bw4 epitope. These donors did not have any HLA-B alleles
encoding the Bw4 epitope, resulting in exclusive contribution of
the Bw4 ligand by HLA-A allotypes only. Cells were evaluated for
degranulation and IFN-g production following culture with the HLA
class I-negative K562 cells (supplemental Figure 1 shows the
gating strategy).

KIR3DL1high NK cells from individuals with HLA-A*32 degranulate
and produce more IFN-g when compared with uneducated
KIR3DL11 NK cells from individuals with no Bw4 epitope (Figure
2A-B), indicating that HLA-A*32 educates KIR3DL1high NK cells for
increased responsiveness. KIR3DL1low NK cells from individuals
with HLA-A*32 degranulate and produce IFN-g to similar levels as
from individuals with KIR3DL1high NK cells, indicating that
KIR3DL1low NK cells are also educated by HLA-A*32. HLA-A*24
also educates KIR3DL11 NK cells and in a dose-dependent
manner; KIR3DL1high NK cells expressing 2 copies of HLA-A*24
showed significantly higher frequency of CD107a mobilization and
IFN-g production compared with uneducated NK cells from
individuals lacking Bw4. In comparison, KIR3DL1high NK cells
from individuals with only 1 copy of HLA-A*24 displayed
intermediate degranulation and IFN-g production. NK cells from
individuals with low expression of KIR3DL1 and 1 copy of HLA-
A*24 displayed no appreciable increase in responsiveness over
uneducated NK cells (Figure 2A-B). In KIR3DL1high NK cells
from individuals with HLA-A*23 and HLA-A*25, no increased
degranulation and IFN-g production was observed over un-
educated NK cells (Figure 2A-B), indicating that HLA-A*23 and
HLA-A*25 do not educate KIR3DL11 NK cells. Similar patterns
of NK responsiveness were observed when NK cells were cultured
with the HLA class I-negative cell line, 721.221 (supplemental
Figure 2).

Thus, among the Bw4-bearing HLA-A allotypes, HLA-A*32 and
HLA-A*24, but not HLA-A*23 and HLA-A*25, educate primary
KIR3DL11 NK cells for enhanced cytotoxic and cytokine function.
For HLA-A*24, however, higher expression of KIR3DL1 and 2
copies of HLA-A*24 are required for detection of increased NK cell
responsiveness in vitro. The higher response potential among
KIR3DL11 NK cells from HLA-A*32 individuals is consistent
with the higher expression of the HLA allotype, in comparison
with the other HLA-A Bw41 allotypes. Thus, similar to HLA-B
Bw41 allotypes, strength of education is dependent on ligand
and receptor densities.17

Primary KIR3DL1
1
NK cells are inhibited by HLA-A*24

and HLA-A*32-expressing BLCLs

Inhibition of KIR1 NK cells by HLA ligand in vitro can be predictive
of clinical outcomes for patients with solid and hematologic
tumors.11,24 Prior in vitro studies examining KIR3DL11 NK cell
inhibition by HLA-A Bw41 molecules used NK clones, whose
function may be altered by long-term culture with cytokine
stimulation. We investigated the inhibition potential of HLA-A*24
and HLA-A*32 allotypes by measuring ADCC effector response of
KIR3DL1high and KIR3DL1low primary NK cells to BLCLs expressing
the HLA-A*24 or HLA-A*32 protein (Table 1; supplemental
Figure 3). The degree of inhibition could then be quantitated
following the addition of DX9, a KIR3DL1-specific antibody that
blocks receptor-ligand engagement. Educated NK cells from 7
Bw41 healthy donors exhibiting alleles encoding both KIR3DL1high

and KIR3DL1low receptor subtypes were analyzed for degranulation
in response to Bw41 BLCLs derived from individuals exhibiting
HLA-A*24 or HLA-A*32 and lacking HLA-B Bw41 alleles by
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Figure 2. Primary KIR3DL1
1
NK cells are educated by HLA-A*24 and HLA-

