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Impact of killer-immunoglobulin-like receptor and human
leukocyte antigen genotypes on the efficacy of immunotherapy
in acute myeloid leukemia
E Bernson1, A Hallner1, FE Sander1, O Wilsson1, O Werlenius1,2, A Rydström1, R Kiffin1, M Brune2, R Foà3, J Aurelius1,2, A Martner1,
K Hellstrand1 and FB Thorén1

Interactions between killer-immunoglobulin-like receptors (KIRs) and their HLA class I ligands are instrumental in natural killer (NK)
cell regulation and protect normal tissue from NK cell attack. Human KIR haplotypes comprise genes encoding mainly inhibitory
receptors (KIR A) or activating and inhibitory receptors (KIR B). A substantial fraction of humans lack ligands for inhibitory KIRs
(iKIRs), that is, a ‘missing ligand’ genotype. KIR B/x and missing ligand genotypes may thus give rise to potentially autoreactive,
unlicensed NK cells. Little is known regarding the impact of such genotypes in untransplanted acute myeloid leukemia (AML). For
this study, NK cell phenotypes and KIR/HLA genotypes were determined in 81 AML patients who received immunotherapy with
histamine dihydrochloride and low-dose IL-2 for relapse prevention (NCT01347996). We observed that presence of unlicensed NK
cells impacted favorably on clinical outcome, in particular among patients harboring functional NK cells reflected by high
expression of the natural cytotoxicity receptor (NCR) NKp46. Genotype analyses suggested that the clinical benefit of high NCR
expression was restricted to patients with a missing ligand genotype and/or a KIR B/x genotype. These data imply that functional
NK cells are significant anti-leukemic effector cells in patients with KIR/HLA genotypes that favor NK cell autoreactivity.
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INTRODUCTION
Acute myeloid leukemia (AML) is a genetically and morphologi-
cally heterogeneous disease characterized by the expansion and
accumulation of immature myeloid cells in the bone marrow and
peripheral blood. The prognosis is determined by risk factors such
as chromosomal abnormalities, gene mutations and age, and
based on these and other factors AML can be classified into high-,
intermediate- or low-risk disease. Depending on the risk category,
between 65 to as low as 5% of patients experience long-term
survival.1 Despite achieving complete remission (CR) in response
to chemotherapy, alone or combined with autologous stem cell
transplantation, the vast majority of intermediate and high-risk
AML patients are not cured as a small residual clone of leukemic
cells may expand to cause relapse with poor prospects of long-
term survival.2 To prevent relapse, younger patients may receive
an allogeneic stem cell transplant (allo-SCT), but not all patients
are eligible for transplantation and additional strategies to avoid
relapse in non-transplanted patients are highly warranted.3

Numerous studies of allo-transplanted and non-transplanted
patients have highlighted the importance of cellular immunity,
including aspects of natural killer (NK) cell function, for the
outcome of AML.4–6 In order to identify aberrant cells, NK cells rely
on the surface expression of a set of activating receptors such as
natural cytotoxicity receptors (NCRs), including NKp46 and NKp30.
The activating signals conveyed by these receptors can be
prevented by inhibitory NK cell receptors, mainly inhibitory KIRs
(iKIRs) and CD94-NKG2A that target class I HLA antigens.7,8 The KIR
ligands are divided into three major groups based on the amino

acid in positions 77 and 80 in the KIR-binding domain. Thus, HLA-C
alleles belong either to the C1 group (recognized by KIR2DL2 or
KIR2DL3) or the C2 group (recognized by KIR2DL1), while HLA-B or
HLA-A alleles may contain a Bw4 motif that is recognized by
KIR3DL1.9 The KIRs are encoded by genes in the highly
polymorphic KIR locus. There are two main KIR haplotypes; the
A haplotype that comprises genes for iKIRs and KIR2DS4, and the B
haplotype that in addition to iKIR genes also carries genes for a
variable set of up to 6 activating KIRs (aKIRs).10–12 The ligands for
aKIRs are not completely characterized, but KIR2DS1 recognizes
HLA-C2, and KIR2DS2 recognizes HLA-A11 and HLA-C1.13–17

Under normal conditions, the functional competence of
individual NK cells is set by their steady-state input of inhibitory
and activating signals in a process known as NK cell
education.18–20 As KIR genes and HLA genes are located on
different chromosomes, they are inherited independently and
many individuals thus have a genotypic discordance between HLA
alleles and KIR genes with a lack of inhibitory ligands (‘missing
ligand genotype’).9,21 As KIR expression is stochastic in NK cells, a
missing ligand genotype entails substantial numbers of NK cells
that only express inhibitory receptors for non-self HLA (hereafter
referred to as NS-iKIR NK cells).18 These potentially autoreactive
NS-iKIR NK cells, or unlicensed NK cells, do not receive inhibitory
input and will remain hyporesponsive to target cells under steady-
state conditions.19,20 Conversely, NK cells that engage in interac-
tions between activating KIRs (S-aKIRs) and corresponding HLA
ligands will constantly receive activating signals and become
disarmed/hyporesponsive to avoid autoreactivity.14,22
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Recent studies suggest that perturbations of the immune
homeostasis, such as autologous transplantation, treatment with
monoclonal antibodies and viral infections, may activate other-
wise hyporesponsive NK cells to contribute to eradication of
aberrant cells.21,23–26 In addition, in vitro studies imply that
proinflammatory cytokine stimulation may render unlicensed NK
cells responsive.27,28 In a phase III trial, relapse-preventive
immunotherapy combining low-dose IL-2 and histamine dihy-
drochloride (HDC/IL-2) was shown to significantly improve
leukemia-free survival (LFS) for AML patients.29 The rationale for
this immunotherapy is to enhance the cytotoxic function of the
lymphocytic population using the synergistic effect of IL-2
stimulation along with histamine dihydrochloride, which targets
the secretion of immunosuppressive reactive oxygen species
(ROS) from myeloid cells.3,30,31 In a recent phase IV trial in AML,
where patients were given HDC/IL-2, this strategy was found to
strongly upregulate the expression of NCRs on NK cells and induce
NK cell expansion, and a high expression of NKp46 was associated
with significantly superior LFS and overall survival (OS).32,33

