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Abstract Natural killer (NK) cell activation is strictly
regulated to ensure that healthy cells are preserved, but
tumour-transformed or virus-infected cells are recognized
and eliminated. To carry out this selective killing, NK cells
have an ample repertoire of receptors on their surface.
Signalling by inhibitory and activating receptors by inter-
action with their ligands will determine whether the NK
cell becomes activated and kills the target cell. Here, we
show reduced expression of NKp46, NKp30, DNAM-1,
CD244 and CD94/NKG2C activating receptors on NK
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cells from acute myeloid leukaemia patients. This reduc-
tion may be induced by chronic exposure to their ligands
on leukaemic blasts. The analysis of ligands for NK cell-
activating receptors showed that leukaemic blasts from the
majority of patients express ligands for NK cell-activating
receptors. DNAM-1 ligands are frequently expressed on
blasts, whereas the expression of the NKG2D ligand
MICA/B is found in half of the patients and CD48, a ligand
for CD244, in only one-fourth of the patients. The
decreased expression of NK cell-activating receptors and/
or the heterogeneous expression of ligands for major
receptors on leukaemic blasts can lead to an inadequate
tumour immunosurveillance by NK cells. A better knowl-
edge of the activating receptor repertoire on NK cells and
their putative ligands on blasts together with the possibility
to modulate their expression will open new possibilities for
the use of NK cells in immunotherapy against leukaemia.
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Introduction

Natural killer (NK) cells were originally defined as lym-
phocytes able to kill tumour cells and virus-infected cells.
They were named ‘natural killers’ because of their ability to
spontaneously kill tumour cells without the requirement of
prior sensitization. Unlike T and B lymphocytes, NK cells
do not rearrange their receptor genes somatically, but are
dependent on a wide array of germline-encoded inhibitory
and activating NK cell receptors that are capable of recog-
nizing major histocompatibility complex (MHC) class I and
class I-like molecules, as well as other ligands [8, 23].
Although NK cells are considered part of the innate immune
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response, it has been recently described in murine models
that NK cells can exhibit some characteristics normally
associated to adaptive immunity as their ability to mount an
enhanced secondary recall response [61]. In addition, NK
cell contribution to the initiation of adaptive immune
responses is underlined by their crosstalk with dendritic cells
(DCs) promoting the maturation of DCs with high capacity
to induce T helper type-1 (Th1) and cytotoxic T lymphocyte
(CTL) responses [31, 76]. Thus, due to their immunoregu-
latory effects on adaptive responses, NK cells are considered
a bridge between innate and adaptive immunity [74].

Human NK cells comprise 10-15% of all peripheral
blood lymphocytes and can be defined phenotypically by
the surface expression of CD56 and/or CD16 and the lack
of expression of CD3 [23]. Two distinct subpopulations of
human NK cells can be distinguished by CD56 surface
density expression. CD56“™ NK cells constitute the
majority (90%) of peripheral blood NK cells, express
higher levels of CD16 (FcyRIII) and possess greater cyto-
toxic capacity than its counterpart the CD56""" NK cell
subset that represent the minority of peripheral blood NK
cells that produce larger amounts of cytokines. Although it
is not entirely clear what factors drive NK cell develop-
ment, there are evidences supporting that CD56™€" subset
represent a more immature developmental stage than
CD56%™ NK cells [15]. A third subset, defined as CD56~
CD16" NK cells, has been identified that represents a small
percentage of total NK cells in the blood in healthy indi-
viduals and expresses many NK cell receptors including
KIRs, CD94/NKG2A and NKG2D. CD56~ CD16% NK
cells possess, although to a reduced extent compared with
CD56" NK cells, the capacity to kill target cells and pro-
duce cytokines [2]. Expansion of CD56~ CD16" NK cells
has been described in several situations as chronic viral
infections (HIV and hepatitis C virus) and following allo-
geneic hematopoietic cell transplantation and in cord blood
[2, 37, 64, 72].