A*32, but not HLA-A*23 and HLA-A*25. PBMCs from healthy individuals with

HLA-A*24, HLA-A*32, HLA-A*23, or HLA-A*25 and lacking HLA-B Bw41 alleles

were cultured with K562 cells for 5 hours and evaluated for degranulation and

cytokine response. CD107a expression (A) and intracellular IFN-g (B) were

evaluated on single positive KIR3DL1 NK cells (KIR3DL1sp). Donor NK cells were

stratified according to KIR3DL1high (H) or KIR3DL1low (L) expression. The mean and

standard deviation are shown with *P , .05 using unpaired Mann-Whitney U test.
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genotype. Any Bw4 epitope detected on the target BLCL was
therefore contributed by the HLA-A allele. The anti-CD20 mono-
clonal antibody rituximab was added to cocultures of NK cells and
BLCL target cells as a strong inducer of ADCC, maximizing NK cell
activation across the various BLCLs derived from different donors.
ADCC-mediated NK activation with the different Bw4-bearing
BLCLs was then ascertained by measuring the frequency of
CD107a among NK populations single positive for KIR3DL1high or
KIR3DL1low receptor expression (Figure 3A) to exclude contribu-
tion from other inhibitory NK receptors (supplemental Figure 1). To
measure the extent of inhibition signaled by the Bw4 ligand
contributed by the different HLA-A–expressing BLCL target cells,
cocultures were performed in the presence and absence of the
KIR3DL1 blocking antibody DX9 (Figure 3A). Background antibody
stimulation of the NK cells could be detected in the absence of
BLCL target cells and only in the presence of DX9.We interpret this
to be due to binding of rituximab to autologous B cells present in the
donor PBMCs, a source of ADCC stimulation that is muted by
endogenous Bw4 expression on autologous B cells.

We observed significantly higher frequency of degranulation among
KIR3DL11 NK cells with the DX9 blocking antibody compared with
without the blocking antibody when NK cells were cocultured with
BLCL target cells expressing HLA-A*24 (P , .001) and HLA-A*32

(P , .0001) (Figure 3A), indicating that, as seen with NK clones,
these Bw4-harboring HLA-A allotypes are capable of inhibiting
KIR3DL1-expressing primary NK cells (Figure 3A). Interestingly, no
difference in degranulation was evident between the KIR3DL1high

and KIR3DL1low populations, indicating that both KIR3DL1high and
KIR3DL1low NK cells were equally inhibited by HLA-A*24 and HLA-
A*32 (Figure 3A-B). Only HLA-A*32 could inhibit NK activation to
the same extent as the HLA-B Bw4-I80 allotypes HLA-B*38 and
B*52, consistent with the higher expression of the HLA-A allotype
and high affinity of the allotype for the receptor.17

Measurement of the inhibitory effect of interaction with HLA-A
Bw41 allotypes on NK activation was calculated as the decrease in
NK activation observed in the presence of DX9 compared with NK
activation measured in its absence. Among 7 individuals, engage-
ment with HLA-A*32 on the target cell was most inhibitory (Bw6 vs
A*32: P , .0001), compared with HLA-A*24, which was mildly
inhibitory (Bw6 vs A*24: P , .05) (Figure 3B). Although HLA-A*23
and HLA-A*25 do not contribute to NK education, we tested their
ability to inhibit educated KIR3DL11 cells, finding that HLA-A*23 on
BLCL target cells can inhibit modestly and that HLA-A*25 does not
inhibit at all (supplemental Figure 4). We conclude that KIR3DL1high

and KIR3DL1low NK cells have comparable inhibitory response
when engaged by HLA-A*24 and HLA-A*32 and that HLA-A*32 is

