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Abstract Despite recent progress in the therapeutic
approach of malignant haemopathies, their prognoses
remain frequently poor. Immunotherapy oVers an alterna-
tive of great interest in this context but defect or abnormal
expression of human leukocyte antigens (HLA), frequently
observed in cancer cells, limits its eYciency. Natural killer
(NK) cells, which are able to kill target cells in a HLA-
independent way, represent a novel tool in the treatment of
haematological malignancies. Abnormal NK cytolytic
function is observed in all the haematological malignancies
studied, such as acute leukaemia, myelodysplastic syn-
dromes or chronic myeloid/lymphoid leukaemia. Several

mechanisms are involved in the alterations of NK cyto-
toxicity: decreased expression of activating receptors,
increased expression of inhibitory receptors or defective
expression of NK ligands on target cells. Further studies are
needed to identify how each type of haematological malig-
nancy escapes from the innate immune response. Attempts
to increase the expression of activating receptors, to coun-
teract inhibitory receptors expression, or to increase NK
cell cytotoxic capacities could overcome tumour escape
from innate immunity. These therapies are based on mono-
clonal antibodies or culture of NK cells in presence of cyto-
kines or dendritic cells. Moreover, many novel drugs used
in haematological malignancies [tyrosine kinase inhibitors,
IMIDs®, proteasome inhibitors, demethylating agents, his-
tone deacetylase inhibitors (HDACis), histamine dihydro-
chloride] display interesting immunomodulatory properties
that aVect NK cells. These data suggest that combined
modalities associating cytotoxic drugs with innate immu-
nity modulators may represent a major breakthrough in
tumour eradication.
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Introduction

Despite recent progress in approach of malignant haemopa-
thies, their prognosis frequently remains poor due to the
diYculty in achieving complete remission (CR) and to the
high risk of relapse. Immunotherapy could thus be of great
interest in this setting. SpeciWc immunotherapy is mainly
challenged by the defect of expression of human leukocyte
antigens (HLA) molecules frequently observed in cancer
cells, together with the progressive selection of cancer
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clones that have lost their HLA molecules and thus escape
from immune control by speciWc T lymphocytes. In sharp
contrast, natural killer (NK) cells are able to kill target cells
in a HLA-independent way, i.e. these cells “sense” the
absence or abnormal expression of HLA molecules to express
their cytolytic capacities, provided that tumour cells display
ligands for NK activating receptors.

Morphologically, NK cells mostly appear as large granu-
lar lymphocytes. Cell surface phenotype deWning human
NK cell shows the absence of CD3 (excluding T cells) and
the expression of CD56 and CD16. CD56 is the 140-kDa
isoform of the neural cell adhesion molecule (NCAM)
found on NK cells and a minority of T cells whose function
is currently not deWned. CD16 is the Fc�RIIIa receptor
responsible for antibody-dependent cell cytotoxicity
(ADCC). The population of NK cells is phenotypically and
functionally heterogeneous. The density of CD56 at NK
cell surface discriminates between two functionally distinct
NK cell subsets. The CD56bright NK subset represents 10%
of circulating NK cells. This subset is characterized by a
poor ability to kill tumour cell targets but produces high
amount of cytokines. Conversely, the majority of circulat-
ing NK cells (CD56dim) has a high ability to spontaneously
kill tumour cell targets but produces low amounts of cyto-
kines. The existence of two functional NK cell subsets and
the fact that CD56bright NK cells are present more in lym-
phoid organs support the notion that progression from
CD56bright to CD56dim NK cells is likely part of a continuum
in their development [1, 2]. NK cells do not express clonally

distributed receptors for antigens but express receptors
with opposite functions that Wnely regulate their activities.
Physiologically, cells are protected from NK-mediated cyto-
toxicity by adequate expression of HLA class I molecules.
Indeed, NK cells express at their surface HLA-speciWc
inhibitory receptors [killer immunoglobulin-like receptors
(KIR) and CD94/NKG2A/B heterodimers]. The recogni-
tion of normal HLA class I molecules on target cells down-
regulates the NK-mediated cytolytic activity [3]. Defects in
HLA class I molecules expression and/or function occur in
almost every type of solid tumour, although the frequency
of these abnormalities varies markedly among the various
types of malignancies [4]. HLA class I molecules expres-
sion has been investigated in B cell and Hodgkin lym-
phoma (HL), chronic lymphocytic leukaemia (CLL), acute
lymphoblastic leukaemia (ALL) and acute myeloid leukae-
mia (AML), as summarized in Table 1. In the absence of
these inhibitory signals, activating receptors, if engaged by
ligands on the target cell surface, activate NK cytotoxicity.
These concepts are the basis of the “missing self” hypothe-
sis. Activating receptors transduce signals through their
intracytoplasmic region containing the immunoreceptor
tyrosine activating motif (ITAM) [5]. Natural cytotoxicity
receptors (NCR) [6] and NKG2D [7] are the major recep-
tors involved in NK cytotoxicity. Three NCR are expressed
on NK cells: NKp30, NKp44 and NKp46. NKp30 and
NKp46 are constitutively expressed, while NKp44 is only
expressed on activated NK cells. Although the cellular
ligands recognized by NCRs have not been fully characterized

Table 1 Defects in HLA class I antigens expression in haematological malignancies

CLL chronic lymphocytic leukaemia, AML acute myeloid leukaemia, ALL acute lymphoid leukaemia, MM multiple myeloma, CML chronic
myelogenous leukaemia, LOH loss of heterozygosity

References Disease HLA expression Design of study 
(number of patients, methods)