Mature NK cells have the ability to kill a variety of
tumour cells spontaneously while sparing normal cells.
Thus, their activation must be strictly regulated to avoid the
destruction of healthy tissues and to assess an effective
response to virus-infected or tumour-transformed cells. NK
cells have the capacity to detect and respond to the lack or
the down-regulation of MHC class I expression (Karre
‘missing self” hypothesis) [34]. Several processes are
involved in NK cell education and tolerance including
receptor repertoire formation. Thus, NK cells acquire an
ample repertoire of inhibitory and activating receptors dur-
ing development. NK cells become tolerant towards self
based on their interactions with MHC class I molecules [1,
32]. NK cell recognition of altered MHC class I expression
on target cells is due to the expression of inhibitory receptors
specific for MHC class I and MHC class I-like molecules.
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Two hypotheses were proposed to explain the observa-
tion that the generation of functional NK cells is based in
the recognition of MHC class I molecules. In the ‘licensing
model’, it was suggested an instructive mode of action for
MHC class I molecules in the acquisition of NK cell
function. In the ‘disarming model’, it was suggested that in
the absence of MHC class I, NK cells may be chronically
stimulated, resulting in NK cells that are hyporesponsive.
Recent studies demonstrating that chronic interaction of an
activating receptor in vivo may induce NK cell tolerance
that is independent of MHC class I-specific inhibitory
receptors support the ‘disarming’ model [32, 65].

Once activated, NK cells exert their function by direct
cytolysis of infected or tumour cells and by secretion of
several cytokines. If not restrained by inhibitory receptors
recognizing MHC class I molecules on the surface of self
cells, NK cells are able to kill normal, healthy cells pro-
vided that they express ligands for activating receptors
[46]. Some of the activating receptors are specific for non-
self (e.g. viral) or stress-induced self-ligands. This allows
the specific detection of potentially harmful cells that have
to be eliminated [29].

As downregulation of MHC class I molecules is an im-
munoescape mechanism frequently used by tumours and
virus-infected cells to avoid CD8 T cell-mediated lysis, NK
cells play a significant role in the immunosurveillance of
different tumour types and in the immune response against
viral infections. The integration of activating and inhibitory
signals dictates whether or not the NK cells exert their
cytotoxic function on the target cell. Thus, signals trans-
mitted through activating receptors are frequently restrained
by signals transmitted through inhibitory receptors [8, 73].

Here, we review current knowledge on the role of
human NK cells in the defence against cancer focusing on
acute myeloid leukaemia (AML). The ability of NK cells to
destroy leukaemic cells as demonstrated by hematopoietic
stem cell transplantation suggests that NK cells are
involved in the immunosurveillance of leukaemia. Despite
recent progress in the treatment of AML, its prognosis
remains frequently poor. NK cell-based immunotherapy
may offer an alternative as demonstrated in hematopoietic
stem cell transplantation; however, further studies are
needed to increase our knowledge of NK cells and to
modulate their receptor repertoire to increase the expres-
sion of activating receptors in order to counteract inhibitory
receptor-mediated signalling and to overcome leukaemia
immunoescape mechanisms to avoid NK cell recognition
[35, 56].

In this work, we overview the main alterations described
on NK cell receptors and in their putative ligands in blasts
from AML patients and discuss how these changes can lead
to an inadequate function of NK cells allowing malignant
cells to escape from NK cell immunosurveillance.
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NK cell recognition of acute myeloid leukaemia

AML is a life-threatening haematological malignancy with
considerable phenotypic and genotypic heterogeneity
characterized by the acquisition of somatic mutations in
normal hematopoietic stem cells. These alterations induce
differentiation arrest and/or excessive proliferation of
abnormal leukaemic cells or blasts and impair hemato-
poietic differentiation [30].

Several evidences support that NK cells play an
important role in the control and clearance of leukaemic
cells [16, 70], and it has been shown that NK cell activity
correlates positively with the relapse-free survival in AML
patients [16, 24]. The participation of NK cells in leukae-
mia clearance is highlighted by the results obtained from
allogeneic hematopoietic stem cell transplantation studies.
Thus, when patients and donors were mismatched for
human leucocyte antigen (HLA)-specific inhibitory killer
cell immunoglobulin-like (KIR) receptors, the risk for
relapse was virtually null compared with perfect KIR
matching between donors and recipients [24, 53, 67],
indicating that in these cases, killing of leukaemic blasts by
NK cells is inhibited by the interaction of the KIR inhibi-
tory receptor with their ligands.

However, rapid disease progression and the high inci-
dence of relapses after treatment with high-dose chemo-
therapy or after transplantation of allogeneic hematopoietic
stem cells indicate that leukaemic blasts can escape NK
cell recognition [24, 44]. Thus, impaired NK cell function
has been described in AML patients [16, 62] probably due
to the decreased expression of several activating receptors
on the NK cells [16, 24, 57, 62] or to the low levels of
ligands for major activating receptors on leukaemic blasts
[44].

