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the treatment of AML patients. The understanding of age-
associated alterations in NK cells is therefore necessary 
to define adequate therapeutic strategies in older AML 
patients.
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Abstract  Several age-associated changes in natural 
killer (NK) cell phenotype have been reported that con-
tribute to the defective NK cell response observed in 
elderly patients. A remodelling of the NK cell compart-
ment occurs in the elderly with a reduction in the out-
put of immature CD56bright cells and an accumulation of 
highly differentiated CD56dim NK cells. Acute myeloid 
leukaemia (AML) is generally a disease of older adults. 
NK cells in AML patients show diminished expres-
sion of several activating receptors that contribute to 
impaired NK cell function and, in consequence, to AML 
blast escape from NK cell immunosurveillance. In AML 
patients, phenotypic changes in NK cells have been cor-
related with disease progression and survival. NK cell-
based immunotherapy has emerged as a possibility for 
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Introduction

Natural killer (NK) cells were initially described in the 
1970s as large lymphocytes, different from T and B cells, 
with high cytotoxic capacity against tumour cells without 
the requirement of previous sensitisation [26, 32, 33]. Now-
adays it is well known that NK cells also play an important 
immunoregulatory function by the secretion of cytokines. 
In the recent classification of innate lymphoid cells (ILCs), 
NK cells are the prototypical type I ILCs playing a key role 
in mediating early immune responses against virus-infected 
cells and tumours [3, 53, 79].

NK cell activation depends on the balance between 
activating receptor signalling and inhibitory receptor sig-
nalling. The most important inhibitory receptors on NK 
cells are major histocompatibility complex (MHC) class 
I specific and include glycoproteins of the immunoglobu-
lin superfamily such as killer cell immunoglobulin-like 
receptors (KIRs) and leucocyte immunoglobulin-like 
receptors (LILRs) and C-type lectin-like glycoproteins 
such as CD94/NKG2A [38]. These receptors recognize 
self-MHC class I molecules expressed by normal cells 
preventing their lysis by NK cells. Expression of MHC 
class I molecules is frequently found diminished in 
tumour cells as well as in virus-infected cells, and conse-
quently the inhibitory signal will decrease promoting NK 
cell cytotoxicity of these target cells [1]. Together with 
low signalling through inhibitory receptors, activation 
of NK cells also requires signalling through activating 
receptors after recognition on target cells of their specific 
ligands.

Here, we summarize the current state of knowledge 
on NK cell function in acute myeloid leukaemia (AML) 
patients focusing on those age-associated effects on NK 
cell phenotype and functionality. Finally, we review immu-
notherapeutic strategies that can open new treatment pos-
sibilities in elderly AML patients.

Natural killer cells: subpopulations, receptors 
and functions

Human NK cells are large granular lymphocytes represent-
ing 10–15 % of circulating lymphocytes. They are usually 
identified by the absence of T and B cell receptors and in 
humans by the expression of CD56 and/or CD16. Thus, 
according to CD56 expression, two subsets of human NK 
cells have been identified, CD56bright NK cells that are char-
acterized by high cytokine production and low cytotoxic 
capacity in contrast to CD56dim NK cells that are highly 
cytotoxic and can also produce cytokines such as inter-
feron (IFN)-γ after activation. CD56bright NK cells have 
been recently considered as immature NK cells, precursors 

of CD56dim NK cells [55]. A minor subset of dysfunctional 
NK cells characterized by the expression of CD16 and the 
absence of CD56 has been described to be increased in dif-
ferent clinical conditions such as HIV infection and in age-
ing [12, 50, 75, 82].

The discovery of MHC class I-specific inhibitory recep-
tors, supporting the “missing self” hypothesis proposed by 
Kärre [42], and the identification of activating receptors 
on NK cells represented an essential advance in the under-
standing of NK cell activation [38, 52, 55].

One of the best-studied NK cell-activating receptors 
is NKG2D (NK group 2, member D) a C-type lectin-like 
receptor identified in 1991. NKG2D is expressed on human 
NK cells, on CD8+ T cells and also, in some pathological 
conditions, on CD4+ T cells. In humans, NKG2D binds 
to the MHC class I-related proteins A and B (MICA and 
MICB, respectively) and to glycoproteins that bind human 
cytomegalovirus (CMV) UL-16 protein (ULBP1-6). 
NKG2D ligands are usually induced by cellular stress and 
have been found expressed in different tumours [64, 86].

A significant progress was the identification of three 
activating receptors (NKp30, NKp44 and NKp46) that were 
collectively named natural cytotoxicity receptors (NCR). 
NCR belong to the Ig superfamily and were originally con-
sidered as unique NK cell-specific receptors [54]. However, 
recent discoveries of lymphoid subsets have demonstrated 
that these NCRs can also be expressed on other ILCs as 
well as on T cell subsets (γδ T cells, intestinal intraepi-
thelial lymphocytes, in vitro IL-15-activated T cells, NKT 
cells) [28]. Based on NKp30 and NKp46 expression, NK 
cells are classified as NCRbright (NKp30bright NKp46bright), 
NCRdull (NKp30dull NKp46dull) and NCRdiscordant (NKp-
30bright NKp46dull or NKp30dull NKp46bright). Interestingly, 
the majority of NK cells from healthy young individuals 
show an NCRbright phenotype in contrast to the increased 
NCRdull or NCRdiscordant phenotypes described in healthy 
elderly donors and in AML patients [14, 21, 69, 70]. Cellu-
lar ligands for NCR have remained elusive for a long time. 
Recently, proliferating cell nuclear antigen (PCNA) has 
been identified as an NKp44 ligand and HLA-B-associated 
transcript 3 (BAT3), B7-H6 and CMV pp65 tegument pro-
tein as NKp30 ligands suggesting that the NCRs are a class 
of pattern recognition receptors recognizing damage-asso-
ciated molecular patterns related to cellular stress [27, 35].

DNAX accessory molecule-1, DNAM-1, is a glyco-
protein of the Ig superfamily that is involved in adhesion 
and signalling. DNAM-1 is expressed on NK cells, T cells, 
monocytes and a subset of B cells [72]. Its role in NK cell-
mediated cytotoxicity varies according to the target cells 
analysed and usually acts as a costimulatory molecule 
requiring the cooperation with other activation receptors to 
induce lysis of target cells [7]. DNAM-1 ligands, CD112 
(nectin 2) and CD155 (poliovirus receptor, PVR), are 
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expressed in a variety of tumour cells, and it has been pro-
posed that their expression is regulated by cellular stress. 
TACTILE (CD96) and the inhibitory receptor TIGIT have 
been described to bind DNAM-1 ligands and regulate NK 
cell function [16].