[91] B cell lymphoma 
(diVuse large B cell 
lymphoma)

Loss of HLA-A (50%), HLA-DR and -DQ 
in primary testicular and CNS lymphoma

n = 60 immunohistochemistry, LOH

[92] EBV-positive 
Hodgkin’s disease

High level expression of HLA class I molecules n = 39 immunohistology, sequencing

[93] CLL CD5+ and CD5¡ cells express HLA same levels 
of class I and II molecules

n = 13 Xow cytometry

[94] Acute leukaemias HLA class I expression downregulation 
by 8–15% of blastic patients

n = 397 AML, 186 ALL complement 
dependant cytotoxic assay

No loss of HLA haplotype n = 22 AML, 7 ALL Xow cytometry, PCR[95]

[96] AML Normal HLA class I expression n = 25, Xow cytometry

[97] Downregulation of HLA-A and HLABw6 n = 64; Xow cytometry

[98] Expression of HLA class I, but not HLA class II, 
is decreased

n = 24, Xow cytometry

[39] MM Advanced disease cells express higher levels 
of HLA class I than early disease cells

n = 14, Xow cytometry

[99] CML SigniWcant downregulation of HLA class I and II 
on leukemic Lin¡CD34¡ cells

n = 17, Xow cytometry
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yet, these receptors were described to recognize viral
proteins [8–10]. NKG2D is a C-type lectin-like receptor
whose ligands, the MHC class I chain-related protein A
(MICA) and B (MICB) and the family of UL16-binding
proteins (ULBP), have recently been described [11]. The
ligand–receptor pairs are described in Table 2.

Since in most haematological malignancies tumour cells
are located in bone marrow (acute or chronic leukaemia,
myeloma, myelodysplastic syndromes and sometimes lym-
phoma), NK role in the bone marrow environment is of
interest. Nonetheless, few data are available regarding the
distribution of NK cells in the bone marrow. Two old
studies, involving a small number of healthy donors, have

quantiWed the NK cells in the bone marrow with an average
percentage of 6.3% CD16+ [12] or 4.4% of CD3¡

CD16+CD56+ marrow cells [13]. Recently, Freud et al.
identiWed a novel CD34dim CD45RA+ hematopoietic pre-
cursor cell (HPC) that is integrin �4�7bright. This subset
constitute less than 1% of BM CD34+ HPCs and about 6%
of blood CD34+ HPCs, but more than 95% of lymph nodes
(LN) CD34+ HPCs. After stimulation by IL-2, IL-15 or
activated T cells, these CD34dim CD45RA+ �4�7bright

become CD56bright NK cells. Thus, this unique subset of
CD34+ HPCs could be produce in BM and traYcs through
the blood to the lymph nodes where it diVerentiates into
CD56bright NK cells under the inXuence of endogenous

Table 2 Main receptors involved in NK functions [5]

NK receptors contain 2 (KIR2D) or 3 (KIR3D) immunoglobulin-like domains. Both groups are subdivided: long (KIRD2L and KIRD3L) or short
cytoplasmic portion (KIRD2S and KIRD3S). The long portion contains an inhibitor motif (immunoreceptor tyrosine-based inhibition motif or
ITIM) while the short portion contain an activator motif (immunoreceptor tyrosine-based activation motif or ITAM)

BAT-3 HLA-B associated transcript 3, CLEC2B C-type lectin domain family 2, member B; MICA/B MHC class I chain-related protein A/B,
ULBP UL16-binding proteins, ICAM intercellular adhesion molecule 1, A activation, I inhibition

? not deWned

Gene name Receptor name Function Ligand speciWcity

FCGR3A CD16 A; ADCC IgG Fc

Ncam1 CD56

NKp30 NKp30 (NCR3, CD337) A; cytotoxicity, cytokine production BAT-3, pp65

NKp44 NKp44 (NCR2, CD336) A; cytotoxicity Viral hemagg.

NKp46 NKp46 (NCR1, CD335) A; cytotoxicity, cytokine production Viral hemagg.

NKp80 NKp80 (KLFR1) A; cytotoxicity CLEC2B (AICL)

NKG2D NKG2D (CD314) A; cytotoxicity MICA/B, ULBP

NKG2C NKG2C/CD94 (CD159c) A; cytotoxicity HLA-E

KIR2DS1 KIR2DS1 (CD158h, p50.1) A; cytotoxicity, proliferation HLA-cw2,4,5,6

KIR2DS2 KIR2DS2 (CD158j, p50.2) A; cytotoxicity, proliferation HLA-Cw1,3,7,8

KIR3DS1 KIR3DS1 (CD158c2) A; cytotoxicity HLA-Bw4 ?

KIR2DS4 KIR2DS4 (CD158i, p50.3) A HLA-Cw4

2B4 2B4 (CD244) A; cytotoxicity, cytokine production CD48

Dnam1 DNAM-1 (CD266) A; cytotoxicity Nectin-2, PVR

Lfa1 LFA-1� (CD11a) A; cytotoxicity ICAM-1 (CD54)

Il2ra IL-2R� (CD25) A; proliferation IL-2

Ifngr1 IFN-�R� (CD119) A; cytotoxicity, proliferation IFN-�

Il12rb2 IL-12R� (CD212) A; cytokine production IL-12

NKG2A NKG2A/CD94 (CD159a) I HLA-E

LIR1/ILT2 LIR1/ILT2 (CD85j) I HLA-A,B,C,E,F,G

KIR3DL3 KIR3DL3 (CD158z) I ?