Activating receptors on NK cells from AML patients
and expression of their ligands on AML blasts

NK cell recognition and elimination of leukaemia cells
depends on a tune balance between activating and inhibi-
tory signals transmitted through receptors on NK cell sur-
face. Although the interaction of inhibitory NK cell
receptors with HLA class I molecules on leukaemic blasts
may be sufficient to control NK cell activation, the pres-
ence of high levels of ligands for activating receptors can
counterbalance this inhibition [70]. Thus, cumulative evi-
dences support that an important tumour escape mecha-
nism from NK cell surveillance is the absence of ligands of
activating receptors on AML blasts [44] and/or the down-
regulation of activating receptors on NK cells from these
patients [16, 24, 57, 62].

NK cells require specific activating signals to exert their
effector functions. Activating signals are mediated by a
wide array of receptors including, among others, members
of the C lectin-like family as NKG2D and members of the
immunoglobulin superfamily as the natural cytotoxicity
receptors (NCRs) that include NKp30, NKp46 and NKp44,
and the DNAX accessory molecule-1 (DNAM-1, also
known as CD226). Other activating receptors are CD244
(2B4) and the activating forms of KIR and CD94/NKG2C
[10, 23].

Natural cytotoxicity receptors (NCRs)
and their ligands in AML patients

NCRs are major triggering receptors involved in the
elimination of tumour and virus-infected cells by NK cells.
NCRs are type I transmembrane glycoproteins that belong
to the immunoglobulin superfamily and comprise NKp30,
NKp46 and NKp44. Whereas NKp30 and NKp46 are
constitutively expressed on NK cells, NKp44 expression is
induced after NK cell activation. It has been described
that NK cells from most healthy donors display a
NKp46°EMNKp30Pe™  (NCR™") phenotype, whereas
NK cells from AML patients had an increase of
NKp46dullNKp3Odull (NCRdull) or a NCRdiscordant pheno-
type (NKp46™""NKp30*e" or NKp46™€"NKp30®™
[16, 24, 57].

Although several viral ligands of these NCRs have been
described (e.g. hemagglutinin of influenza virus), relatively
little is known about the cellular targets of these receptors.
It has been shown that NKp30, NKp46 and NKp44 rec-
ognize different microdomains on heparan sulphate on
cancer cells [28] and that human leucocyte antigen
B-associated transcript 3 (BAT3) [52] and B7-H6, a
member of the B7 family, [6] are tumour cell ligands for
NKp30. NKp30 and NKp46 associate to CD3{ or FceRIy
molecules containing immunoreceptor tyrosine-based
activation motifs (ITAMs) that mediate the transduction of
the triggering signal and NKp44 associates with the ITAM-
containing adapter protein DAP12 [8].

Among NK cell-activating receptors, the role of NCRs
in the recognition and killing of leukaemia cells has been
underlined. Indirect evidences support that these receptors
are involved in the elimination of AML blasts by NK cells
in vivo. In addition, in vitro cytotoxicity assays have
demonstrated that blocking of NKp30 and NKp46 reduces
the lysis of AML blasts by allogeneic NK cells [16]. The
NCR™" phenotype in AML patients is correlated with
weak cytolytic activity against autologous leukaemic cells
and lower survival rates [16, 24, 62]. It has also been
shown that the downregulation of NKp46 and NKp30 is the
consequence of direct contact between NKp30 and NKp46
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on NK cells with their putative ligands on leukaemic blasts
[24].

The cellular ligands for NCRs on AML blasts have
not been yet identified [44, 70]. Using soluble NCRs for
the measure of ligands for NKp30, NKp46 and NKp44,
it was shown that blasts from 10 out of 12 AML patients
analysed showed low binding to the soluble receptors.
It was also observed that NCR ligand expression
increases during hematopoietic cell differentiation sug-
gesting that its expression on blasts may be also related
to the AML subtype, although a larger number of
patients should be studied in order to confirm this
hypothesis [44].
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Fig. 1 Analysis of NK cell receptors and their ligands in AML
patients. a Representative histograms of NKp46, NKp30, NKG2D,
DNAM-1, CD244 and CD6 expression on NK cells from healthy
donors (n = 47) and AML patients (n = 50). Open histograms
represent isotype controls. NK cells were defined as CD3 —
CD56 + cells within the lymphocyte gate. b Analysis of the
percentage of AML patients expressing ligands for NK cell-activating
receptors on their blasts. Surface expression was determined by flow
cytometry using a FACScan and specific mAbs. Intensity of staining
of MICA/B, CD112, CD155, CD48 and CD166 is shown (n = 50).
Mean relative fluorescence intensity (MRFI) was calculated by
dividing the mean fluorescent intensity (MFI) of the relevant mAb by
the MFI of its isotype control. Negative < 1.5; weakly positive
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The prevalence of the NCR™" phenotype of NK cells in
AML patients [16, 24, 44, 57] (Fig. 1a) and the in vitro
results showing downregulation of NKp30 and NKp46
after co-culture of NK cells with blasts ([16, 24, 57] and
Sanchez-Correa unpublished data) suggest that interactions
between NCRs and their ligands occur in vivo.