For the present study, we aimed to clarify whether KIR/HLA
genotypes impact on relapse risk of AML patients receiving HDC/
IL-2. Our results suggest that HDC/IL-2 immunotherapy may
induce break of tolerance in patients, and that the reported
benefit from intact NCR expression is restricted to patients with
either a KIR B/x genotype or a missing inhibitory ligand genotype.

PATIENTS AND METHODS
Patients
The single-armed multicenter phase IV study (Re:Mission, NCT01347996)
enrolled 84 patients (age 18–79) with AML in first CR who received ten 21-
day cycles of HDC/IL-2 for 18 months or until relapse/death. Sample size
was chosen in collaboration with regulatory authorities to meet the
primary endpoints, which included the assessment of the pharmacody-
namic effects of HDC/IL-2 by monitoring T and NK cell phenotypes before
and after treatment cycles. Results from the trial have been published
previously.32–35 The herein reported aspects of NK cell biology vs clinical
outcome (LFS) were not specified in the protocol and were performed post
hoc. A detailed account for patient characteristics, such as age, mutation
status and European Leukemia Net risk class,36 is found in previous study
reports.32,33 The study of pharmacodynamic effects on different effector
NK cell subsets in the clinical trial were approved by the Ethics Committees
of each participating institution, and all patients gave written informed
consent before enrollment. Untreated patients, newly diagnosed with
AML, at the Sahlgrenska University Hospital were asked to donate blood
for a phenotypic and functional characterization of normal and malignant
leukocytes. All patients gave written informed consent to participation in
the study. Peripheral blood mononuclear cells (PBMC) from patients were
isolated and cryopreserved.

Sampling of peripheral blood and flow cytometry of Re:Mission
study samples
Peripheral blood was collected before and after the first and third
treatment cycles, referred to as C1D1 (Cycle1, Day1), C1D21, C3D1 and
C3D21). Patients relapsing and failure of samples to meet viability criteria
resulted in varying numbers of observations at different time points (NCR

panel n= 62, 62 and 53; KIR panel n= 60, 64 and 49 for C1D1, C1D21 and
C3D1, respectively). Forty-four paired observations (C1D1–C1D21) were
available for the CD8 T-cell panel. Peripheral blood mononuclear cells were
isolated and cryopreserved at local sites and shipped to the central
laboratory at University of Gothenburg for analysis by flow cytometry.
Samples with o25% viability were excluded. Differential counts of whole
blood were utilized to calculate absolute counts of blood NK cell
phenotypes. A full list of fluorochrome-conjugated antibodies is found in
the Supplementary Material. High and low NKp46 expression was defined
as above or below median NKp46 expression, as measured by the median
fluorescence intensity of NKp46 on CD16+ NK cells.32 Amongst CD8+

T cells, effector memory T cells (TEM) were defined as CD45RO+CCR7− cells,
and effector T cells (Teff) were defined as CD45RA+CCR7− cells.34

DNA extraction and KIR/HLA genotyping
DNA was extracted from whole blood using a Roche MagNAPure 96
(Pleasanton, CA, USA) instrument according to the manufacturer’s
instructions. KIR typing was performed using the One Lambda KIR SSO
Genotyping Test. When the analysis generated conflicting results for
certain KIR alleles, the Olerup SSP KIR genotyping kit was used to
determine the KIR genotype. KIR ligands were determined using the
Olerup SSP KIR HLA Ligand kit.
Patients were dichotomized based on the concordance/discordance

between their KIR and HLA genotypes. Patients lacking an HLA ligand for
one self-expressed inhibitory KIR (2DL1—HLA-C2; DL2/3—HLA-C1; 3DL1—
HLA Bw4) were considered to have a ‘missing ligand’ genotype.

IL-2 stimulation of PBMC and degranulation assay
Healthy donor PBMCs were thawed and stimulated overnight in 500 U/ml
IL-2 (Proleukin, Novartis Pharmaceuticals, Surrey, UK). AML samples were
thawed, stained for CD34+, and the CD34+ blasts were sorted on a 3-laser
FACSARIA III flow cytometer (405, 488 and 640 nm; BD Biosciences, San
Diego, CA, USA). K562 cells or sorted CD34+ AML cells were added to the
cultured PBMCs at a ratio 4:1 (PBMC:target cells) and incubated for 4 h in
presence of CD107a antibody. After incubation, cells were washed and
stained with antibodies directed against CD3, CD56, CD107a, NKG2A,
KIR2DL1/S1, KIR2DL2/L3 and KIR3DL1 followed by analysis using a BD LSR
Fortessa SORP instrument.