Once NK cell activation threshold is overcome, NK cells 
exert different effector functions against target cells includ-
ing cytotoxicity mediated by perforin and granzymes  and 
FASL–FAS interactions and cytokine production such as 
IFN-γ and tumour necrosis factor (TNF)-α that play an 
important role in the regulation of the immune responses 
[38, 55]. Due to the recent advances in NK cell biology 
and effector functions, these cells have emerged as poten-
tial candidates for cancer immunotherapy originally for the 
treatment of haematopoietic malignancies such as leukae-
mia based on the graft-versus-leukaemia response in hae-
matopoietic stem cell transplantation of mismatched KIR/
KIR ligands and, more recently, for the treatment of solid 
tumours.

NK cells in the elderly

Immunosenescence is defined as an age-related dysregula-
tion of the immune response due to internal factors (such as 
a limited replicative potential of haematopoietic stem cells 
or thymus involution) or external factors (antigenic stress, 
such as chronic virus infection, cancer, autoimmune dis-
eases, inflammatory diseases or transplantation).

NK cells constitute an important component of the 
innate immune response with capacity to kill tumour cells 
and virus-infected cells. Ageing is associated with changes 
in the frequency, phenotype and function of NK cell sub-
sets [10, 22, 75].

Age‑associated changes in the frequency of NK cells

Several studies have been published regarding changes 
in the frequency of NK cell subpopulations with age. 
An increase in the percentage [6, 12, 22, 46] and abso-
lute number [6, 18] of total NK cells has been described 
in healthy ageing, associated with a decrease in immature 
CD56bright NK cells [6, 13, 22], both CD56brightCD16− and 
CD56brightCD16+ NK cells [12], and a decline, mainte-
nance or expansion of the more mature CD56dimCD16+ 
NK cell subset [6, 12, 25, 37, 78]. Recently, it has also been 
reported an increase in the percentage of CD56−CD16+ 
NK cells from healthy individuals with age [12]. The 
decrease in the CD56bright NK cell subpopulation in the 
elderly supports that ageing is associated with a decrease 
in the output of immature CD56bright cells from the bone 
marrow and an expansion of mature long-lived CD56dim 
NK cells [75].

The phenotype of NK cells changes with ageing

The analysis of receptor expression on NK cells has shown 
a significant decline of the activating receptors NKp30, 
NKp46 and DNAM-1 in the elderly [2, 39]. It has also been 
reported a high percentage of elderly people showing the 
NCRdull or NCRdiscordant phenotypes [78]. Other studies of 
the effect of age on the expression of inhibitory receptors 
on NK cells (such as KIR receptors or CD94/NKG2A) 
showed discrepant results. While some authors did not 
demonstrate significant differences in the expression of 
KIR and CD94/NKG2A receptors on NK cells from young 
and elderly donors [2, 39], others showed an increased 
expression of KIR and a reciprocal decrease in CD94/
NKG2A expression associated with age [46]. A decreased 
expression of KLRG-1 on NK cells from old donors has 
also been described [24].

It has been found that persistent viral infections, such 
as CMV, also may play an important role in the altera-
tions observed on NK cells from elderly individuals. Since 
the majority of elderly individuals are CMV seropositive, 
changes produced by CMV on NK cells are difficult to 
differentiate from those attributed to ageing per se. In this 
regard, an increased expression of the activating recep-
tor CD94/NKG2C (but no significant differences in the 
expression of its inhibitory counterpart CD94/NKG2A 
receptor) associated with CMV seropositivity has been 
described, not only in total NK cells [45, 56] but also in 
the CD56dimCD16+ and CD56−CD16+ NK cell subpopula-
tions [12]. An increased expression of CD57 in the CD56dim 
NK cell subpopulation from elderly donors has also been 
reported [6]. However, a recent study has shown that CMV 
seropositivity, not age, is associated with an increased 
expression of CD57 on total NK cells, CD56dimCD16+ and 
CD56−CD16+ NK cells [12, 75].

Impact of ageing on NK cell function

As expected, the changes described in the phenotype of 
NK cells in elderly individuals also lead to altered NK cell 
function with a decrease in cytotoxicity at the single-cell 
level [76] and reduced ability of NK cells to respond and 
produce cytokines after stimulation [48, 51, 57]. It has also 
been reported a decrease in intracellular signalling of NK 
cells with age [47]. Decreased cell cytotoxicity against 
classical cellular target cells (e.g. K562 cell line) may be 
due to the alterations found in the expression of activat-
ing receptors that occurs in the elderly such as DNAM-1 
and NCR. However, neither the expression of CD16 nor its 
ability to trigger antibody-dependent NK cell cytotoxicity 
is affected by age [39, 46, 61, 74].

There is evidence that alterations in the number and 
cytotoxic capacity of NK cells are associated with an 
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increased risk of infections and mortality, but the causes of 
these disorders in elderly donors are not yet fully known. It 
is known that older adults have a higher risk of cancer and 
the defects on NK cell function may also affect NK cell-
mediated tumour immunosurveillance.

NK cells in AML patients

Considerable advances have been made during the last dec-
ade in the treatment of haematologic malignancies. How-
ever, disappointing results are observed when the long-term 
efficacy is analysed, since a significant number of patients 
relapse or suffer from severe chemotherapy and radiother-
apy side effects. This is especially relevant in elderly AML 
patients because they frequently have age-related changes in 
renal or hepatic function that force the adjustment of chem-
otherapy doses, thus limiting treatment efficacy [5, 71].

NK cells are early responders of the innate immune 
response that can exert potent activity against AML cells 
without the requirement of prior sensitization, making them 
good candidates for cancer immunotherapy [9, 20, 43, 67].

Changes in the frequency of NK cells in AML patients

There are controversies regarding NK cell counts in AML 
patients. Whereas some reports describe no changes in 
NK cell numbers [21, 80], others suggest that the per-
centage of circulating NK cells is lower in AML patients 
compared with healthy donors ([40, 81] and Sanchez-
Correa et  al. unpublished data). The proportion of the 
CD3−CD56+CD16− NK cells was significantly higher, 
and the frequency of CD3−CD56+CD16+ cells was sig-
nificantly lower in AML patients compared with healthy 
donors [40, 81].

NK cell phenotype changes in AML patients

Activation of NK cells is the result of the fine balance 
between activating signalling and inhibitory signalling 

through a diverse repertoire of surface receptors. It has 
been described that AML blasts can be susceptible to NK 
cell-mediated lysis because they express different ligands 
for activating receptors [62, 66, 69, 70, 84]. However, NK 
cells are not efficient in lysing autologous AML blasts. 
Thus, several mechanisms have been proposed to contrib-
ute to AML blast escape from NK cell recognition [14, 21, 
41, 62, 66, 69, 70, 80, 81]. These mechanisms include not 
only the downregulation of NK cell-activating receptors 
and the loss of ligands for activating receptors on the AML 
blasts but also the increased expression of inhibitory recep-
tors on NK cells or their ligands on AML blasts.