Up-regulation of NCR ligands on AML blasts by IFN-y
and several grow factors increases their susceptibility to
NK cell-mediated cytotoxicity supporting the capacity of
NCRs to elicit cytolytic responses against the leukaemic
blasts [44] and suggest the possibility to modulate the
susceptibility of AML blasts to NK cells by treatment with
biological agents.

b Ligand expression on AML blasts
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(£) >1.5; positive (+) >2 and strongly positive (++) >10. The
following monoclonal antibodies were used: FITC-conjugated anti-
CD56 (NCAM16.2), anti-CD45 (2D1), anti-CD33 (HIM3-4), anti-
CD48 (TU145); anti-CD6 (M-T605); PE-conjugated anti-CD56
(MY31); anti-CD226 (DX11), anti-CD112 (R2.525), anti-CD155
(300907), anti-NKp46 (9E2/NKp46) anti-NKG2D (1D11); anti-
MICA/B (6D4); anti-CD244 (2-69); anti-CD166 (3A6). PerCp-
conjugated anti-CD3 (SK7), anti-CD45 (2D1) and anti-CD34
(8G12), all from BD Biosciences (San Jose, CA, USA). PE-
conjugated anti-NKp30 (AF29-4D12) from Miltenyi Biotec (Bergisch
Gladbach, Germany). Isotype-matched immunoglobulins were used
as negative controls (BD Biosciences)
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NKG2D and its ligands in AML patients

Human NKG2D is a type II transmembrane glycoprotein,
containing C-type lectin-like receptor domains [19].
NKG2D is constitutively expressed on NK cells, CD8 T
cells, 0 T cells and invariant NKT cells and can be found
expressed under certain conditions on CD4" T cells [9, 14,
51]. It is an activating receptor for NK cells, promoting
both lysis of target cells and cytokine release even in the
presence of inhibitory signals mediated by MHC-specific
receptors. In contrast, in CD8 T cells, NKG2D is a co-
stimulatory receptor requiring TCR-mediated stimulus for
their activation. NKG2D forms homodimers and associates
with adaptor molecules which stabilizes its surface
expression and mediate the transduction of the triggering
signal. Human NKG2D exclusively binds to DAP10, while
mouse NKG2D can also associate with DAP12 [9, 75].

Ligands for NKG2D comprise the MHC class I chain-
related gen A and B (MICA/B) and the UL-16 binding
proteins 1-5 (ULBP1-5) [14]. Human NKG2D ligands can
be up-regulated by stress conditions such as infections and
tumour transformation. NKG2D engagement by its ligands
activates NK cell functions and co-stimulates effector T
cell responses [9]. It is of clinical relevance that the
expression of NKG2D may be up-regulated by some
cytokines such as IL-12 and IL-15 inducing an enhance-
ment of NKG2D-mediated effector functions [9].

NKG2D-ligands are expressed by a wide range of
tumour cell lines of different histotypes as melanoma,
lymphoma or carcinoma cell lines. However, NKG2D
ligands are not universally expressed on tumours of the
same origin, and certain variability can be found as
observed in melanoma cell lines [13, 14, 33, 41, 59].
Tumour editing by the immune system may also account
for the variations on NKG2D ligand expression observed
[38].

We have studied the expression of MICA/B on blasts
from AML patients (n = 50). This ligand is expressed on
AML blasts in 55% of the patients analysed (Fig. 1b),
supporting previous results showing a high variability on
the expression of NKG2D ligands on leukaemic blasts from
AML patients. Thus, whereas in some reports, the
expression of NKG2D ligands in blasts from AML patients
is negative or very low [44, 50], others reveal a heteroge-
neous expression of NKG2D ligands, with MICA being
more frequently expressed than other NKG2D ligands [18,
54]. It has been shown that NKG2D ligands are preferen-
tially expressed in leukaemia of the M4 and M5 subtypes
suggesting that these molecules are acquired at late matu-
ration stages in the myeloid lineage differentiation process
[18]. It is important to note that the levels of ULBPs on
normal myeloid cells increase during hematopoietic cell

differentiation and cell maturation arrest during malignant
transformation may restrain ULBP expression [44].