Statistical analyses
In accordance with the statistical plan, paired two-sided t-tests were used for
single comparisons of NK cell phenotypes. For multiple comparisons within a
dataset, one-way ANOVA followed by Bonferroni’s multiple comparison test,
were used. The analyses of NK or T-cell phenotype vs outcome are based on
the data for LFS as described previously.32 The impact on LFS was analyzed
using the log-rank test. To optimize cutoff points for high and low
frequencies of NKG2A− NS-iKIR NK cells, receiver-operating characteristics
(ROC) curves and Youden index were used,37 determining a cutoff value
optimal for the specific analysis instead of using a median value. The area
under the receiver-operating characteristic curve (AUROC) and 95%
confidence interval (CI) are reported in Supplementary Table 1. Parameters
that significantly predicted LFS using the log-rank test were further analyzed
by univariable and multivariable Cox regression analysis. Covariates, including
age, risk group classification, number of induction courses required to
achieve CR (1 or41) and number of consolidation courses (0–2 or42) were
tested in univariable analyses. Covariates with P-values below 0.1 in
univariable analyses (age and number of induction courses) were included
in the multivariable analysis (Table 1).

Table 1. Multivariable analyses of variables impacting on LFS

Variable Univariable analysis Multivariable analysis

Hazard ratio Confidence interval P-value Hazard ratio Confidence interval P-value

NKp46 expr C1D21, pts w/ missing ligand genotype 0.207 0.083–0.516 0.001 0.219 0.087–0.554 0.001
NKp46 expr C1D21, pts w/ KIR B genotype 0.202 0.079–0.516 0.001 0.213 0.083–0.546 0.001
Transition TEM-Teff, pts w/ missing ligand genotype 0.144 0.038–0.550 0.005 0.133 0.033–0.538 0.005
Transition TEM-Teff, pts w/ all ligands present 0.208 0.042–1.025 0.054 0.075 0.009–0.626 0.017
% NKG2A- NS-iKIR NK cells, C3D1, LFS 0.401 0.156–1.030 0.058 0.450 0.173–1.174 0.103
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RESULTS
Impact of KIR/HLA genotypes on clinical outcome
To assess the potential impact of KIR/HLA genotypes on relapse
risk in patients receiving HDC/IL-2 immunotherapy, we deter-
mined the HLA and KIR genotypes in 81 AML patients in the Re:
Mission trial. Thirty-one patients (38%) had a perfect match
between HLA molecules and KIRs (all ligands present) and 50
patients (62%) lacked an HLA class I molecule with the cognate KIR
present (missing ligand; Figure 1a). The KIR genotypes of patients
were divided into A/A or B/x based on the absence or presence of
haplotype B-specific genes.10,12,38 Twenty-five and 56 patients
were found to be KIR A/A and KIR B/x, respectively (Figure 1b). The
distribution of KIR A/A and B/x genotypes was similar between the
group of patients with all ligands present and those missing one
or more ligands (Figure 1c). Neither a KIR B/x genotype nor a
missing ligand genotype per se had a significant impact on clinical
outcome in terms of LFS (Figures 1d and e).

NK cell NCR expression is clinically relevant only in patients lacking
inhibitory KIR ligands or in patients with a KIR B/x genotype
Previous reports from the Re:Mission trial have shown that HDC/
IL-2 immunotherapy significantly activates the NK cell compart-
ment. NK cell killing of AML blasts in vitro is to a large extent
dependent on intact expression of NKp46 and other NCRs.6 We
and others have shown that expression levels of NCRs impact on
relapse risk, suggesting NK cell function to be relevant to clinical
outcome in AML.5,32,33 We thus sought to clarify whether the
benefit of NCR expression was influenced by KIR and HLA
genotypes. As shown in Figure 2, the clinical benefit of high
NKp46 expression was only observed in patients with a missing
ligand genotype and not in patients with all ligands present
(Figures 2b and c; Table 1). The selective benefit of high NKp46
expression for patients lacking a ligand was consistently observed
during therapy, that is, before treatment start (P= 0.06 vs 0.62), at
the end of the first treatment cycle (P= 0.0002 vs 0.33), and before
start of the third cycle (P= 0.06 vs 0.41; Figure 2; Supplementary
Figure 2). No differences were found regarding NCR upregulation
or magnitude of NK cell expansion in blood during the first 3-week
cycle of immunotherapy when comparing patients with all ligands
with those with a missing ligand genotype (Figure 2;
Supplementary Figure 1). In accordance with the selective benefit
of NKp46 in patients with a missing ligand genotype, the benefit
for older patients with above-median expression of NKp30 before
treatment start33 was predominantly observed in patients lacking
an inhibitory KIR ligand (Supplementary Figure 3). These results
imply that a missing ligand genotype is needed to benefit from
high NCR expression, suggesting that potentially autoreactive NS-
iKIR NK cells act as effector cells in AML immunotherapy.
A KIR B/x genotype may also generate NK cell subsets that are

more prone to autoreactivity. In analogy with the findings for the
missing ligand genotype, the benefit of above median expression
of NKp46 or NKp30 was only observed in patients with a KIR B/x
genotype (P= 0.0002 and P= 0.003, respectively), while KIR A/A
genotype patients did not benefit from high NCR expression
(NKp46, P= 0.31; Figures 3b and c, Table 1; NKp30, P= 0.18). No
differences regarding NCR upregulation or NK cell expansion were
observed between patients with KIR A/A or B/x genotypes
(Figure 3; Supplementary Figure 1).