In relation to the downregulation of activating receptors 
on NK cells, some studies have described a reduced expres-
sion of DNAM-1 [69, 70], NKp46 and NKp30 [14, 21, 
70, 81] on NK cells from AML patients when compared 
to healthy donors (Fig.  1). Other receptors analysed were 
NKG2D, activating forms of KIR receptors (KIR2DS1, 
KIR2DS2), CD244 or CD94/NKG2C. Discrepant results 
concerning NKG2D expression on NK cells from AML 
patients have been reported showing either a reduced 
expression [81] or no significant differences [70, 80]. 
CD94/NKG2C [70, 81] and CD244 [70] receptors were 
significantly decreased on NK cells from AML patients. 
Finally, analysis of KIR2DL1/S1 and KIR2DL2/S2 showed 
no significant differences compared with healthy donors 
[80].

Both, the expression of activating receptors and the 
cytotoxicity of NK cells against autologous AML cells are 
recovered in AML patients who achieve complete remis-
sion supporting the idea that the decreased expression 
of NK cell-activating receptors leading to cell dysfunc-
tion is the consequence of continuous contact with their 
ligands expressed on leukaemic blasts [21, 80]. Thus, we 
have previously shown that the expression of CD112 on 
AML blasts correlates with the loss of DNAM-1 on NK 
cells further reinforcing that chronic ligand exposure can 
induce a reduced NK cell-activating receptor expression in 
AML patients [69]. In addition, AML blasts obtained from 
patients with an NCRlow phenotype are susceptible to NK 

Fig. 1   NK cell-activating 
receptors and their ligands in 
AML. Schematic representation 
of a the expression of activat-
ing receptors on NK cells from 
AML patients (AML–NK) and 
b their ligands on leukaemic 
cells
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cell-mediated lysis using NCRbright NK cells, suggesting 
once more that AML blasts can be lysed by NK cells. Alto-
gether, based on these observations it has been proposed 
that at some stage during AML development, NK cells turn 
out to be overwhelmed by the increasing number of leukae-
mic blasts, and their functionality goes down [14, 21, 31, 
69, 73].

There are very few studies analysing the expression of 
inhibitory receptors on NK cells in AML patients. Strin-
garis et  al. [80] described an increase in the frequency of 
NK cells expressing NKG2A in AML patients compared 
with healthy controls, while the analysis of KIR2DL1/S1, 
KIR2DL2/S2 and KIR3DL1 showed no differences. How-
ever, we did not find significant differences on the level of 
expression (MFI) of NKG2A within CD94+ NK cells in 
AML patients [70].

Changes in the function of NK cells in AML patients

NK cells in AML patients show a significantly reduced 
cytotoxicity and CD107a degranulation against autolo-
gous leukaemic blasts [14, 80, 81] or K562 cell line [80, 
81] compared with healthy donors. In addition, redirected 
lysis against the FcR + P815 murine cell line is also found 
decreased in AML patients [14, 21].

As indicated above, several alterations can be responsi-
ble for the diminished NK cell function observed in AML 
patients including the decreased expression of several acti-
vating receptors [14, 21, 69, 81], an altered expression of 
cytotoxic molecules (e.g. perforin, granzymes), low levels 
of ligands for major activating receptors on leukaemic blast 
surface [58] and high levels of HLA class I molecules on 
AML blasts [70]. Thus, it is well known that NK cell acti-
vation is regulated by the interactions of NK cell inhibi-
tory receptors with HLA class I molecules on target cells; 
however, high levels of activating receptor ligands on the 
targets can counterbalance this inhibition [84]. In general, 
NK cells from AML patients are not efficient in the lysis 
of autologous blasts even when HLA class I antibodies are 
included in the assay to block inhibitory signals. This sug-
gests that AML blast resistance to NK-mediated lysis is due 
to a defective activation of NK cells as the expression of 
NK cell-activating receptors is reduced in AML patients. In 
patients achieving complete remission, NK cell phenotype 
and function are found normalized, indicating that the pres-
ence of AML blasts is responsible for these NK cell defects 
[21, 80].

In AML patients, NK cells also show an impaired pro-
duction of IFN-γ that was correlated with their response 
to autologous blasts [8, 80] or K562 cell line [80]. TNF-α 
secretion is also reduced on NK cells from AML patients, 
and together with NKG2A overexpression, these parame-
ters were associated with failure to achieve remission [80].

NK cells in elderly AML patients compared 
with younger AML patients

AML is the most common type of acute leukaemia diag-
nosed in adult patients. The incidence of AML increases 
with advancing age, and a majority of AML cases occur 
in patients aged 65  years or older with a median age 
of 67  years at diagnosis [19, 30]. Ageing implies many 
adverse features such as the refractoriness of the disease 
and the frailty of this population contributing as a whole to 
the low rate of survival observed in elderly AML patients 
[29].

Therefore, age-associated immunosenescence can affect 
recognition and killing of AML blasts [11, 22, 70, 77]. As 
described above, age-associated alterations observed on 
NK cells include low per-cell cytotoxic capacity and altered 
cytokine production [17, 22, 60, 70, 77]. Concerning NCR, 
we have found a decline in the expression of NKp30 and 
NKp46 in AML patients [69, 70].

Since NK cell phenotype and function are influenced by 
age, we strongly recommend that all studies on NK cells 
in AML patients should take into account the age of the 
patients in order to differentiate age-associated from AML-
associated alterations in NK cells. This consideration will 
allow the identification of new prognosis markers and help 
to develop NK cell-based therapies leading to enhance 
NK cell elimination of AML blasts in elderly patients. 
According to this, we have previously described a reduced 
expression of NKp30 and NKp46 on NK cells from AML 
patients younger than 65 years compared with age-matched 
healthy donors. In elderly AML patients, the expression of 
NKp46 was decreased, whereas no differences were found 
in the expression of NKp30 compared with healthy elderly 
donors. It is important to note that both activating receptors 
are downregulated in healthy elderly donors compared with 
younger healthy donors [69].

In a similar way, DNAM-1 expression on NK cells from 
AML patients is significantly decreased in patients less 
than 65  years of age. No differences are found in elderly 
patients given that DNAM-1 expression is reduced on NK 
cells from healthy elderly donors. A decrease in CD244 
expression was found on NK cells from AML patients in 
both groups of age compared with healthy donors [69], 
suggesting that this reduction is associated with AML.