KIR2DL3 KIR2DL3 (CD158b2, p58.2) I HLA-Cw1,3,7,8

KIR2DL2 KIR2DL2 (CD158b1, p58.2) I HLA-Cw1,3,7,8

KIR2DL1 KIR2DL1 (CD158a, p58.1) I HLA-Cw2,4,5,6

KIR2DL4 KIR2DL4 (CD158d, p49) I; cytokine production HLA-G,A3,B46

KIR3DL1 KIR3DL1 (CD158e1, p70) I HLA-Bw4 (e.g. B27)

KIR2DL5A KIR2DL5A (CD158f) I

KIR2DL5B KIR2DL5B I ?

KIR3DL2 KIR3DL2 (CD158k, p140) I HLA-A3, A11
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cytokines [14]. This novel subset is interesting since some
tumour cells, particularly lymphoma cells, invade LN.
Unfortunately, no data are available regarding NK cells in
BM or LN from patients with haematological malignancies,
except personal data (A. Boehrer) showing decreased
expression of activating receptors.

Several clues suggest that NK cells play an important
role in the control and clearance of leukemic cells, the most
impressive results having been obtained in allogeneic
hematopoietic cell transplantation. In AML patients, HLA-
C-mismatched transplantation has been shown to induce
long-lasting remissions, which was attributed to the
absence of appropriate KIR ligands [15]. In order to con-
tribute to design immunotherapeutic approaches involving
innate immunity in an autologous setting, we summarize in
this review the various defects observed. We describe and
classify these abnormalities observed in three categories:
Wrst, decreased or increased absolute number of NK cells;
second, altered expression of receptors on NK cell surfaces,
i.e. decrease of activating receptors or increase of inhibitory
receptors; third, loss in functional cytotoxic abilities of NK
cells. These data are summarized in Table 3 (description of
the various studies) and in Table 4 (NK abnormalities
observed in haematological malignancies). We then pro-
pose some clues for restoration of innate immunity func-
tions in haematological malignancies.

Myeloid haemopathies

Myelodysplastic syndromes (MDS) are clonal hematopoi-
etic stem cell disorders leading to peripheral cytopenias.
MDS are classiWed into eight subtypes according to the
WHO proposals. Several immunological abnormalities,
such as hypo- or hyper-gammaglobulinemia, autoimmune
diseases, peripheral lymphopenia, abnormal B or T cell
function have been described in this clinical setting [16].
Reduced ADCC and decreased direct NK cell cytolytic
functions have been reported in preleukemic syndromes
more than 25 years ago [17]. In these early studies,
decreased NK cells activity was not found to be related to a
decreased absolute number of NK cells in peripheral blood
or in bone marrow. However, Yokose et al. [18] reported
later a decreased absolute number of CD3¡CD16+ and
CD3¡CD56+ cell population in patients with high-risk
MDS group (RAEB, t-RAEB and CMML), which was
associated with an increased plasmatic level of sIL-2R.
Recently, Epling-Burnette et al. [19] have shown that
NKp30 expression is lower in MDS patients (40 § 26% vs.
58 § 17%) and that NKG2D expression is selectively
decreased on NK cells from patients who exhibit low NK
functions (62.5% of patients exhibiting an average of
6.1 § 4.4% of speciWc lysis in a cytotoxic assay versus

40 § 17% in healthy donors). However, decreased expres-
sion of NKp30 had not been found in a previous work by
Kiladjian et al. [16]. Since NK cells phenotype could not
explain the decreased lytic activity, Kiladjian et al. ana-
lysed expression of CD3� chain and seric soluble MICA
(sMICA) concentration, which were also normal. They also
showed that NK cells from MDS patients do not proliferate
in vitro after IL-2 stimulation [16]. Elevated circulating lev-
els of TNF could be an explanation for abnormal cytotoxic-
ity [20].

The myeloproliferative syndromes (MPS) include
chronic myelogenous leukaemia (CML), deWned by the
Philadelphia (Ph1) chromosome or its molecular equiva-
lence BCR/ABL, and the Ph1-negative MPS, i.e. polycy-
themia vera (PV), essential thrombocythemia (ET) and
idiopathic myeloWbrosis (IMF). In the Ph1-negative classi-
cal MPS, an acquired activating mutation of the protein
kinase JAK2 (JAK2 V617F) has recently been described.
This mutation is present in nearly all PV patients, and in
half patients with ET or IMF [21]. In 1989, Froom et al.
[22] reported similar percentage of CD16+ cells in MPS
patients and control. Some of these patients had a decreased
NK activity in vitro, not corrected by stimulation with IL-2
or IFN�, suggesting that the NK cells defect could be
intrinsic [22]. These conclusions have nonetheless been
modiWed by more recent studies. Chang et al. [23] showed
that functional NK cell deWciency in CML patients is
restorable in vitro by IL-2. Pierson et al. [24] have
described a progressive decrease in NK cell number and the
loss of the eVect of IL-2 as the disease progresses from
chronic phase to blast crisis. Chiorean et al. [25] have
shown that NK-92 cells transduced with the BCR/ABL
oncogene proliferated indeWnitely in the absence of IL-2
and exhibited decreased natural cytotoxicity against K562
targets but normal IL-2, IFN� or TNF� production. Trans-
duced NK-92 cells expressed CD158i, CD158j and
CD158e receptors, suggesting that an imbalance in KIR
expression, directly or indirectly linked to BCR/ABL
expression, may modify NK cytotoxic function [25]. Imati-
nib mesylate, a BCR/ABL speciWc tyrosine kinase inhibitor
used in frontline treatment of CML, inhibits the prolifera-
tion of BCR/ABL-transduced NK [25]. Boissel et al. [26]
reported that CML patients had abnormally high seric lev-
els of sMICA and weak NKG2D expression on NK cells.
Imatinib mesylate therapy increases NKG2D expression
and decreases MICA protein production and release, thus
contributing to normal NK cytotoxicity through the restora-
tion of a functional NKG2D signalling [26].