KIR/HLA genotypes prognosticate outcome independently of
CD8+ T-cell dynamics
A recent report found that a substantial proportion of non-
relapsing patients displayed a transition from CD8+ T effector
memory cells (TEM) to effector cells (Teff) during the first 3-week-
cycle of HDC/IL-2 therapy, as reflected by an increase in the
frequency of Teff cells along with a decrease in TEM cells.34 We

therefore determined whether the occurrence of such a CD8+

T-cell transition from TEM to Teff cells was affected by the KIR/HLA
genotypes. A treatment-induced CD8+ T-cell transition was equally
common in patients with all ligands present as compared to
patients lacking a ligand, or in patients with a KIR A/A or B/x
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genotype (P= 1 and 0.74; Fisher’s exact test). In contrast to NCR
expression, CD8+ T-cell transition was associated with superior
survival in patients with all ligands present and in patients lacking
an inhibitory ligand (Figures 2d and e; Table 1) as well as in both
KIR A/A and KIR B/x patients (Supplementary Figure 1).

Impact of specific KIR B genes on outcome
The size of this trial prevented a thorough analysis of the
individual contributions of specific activating KIR genes and their
HLA ligands to the survival benefit of the KIR B/x genotype.
However, among patients with above median expression of
NKp46, positivity for either KIR2DS1 or KIR3DS1 was associated
with improved LFS (P= 0.04 and 0.02, respectively; Supplementary
Figure 4), while KIR2DS2 and KIR2DS3 did not impact on LFS. Since
the benefit of high NKp46 expression was restricted to KIR B/x and
missing ligand genotypes, we next investigated the impact of
having neither, one or both of these genotypes. No clear additive
effect of having both KIR B/x and a missing ligand genotype was
observed; however, the poor survival of KIR A/A patients with all
inhibitory ligands present was evident (Supplementary Figure 4).

Presence of NCR+ unlicensed NK cells in blood heralds favorable
outcome
Analyses of KIR/HLA genes do not provide information about the
actual presence of unlicensed NK cell subsets in blood. We
therefore performed KIR and CD94-NKG2A phenotyping of NK
cells from patients in the Re:Mission trial. On the basis of the
individual KIR/HLA genotype, the frequency and absolute counts
of NK cell subsets expressing only inhibitory KIRs for non-self HLA
(NS-iKIR) were determined and monitored during treatment. The
frequency of NKG2A− NS-iKIR NK cells varied considerably
between individuals, ranging from 0.04 to 31% of all NK cells.
The absolute counts of NKG2A− NS-iKIR NK cells in blood followed
the same pattern as previously reported for the overall population
of NK cells32 with a strong induction of preferentially immature NK
cells during a treatment cycle (Figure 4a), followed by a
contraction/differentiation phase between treatment cycles.
Notably, in accordance with previous results for CD56dim NK
cells,32 the number of unlicensed NKG2A− NS-iKIR NK cells was
significantly higher before the third treatment cycle as compared
to treatment start (Figure 4b) implying that the immunotherapy
may yield a sustained induction of unlicensed NK cells in blood.
Next, we determined whether high frequencies of unlicensed,

NKG2A− NS-iKIR NK cells impacted on clinical outcome. Patients
were dichotomized to high- and low-frequency groups based on
an optimal cutoff calculated using ROC curves and Youden index
(cutoff 0.16 and 0.41 for C1D1 and C3D1, respectively; AUROC and
CI reported in Supplementary Table 1).37,39 As shown in Figures 4c
and d, a high frequency of NKG2A− NS-KIR NK cells before
treatment start and before the third treatment cycle were
associated with improved LFS (P= 0.06 and 0.05, respectively;
Table 1).
In analogy with the results achieved by comparing the outcome

of patients with a missing ligand genotype or with all ligands
present, the clinical benefit of high NKp46 expression was
predominantly observed in patients with high frequencies of
NKG2A− NS-iKIR NK cells (Figures 4e and f). Notably, when
segregating the patients with a missing ligand genotype into four
groups based on high/low expression of NKp46 and high/low
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frequency of unlicensed NS-iKIR cells, we observed a pronounced
additive clinical benefit of NKp46 expression and frequency of
unlicensed NK cells (Figure 4g; P= 0.0001).

IL-2-activated NS-iKIR NK cells are reactive with primary AML blasts
The results above collectively point towards a role for unlicensed,
NS-iKIR NK cells during HDC/IL-2 immunotherapy and imply that
the immunotherapy may relieve the steady-state hyporesponsive-
ness of this NK cell subset. Previous studies have suggested that
in vitro stimulation with inflammatory cytokines may induce
responsiveness in unlicensed NK cells towards HLA-deficient
target cells,18,28 but few studies have compared degranulation

responses of licensed vs unlicensed NK cells to primary HLA-
matched leukemic cells. In a first series of experiments, we
stimulated HLA-typed PBMCs from healthy donors with IL-2 and
determined the degranulation responses of unlicensed or
licensed, single KIR+ NKG2A− NK cells when exposed to target
cells (gating strategy in Supplementary Figure 5). In line with
previous reports,18,25 unstimulated NKG2A− NS-iKIR+ NK cells
responded poorly to K562 cells, while the addition of IL-2 largely
abolished the difference in response to HLA-deficient target cells
between NK cells expressing only NS-iKIR and NK cells expressing
a single KIR specific for self-HLA (Figure 5c). As shown in Figures 5a
and b, primary AML blasts generally show robust expression of
HLA class I, and the relevance of HLA-deficient target cells, such as
K562, to determine the anti-leukemic potential of NK cells may
thus be limited. We, therefore, isolated primary CD34+ leukemic
blasts from newly diagnosed AML patients who were homozygous
for C1, and matched them with C1/C1 healthy donor NK cells in a
degranulation assay. As shown in Figure 5d, while unstimulated
NK cells responded poorly towards AML blasts, IL-2 stimulation
significantly enhanced the response of NKG2A− NS-iKIR (P= 0.001).
Notably, stimulation with IL-2 abolished the superior reactivity of
licensed S-iKIR NK cells towards AML blasts, thus underscoring that
unlicensed NS-iKIR NK cells may constitute an important anti-
leukemic effector cell population.