Finally, it is important to highlight that some studies 
have correlated NCR expression with survival. These stud-
ies describe that AML patients with high expression of 
NKp30 or NKp46 survive longer than patients with reduced 
expression of these receptors ([21] and Bergua et al. unpub-
lished data). This observation suggests that the NCR phe-
notype may influence patient outcome directly through an 
anti-leukaemia effect or indirectly through the control of 
infectious diseases that also contribute to patient survival.
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Altogether, these data suggest that the decreased NK 
cell function observed in AML patients is partially due to 
the decrease in the expression of activating receptors, an 
effect that is more pronounced in elderly patients. A better 
understanding of the contribution of age-associated NK cell 
senescence to tumour immunosurveillance in AML patients 
is required.

NK cell‑based immunotherapy for haematologic 
malignancies

The clinical outcome of patients with refractory or relapsed 
AML is frequently very poor, and despite the develop-
ment of new therapies for AML, the treatment of this group 
of patients remains unsolved. The use of NK cells and 
cytokine-induced killer cells in immunotherapy of haema-
tologic malignancies has been proposed [63].

The first clinical trials to harness the antitumor prop-
erties of NK cells in humans were focused on the use of 
autologous IL-2-induced lymphokine activated killers 
(LAK) in combination with IL-2 and reported a clinical 
response in patients with solid tumours. This therapy was 
discarded due to the high toxicity and the lack of superi-
ority compared with IL-2 treatment alone [83] and to the 
finding that in vivo administration of IL-2 induces the 
expansion not only of NK cells but also of regulatory T 
cells, although this effect could be avoided by the use of 
IL-15. Moreover, autologous NK cells do not lyse cancer 
cells unless MHC class I antigens are downregulated [34].

An additional limitation of using autologous NK cells 
from cancer patients for immunotherapy is that these cells 
are frequently hyporesponsive due to the downregulation of 
activating receptors that is even more accentuated in elderly 
patients as discussed above. In order to evaluate cytokine-
induced recovery of NK cell-activating receptors in AML 
patients, we have performed in vitro studies analysing the 
effect of IL-15 on NK cells from AML patients. In Fig. 2, 
we show a representative example of NK cells from an 
elderly AML patient, with low expression of several acti-
vating receptors, which were incubated in vitro with 
IL-15. We observed that IL-15 increased the expression 
of NK activating receptors (Fig. 2a) and, more important, 
enhanced NK cell degranulation against the K562 eryth-
roleukaemia cell line (Fig. 2b). These results indicate that, 
even in elderly patients, NK cell function can be enhanced 
by cytokines.

In AML, HLA-haploidentical adoptively transferred 
NK cells expand after lymphodepleting chemotherapy and 
clearance of blasts is correlated with the persistence and in 
vivo expansion of NK cells [4]. However, NK cell recogni-
tion of self-MHC class I molecules can inhibit killing of 
leukaemic blasts. Supporting these findings, many clinical 

studies have suggested a correlation between NK allorecog-
nition and the outcome of allohaematopoietic stem cell 
transplantation (HSCT). Thus, in allo-HSCT, it has been 
demonstrated that NK cells can destroy “non-self” cells 
(e.g. leukaemic blasts), contributing to the graft-versus-leu-
kaemia effect, provided that a KIR/KIR ligand mismatch 
exists that leads to graft-versus-leukaemia effect [44].

Curti et al. [15] reported the feasibility of adoptive trans-
fer of alloreactive haploidentical KIR ligand-mismatched 
NK cells in elderly high-risk AML patients with best 
results in patients with molecular relapse of morphological 
complete remission. The clinical trials exploiting NK cell-
mediated anti-tumour activity using HLA-haploidentical 
HSCT to cure high-risk acute leukaemia showed that allo-
reactive NK cells express inhibitory KIR specific for HLA 
alleles that are not present in the recipient and activating 
KIR recognizing recipient HLA ligands. Thus, independent 
of the clinical setting, NK-mediated tumour cell eradication 
depends on the presence of activating receptors including 
activating KIR and other HLA non-specific receptors.

There are several limitations for the use of adop-
tive transfer of NK cells, either autologous or allogeneic, 
including limited survival of NK cells, low activity due to 
inhibitory receptors or low signalling through activating 
receptors (e.g. shedding of ligands or downregulation of 
activating receptors). A better understanding of the com-
plex balance between inhibitory receptor signalling and 
activating receptor signalling and how different activat-
ing receptors cooperate to activate NK cell cytotoxicity is 
still required for the development of new strategies aimed 
to select the more effective NK cells for immunotherapy in 
AML (Fig. 3).

Thus, several innovative strategies aimed to redirect 
NK cell cytotoxicity using bispecific and trispecific killer 
engagers (BiKEs and TriKEs, respectively) constructed 
using a single-chain variable fragment of a monoclonal 
antibody against CD16 and one (BiKEs) or two (TriKEs) 
variable single-chain fragments against tumour-associated 
antigens have been developed. BiKEs and TriKEs trigger 
NK cell activation through CD16. An enhanced killing of 
tumour cells was observed when these agents were used 
in combination with an inhibitor of ADAM17 to prevent 
CD16 shedding after NK cell activation [65, 85, 87]. In 
refractory AML, CD16xCD33 BiKEs overcame inhibitory 
signalling through KIRs and triggered NK cell cytotoxic-
ity and cytokine production [85]. Interestingly, reactivation 
of CMV after HSCT induced maturation of NK cells and 
amplified BiKE-mediated triggering trough CD16 [49].

NK cells expressing chimeric antigen receptors (CAR) 
have been engineered demonstrating an increased NK cell 
cytotoxicity in vitro. In contrast to CAR-T cells, the use of 
CAR-NK cells has been mainly restricted to preclinical stud-
ies [44]. CAR-modified primary NK cells directed against 
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CD19, CD20, CD244 or HER2 and the use of the NK92 cell 
line expressing CAR have been reported in preclinical stud-
ies. In contrast to long-lived CAR-T cells, the use of mature 
NK cells with a limited lifespan might not require the incor-
poration of suicide genes to destroy CAR-effector cells, a 
possibility that will require further studies [23].

The expansion of a large number of NK cells from a 
small fraction of blood mononuclear cells remains challeng-
ing. Recently, a particle-based NK cell expansion technol-
ogy has been developed using plasma membrane particles 
derived from the K562 cell line engineered to express IL-15 
and CD137. This technology induces the selective expansion 
of large numbers of NK cells with high cytotoxic capacity 
against leukaemic cell lines and leukaemia blasts, facilitating 
the expansion of NK cells for clinical use [59]. The develop-
ment of methods for the expansion of large numbers of NK 

cells from blood or pluripotent progenitors may contribute to 
the feasibility of adoptive transfer clinical trials.