A

No t
arg

et

No t
arg

et 
+ R

itu
x

Bw6

B*3
8/B

*5
2 (I8

0)
A*2

4
A*3

2
0

20

%
 C

D1
07

a 
on

KI
R3

DL
1s

p 
NK

 c
ell

s

BLCL

40

60

80 **** **** **** *** **** **** ****** ns ns

3DL1high

3DL1high - DX9
3DL1low

3DL1low - DX9

B 3DL1high

3DL1low

BLCL

ns

**** **** ***** *****

ns ns

Bw6

B*3
8/B

*5
2 (I8

0)
A*2

4
A*3

2
-100

0
-50

20%
 o

f i
nh

ibi
tio

n

40

60

100

80

Figure 3. Primary KIR3DL1
1
NK cells are inhibited

by HLA-A*32 and HLA-A*24. PBMCs from 7 healthy

Bw41 donors expressing both KIR3DL1high and KIR3DL1-
low were incubated for 4 hours with rituximab and BLCL

target cells expressing different HLA-A and HLA-B mole-

cules as indicated, in the absence or presence of the anti-

KIR3DL1 DX9 antibody. (A) CD107a expression on NK

cells singly expressing KIR3DL1high or KIR3DL1low are

depicted. Two-way ANOVA with multiple comparisons was

used for statistical analysis with **P , .01, ***P , .001,

and ****P , .0001. (B) Specific inhibition of KIR3DL1high

and KIR3DL1low NK cells by the indicated HLA-A Bw41

allotypes, expressed as a percent decrease in activation

following addition of DX9. Two-way ANOVA with multiple

comparisons was used to calculate the significance within

the KIR3DL1high (red asterisks) or KIR3DL1low groups

(blue asterisks). Comparisons were made between NK

cells cultured with Bw6-BLCL (reference) vs either B*38/

B*52-BLCL, A*24-BLCL, or A*32-BLCL, respectively, with

*P , .05 and ****P , .0001. Comparisons between

KIR3DL1high and 3DL1low NK cells within each group are

also shown (P 5 ns [not significant]).
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the strongest KIR3DL1 inhibitor among the HLA-A Bw41 allotypes
with comparable inhibiting strength as HLA-B*38 and HLA-B*52,
both Bw4-I80 allotypes.

KIR3DL1/HLA-A*24 is associated with increased

post-HCT AML relapse

Strong interacting pairs of HLA-B Bw41 and KIR3DL1 subtypes
are associated with a higher risk of relapse in AML patients who
have undergone HLA-matched HCT.11 We reasoned that the
educating and inhibitory HLA-A*24 and HLA-A*32 allotypes may
also inhibit NK cells in vivo. Because their inhibition of KIR3DL1high

and KIR3DL1low cells was comparable, we anticipated that combina-
tions of the HLA-A allotypes with either KIR3DL1 subtype would be
inhibitory in vivo, leading to a heightened risk for disease relapse. We
performed a retrospective analysis of a cohort of 1729 AML patients
who had received a 9/10 or 10/10 HLA allele-matched allograft from
an unrelated donor. To assess the impact of Bw41 epitopes presented
by HLA-A allotypes only, patients and donors with HLA-B alleles
encoding the Bw4 epitope were excluded. Three patients were
removed because of a lack of clinical data, leaving 604 patients for
analysis. Among these, 153 donors and patients exhibited the Bw4
epitope contributed by the functionally relevant HLA-A*24 and HLA-
A*32, with the remaining 451 patients representing the comparison
group. The 1 patient with HLA-A*23 and the 25 patients with HLA-
A*25 exclusive of HLA-B Bw41 alleles were not specifically evaluated
because of limited sample size and lack of biological justification,
respectively. Patient and donor characteristics are shown in Table 2.