DISCUSSION
The frequent occurrence of a genetic discordance between the set
of KIR genes and the corresponding HLA genes in humans gives
rise to a substantial portion of circulating NK cells that either
cannot be inhibited by host HLA molecules or constantly are fed
with activating signals through activating KIRs.14,20,40 Thus, to
avoid attack against healthy cells, the effector function of
individual NK cells is continuously adjusted, or tuned, by the
input of inhibitory and activating signals from receptors binding
ligands on adjacent cells.41 Unlicensed NK cells, which do not
express inhibitory receptors for self-HLA, do not receive any
inhibitory signals at steady-state and are thus hyporesponsive and
display little cytotoxicity against HLA-deficient target cells.18,19,42

In this study, we aimed to clarify whether the relapse risk of
AML patients receiving HDC/IL-2 immunotherapy was affected by
their KIR/HLA genotypes. There was no general clinical benefit for
patients with a missing ligand genotype or a KIR B/x genotype.
However, it seems reasonable to assume that the NK cell
population needs to be functionally intact in order to benefit
from unlicensed NK cells. Previous reports from the Re:Mission trial
and other studies have identified a population of patients with
intact NCR expression with superior prognosis over patients with
NCR expression deficiency.5,32,33,43 A main finding in the present
report was that the clinical benefit of NCR expression was
strikingly restricted to patients with either a missing ligand
genotype or a KIR B/x genotype. This finding suggests that HDC/
IL-2 immunotherapy activates a pool of otherwise hyporesponsive,
unlicensed NK cells to exert anti-leukemic activity. However, as a
genetic lack of a ligand does not directly translate into a large pool
of unlicensed NK cells, we used multi-color flow cytometry to
monitor the presence of unlicensed NK cells during immunother-
apy. In line with the observations above, we found that high
frequencies of unlicensed, NKG2A− NS-iKIR NK cells were
associated with improved LFS. Further analyses revealed that
high NKp46 expression and a high frequency of unlicensed
NKG2A− NS-iKIR NK cells additively improved outcome. Thus,
patients with high NCR expression along with a high frequency of
unlicensed NKG2A− NS-iKIR NK cells displayed superior LFS. These
findings suggest that functional, unlicensed NK cells may
constitute an anti-leukemic effector population of relevance to
the clinical outcome of HDC/IL-2 immunotherapy in AML. This
hypothesis was further supported by in vitro experiments showing
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that stimulation with IL-2 triggered degranulation of unlicensed
NK cells against primary AML blasts.
Naive CD8+ T cells differentiate via central memory and TEM

subsets to Teff cells.44 We have previously reported a striking
clinical benefit for patients displaying a transition from CD8+ TEM
cells to Teff cells during the first cycle of immunotherapy.34

Multivariable analyses suggested that CD8+ TEM to Teff cell
transition and high NKp46 expression independently predicted
outcome (Supplementary Table 2). In contrast to the results
observed for NKp46, the clinical impact of CD8+ T-cell transition
was noted irrespective of KIR/HLA genotype, supporting that
cytotoxic T cells and NK cells constitute independent effector arms
that are active during immunotherapy.
The relevance of a mismatch between KIRs on NK cells and the

HLA molecules present on leukemic cells for clinical outcome was
first demonstrated in haploidentical allogeneic stem cell trans-
plantation (allo-SCT), where a donor-to-recipient KIR/HLA mis-
match was associated with a significant survival benefit.45 This
finding suggests a pivotal role for alloreactive NK cells, that is,
allogeneic NK cells that are licensed with respect to the donor’s
set of HLA molecules but not inhibited by the recipient’s set of
HLA. There is controversy regarding how long these alloreactive
cells remain active: some studies support that alloreactivity will be
lost as the cells adapt to the new HLA environment, while other
studies imply that donor-derived hematopoietic cells may be
sufficient to preserve alloreactivity, at least towards malignant
cells.46 Moreover, even though there is no univocal conclusion
concerning the role of aKIRs in leukemia, it was reported that
patients receiving grafts from KIR2DS1+ HLA-C1/x donors had
lower probability of relapse in allo-SCT of AML.24,47 Our results
demonstrate that the presence of unlicensed, ‘KIR/HLA

mismatched’ NK cells, or the presence of aKIRs, can be clinically
relevant also in non-transplanted AML patients undergoing
immunotherapy. In a few other malignancies, where unlicensed
NK cells have been suggested to be beneficial, immune home-
ostasis was disturbed by some intervention, for example,
therapeutic monoclonal antibodies, cytokines or autologous
transplantation.21,24,25,48 Collectively, these studies indicate that
the clinical benefit of a missing ligand genotype is related to the
capacity of the therapeutic intervention to activate the unlicensed
NK cell population and thereby break their tolerance to self. As
these cells are more prone to mount an autoreactive response,
either due to lack of inhibitory ligands or to presence of activating
KIRs that are triggered by self-HLA class I, they may function as
even more effective killers than licensed NK cells.26,48,49 We
hypothesize that the current combination treatment, with IL-2
activating the NK cell subset and HDC targeting ROS secretion and
thereby protecting the NK cells, results in an activation of
otherwise hyporesponsive NK cells. The treatment is given to
patients in post-consolidation phase when the leukemic burden is
small. Still, it remains to be investigated if immunotherapy
predominantly enables an immediate eradication of the remaining
leukemic cells or if it leads to a long-lasting immune-mediated
control of the malignant clone.
In conclusion, this study demonstrates that the impact of NK

cells, and the predictive value of NK cell markers, during HDC/IL-2
immunotherapy is largely restricted to individuals with a
missing ligand genotype and/or a KIR B/x genotype. Our results
support that unlicensed, functional NK cells are relevant to
prognosis in AML and that strategies to unleash the cytotoxicity of
unlicensed NK cells should be considered in anti-leukemic
immunotherapy.