A new promising strategy for AML is the infusions of 
HLA-mismatched leucocytes, termed non-engrafting allo-
reactive cellular therapy (NEACT). In elderly patients, 
NEACT was associated with increased survival from 10 
to 39  % when administered following chemotherapy and 
complete remissions were observed in one-third of patients 
with relapsed or chemorefractory disease. Both NK cell 
alloreactivity and T cell alloreactivity generate anti-leukae-
mic effects; however, long-term disease control requires 
recipient-derived T cell responses against tumour-associ-
ated antigens. Several variables that may affect the NEACT 
effect are the release of proinflammatory cytokines such 
as IL-6 and the choice of different pretreatment chemo-
therapy [36]. Further analysis of cytokine release after 

Fig. 2   IL-15 modulates the surface expression of activating receptors 
in NK cells and restores their functionality. A representative exam-
ple from an elderly AML patient (82 years) showing the effect of in 
vitro incubation of NK cells with IL-15 (100 ng/ml): a expression of 
activating receptors on NK cells. Black lines represent expression lev-

els of activating receptors in resting NK cells from an AML patient 
(AML-NK) at diagnosis, and grey-filled histograms indicate expres-
sion levels of activating receptors in AML-NK cells after incubation 
with IL-15. b Analysis of AML-NK cell degranulation against K562 
cell line before and after preincubation of NK cells with IL-15
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NEACT and its correlation with disease progression and 
survival is required. We have reported altered cytokine pro-
files in AML patients including increased levels of IL-6 
that inversely correlated with survival [68] and may affect 
NEACT effectiveness. In addition, donor selection, the 
characteristics of infused cells and the use of repeated infu-
sions are questions to be addressed [36].

In conclusion, a better understanding of age-associated 
alterations in NK cells and the advances in our knowledge 
of how NK cells recognize haematologic malignancies has 
opened promising perspectives for the use of NK cells in 
the immunotherapy of elderly AML patients.

Acknowledgments  We apologize to our colleagues whose work 
was not cited due to space limitations. This work was supported by 
grants SAF2009-09711 and SAF2013-46161-R (to Raquel Tara-
zona) from the Ministry of Economy and Competitiveness of Spain, 
PS09/00723 and PI13/02691 (to Rafael Solana) from Spanish Min-
istry of Health, CTS-208 from Junta de Andalucia (to Rafael Solana) 
and grants to INPATT research group (GRU10104) from Junta de 
Extremadura and University of Extremadura (to Raquel Tarazona and 
Esther Duran) cofinanced by European Regional Development Funds 
(FEDER).

Conflict of interest  The authors declare that they have no conflict 
of interest.

References

	 1.	 Algarra I, Garcia-Lora A, Cabrera T, Ruiz-Cabello F, Garrido F 
(2004) The selection of tumor variants with altered expression 

of classical and nonclassical MHC class I molecules: implica-
tions for tumor immune escape. Cancer Immunol Immunother 
53:904–910

	 2.	 Almeida-Oliveira A, Smith-Carvalho M, Porto LC, Cardoso-
Oliveira J, Ribeiro AS, Falcao RR, Abdelhay E, Bouzas LF, 
Thuler LC, Ornellas MH, Diamond HR (2011) Age-related 
changes in natural killer cell receptors from childhood through 
old age. Hum Immunol 72:319–329

	 3.	 Artis D, Spits H (2015) The biology of innate lymphoid cells. 
Nature 517:293–301

	 4.	 Bachanova V, Miller JS (2014) NK cells in therapy of cancer. 
Crit Rev Oncog 19:133–141

	 5.	 Balducci L, Yates J (2000) General guidelines for the manage-
ment of older patients with cancer. Oncology (Williston Park) 
14:221–227

	 6.	 Borrego F, Alonso MC, Galiani MD, Carracedo J, Ramirez R, Ostos B, 
Pena J, Solana R (1999) NK phenotypic markers and IL2 response 
in NK cells from elderly people. Exp Gerontol 34:253–265

	 7.	 Bottino C, Castriconi R, Pende D, Rivera P, Nanni M, Car-
nemolla B, Cantoni C, Grassi J, Marcenaro S, Reymond N, 
Vitale M, Moretta L, Lopez M, Moretta A (2003) Identification 
of PVR (CD155) and Nectin-2 (CD112) as cell surface ligands 
for the human DNAM-1 (CD226) activating molecule. J Exp 
Med 198:557–567

	 8.	 Braciak TA, Wildenhain S, Roskopf CC, Schubert IA, Fey GH, 
Jacob U, Hopfner KP, Oduncu FS (2013) NK cells from an AML 
patient have recovered in remission and reached comparable 
cytolytic activity to that of a healthy monozygotic twin mediated 
by the single-chain triplebody SPM-2. J Transl Med 11:289

	 9.	 Caligiuri MA (2008) Human natural killer cells. Blood 112:461–469
	10.	 Camous X, Pera A, Solana R, Larbi A (2012) NK cells in 

healthy aging and age-associated diseases. J Biomed Biotechnol 
2012:195956

	11.	 Campos C, Pera A, Lopez-Fernandez I, Alonso C, Tarazona R, 
Solana R (2014) Proinflammatory status influences NK cells 
subsets in the elderly. Immunol Lett 162:298–302

Fig. 3   Schematic representation of the effect of ageing and AML on 
NK cell phenotype and function and possible NK-based immunother-
apy strategies. Ageing is associated with a decrease in the production 
of new immature CD56bright NK cells from bone marrow common 
progenitors. CMV chronic infection is associated with an expan-
sion of a memory-like long-lived NK cell subset characterized by the 
expression of the activating receptor CD94/NKG2C and CD57. Age-
ing and AML are associated with a decreased expression of NCRs 
and DNAM-1 that contributes to low cytotoxic capacity of NK cells. 