Gersuk et al. [27] have focused their attention on NK
cells in Ph1-negative MPS. Percentage of NK cells (deWned
as CD16+ cells) is decreased in IMF and increased in PV
patients. Furthermore, NK cytotoxic activity is decreased in
Ph1-negative MPS patients, more severely in IMF patients
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Table 3 Description of the reviewed studies

FC Xow cytometry, WB Western blot, SB Southern blot

Reference No. of patients Studied disease Techniques used

Myelodysplastic syndromes

[16] 40 MDS 10 controls 13 RA, 6 RARS, 12 RAEB-I, 
7 RAEB-II, 2 AML

FC, 51Cr-release assay, detection of apoptosis, 
proliferation, FISH

[18] 40 MDS RAEB, RAEBt and CMML/RA 
and RARS

Dosage of plasma sIL-2R

[19] n = 48 FC, 51Cr-release assay

[20] 75 MDS 25 controls 21 RA, 7 RARS, 15 CMML, 
12 RAEB, 20 RAEBt

Dosage of IL-1�, IL-3, IL-6, G-CSF, 
GM-CSF, EPO, TNF�

Myeloproliferative syndromes

[21] N = 80, 15 controls 45 PV, 35 secondary 
erythrocytosis

Sequencing, study of transcriptional 
activity, siRNA inhibition

[24] 21 CML 15 controls 7 early phase, 10 accelerated, 
4 blast crisis

FC, 51Cr-release assay

[25] NK92 cells Transduction of NK cells, FC,WB, SB, 
detection of cytokines, cell survival, 
51Cr-release assay

[26] 49 CML, K562 cell line FC, sMICA ELISA, 51Cr-release assay, 
siRNA assay, WB, RT-PCR

[27] n = 29 7 ET, 11 PV, 11 IMF FC, neutralization of plasma PDGF, 
51Cr-release assay

Acute myeloid leukaemia

[28] n = 18 LAM (M1–M5) FC, 51Cr-release assay

[32] n = 71 66 AML, 2 biphenotypic 
leukaemia, 3 RAEB

FC, 51Cr-release assay, coculture 
of NK cells with leukaemia cells

[33] N = 25 15 AML, 2 ALL, 4 CML, 
2CLL, 1 CMML, 1 T-NHL

Transfection, RT-PCR, 51Cr-release 
assay, FC, dosage of sMICA 
and sMICB by ELISA

Multiple myeloma

[37] n = 32 19 CLL, 13 MM FC, calcein and CytoLuxPlus assays, 
HLA-G blocking assay, 
CD107a assay, RT-PCR

[40] Multiple cell lines Transfection, FC, WB, conjugate assay, 
51Cr-release assay, RT-PCR

[42] n = 60, 10 controls 20 MGUS, 40 MM FC, serology and immunoblotting, 
transfection, CD107a assay

[43] Generation of T cell clones, FC, 
RT-PCR, immunoblotting, 
51Cr-release assay, proliferation assay

Chronic lymphocytic leukaemia

[46] n = 34 FC, 51Cr-release assay

[48] n = 38 25 low risk, 7 intermediate 
and 6 high

FC, 51Cr-release assay, RT-PCR (MICA, 
MICB, ULBPs), dosage of MICA, 
TNF-�, and IFN-� by ELISA, 
mutational status of IgVH genes

Acute lymphoblastic leukaemia

[49] n = 16 FC, 51Cr-release assay

[51] Cell lines Annexin V assay, 51Cr-release assay

[52] FC, 51Cr-release assay, immunohistochemistry, 
laser confocal microscopy
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[27]. Treatment of NK cells from patients with PV or ET
(but not from patients with IMF) by IFN� or IL-2 increases
their cytotoxicity against K562 [27]. In order to analyse
more precisely NK population in PV, we used the more
recent deWnition for NK cells, i.e. CD3¡ CD16+ CD56+

cells instead of the CD16+ gate used by Gersuk et al. [27].
We have shown that the percentage and absolute number of
NK cells are signiWcantly increased in PV, but we failed to
detect any abnormalities in the expression of activating NK
cell receptors, while, in line with Gersuk’s results, we
observed decreased NK degranulation capacities. Further-
more, we showed an increased expression of KIR2DL1
(CD158a), an inhibitory receptor, on NK cells from PV
patients (personal observation, C. Sanchez). Together,
these data suggest that NK cytotoxic defect may be related
to impaired signalling despite normal expression of recep-
tors. A potential link between impaired NK functions and
IMF is provided by PDGF, since its concentration is signiW-
cantly elevated in IMF patients and inhibits NK activity.