0

20

40

60

80

IL-2

p<0.0001 p=0.004

S-iKIR
NK cells

NS-iKIR
NK cells

C
D

10
7a

   
N

K
 c

el
ls

 (%
)

+

p=0.03
p=0.35

p=0.001 p=0.008

C
D

10
7a

   
N

K
 c

el
ls

 (%
)

+

p=0.13
p=0.68

S-iKIR
NK cells

NS-iKIR
NK cells

0

20

40

60

80

AML blasts
PBMC
Neg control

K562 cells AML blasts

AML blasts PBMC
0

5000

10000

15000

20000

25000

H
LA

-A
B

C
 (M

FI
)

IL-2ctrl ctrlIL-2IL-2ctrl ctrl

HLA-ABC (MFI)
1051041031020

Figure 5. (a) Histogram showing HLA class I expression on CD34+ AML blasts and PBMCs from one representative AML patient sample. Dashed
line represents unstained negative control. (b) Expression of HLA-ABC on leukemic 34+ blasts from AML patients and healthy donor PBMCs
(n= 5, n= 3; mean + s.e.m.). (c, d) Percentage of CD107a+ NKG2A− NS-iKIR or S-iKIR NK cells that were stimulated with 500 U/ml IL-2 overnight
(filled circles) or not stimulated (ctrl; open circles) and exposed to HLA-negative K562 target cells (c; n= 6) or C1/C1 matched AML blasts (d;
n= 7; one-way ANOVA and Bonferroni’s multiple comparison test).

Impact of KIR and HLA in AML immunotherapy
E Bernson et al

2557

Leukemia (2017) 2552 – 2559



CONFLICT OF INTEREST
Authors MB and KH are past or present consultants to the study sponsor (Meda
Pharma). Author KH holds patents protecting the use of histamine dihydrochloride in
cancer immunotherapy. Authors AM, RF and FBT have received honoraria and/or
travel grants from the study sponsor. The remaining authors declare no conflict of
interest.

ACKNOWLEDGEMENTS
This work was supported by Meda Pharma (Clinical Study Sponsor), the Swedish
Research Council, Swedish Society for Medical Research (SSMF), Swedish Cancer
Society, the Swedish state, the Erna and Victor Hasselblad Foundation, the IngaBritt
and Arne Lundberg Foundation, the Assar Gabrielsson foundation, Lion Cancer
Foundation, the Wilhelm and Martina Lundgren Research Foundation, BioCARE - a
National Strategic Research Program, and the Sahlgrenska Academy at University of
Gothenburg.

REFERENCES
1 Marchesi F, Annibali O, Cerchiara E, Tirindelli MC, Avvisati G. Cytogenetic

abnormalities in adult non-promyelocytic acute myeloid leukemia: a
concise review. Crit Rev Oncol Hematol 2011; 80: 331–346.

2 Döhner H, Estey E, Grimwade D, Amadori S, Appelbaum FR, Büchner T et al.
Diagnosis and management of AML in adults: 2017 ELN recommendations from
an international expert panel. Blood 2017; 129: 424–447.

3 Martner A, Thoren FB, Aurelius J, Hellstrand K. Immunotherapeutic strategies for
relapse control in acute myeloid leukemia. Blood Rev 2013; 27: 209–216.

4 Lion E, Willemen Y, Berneman ZN, Van Tendeloo VF, Smits EL. Natural killer cell
immune escape in acute myeloid leukemia. Leukemia 2012; 26: 2019–2026.

5 Fauriat C, Just-Landi S, Mallet F, Arnoulet C, Sainty D, Olive D et al. Deficient
expression of NCR in NK cells from acute myeloid leukemia: Evolution during
leukemia treatment and impact of leukemia cells in NCRdull phenotype induction.
Blood 2007; 109: 323–330.

6 Costello RT, Sivori S, Marcenaro E, Lafage-Pochitaloff M, Mozziconacci M-J,
Reviron D et al. Defective expression and function of natural killer cell-triggering
receptors in patients with acute myeloid leukemia. Blood 2002; 99: 3661–3667.

7 Moretta A, Bottino C, Vitale M, Pende D, Biassoni R, Mingari MC et al. Receptors for
HLA class-I molecules in human natural killer cells. Annu Rev Immunol 1996; 14:
619–648.

8 Long EO, Kim HS, Liu D, Peterson ME, Rajagopalan S. Controlling natural killer cell
responses: integration of signals for activation and inhibition. Annu Rev Immunol
2013; 31: 227–258.

9 Parham P. MHC class I molecules and KIRs in human history, health and survival.
Nat Rev Immunol 2005; 5: 201–214.

10 Uhrberg M, Valiante NM, Shum BP, Shilling HG, Leinert-Weidenbach K, Corliss B
et al. Human diversity in killer cell inhibitory receptor genes. Immunity 1997; 7:
753–763.