Although the HLA-A*32 molecule exhibits the highest capacity for
education and inhibition, we found that the encoding allele occurred
within the cohort with low frequency, exclusive of HLA-B Bw41

alleles (n5 25), limiting informative analysis. In contrast, HLA-A*24

was found to occur at high frequency within the cohort, exclusive of
HLA-B Bw41 alleles (n 5 110). Multivariate analysis revealed that
the combination of patient HLA-A*24 and donor KIR3DL1 was
associated with significantly higher relapse (hazard ratio [HR], 1.65;
95% confidence interval [CI], 1.17-2.32; P 5 .004) when
compared with patients lacking the HLA-A*24 allele or patients
exhibiting the HLA-A*24 allele but lacking a KIR3DL11 donor
(Figure 4; Table 3). No difference was found for the risk of mortality
(HR, 1.16; 95% CI, 0.91-1.50; P 5 .235). Nevertheless, this
suggests that, similar to the strong interacting HLA-B Bw41

relationships with KIR3DL1 in HCT, the Bw4-I80 HLA-A*24 allotype
on the AML cell can inhibit KIR3DL11 donor NK cells in vivo, leading
to higher risk for relapse.

Discussion

HLA-A Bw41 allotypes HLA-A*23, HLA-A*24, and HLA-A*32
exhibit different surface expression levels and in vitro capacities to
inhibit and educate primary NK cells expressing the cognate
KIR3DL1 receptor. We find that primary KIR3DL11 NK cells from
healthy donors are inhibited by HLA-A*24, HLA-A*32, and HLA-
A*23, but not by HLA-A*25. These results are in line with previous
observations performed using cytokine-expanded NK clones.21-23

Both KIR3DL1high and KIR3DL1low subtypes are inhibited equally by
HLA-A*24, despite previous studies demonstrating differential
binding of the KIR3DL1 subtypes to HLA-A*24,16,17 confirming
that affinity alone is not predictive of inhibitory capacity. Consistent
with the in vitro findings of inhibition, the combination of donor
KIR3DL1 and patient HLA-A*24 is associated with increased
relapse in AML patients following 9/10 and 10/10 HLA-matched
allogeneic HCT. This association strongly suggests the in vivo
relevance of HLA-A*24 inhibition of KIR3DL11 NK cells in HCT,
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Figure 4. Cumulative incidence of relapse following HCT in AML patients with inhibitory HLA-A proteins exhibiting the Bw4 epitope. Among patients without

contribution of Bw4 from HLA-B alleles, the combination of patient HLA-A*24 with donor KIR3DL1 is associated with higher risk for AML relapse when compared with

patients lacking HLA-A*32 and -A*24 (non-A*32/A*24), patients with HLA-A*32 and donor KIR3DL1 (A*32 1 KIR3DL1pos donor), and patients with HLA-A*24 but lacking

donor KIR3DL1 (A*24 1 KIR3DL1neg donor). The KIR3DL1pos donor group includes donors expressing either KIR3DL1high and KIR3DL1low or both. The KIR3DL1neg group

consist of donors expressing KIR3DL1null/null, KIR3DL1null/KIR3DS1, and KIR3DS1/3DS1. The indicated HR and P value reflects adjustment for year of transplant, total body

irradiation, patient and donor age, conditioning regimen, T-cell depletion, graft type, disease status, cytomegalovirus, sex match, and degree of HLA match. Curve comparisons

were completed using Cox proportional hazards regression analysis for the time-to-event post-HCT outcomes.
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where inflammatory conditions lead to HLA class I upregulation on
leukemia cells and subsequent NK inhibition.11,28,29 HLA class I
antigen expression, including HLA-A, has been described to be
preserved on AML blasts,30,31 with the suggestion that HLA-A and
HLA-B allotypes expressing the Bw6 epitope is specifically down-
regulated on leukemic cells,31 leaving HLA allotypes expressing the
Bw4 epitope preserved on the surface and potentially heightening
the relevance of HLA-A*24 inhibition of KIR3DL11 NK cells in HCT.
No difference for the risk of mortality is found, which in this limited
cohort size may be due to increased nonrelapse mortality in the
group of interest, however nonsignificant. These results indicate
that KIR3DL1/HLA-A*24 should be included with the strong
inhibiting KIR3DL1/HLA-B Bw41 combinations reported previously
to be associated with increased risk for relapse.11 For patients with
HLA-A*24, selection of donors lacking surface KIR3DL1, such as
donors homozygous for KIR3DL1-n or KIR3DS1, may be most
appropriate.