Regarding acute myeloid leukaemia (AML), in addition
to data from KIR mismatch in allogeneic stem cell trans-
plantation [15], several clues support an antileukaemia role
for autologous NK cells in AML. Impaired NK cell func-
tion and cytokine production are associated with early
relapse in AML. The poor cytotoxicity of NK cells from
AML patients could be explained by insuYcient NCR/
ligand interactions [28]. Sivori et al. [29] have described, in
healthy individuals, NK cells characterized by low expres-
sion of NCR activating receptors, referred as NCRdull

phenotype. This NCRdull phenotype is rare in healthy indi-
viduals (<10%), while it is found in the majority of patients

with AML [28]. Since one of the NCR, i.e. NKp46, has
a pivotal role regarding the ability of human NK cells to
kill tumour targets [30], its low expression could explain
the defective NK cytotoxicity against leukaemia cells
observed in AML patients [28]. This defect in NCR expres-
sion could be potentiated by the fact that leukemic cells
express low amounts of both NCR and NKG2D ligands
[31]. To further support the antileukaemia role of NK cells
in AML, Fauriat et al. [32] have shown a signiWcant
increase of the expression of the NKp30 and NKp46 after
complete remission in AML patients, which was paralleled
by the restoration of NCR-driven cytotoxicity. Fauriat et al.
[32] also showed that the NCRdull phenotype was induced
by leukemic cells coculture with either developing or
mature NK cells, and required cell-to-cell contact between
leukaemia and NK cells. Another way to escape from NK
surveillance has been described by Salih et al. [33]: most
AML patients had elevated levels of sMICA and sMICB,
that could lead to ligand shedding and trigger internalisa-
tion of surface NKG2D, thus impairing NK cell function.

Myeloma and lymphoid haemopathies

Multiple myeloma (MM), despite initial response to conven-
tional treatments and promising results with novel agents,
is the paradigm of an incurable malignancy [34]. In MM,
normal numbers of NK cells are present in peripheral blood
[35], but NK cytotoxicity is altered [36, 37]. Expression of
NCR and NKG2D is normal but the expression of CD16
and 2B4/CD244, an activating coreceptor, is decreased

Table 4 Main NK abnormalities observed in haematological malignancies

Cytotoxicity was mostly evaluated by 51Cr-release assay, sometimes by CD107a degranulation assay. Expression of NK cell receptors and their
ligands, as well as some soluble cytolytic molecules, was investigated by Xow cytometry. Levels of sMICA and PDGF were determined by ELISA
dosage

PV  polycythemia vera, CLL chronic lymphocytic leukaemia, CML chronic myelogenous leukaemia, IMF idiopathic myeloWbrosis, MDS myelodysplastic
syndromes, AML acute myeloid leukaemia, ALL acute lymphoid leukaemia, MM multiple myeloma, PDGF platelet-derived growth factor,
sMICA soluble MHC class I chain-related protein A

References Mechanisms of NK dysfunction Diseases

[27, 45] Increased absolute number of NK cells PV, CLL

[27] Decreased absolute number of NK CML at late stage and IMF

[37, 46] Impaired cytotoxicity All haematological pathologies reviewed

[16, 46] Decreased production of soluble cytolytic molecules MDS, CLL

[16] No expansion of NK cells in vitro following activation with IL-2 MDS

[19, 29] Abnormal NCRs phenotype MDS, AML

[19, 26] Abnormal NKG2D expression MDS, CML

[100] Abnormal KIRs phenotype AML, ALL

[42, 49] Abnormal expression of NKG2D ligands on target cells MM, ALL

[33, 101] Expression of MICA/B by CD34+ cells MDS, CML

[26, 42] Abnormally high level of sMICA CML, MM

[27] High level of plasmatic PDGF IMF
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[38]. In addition to deWcient NK function, plasma cells dis-
play variable susceptibility to NK control. Carbone et al.
[39] have shown that normal NK eYciently kill early-stage
MM cells by a NCR and NKG2D-dependent pathway. In
contrast, late-stage MM cells are protected from NK lysis
by high expression of HLA class I molecules. The expres-
sion of NCAM was analyzed but conclusions on its beneW-
cial or deleterious eVect are controversial [40]. Constitutive
expression of MICA on human tumours promotes ligand
shedding, which triggers internalisation of surface NKG2D
and thus impairs NK cell function [41]. Although monoclo-
nal gammopathy of undetermined signiWcance (MGUS)
and MM are considered to be the same entity, signiWcant
diVerences are observed regarding MICA expression.
Plasma cells from MM patients have low MICA surface
expression and signiWcant levels of circulating sMICA
while plasma cells from MGUS patients exhibit opposite
characteristics [42]. Interestingly, MGUS patients fre-
quently develop anti-MICA antibodies that antagonize the
suppressive eVects of sMICA [42]. This may constitute an
interesting, although not totally eYcient, attempt to self-
restoration of the anti-tumour immune response. Another
mechanism for plasma cells to escape from NK cell killing
could be the expression of HLA-G, an HLA class I mole-
cule which is able to inhibit the eVector functions of both
cytotoxic T lymphocytes and NK cells via the engagement
of two receptors, ILT2/CD85j and KIR2DL4 [43]. Multiple
HLA-G transcripts are detected by RT-PCR but HLA-G
cell surface expression is low or undetectable on MM cells
[37]. These results suggest post-transcriptional regulatory
mechanisms and/or the expression of soluble isoforms that
have immunosuppressive and pro-apoptotic eVects on NK
[44].

In chronic lymphocytic leukaemia (CLL), the total num-
ber of NK cells in the peripheral blood is increased ([45];
personal observations, B. Knoblauch), but these NK cells
have defective cytotoxic activity [37]. This cytotoxic activ-
ity can be stimulated in the presence of recombinant human
IFN� or IL-2 [46]. NK cells from CLL patients have a nor-
mal tumour-cell binding capacity but fail to release suY-
cient amounts of soluble cytolytic molecules upon
activation. While the expression of one or more HLA class
I alleles on leukemic cells is downregulated in 85% of CLL
samples [47], leukemic cells do not express either MICA
nor ULBPs (except a low expression of ULBP3) [48].
Thus, in the absence of NKG2D engagement by their
ligands at the surface of CLL cells, the defect in HLA class
I molecules expression could be insuYcient to trigger eVec-
tive NK cytotoxicity. Finally, a variable expression of
HLA-G at tumour cell surface has been observed in CLL,
and could contribute to tumour escape from NK lysis via
the engagement of its ligand that negatively regulates NK
cytotoxicity [37].