11 Middleton D, Gonzelez F. The extensive polymorphism of KIR genes. Immunology
2010; 129: 8–19.

12 Vilches C, Parham P. KIR: diverse, rapidly evolving receptors of innate and
adaptive immunity. Annu Rev Immunol 2002; 20: 217–251.

13 Morvan M, David G, Sebille V, Perrin A, Gagne K, Willem C et al. Autologous and
allogeneic HLA KIR ligand environments and activating KIR control KIR NK-cell
functions. Eur J Immunol 2008; 38: 3474–3486.

14 Fauriat C, Ivarsson MA, Ljunggren HG, Malmberg KJ, Michaelsson J. Education of
human natural killer cells by activating killer cell immunoglobulin-like receptors.
Blood 2010; 115: 1166–1174.

15 David G, Morvan M, Gagne K, Kerdudou N, Willem C, Devys A et al. Discrimination
between the main activating and inhibitory killer cell immunoglobulin-like
receptor positive natural killer cell subsets using newly characterized monoclonal
antibodies. Immunology 2009; 128: 172–184.

16 Beziat V, Liu LL, Malmberg JA, Ivarsson MA, Sohlerg E, Björklund AT et al. NK cell
responses to cytomegalovirus infection lead to stable imprints in the human KIR
repertoire and involve activating KIRs. Blood 2013; 121: 2678–2688.

17 Liu J, Xiao Z, Ko HL, Shen M, Ren EC. Activating killer cell immunoglobulin-like
receptor 2DS2 binds to HLA-A*11. Proc Natl Acad Sci USA 2014; 111: 2662–2667.

18 Kim S, Poursine-Laurent J, Truscott SM, Lybarger L, Song YJ, Yang L et al. Licensing
of natural killer cells by host major histocompatibility complex class I molecules.
Nature 2005; 436: 709–713.

19 Joncker NT, Fernandez NC, Treiner E, Vivier E, Raulet DH. NK cell responsiveness is
tuned commensurate with the number of inhibitory receptors for self-MHC class I:
the rheostat model. J Immunol 2009; 182: 4572–4580.

20 Anfossi N, Andre P, Guia S, Falk CS, Roetynck S, Stewart CA et al. Human NK cell
education by inhibitory receptors for MHC class I. Immunity 2006; 25: 331–342.

21 Tarek N, Le Luduec JB, Gallagher MM, Zheng J, Venstrom JM, Chamberlain E et al.
Unlicensed NK cells target neuroblastoma following anti-GD2 antibody treatment.
J Clin Invest 2012; 122: 3260–3270.

22 Pittari G, Liu XR, Selvakumar A, Zhao Z, Merino E, Huse M et al. NK cell tolerance
of self-specific activating receptor KIR2DS1 in individuals with cognate
HLA-C2 ligand. J Immunol 2013; 190: 4650–4660.

23 Venstrom JM, Zheng J, Noor N, Danis KE, Yeh AW, Cheung IY et al. KIR and HLA
genotypes are associated with disease progression and survival following auto-
logous hematopoietic stem cell transplantation for high-risk neuroblastoma. Clin
Cancer Res 2009; 15: 7330–7334.

24 Venstrom JM, Pittari G, Gooley TA, Chewning JH, Spellman S, Haagenson M et al.
HLA-C-dependent prevention of leukemia relapse by donor activating KIR2DS1.
N Engl J Med 2012; 367: 805–816.

25 Du J, Lopez-Verges S, Pitcher BN, Johnson J, Jung SH, Zhou L et al. CALGB 150905
(Alliance): rituximab broadens the antilymphoma response by activating
unlicensed NK cells. Cancer Immunol Res 2014; 2: 878–889.

26 Orr MT, Murphy WJ, Lanier LL. 'Unlicensed' natural killer cells dominate the
response to cytomegalovirus infection. Nat Immunol 2010; 11: 321–327.

27 Fernandez NC, Treiner E, Vance RE, Jamieson AM, Lemieux S, Raulet DH. A subset
of natural killer cells achieves self-tolerance without expressing inhibitory
receptors specific for self-MHC molecules. Blood 2005; 105: 4416–4423.

28 Yokoyama WM, Kim S. Licensing of natural killer cells by self-major
histocompatibility complex class I. Immunol Rev 2006; 214: 143–154.

29 Brune M, Castaigne S, Catalano J, Gehlsen K, Ho AD, Hofmann WK et al. Improved
leukemia-free survival after postconsolidation immunotherapy with histamine
dihydrochloride and interleukin-2 in acute myeloid leukemia: results of a
randomized phase 3 trial. Blood 2006; 108: 88–96.

30 Brune M, Hansson M, Mellqvist UH, Hermodsson S, Hellstrand K. NK cell-mediated
killing of AML blasts: role of histamine, monocytes and reactive oxygen
metabolites. Eur J Haematol 1996; 57: 312–319.

31 Thoren FB, Romero AI, Brune M, Hellstrand K. Histamine dihydrochloride and
low-dose interleukin-2 as post-consolidation immunotherapy in acute myeloid
leukemia. Expert Opin Biol Ther 2009; 9: 1217–1223.

32 Martner A, Rydstrom A, Riise RE, Aurelius J, Anderson H, Brune M et al. Role of
natural killer cell subsets and natural cytotoxicity receptors for the outcome of
immunotherapy in acute myeloid leukemia. Oncoimmunology 2016; 5: e1041701.