In elderly AML patients, age-associated changes on NK cells limit 
their capacity to eliminate leukaemic blasts. Interventions to improve 
NK cell function include cytokine-induced recovery of activating 
receptors and adoptive transfer of allogeneic NK cells selected on the 
basis of HLA/KIR mismatch. Novel strategies propose the use of NK 
cells expressing chimeric activating receptors (CAR) and the use of 
bi- or trispecific antibodies aimed to redirect NK cell-mediated lysis 
(BiKE and TriKE)



461Cancer Immunol Immunother (2016) 65:453–463	

1 3

	12.	 Campos C, Pera A, Sanchez-Correa B, Alonso C, Lopez-Fernan-
dez I, Morgado S, Tarazona R, Solana R (2014) Effect of age and 
CMV on NK cell subpopulations. Exp Gerontol 54:130–137

	13.	 Chidrawar SM, Khan N, Chan YL, Nayak L, Moss PA (2006) 
Ageing is associated with a decline in peripheral blood 
CD56bright NK cells. Immun Ageing 3:10

	14.	 Costello RT, Sivori S, Marcenaro E, Lafage-Pochitaloff M, Moz-
ziconacci MJ, Reviron D, Gastaut JA, Pende D, Olive D, Moretta 
A (2002) Defective expression and function of natural killer cell-
triggering receptors in patients with acute myeloid leukemia. 
Blood 99:3661–3667

	15.	 Curti A, Ruggeri L, D’Addio A, Bontadini A, Dan E, Motta 
MR, Trabanelli S, Giudice V, Urbani E, Martinelli G, Paolini S, 
Fruet F, Isidori A, Parisi S, Bandini G, Baccarani M, Velardi A, 
Lemoli RM (2011) Successful transfer of alloreactive haploi-
dentical KIR ligand-mismatched natural killer cells after infu-
sion in elderly high risk acute myeloid leukemia patients. Blood 
118:3273–3279

	16.	 de Andrade LF, Smyth MJ, Martinet L (2014) DNAM-1 control 
of natural killer cells functions through nectin and nectin-like 
proteins. Immunol Cell Biol 92:237–244

	17.	 Derhovanessian E, Solana R, Larbi A, Pawelec G (2008) Immu-
nity, ageing and cancer. Immun Ageing 5:11

	18.	 Di Lorenzo G, Balistreri CR, Candore G, Cigna D, Colombo A, 
Romano GC, Colucci AT, Gervasi F, Listi F, Potestio M, Caruso 
C (1999) Granulocyte and natural killer activity in the elderly. 
Mech Ageing Dev 108:25–38

	19.	 Erba HP (2015) Finding the optimal combination therapy for the 
treatment of newly diagnosed AML in older patients unfit for 
intensive therapy. Leuk Res 39:183–191

	20.	 Farag SS, VanDeusen JB, Fehniger TA, Caligiuri MA (2003) 
Biology and clinical impact of human natural killer cells. Int J 
Hematol 78:7–17

	21.	 Fauriat C, Just-Landi S, Mallet F, Arnoulet C, Sainty D, Olive 
D, Costello RT (2007) Deficient expression of NCR in NK cells 
from acute myeloid leukemia: evolution during leukemia treat-
ment and impact of leukemia cells in NCRdull phenotype induc-
tion. Blood 109:323–330

	22.	 Gayoso I, Sanchez-Correa B, Campos C, Alonso C, Pera A, Cas-
ado JG, Morgado S, Tarazona R, Solana R (2011) Immunosenes-
cence of human natural killer cells. J Innate Immun 3:337–343

	23.	 Glienke W, Esser R, Priesner C, Suerth JD, Schambach A, Wels 
WS, Grez M, Kloess S, Arseniev L, Koehl U (2015) Advantages 
and applications of CAR-expressing natural killer cells. Front 
Pharmacol 6:21

	24.	 Hayhoe RP, Henson SM, Akbar AN, Palmer DB (2010) Variation 
of human natural killer cell phenotypes with age: identification 
of a unique KLRG1-negative subset. Hum Immunol 71:676–681

	25.	 Hazeldine J, Lord JM (2013) The impact of ageing on natural 
killer cell function and potential consequences for health in older 
adults. Ageing Res Rev 12:1069–1078

	26.	 Herberman RB, Nunn ME, Holden HT, Lavrin DH (1975) Natu-
ral cytotoxic reactivity of mouse lymphoid cells against synge-
neic and allogeneic tumors. II. Characterization of effector cells. 
Int J Cancer 16:230–239

	27.	 Horton NC, Mathew PA (2015) NKp44 and natural cytotoxicity 
receptors as damage-associated molecular pattern recognition 
receptors. Front Immunol 6:31

	28.	 Hudspeth K, Silva-Santos B, Mavilio D (2013) Natural cyto-
toxicity receptors: broader expression patterns and functions in 
innate and adaptive immune cells. Front Immunol 4:69

	29.	 Jabbour EJ, Estey E, Kantarjian HM (2006) Adult acute myeloid 
leukemia. Mayo Clin Proc 81:247–260

	30.	 Jemal A, Siegel R, Xu J, Ward E (2010) Cancer statistics, 2010. 
CA Cancer J Clin 60:277–300

	31.	 Khaznadar Z, Henry G, Setterblad N, Agaugue S, Raffoux E, 
Boissel N, Dombret H, Toubert A, Dulphy N (2014) Acute mye-
loid leukemia impairs natural killer cells through the formation 
of a deficient cytotoxic immunological synapse. Eur J Immunol 
44:3068–3080

	32.	 Kiessling R, Klein E, Pross H, Wigzell H (1975) “Natural” killer 
cells in the mouse. II. Cytotoxic cells with specificity for mouse 
Moloney leukemia cells. Characteristics of the killer cell. Eur J 
Immunol 5:117–121

	33.	 Kiessling R, Klein E, Wigzell H (1975) “Natural” killer cells in 
the mouse. I. Cytotoxic cells with specificity for mouse Moloney 
leukemia cells. Specificity and distribution according to geno-
type. Eur J Immunol 5:112–117

	34.	 Klingemann H (2015) Challenges of cancer therapy with natural 
killer cells. Cytotherapy 17:245–249

	35.	 Koch J, Steinle A, Watzl C, Mandelboim O (2013) Activating 
natural cytotoxicity receptors of natural killer cells in cancer and 
infection. Trends Immunol 34:182–191

	36.	 Krakow EF, Bergeron J, Lachance S, Roy DC, Delisle JS (2014) 
Harnessing the power of alloreactivity without triggering graft-
versus-host disease: how non-engrafting alloreactive cellular 
therapy might change the landscape of acute myeloid leukemia 
treatment. Blood Rev 28:249–261

	37.	 Krishnaraj R (1997) Senescence and cytokines modulate the NK 
cell expression. Mech Ageing Dev 96:89–101

	38.	 Lanier LL (2008) Up on the tightrope: natural killer cell activa-
tion and inhibition. Nat Immunol 9:495–502

	39.	 Le Garff-Tavernier M, Beziat V, Decocq J, Siguret V, Gand-
jbakhch F, Pautas E, Debre P, Merle-Beral H, Vieillard V (2010) 
Human NK cells display major phenotypic and functional 
changes over the life span. Aging Cell 9:527–535