In addition, high levels of soluble MICA [54], soluble
ULBP1 [18] and soluble ULBP2 [75] have been found in
sera from AML patients suggesting that the low surface
expression of these ligands may be the consequence of
their shedding. In different experimental models, it has
been shown that the interaction of NKG2D with its ligands,
either on the cell surface or shed by tumour cells, can
downregulate NKG2D expression [9, 14, 27, 55].

Nevertheless, the expression of NKG2D on the surface
of NK cells from leukaemic patients has been scarcely
studied. We have not observed a decrease of NKG2D
expression in NK cells from AML patients [57] in spite of
the expression of MICA/B on leukaemic blasts in 55% of
the patients (Fig. la, b). No correlation between MICA/B
expression on blasts and NKG2D on NK cells was found
(data not shown). A decreased expression of NKG2D has
been described on peripheral blood NK cells from myelo-
dysplastic syndrome patients that was not associated with
either the expression of MICA/B in blasts or the increased
serum levels of MICA/B [22], suggesting that additional
mechanisms such as the secretion of immunomodulatory
cytokines are implicated in NKG2D downregulation [70].

DNAM-1 and its ligands in AML patients

The triggering receptor DNAX accessory molecule-1
(DNAM-1) is a type I transmembrane glycoprotein
belonging to the immunoglobulin superfamily. In humans,
DNAM-1 is expressed on NK, T cells, monocytes, a subset
of B cells and platelets. Stimulation of DNAM-1 by the
interaction with its ligands CD155 (poliovirus receptor,
PVR) and CD112 (Nectin-2) leads to NK cell activation
and target cell lysis [5, 48, 63]. DNAM-1 ligands can be
expressed on different types of tumours including leukae-
mia, melanoma, ovarian carcinoma and myeloma [11-13,
20, 41, 48, 57].

DNAM-1 participates in NK cell-mediated tumour
immunosurveillance as demonstrated in vivo using a
DNAM-1 knockout model [26]. Gilfillan et al. observed a
reduced NK cell-mediated suppression of tumours in
DNAM-1""" mice, and it was suggested that NK cells
require DNAM-1 for the elimination of tumour cells that
are less susceptible to cytotoxicity due to the low expres-
sion of ligands for other NK cell-activating receptors [26].
In addition, DNAM-1 acts as a costimulatory molecule for
CD8 T cells when non-professional antigen-presenting
cells are used for stimulation [26]. DNAM-1 was also
shown to be critical in NK cell recognition of ovarian
carcinoma cells and blasts in myelodysplastic syndrome
[11, 12].
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The role of DNAM-1 on NK cell function against leu-
kaemia is underlined by previous reports showing the
consistent expression of CD112 and CD155 on AML blasts
and its involvement in the lysis of blasts [50, 57]. In con-
trast to other tumour types, as melanoma [13] or ovarian
carcinoma [12], the expression of CD155 was less frequent
on leukaemic blasts than CD112 [57] (Fig. 1b).

We have recently found a reduced expression of
DNAM-1 on NK cells from AML patients when compared
with healthy controls (Fig. 1a) that correlate with CD112
expression on leukaemic blasts [57]. In vitro experiments
demonstrated that direct contact between DNAM-1 on NK
cells and its ligands on blasts induces DNAM-1 downreg-
ulation [57].

CD244 and its ligands in AML patients

CD244 (2B4) is a type I transmembrane protein, member
of the immunoglobulin superfamily, that belongs to the
CD150 (signalling lymphocyte activation molecule,
SLAM) subfamily within the CD2 family. CD244 was
originally discovered on mouse NK cells and T cells dis-
playing non-MHC-dependent cytotoxicity [66]. Human
CD244 receptor has homology with murine CD244 and is
expressed on human NK cells, subsets of CD8 T cells, 0T
cells, monocytes, basophils and eosinophils [3]. The
CD244 ligand, CD48 molecule is a glycosyl-phosphatidyl-
inositol (GPI)-anchored cell-surface protein that also
belongs to the CD2 family. CD48 has been found expres-
sed on various hematopoietic cells, and its expression may
be upregulated by viral infection. CD48 binds with high
affinity to CD244. Soluble CD48 has been found elevated
in serum from patients with lymphoid leukaemia, arthritis
and acute Epstein-Barr virus (EBV) infection. It has been
hypothesized that soluble CD48 is the consequence of
cleaving of the GPI anchor after interaction with CD244 [3,
21].