In acute lymphoblastic leukaemia (ALL), in contrast with
AML, KIR mismatch does not improve the disease-free
survival, suggesting that ALL cells exhibit, in addition to
KIRs protection, additional mechanisms of resistance to
NK lysis [49]. Several studies have demonstrated a reduced
NK cell activity in patients with ALL [50]. Reid et al. [51]
have shown that the killing of the pre-B ALL cell lines does
not correlate with the lymphocyte function-associated anti-
gen-1 (LFA-1) and the intercellular adhesion molecule-1
(ICAM-1) expression, although the LFA-1/ICAM-1 inter-
action is the dominant adhesion pathway for NK cells.
Romanski et al. [49] showed selective resistance of B-pre-
cursor ALL to cytotoxicity mediated by the NK-92 acti-
vated NK cell line, that could be explained by the
interaction between HLA-G and the inhibitory receptor
KIR2DL4. Nevertheless, this mechanism seems unlikely in
pre-B ALL, thus suggesting that defective engagement of
activating receptors, rather than activation of inhibitory
receptors, is responsible for ALL resistance to NK lysis. In
line with this hypothesis, expression of the NKG2D activat-
ing receptor ligands MICA/B was only observed in NK-
sensitive T-ALL cell line, while NK-resistant B-ALLs did
not express detectable amounts of MICA/B [49]. DeWcient
engagement of other activating receptors may also contrib-
ute to ALL resistance to NK lysis, since Pende et al. [52]
have reported that B-ALL cells lose or express low levels
of several other NK activating ligands such as ULBPs,
PVR, Nectin-2, CD48 or NK-T-B antigen.

Potential use of NK cells in active immunotherapy

This review has pointed out important NK cells abnormali-
ties in virtually all studied haematological malignancies.
Attempts to cure such malignancies rely on chemotherapy
and immunotherapy. SpeciWc immunotherapy has many
limitations, mainly abnormal expression of HLA class I
molecules. This has raised some hope in the concept of
innate immunity modulation, particularly involving NK
cells. For the sake of clarity, the therapeutic proposals can
be divided in two categories: therapeutic options aiming to
enhance NK cell cytotoxicity and/or target cell susceptibil-
ity, and novel therapeutic tools speciWcally designed to tar-
get tumour cells, and which, in addition, have shown
immunomodulatory properties towards NK cells.

SpeciWc NK approaches As previously stated, KIR mis-
match in allogeneic transplantation is not the scope of this
review, and thus will not be discussed. Several studies
have investigated NK cell reconstitution in patients under-
going haplotype-matched (10 patients) [53] or haplotype-
mismatched (8 patients) [54] stem cell transplantation (SCT)
as a treatment of AML or accelerated phase of CML. NK
cells recovered within the Wrst month after transplantation
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and rapidly reached normal counts [55]. In contrast, T cells
reconstituted later and were usually not detectable until the
fourth month after transplantation. Nevertheless, this NK
cell reconstitution is abnormal with an increase of the
CD56bright subset, especially during the Wrst 3 months,
which could explain the decrease in NK cytotoxicity [53,
54]. Patterns of NK cell receptors expression during NK
reconstitution were also analysed. Regarding the expression
of NCR, the results vary from study to study. NKp30 levels
appear to be decreased after SCT and then restored between
1 and 4–6 months after [53, 56]. Data for NKp46 are con-
troversial: Vitale et al. described decrease in its expression
while Schulze et al. reported its upregulation [54, 56]. In
this last study, NKp46 upregulation was associated to a
reduced expression of NKG2D. Nguyen et al. [53] also
demonstrated that the frequency of KIR-positive NK cells
remained very low for all patients and that the frequency of
CD94/NKG2A and KIR were inversely correlated. Low
expression of NKp30 and predominance of CD56bright NK
cells are arguments in favour of the persistence of immature
NK cells.

Although the anti-tumour role of NK is pivotal in allo-
genic transplantation, this therapeutic option is not avail-
able for all patients, suggesting the need for other
possibilities of NK-induced anti-tumour response. The use
of genetically modiWed NK cells can redirect, improve or
induce de novo their recognition and killing of tumour
cells. Such innovative approaches have been developed by
the transduction of NK cells with a chimeric receptor
directed at the B lymphocyte antigens CD19 and CD20, or
against the ERBB2 oncogene [57–59]. A more traditional
approach consists in the development of monoclonal anti-
bodies (mAbs) directed against the haematological target
cell. For example, de Romeuf et al. [60] generated a chime-
ric anti-CD20 which displayed improved Fc�RIIIa/CD16
binding and Fc�RIIIa-dependent eVector function. Since
NK cell activity is controlled by a balance between inhibi-
tory and activating receptors, using blocking mAbs raised
against NK cell inhibitory receptors should theoretically
enhance the anti-tumour response of NK cells [61]. Never-
theless, the possible pitfall of such a therapy is the break-
down of tolerance to self HLA, resulting in the
development of autoimmune diseases. Another possibility
is to genetically link cytokine to mAbs in order to improve
their eYciency, since this method would allow the induc-
tion of NK cells and T cells proliferation at the tumour
site [62].