	40.	 Lichtenegger FS, Lorenz R, Gellhaus K, Hiddemann W, Beck B, 
Subklewe M (2014) Impaired NK cells and increased T regula-
tory cell numbers during cytotoxic maintenance therapy in AML. 
Leuk Res 38:964–969

	41.	 Lion E, Willemen Y, Berneman ZN, Van TV, Smits EL (2012) 
Natural killer cell immune escape in acute myeloid leukemia. 
Leukemia 26:2019–2026

	42.	 Ljunggren HG, Karre K (1990) In search of the ‘missing self’: 
MHC molecules and NK cell recognition. Immunol Today 
11:237–244

	43.	 Ljunggren HG, Malmberg KJ (2007) Prospects for the use of 
NK cells in immunotherapy of human cancer. Nat Rev Immunol 
7:329–339

	44.	 Locatelli F, Moretta F, Brescia L, Merli P (2014) Natural killer 
cells in the treatment of high-risk acute leukaemia. Semin Immu-
nol 26:173–179

	45.	 Lopez-Botet M, Muntasell A, Vilches C (2014) The CD94/
NKG2C +  NK-cell subset on the edge of innate and adaptive 
immunity to human cytomegalovirus infection. Semin Immunol 
26:145–151

	46.	 Lutz CT, Moore MB, Bradley S, Shelton BJ, Lutgendorf SK 
(2005) Reciprocal age related change in natural killer cell recep-
tors for MHC class I. Mech Ageing Dev 126:722–731

	47.	 Mariani E, Mariani AR, Meneghetti A, Tarozzi A, Cocco L, Fac-
chini A (1998) Age-dependent decreases of NK cell phospho-
inositide turnover during spontaneous but not Fc-mediated cytol-
ytic activity. Int Immunol 10:981–989

	48.	 Mariani E, Meneghetti A, Neri S, Ravaglia G, Forti P, Cattini L, 
Facchini A (2002) Chemokine production by natural killer cells 
from nonagenarians. Eur J Immunol 32:1524–1529

	49.	 Miller JS (2013) Therapeutic applications: natural killer cells in 
the clinic. Hematol Am Soc Hematol Educ Prog 2013:247–253

	50.	 Milush JM, Lopez-Verges S, York VA, Deeks SG, Martin JN, 
Hecht FM, Lanier LL, Nixon DF (2013) CD56negCD16(+) NK 



462	 Cancer Immunol Immunother (2016) 65:453–463

1 3

cells are activated mature NK cells with impaired effector func-
tion during HIV-1 infection. Retrovirology 10:158

	51.	 Mocchegiani E, Malavolta M (2004) NK and NKT cell functions 
in immunosenescence. Aging Cell 3:177–184

	52.	 Montaldo E, Del ZG, Della CM, Mingari MC, Moretta A, De 
MA, Moretta L (2013) Human NK cell receptors/markers: a tool 
to analyze NK cell development, subsets and function. Cytom-
etry A 83:702–713

	53.	 Montaldo E, Vacca P, Moretta L, Mingari MC (2014) Develop-
ment of human natural killer cells and other innate lymphoid 
cells. Semin Immunol 26:107–113

	54.	 Moretta A, Bottino C, Vitale M, Pende D, Cantoni C, Mingari 
MC, Biassoni R, Moretta L (2001) Activating receptors and 
coreceptors involved in human natural killer cell-mediated cytol-
ysis. Annu Rev Immunol 19:197–223

	55.	 Moretta L, Montaldo E, Vacca P, Del ZG, Moretta F, Merli P, 
Locatelli F, Mingari MC (2014) Human natural killer cells: 
origin, receptors, function, and clinical applications. Int Arch 
Allergy Immunol 164:253–264

	56.	 Muntasell A, Vilches C, Angulo A, Lopez-Botet M (2013) Adap-
tive reconfiguration of the human NK-cell compartment in 
response to cytomegalovirus: a different perspective of the host-
pathogen interaction. Eur J Immunol 43:1133–1141

	57.	 Murasko DM, Jiang J (2005) Response of aged mice to primary 
virus infections. Immunol Rev 205:285–296

	58.	 Nowbakht P, Ionescu MC, Rohner A, Kalberer CP, Rossy 
E, Mori L, Cosman D, De LG, Wodnar-Filipowicz A (2005) 
Ligands for natural killer cell-activating receptors are expressed 
upon the maturation of normal myelomonocytic cells but at low 
levels in acute myeloid leukemias. Blood 105:3615–3622

	59.	 Oyer JL, Igarashi RY, Kulikowski AR, Colosimo DA, Solh MM, 
Zakari A, Khaled YA, Altomare DA, Copik AJ (2015) Gen-
eration of highly cytotoxic natural killer cells for treatment of 
acute myelogenous leukemia using a feeder-free, particle-based 
approach. Biol Blood Marrow Transplant 21:632–639

	60.	 Pawelec G, Solana R (2008) Are cancer and ageing different 
sides of the same coin? conference on cancer and ageing. EMBO 
Rep 9:234–238

	61.	 Pawelec G, Solana R, Remarque E, Mariani E (1998) Impact of 
aging on innate immunity. J Leukoc Biol 64:703–712

	62.	 Pende D, Spaggiari GM, Marcenaro S, Martini S, Rivera P, 
Capobianco A, Falco M, Lanino E, Pierri I, Zambello R, Baci-
galupo A, Mingari MC, Moretta A, Moretta L (2005) Analysis 
of the receptor-ligand interactions in the natural killer-mediated 
lysis of freshly isolated myeloid or lymphoblastic leukemias: 
evidence for the involvement of the Poliovirus receptor (CD155) 
and Nectin-2 (CD112). Blood 105:2066–2073

	63.	 Rambaldi A, Biagi E, Bonini C, Biondi A, Introna M (2015) 
Cell-based strategies to manage leukemia relapse: efficacy and 
feasibility of immunotherapy approaches. Leukemia 29:1–10

	64.	 Raulet DH, Gasser S, Gowen BG, Deng W, Jung H (2013) Regu-
lation of ligands for the NKG2D activating receptor. Annu Rev 
Immunol 31:413–441

	65.	 Romee R, Foley B, Lenvik T, Wang Y, Zhang B, Ankarlo D, Luo 
X, Cooley S, Verneris M, Walcheck B, Miller J (2013) NK cell 
CD16 surface expression and function is regulated by a disinteg-
rin and metalloprotease-17 (ADAM17). Blood 121:3599–3608

	66.	 Salih HR, Antropius H, Gieseke F, Lutz SZ, Kanz L, Rammen-
see HG, Steinle A (2003) Functional expression and release of 
ligands for the activating immunoreceptor NKG2D in leukemia. 
Blood 102:1389–1396