HLA-A*24 is found in high frequency within the population
across different ethnicities,32 providing adequate power to
reveal the significance of the association reported in this study.
HLA-A*32, despite encoding a protein with high expression,
exhibiting high affinity for KIR3DL1, and mediating high education
and inhibition of KIR3DL11 cells in vitro, could not be confirmed
to associate with relapse due to its limited frequency within the
patient population. Significantly larger cohorts will be needed to
determine if HLA-A*32 in the patient is associated with HCT
outcomes.

KIR3DL1-dependent NK clones were derived from an individual
expressing HLA-A*24 as the only allele encoding the Bw41

epitope.22 Using primary NK cells, we can confirm that in addition
to HLA-A*24, HLA-A*32 can educate KIR3DL11NK cells, but HLA-
A*23 and HLA-A*25 cannot. One explanation of why KIR3DL11 NK
cells are inhibited but not educated by HLA-A*23 could be that the
ADCC assay is more sensitive to inhibition than activation by K562
cells via NKG2D. Alternatively, in light of our findings that surface
density of HLA-A*32 is the highest, and HLA-A*23 and HLA-A*25
the lowest on lymphocytes, we surmise that KIR3DL11 NK cell
education is sensitive to the level of HLA surface density, supporting
the model that interactive events contributing to education rely on
surface expression of both receptor and ligand. Our finding that
KIR3DL1high and KIR3DLlow NK cells are differentially educated by
HLA-A*24 provides additional support for this model: KIR3DL1high

NK cells are more educated in a homozygous HLA-A*24 environ-
ment compared with an environment with only 1 copy of HLA-A*24,
and KIR3DL1high cells are more educated than KIR3DL1low cells. The
level of HLA-A*24 expression, influenced by the copy number of its

allele, may dictate the level of KIR3DL1-mediated education, an
interpretation supported by studies demonstrating that copy number
of HLA-B Bw41 and HLA-C2 alleles influences NK education
of KIR3DL11 and KIR2DL11 NK cells, respectively.17,27,33 Further
investigation is needed to confirm this model and will require an
accurate understanding of the protein expression of these HLA-A
Bw41 allotypes. Others have reported high allele-specific variability in
messenger RNA expression, with HLA-A*24 and HLA-A*23 being
the highest expressers and HLA-A*25 and HLA-A*32 the lowest,
respectively.34-36 The discrepancy between the published messen-
ger RNA levels and our measurements of surface protein expression
is noted; however, the lack of educating capacity of HLA-A*23 and
the high educating capacity of HLA-A*32 suggests that protein
expression is the more functionally predictive of the 2 measurements.

The same data may contribute to missing-self calculations in HLA-
mismatched HCT, such as umbilical or haploidentical HCT. For an
ideal NK-mediated graft-versus-leukemia effect, donor NK cells
should be educated for reactivity, but infused into a patient lacking
the educating KIR ligand.8,9 The finding that HLA-A*24 and HLA-A*32
contribute to education opens the possibility for NK alloreactivity and
enhanced leukemia targeting when donor KIR3DL11 NK cells
educated by HLA-A*24 or HLA-A*32 are infused into a patient
lacking these and HLA-B Bw41 ligands.

Graft-versus-host disease, infection, and relapse are the major
complications of HCT. Prevention of graft-versus-host disease and
treatment of infection have improved because of allograft
manipulation, more precise HLA genotyping, and availability of
new antimicrobial therapies, leaving disease relapse as the
leading cause of death .100 days after allogeneic HCT.37 Our
findings demonstrate that HLA-A*24, in combination with
KIR3DL1, should be considered in HLA and KIR allele typing
for donor selection. Consideration of the KIR3DL1/HLA-A*24
combination may benefit haploidentical HCT outcomes, as well
as improve the prognosis among HLA-matched HCT. Adding
HLA-A*24 to the previously proposed11 KIR3DL1/HLA-B sub-
type analysis for refining donor selection algorithms may further
reduce relapse and improve survival.
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