Infusion of NK cells with increased cytotoxic activity is
another emerging tool for cancer therapy. This can be
achieved by culture with cytokines such as IFN type I, IL-2,
IL-12, IL-15, IL-18 or IL-21 [62–64]. IL-2 has been widely
studied since this cytokine activates and expands NK cells,
but its toxic eVects limit its clinical use. From an immuno-

logical point of view, the use of IL-2 is limited by its capac-
ity to trigger Treg cells, which inhibit NK cells through the
downregulation of NKp30 and NKG2D by TGF-�. Never-
theless, this limitation could be overcome, since it has been
recently demonstrated that Treg depletion resulted in an
improved survival in a leukaemia murine model [65]. IL-21
is another cytokine that looks particularly promising in
therapeutics since it induces both the proliferation and the
cytotoxicity of the cytokine-secreting CD56bright NK subset
[66], while downregulating the suppressive eVects of Treg
cells. IL-15 is also of potential interest in the modulation of
NK cells activity. Two experiments in mice showed the
eVects of IL-15 on NK cells: mice IL15¡/¡ or IL-15R�¡/¡

have reduced numbers of NK (and memory CD8+ T) cells
when mice constitutively expressing IL-15 display an
increased resistance to tumour growth [67]. IL-15 activates
not only NK cells but also T lymphocytes, inhibits apopto-
sis of activated T cells and maintains the CD8+ memory
T cell subpopulation [67].

One another interesting approach consists in NK stimu-
lation via dendritic cells (DCs). DCs release IL-12, IL-15
and IL-18 that participate in NK cell proliferation, activa-
tion and survival. In response, NK cells produce IFN� and
TNF�. This continual release of cytokines results in a posi-
tive feedback loop between NK and DC. Activation of DC
can be obtained in multiple ways, among which the stimu-
lation via Toll-like receptors (TLRs), particularly TLR9,
has raised interest. The action of TLR9 agonists on plasma-
cytoid DC induces the secretion of type I IFN that activates
NK cells, but also inhibits the generation of Treg cells, thus
may further contribute to the anti-tumour potential of NK
cells [68].

Another alternative is the use of chemokines, which are
molecules involved in chemotaxis of immune cells, includ-
ing their recruitment to the site of inXammation or activa-
tion. The chemokines produced and regulating NK cell
functions are outlined in Table 5. A role for CXCR3 and
CXCR4, as well as for its ligand CXCL12, has been
described in NK cell homing to the BM whereas CCR7,
CCL19 and CCL21 seems to be involved in LN homing
[69]. Some chemokines are overexpressed in haematologi-
cal malignancies: CXCR4 in CLL and AML, CCR7 in
T-ALL, CCL22 in T, B and Hodgkin’s lymphoma [70].
Furthermore, in AML, three release clusters have been identi-
Wed: CCL2-4/CXCL1/8, CCL5/CXCL9-11 and CCL13/17/
22/24/CXCL5. These three clusters diVer in their T cell
chemotaxis towards the leukemic cells [71]. Nonetheless, a
possible pitfall is that NK cells may damage the aVected tis-
sues, if an abnormal HLA expression is present [72].

Finally, the use of association of post-consolidation
immunotherapy with histamine dihydrochloride (HDC) and
IL-2 has been shown to reduce the risk of relapse in AML
with a 3-year leukaemia-free survival for patients treated
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with HDC and IL-2 of 40 versus 26% in the control arm
[73]. Interestingly, one probable explanation for such a
favourable eVect is the protection of NK cell from the
downregulation of activating receptor expression induced
by leukemic cells [74].

Recently, novel drugs used in haematology raised a
great interest regarding their NK cell immunomodulatory
properties. The eYcacy of old anticancer therapeutic
approaches has recently been related to their eVects on NK
cells. The best example is the so-called “BCG therapy” in
bladder cancer, the eYciency of which relies, at least in
part, on the inXux of NK cells at tumour site [75]. Recently
many novel drugs have emerged in the management of hae-
matological malignancies: tyrosine kinase inhibitors (TKI),
immunomodulating drugs (IMIDs®), proteasome inhibitors
(bortezomib), demethylating agents (such as azacytidine) or
inhibitors of histone deacetylase (HDACis). The mecha-
nisms of action of these drugs are not always fully under-
stood, suggesting additional eVects to the direct cytotoxicity
against tumours, like enhancing NK cytotoxicity or increase
in target cell susceptibility to NK lysis.

TKI aVect BCR/ABL but also other kinases like the stem
cell factor receptor (c-kit) or platelet-derived growth factor
receptor (PDGFR) which are involved in the activation of
immune eVector cells. Regarding the target cell, Salih et al.
[33] focused their study on the eVects of imatinib, dasatinib
and nilotinib on the myeloid leukaemia cell line K562 cell,
that harbour the BCR/ABL mutation. Expression of
NKG2D ligands on K562 cells exposed to pharmacological
concentrations of one of the three TKI was diminished to a
similar extent. This resulted in reduced NK cell cytotoxic-
ity against K562 cell line, and diminished IFN� production
by NK cells. Regarding eVector cells, the three TKI have
diVerent eVects. Nilotinib inhibits cytokine production by
NK, probably by preferential induction of cell death in the
CD56bright NK subset. In contrast, dasatinib interacts with
NK cells at an early stage of signal transduction, preventing
PI3K phosphorylation, so that the eVects observed in
response to dasatinib could possibly be a consequence of
impaired target cell recognition and not directly of dimin-
ished cytotoxic function. Finally, eVects of imatinib on NK

cells is probably indirect since imatinib fosters DC/NK
reciprocal activation, resulting in the enhancement of NK
cells anti-tumoural function [76].