In mice, two isoforms of CD244 have been identified
that display different functions; the activating isoform
contains a short intracytoplasmic tail and the inhibitory
isoform that possesses a long cytoplasmic tail [66]. Human
NK cells also express two isoforms of CD244 that differ in
a small portion of the extracellular domain. The isoform A
but not B was able to mediate NK cell cytotoxicity against
target cells expressing CD48 [36].

CD244 signalling is mediated by its cytoplasmic im-
munoreceptor tyrosine-based switch motifs (ITSM). In
humans, CD244 interactions with its ligand CD48 result in
cytotoxicity and cytokine production [39]. CD244 can also
enhance signals by other NK receptors such as NKp30 and
NKp46 thereby acting as a costimulator [58].

We have observed that the expression of CD244 was
decreased on NK cells from AML patients [57] (Fig. 1a).
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However, the analysis of CD48 showed that AML blasts
from the majority of the patients did not express this
molecule (Fig. 1b). These results suggest that other
mechanisms rather than direct contact between CD244 on
NK cells and CD48 on blasts may be responsible of the
decrease of CD244. Nevertheless, we cannot exclude the
presence of soluble CD48 in serum of these patients as
responsible of CD244 downregulation.

CD6 and its ligand in AML patients

CD6 is a surface receptor belonging to the scavenger
receptor cysteine-rich (SRCR) protein superfamily. It is
expressed by T lymphocytes, thymocytes, a subset of B
cells and NK cells. CD6 is expressed by most CD56%™
cells and absent on CD56™E" NK cells. Although the
precise function of CD6 remains to be elucidated, several
studies point towards a role for CD6 as a co-stimulatory
molecule in T cell activation. With respect to CD6 function
on NK cells, it has been shown that CD6 triggering did not
result in degranulation but induced secretion of cytokines
and chemokines [7].

The ligand for CD6, CD166 also known as activated
leucocyte cell adhesion molecule (ALCAM) is a member
of the immunoglobulin superfamily of proteins that it is
expressed in many types of tumours as melanoma, prostate
cancer, breast cancer, colorectal carcinoma, bladder cancer
and oesophageal squamous cell carcinoma. CD166 can be
also expressed on some subpopulations of leucocytes
including B cells and monocytes, but its role in the immune
system is as yet unclear. The expression of CD166 on
tumours has been correlated with invasiveness and meta-
static potential, and it is associated to poor prognosis [45].
CD166 mediates low affinity CD166-CD166 homotypic
interactions and higher affinity interactions with CD6 [7].
We have found that the expression of CD6 is reduced on
NK cells from AML patients and that AML blasts express
its ligand CD166 in 90% of the patients analysed (Fig. 1).

MHC-specific NK cell receptors in AML patients

NK cell inhibitory receptors contain in their cytoplasmic
tails one or more immunoreceptor tyrosine-based inhibi-
tory motif (ITIM). NK cell inhibitory receptors can rec-
ognize ‘classical’ and ‘non-classical’ MHC class I proteins.
Some of the NK inhibitory receptors can detect shared
allelic determinants of MHC class I proteins, while others
are able to recognize a broad spectrum of MHC class I
proteins. The variegated pattern of expression of these
receptors generates a NK cell repertoire that is unique to
each human individual. As part of the NK cell education,
acquisition of the receptor repertoire ensures a self-tolerant
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NK cell population able to discriminate different alleles of
MHC class I molecules [46].

The two major families of MHC-specific inhibitory
receptors identified in humans include receptors that
belong to the Ig superfamily: the killer Ig-like receptors
(KIR) and leucocyte Ig-like inhibitory receptors (LIR) and
receptors that are members of the C-type lectin receptor
superfamily as CD94/NKG2A [10, 23]. The analysis of
KIR phenotype in leukaemic patients showed that the fre-
quency of particular inhibitory KIRs in association with
their putative HLA class I ligands was significantly
increased in leukaemic patients compared to the controls
supporting the hypothesis that leukaemic cells may have
evolved an escape mechanism from immune surveillance
based on the dominance of inhibitory over activating KIR
signals [56, 68, 69].