33 Martner A, Rydstrom A, Riise RE, Aurelius J, Brune M, Foa R et al. NK cell expression
of natural cytotoxicity receptors may determine relapse risk in older AML patients
undergoing immunotherapy for remission maintenance. Oncotarget 2015; 6:
42569–42574.

34 Sander FE, Rydstrom A, Bernson E, Kiffin R, Riise R, Aurelius J et al. Dynamics of
cytotoxic T cell subsets during immunotherapy predicts outcome in acute
myeloid leukemia. Oncotarget 2016; 7: 7586–7596.

35 Rydstrom A, Hallner A, Aurelius J, Sander FE, Bernson E, Kiffin R et al. Dynamics of
myeloid cell populations during relapse-preventive immunotherapy in acute
myeloid leukemia. J Leukoc Biol 2017. e-pub ahead of print 24 February 2017; doi:
10.1189/jlb.5VMA1116-455R.

36 Dohner H, Estey EH, Amadori S, Appelbaum FR, Buchner T, Burnett AK et al.
Diagnosis and management of acute myeloid leukemia in adults: recommenda-
tions from an international expert panel, on behalf of the European LeukemiaNet.
Blood 2010; 115: 453–474.

37 Youden WJ. Index for rating diagnostic tests. Cancer 1950; 3: 32–35.
38 Cooley S, Weisdorf DJ, Guethlein LA, Klein JP, Wang T, Le CT et al. Donor selection

for natural killer cell receptor genes leads to superior survival after unrelated
transplantation for acute myelogenous leukemia. Blood 2010; 116: 2411–2419.

39 Ilander M, Olsson-Stromberg U, Schlums H, Guilhot J, Bruck O, Lahteenmaki H
et al. Increased proportion of mature NK cells is associated with successful ima-
tinib discontinuation in chronic myeloid leukemia. Leukemia 2016; 31: 1108–1116.

40 Goodridge JP, Onfelt B, Malmberg KJ. Newtonian cell interactions shape natural
killer cell education. Immunol Rev 2015; 267: 197–213.

41 Brodin P, Karre K, Hoglund P. NK cell education: not an on-off switch but a tunable
rheostat. Trends Immunol 2009; 30: 143–149.

42 Yu J, Heller G, Chewning J, Kim S, Yokoyama WM, Hsu KC. Hierarchy of the Human
Natural Killer Cell Response Is Determined by Class and Quantity of Inhibitory
Receptors for Self-HLA-B and HLA-C Ligands. J Immunol 2007; 179: 5977–5989.

43 Khaznadar Z, Boissel N, Agaugue S, Henry G, Cheok M, Vignon M et al. Defective
NK cells in acute myeloid leukemia patients at diagnosis are associated with blast
transcriptional signatures of immune evasion. J Immunol 2015; 195: 2580–2590.

44 Restifo NP, Gattinoni L. Lineage relationship of effector and memory T cells. Curr
Opin Immunol 2013; 25: 556–563.

45 Ruggeri L, Capanni M, Urbani E, Perruccio K, Shlomchik WD, Tosti A et al.
Effectiveness of donor natural killer cell alloreactivity in mismatched hemato-
poietic transplants. Science 2002; 295: 2097–2100.

46 Wagner AK, Wickstrom SL, Tallerico R, Salam S, Lakshmikanth T, Brauner H et al.
Retuning of mouse nk cells after interference with MHC class I sensing adjusts

Impact of KIR and HLA in AML immunotherapy
E Bernson et al

2558

Leukemia (2017) 2552 – 2559



self-tolerance but preserves anticancer response. Cancer Immunol Res 2016; 4:
113–123.

47 Ivarsson MA, Michaelsson J, Fauriat C. Activating killer cell Ig-like receptors in
health and disease. Front Immunol 2014; 5: 184.

48 Delgado DC, Hank JA, Kolesar J, Lorentzen D, Gan J, Seo S et al. Genotypes of NK
cell KIR receptors, their ligands, and Fcgamma receptors in the response of
neuroblastoma patients to Hu14.18-IL2 immunotherapy. Cancer Res 2010; 70:
9554–9561.

49 Tu MM, Mahmoud AB, Makrigiannis AP. Licensed and unlicensed NK cells:
differential roles in cancer and viral control. Front Immunol 2016; 7: 166.

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

© The Author(s) 2017

Supplementary Information accompanies this paper on the Leukemia website (http://www.nature.com/leu)

Impact of KIR and HLA in AML immunotherapy
E Bernson et al

2559

Leukemia (2017) 2552 – 2559

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Impact of killer-immunoglobulin-like receptor and human leukocyte antigen genotypes on the efficacy of immunotherapy in acute myeloid leukemia
	Introduction
	Patients and methods
	Patients
	Sampling of peripheral blood and flow cytometry of Re:Mission study samples
	DNA extraction and KIR/HLA genotyping
	IL-2 stimulation of PBMC and degranulation assay
	Statistical analyses

	Results
	Impact of KIR/HLA genotypes on clinical outcome
	NK cell NCR expression is clinically relevant only in patients lacking inhibitory KIR ligands or in patients with a KIR B/x genotype
	KIR/HLA genotypes prognosticate outcome independently of CD8+ T-cell dynamics
	Impact of specific KIR B genes on outcome
	Presence of NCR+ unlicensed NK cells in blood heralds favorable outcome
	IL-2-activated NS-iKIR NK cells are reactive with primary AML blasts

	Discussion
	Acknowledgements
	Note
	References