	67.	 Sanchez CJ, Le TT, Boehrer A, Knoblauch B, Imbert J, Olive D, 
Costello RT (2011) Natural killer cells and malignant haemopa-
thies: a model for the interaction of cancer with innate immunity. 
Cancer Immunol Immunother 60:1–13

	68.	 Sanchez-Correa B, Bergua JM, Campos C, Gayoso I, Arcos MJ, 
Banas H, Morgado S, Casado JG, Solana R, Tarazona R (2013) 
Cytokine profiles in acute myeloid leukemia patients at diagno-
sis: survival is inversely correlated with IL-6 and directly corre-
lated with IL-10 levels. Cytokine 61:885–891

	69.	 Sanchez-Correa B, Gayoso I, Bergua JM, Casado JG, Mor-
gado S, Solana R, Tarazona R (2012) Decreased expression of 
DNAM-1 on NK cells from acute myeloid leukemia patients. 
Immunol Cell Biol 90:109–115

	70.	 Sanchez-Correa B, Morgado S, Gayoso I, Bergua JM, Casado 
JG, Arcos MJ, Bengochea ML, Duran E, Solana R, Tarazona R 
(2011) Human NK cells in acute myeloid leukaemia patients: 
analysis of NK cell-activating receptors and their ligands. Cancer 
Immunol Immunother 60:1195–1205

	71.	 Schmeel FC, Schmeel LC, Gast SM, Schmidt-Wolf IG (2014) 
Adoptive immunotherapy strategies with cytokine-induced killer 
(CIK) cells in the treatment of hematological malignancies. Int J 
Mol Sci 15:14632–14648

	72.	 Shibuya A, Campbell D, Hannum C, Yssel H, Franz-Bacon K, 
McClanahan T, Kitamura T, Nicholl J, Sutherland GR, Lanier 
LL, Phillips JH (1996) DNAM-1, a novel adhesion molecule 
involved in the cytolytic function of T lymphocytes. Immunity 
4:573–581

	73.	 Siegler U, Kalberer CP, Nowbakht P, Sendelov S, Meyer-Monard 
S, Wodnar-Filipowicz A (2005) Activated natural killer cells 
from patients with acute myeloid leukemia are cytotoxic against 
autologous leukemic blasts in NOD/SCID mice. Leukemia 
19:2215–2222

	74.	 Solana R, Alonso MC, Pena J (1999) Natural killer cells in 
healthy aging. Exp Gerontol 34:435–443

	75.	 Solana R, Campos C, Pera A, Tarazona R (2014) Shaping of NK 
cell subsets by aging. Curr Opin Immunol 29:56–61

	76.	 Solana R, Mariani E (2000) NK and NK/T cells in human senes-
cence. Vaccine 18:1613–1620

	77.	 Solana R, Pawelec G, Tarazona R (2006) Aging and innate 
immunity. Immunity 24:491–494

	78.	 Solana R, Tarazona R, Gayoso I, Lesur O, Dupuis G, Fulop T 
(2012) Innate immunosenescence: effect of aging on cells and 
receptors of the innate immune system in humans. Semin Immu-
nol 24:331–341

	79.	 Spits H, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl 
G, Koyasu S, Locksley RM, McKenzie AN, Mebius RE, Powrie 
F, Vivier E (2013) Innate lymphoid cells–a proposal for uniform 
nomenclature. Nat Rev Immunol 13:145–149

	80.	 Stringaris K, Sekine T, Khoder A, Alsuliman A, Razzaghi B, 
Sargeant R, Pavlu J, Brisley G, de Lavallade H, Sarvaria A, 
Marin D, Mielke S, Apperley JF, Shpall EJ, Barrett AJ, Rezvani 
K (2014) Leukemia-induced phenotypic and functional defects 
in natural killer cells predict failure to achieve remission in acute 
myeloid leukemia. Haematologica 99:836–847

	81.	 Szczepanski MJ, Szajnik M, Welsh A, Foon KA, Whiteside TL, 
Boyiadzis M (2010) Interleukin-15 enhances natural killer cell 
cytotoxicity in patients with acute myeloid leukemia by upregu-
lating the activating NK cell receptors. Cancer Immunol Immu-
nother 59:73–79

	82.	 Tarazona R, Casado JG, Delarosa O, Torre-Cisneros J, Vil-
lanueva JL, Sanchez B, Galiani MD, Gonzalez R, Solana R, 
Pena J (2002) Selective depletion of CD56(dim) NK cell subsets 
and maintenance of CD56(bright) NK cells in treatment-naive 
HIV-1-seropositive individuals. J Clin Immunol 22:176–183

	83.	 Terme M, Ullrich E, Delahaye NF, Chaput N, Zitvogel L (2008) 
Natural killer cell-directed therapies: moving from unexpected 
results to successful strategies. Nat Immunol 9:486–494

	84.	 Verheyden S, Demanet C (2008) NK cell receptors and their 
ligands in leukemia. Leukemia 22:249–257



463Cancer Immunol Immunother (2016) 65:453–463	

1 3

	85.	 Wiernik A, Foley B, Zhang B, Verneris MR, Warlick E, Gleason 
MK, Ross JA, Luo X, Weisdorf DJ, Walcheck B, Vallera DA, 
Miller JS (2013) Targeting natural killer cells to acute myeloid 
leukemia in vitro with a CD16 x 33 bispecific killer cell engager 
and ADAM17 inhibition. Clin Cancer Res 19:3844–3855

	86.	 Zafirova B, Wensveen FM, Gulin M, Polic B (2011) Regula-
tion of immune cell function and differentiation by the NKG2D 
receptor. Cell Mol Life Sci 68:3519–3529

	87.	 Zhou Q, Gil-Krzewska A, Peruzzi G, Borrego F (2013) Matrix 
metalloproteinases inhibition promotes the polyfunctionality of 
human natural killer cells in therapeutic antibody-based anti-
tumour immunotherapy. Clin Exp Immunol 173:131–139


	Natural killer cell immunosenescence in acute myeloid leukaemia patients: new targets for immunotherapeutic strategies?
	Abstract 
	Introduction
	Natural killer cells: subpopulations, receptors and functions
	NK cells in the elderly
	Age-associated changes in the frequency of NK cells
	The phenotype of NK cells changes with ageing
	Impact of ageing on NK cell function

	NK cells in AML patients
	Changes in the frequency of NK cells in AML patients
	NK cell phenotype changes in AML patients
	Changes in the function of NK cells in AML patients
	NK cells in elderly AML patients compared with younger AML patients

	NK cell-based immunotherapy for haematologic malignancies
	Acknowledgments 
	References