CD94/NKG?2 is a heterodimer expressed on NK cells
and on subsets of T cells. This receptor varies in function
as an inhibitory or activating receptor depending on which
isoform of NKG?2 is expressed. CD94/NKG2A heterodimer
constitutes an inhibitory receptor that is expressed on the
majority of human NK cells. CD94 can also form acti-
vating receptors when paired with NKG2C or NKG2E.
Functional isoforms of NKG2A and NKG2E have been
identified, known as NKG2B (inhibitory) and NKG2H
(activating), respectively that are generated by alternative
splicing [4].

The ligand for CD94/NKG?2 is HLA-E in humans and its
homolog, Qal in mouse, which are non-classical class I
molecules that bind leader peptides from other class I
molecules. Most NK cells express the inhibitory isoform,
and its engagement may lead to a complete block of
cytotoxicity [4]. We have observed that AML patients have
a low expression level of CD94 on NK cells (Fig. 2a) and
that the activating form is also reduced when compared to
healthy donors (Fig. 2b). These results confirm previous
data showing the absence of NKG2C in four leukaemic
patients [68]. Altogether, these results point out that in
AML patients, the balance of inhibitory versus activating
signals mediated by MHC-specific NK cell receptors is
shifted to inhibition. A hypothetical model for the impact
of KIR/ligand combinations on the immune response to
melanoma has been proposed, where KIR/ligand pairs
expected to result in a prevalence of inhibitory over acti-
vating signals might facilitate tumour development and
dissemination [42].

In contrast with solid tumours as melanoma that fre-
quently show altered expression of HLA class I molecules
[40], complete loss of HLA class I expression on AML
blasts is infrequent [70, 71]. On the contrary, partial
downregulation of one or more HLA class I alleles on
leukaemic cells was observed in 68.4% of the AML sam-
ples analysed [71]. Because T cell-mediated selective
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Fig. 2 Analysis of CD94, NKG2A and NKG2C on NK cells from
AML patients. The expression of these receptors was analysed by
flow cytometry on NK cells from healthy donors (n = 47) (white
boxes) and AML patients (n = 50) (coloured boxes) for the
expression of CD94 (a) and NKG2A and NKG2C within CD94"
NK cells (b). The following monoclonal antibodies were used: FITC-
conjugated anti-CD94 (HP-3D9); PerCp-conjugated anti-CD3 (SK7);
PE-conjugated anti-NKG2A (131411) and anti-NKG2C (134591)
from R&D Systems (Minneapolis, USA). Isotype-matched immuno-
globulins were used as negative controls (BD Biosciences). The lower
boundary of the box indicates the 25th percentile and the upper
boundary the 75th percentile. Bars above and below the box indicate
the 90th and 10th percentiles. The line within the box marks the
median

pressure that facilitates the expansion of malignant cells
with HLA class I molecule defects may require long
periods of time, the usually short time between malignant
transformation and diagnosis in leukaemia in comparison
with solid tumours may explain the low frequency of
complete loss of HLA class I molecules observed in leu-
kaemia [70, 71].

We have performed the analysis of HLA class I
expression on blasts from 50 AML patients. Our results
showed expression of HLA class I molecules on leukaemic
blasts from most AML patients (Fig. 3a) although fre-
quently the level of expression was lower as compared with
normal leucocytes from the same patient.

In most instances, the level of expression of HLA class I
molecules on leukaemic blasts is sufficient to inhibit NK
cell function and the disruption of the interaction between
HLA class I and the inhibitory receptors expressed on NK
cells increase NK cell cytotoxicity against leukaemic
blasts. Therefore, in the presence of antibodies against
HLA class I molecules, NK cells obtained from healthy
donors were able to kill leukaemic blasts [16]. We have
analysed the anti-tumour activity of NK cells from healthy
donors against leukaemic blasts by measuring the expres-
sion of the lysosome-associated membrane proteins
CD107a and CD107b as markers of degranulation. We
have observed that the expression of HLA class I mole-
cules on AML blasts inhibits NK cell degranulation that is
reverted by the addition of antibodies against HLA class I
molecules that significantly increased the percentage of
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Fig. 3 HLA class I molecule is expressed on AML blasts and may
protect them from NK cell-mediated lysis. a Percentage of AML
patients expressing HLA class I molecules on leukaemic blasts. MRFI
was calculated as indicated in Fig. 1 (n = 50). b Representative

CD107a/b™ NK cells (Fig. 3b). In contrast to NK cells
from healthy donors, NK cells from AML patients were not
able to kill autologous AML blasts, and lysis was not
significantly incremented in the presence of anti-HLA class
I antibodies, suggesting that resistance to lysis is the result
of the decreased expression of major activating receptors
on NK cells from AML patients [16].