The IMIDs® (thalidomide, lenalidomide) are currently
used in the treatment of MM or MDS and tested in other
haematological malignancies such as CLL or non-Hodgkin
lymphoma. IMIDs® have immunoregulatory, anti-tumour
and anti-angiogenic properties but Reddy et al. [77] sug-
gested that the major mechanism of action of IMIDs® is
activation of the innate immune system and more particu-
larly NK cells. In a murine model, exposure to IMIDs® lead
to the recruitment of NK cells via stimulation of DCs and
modiWcation of the cytokine microenvironment associated
with an increase in monocyte chemotactic protein-1 (MCP-
1), TNF�, IFN� and probably augmented ADCC by trigger-
ing IL-2 secretion by T lymphocytes.

Bortezomib, a proteasome inhibitor, is used in treatment
of MM. Bortezomib sensitizes tumours cells to chemother-
apeutic drugs or radiations by upregulation of DR5, a
TRAIL ligand expressed on NK cells [78]. Other studies
reported a downregulation of HLA class I molecules [79] or
an upregulation of DNAM-A and NKG2D ligands [80] in
MM plasmocytes after bortezomib regimen, thus favouring
NK–plasma cell interaction and destruction. Butler et al.
[81] observed that bortezomib, and other proteasome inhib-
itor drugs with distinct mechanisms of action, highly and
speciWcally upregulated ULBP1 mRNA and cell surface
protein in head and neck squamous cell carcinoma cells.
Although these reports suggest an activating eVect of bort-
ezomib on immune cell functions, in contrast Wang et al.
[82] reported that the proteasome inhibition induces apop-
tosis in primary human NK cells and suppresses NKp46-
mediated cytotoxicity.

Demethylating agents such as 5-azacytidine or 5-aza-2�-
deoxycytidine are used in treatment of MDS, since DNA
hypermethylation, notably of tumour-suppressor genes, is
supposed to have a pivotal role in leukaemogenesis. The
eVects of these drugs are complex. Two studies have shown
that 5-aza-2�-deoxycytidine, used alone or in combination
with other drugs, upregulates the expression of the NKG2D
ligands, ULBP and MICB, increasing the susceptibility of

Table 5 Chemokines and their involvement in NK cells [102]

In these experiments, NK cells were activated by IL-2, alone or with irradiated B lymphoblastoid cell lines, or by leukocyte conditioned medium
plus ionomycin. Resting or activated cells have been found to migrate in response to several chemokines in in vitro chemotaxis assays. Several
chemokines are able to consistently enhance the lysis of NK-sensitive K562 cells by puriWed, human NK cells. This eVect could be related to the
promotion of cytotoxic granule release by NK cells or by redistribution of adhesion molecules on the NK cell surface

Resting NK cells Activated NK cells

Chemokines receptors CCR7 (§); CXCR1, CXCR2, CXCR3(§), CXCR4, CX3CR1 CCR2, CCR4, CCR5, CCR8

Chemokine production CCL4, CCL5, CCL22 CXCL8 CCL1, CCL3-5, CCL22; XCL1, CXCL8

Migration CCL2-5, CCL7, CCL8; CXCR3, CXCR4 CCL1-5, CCL7-9, CCL21, CCL22

Cytotoxicity CCL2-5, CCL8; CXCL1, CX3CL1
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tumour cells to NK cells. This mechanism could be related to
promoter DNA methylation [83, 84]. A pitfall in this
approach is that KIRs expression is also controlled by DNA
methylation, so that demethylating drugs could induce KIRs
transcription and Wnally decrease NK cytotoxic activity [85].

HDACis, like vorinostat or panobinostat, are recently
developed drugs targeting the epigenetic regulation of can-
cer. Their anti-tumour eVect involves triggering of diVerenti-
ation, cycle-cell arrest and apoptosis of tumour cells [86].
Vorinostat, valproic acid, sodium butyrate and trichostatin A
upregulate the expression of NKG2D ligands (MICA and
MICB) and DNAM-1 on leukemic cells, thus improving NK-
mediated killing via NKG2D [87–89]. Furthermore, HDACis
could suppress NK cytotoxicity via impaired granule exocy-
tosis and downregulation of NKp30 and NKp46, which could
be a consequence of NF�B inhibition [90]. Sodium butyrate
can also stimulate the expression of Sp1 and the binding of
both Sp1 and heat shock transcription factor 1 (HSF1) to the
MICA/B promoter, Wnally leading to an increased production
of these NKG2D ligands [88].

Conclusion

The discovery of HLA class I-speciWc NK receptors,
together with studies on NK cell function and regulation,
molecular properties and genetics, provides an interesting
possibility for innovative immunotherapy approach of hae-
matological malignancies. Several mechanisms are
involved in the alterations of NK cell functions described in
haematological malignancies: decreased expression of acti-
vating receptors, increased expression of inhibitory recep-
tors, defective expression of ligands on target cells or
defective cytotoxic armamentarium. These abnormalities
provide some clues for immunotherapy protocols using
monoclonal antibodies, novel drugs or cytokines. Recently,
many novel drugs used against haematological malignan-
cies have shown immunomodulatory properties on NK
cells, instead of the potent and wide (B, T and NK lympho-
cytes) immunosuppressive eVects of classical and high-
dose chemotherapy. These drugs oVer an opportunity to
simultaneously attack tumour cells directly and putatively
enhance the immune response. This might provide a less
toxic and long-lasting (via immune modulation) anti-
tumour eVect hopefully protecting from relapse in haemato-
logical malignancies.
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