The expression of HLA class I molecules on AML blasts
may protect them from NK cell-mediated lysis and explain
why the incompatibility between the recipient’s HLA class
I antigens and the KIR repertoire expressed by the donor
NK cells shows beneficial anti-tumour effects in hemato-
poietic transplantation of patients with AML [43, 53, 67].
The analysis of HLA class I allele expression and the
expression level of ligands for NK cell-activating receptors
on leukaemic cells together with the expression of inhibi-
tory and activating receptors on NK cells may allow the
selection of the most appropriate donors [70, 71].

Ageing, AML and NK cells

Age-associated alterations of NK cells have been observed
including diminished lytic efficiency of individual NK cells
and impaired production of cytokines and chemokines.
Thus, infection risk and mortality in elderly individuals
seem to be strongly correlated with NK cell activity that
may also compromise NK cell-driven adaptive immune
responses in the elderly [17, 25, 47, 60]. AML is generally
considered a disease of older adults as more than half of
AML patients are over age 65 at diagnosis. Ageing implies
many adverse features as the refractoriness of the disease
or the frailty of this population that as a whole contribute to
a low rate of survival [30].

We have recently reported that NK cells from young
AML patients have a reduced expression of NCRs and

@ Springer

FACS plots showing CD107a/b expression on NK cells from a
healthy young donor after activation with AML blasts in the presence
(right) or absence (left) of anti-HLA class I (¢HLA-I) monoclonal
antibody (clone B9.12.1, Beckman Coulter)

DNAM-1 receptors [57]. This NK cell phenotype resem-
bles that found in healthy elderly individuals supporting
that NK cells from young AML patients are immunose-
nescent cells probably as consequence of chronic stimula-
tion with activating ligands on leukaemic blasts. Further
analysis of young and elderly AML patients in remission is
required to better understand the role of age-associated
alterations in the survival of elderly AML patients.

Concluding remarks and future prospects

Taken together, these studies show that the leukaemic
blasts of most AML patients express ligands able to trigger
NK cell activation. Antibody-mediated blocking of NK
cell-activating receptors has revealed a dominant role for
NCRs and DNAM-1 [50]. NKG2D signalling may also
contribute to AML cell recognition by NK cells provided
they express enough levels of NKG2D ligand [49, 54].
However, leukaemic blasts show frequently low suscepti-
bility to autologous NK cells that may be explained in part
by the decreased expression of several NK cell-activating
receptors (e.g. NKp46, NKp30, DNAM-1, CD244)
observed in AML patients [16, 22, 24, 57, 62, 70]. Myeloid
maturation arrest at early stages of blood cell differentia-
tion may explain the low expression of ULBPs and NCR
ligands on the majority of AML patients [44]. In addition,
in vivo selection of tumour cells with low levels of ligands
for activating receptors or the shedding of these ligands
may also contribute to the immunoescape from NK cell
recognition allowing disease progression.

NK cells can recognize both haematological tumours
and solid tumours, but the receptors involved may be dif-
ferent since the expression of ligands varies in tumours of
different origins. Moreover, variations in the expression of
ligands are also observed among patients reflecting either
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different stages of tumour transformation or immune
escape mechanisms to avoid NK cell recognition. Current
insights into the mechanisms that regulate NK cell function
suggest that it may be possible to develop novel NK cell-
based immunotherapeutic strategies against cancer. How-
ever, considering the heterogeneity of NK cell receptors
and their ligands, for an efficient use of NK cells in a
clinical setting, the variations in the expression of ligands
for activating receptors among AML patients should be
considered to select functionally competent NK cells. Since
downregulation of activating receptors has been observed
in different types of tumours, new strategies based in the
induction of these receptors on NK cells and/or their
ligands on tumour cells may open new opportunities in the
treatment of tumours.

Assessment of the NK cell phenotype and function in
AML patients at diagnosis and after achieving complete
remission will allow to identify new prognosis markers and
to develop NK cell-based therapies leading to enhance NK
cell elimination of AML blasts. In addition, new insights
on the effect of age on NK cells and its relevance in elderly
AML patients are necessary to implement novel therapies
for this group of patients. Future studies on large patient
cohorts and longer follow-up periods will be of interest to
analyse patient survival and its relationship with the phe-
notype and functional capacity of NK cells. Finally, since
combined therapies are frequently used for the treatment of
AML patients, their effect on NK cell function should also
be considered.
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