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Recognition of major histocompatibility complex
(MHC) by human natural killer (NK) cells

NK cells, discovered originally in the early 1970s [1,2],
represent a specialized arm of the innate immune system
that possess potent perforin- and interferon-y-dependent

effector functions and participate

different types of tumours [3-5]. Distinct from B and T
cells, NK cells forego the process of rearranging genes
to produce a repertoire of antigen receptors. Instead,
they assemble different combinations of germline-encoded
receptors that do not undergo somatic recombination.
Some of these NK receptors inhibit, while others trigger,
NK cell effector function. A portion of these receptors bind
specifically to major histocompatibility complex (MHC)
class I or class I-like molecules that were thought to be
dedicated uniquely to T cell-mediated adaptive immune

responses [6-10].

in early defence
mechanisms against intracellular microbial infections and

Summary

A number of experimental studies have shown that natural killer (NK) cells
can eliminate cancer cells and the mechanisms involved in this effect have
been uncovered during the last two decades. Clinical data from haploidentical
haematopoietic stem cell transplantation (haplo-HSCT) revealed that NK
cells were responsible for remarkably favourable effects in both adult and
paediatric high-risk leukaemias. NK receptors specific for major histocompat-
ibility complex (MHC) class I molecules, including killer immunoglobulin
(Ig)-like receptors (KIR) and CD94/NKG2A, play a major role in the anti-
leukaemia effect (mediating either inhibitory or activating signals). Haplo-
HSCT requires a heavy conditioning regimen for the patient and the use of
large numbers of T cell-depleted HSC to be grafted. After transplantation,
natural killer cells develop from HSC shortly after engraftment and may
include ‘alloreactive’ NK cells that kill leukaemic cells and prevent graft-
versus-host disease (GvHD). Alloreactive NK cells are characterized by the
expression of KIR that are not engaged by any of the human leucocyte antigen
(HLA) class I alleles expressed by the patient. Their generation is dependent
upon the existence of a KIR/HLA class I mismatch between donor and
recipient. Novel important information on the function and specificity of
different KIR has been obtained recently by the analysis of donor-derived
alloreactive NK cells in a cohort of paediatric patients given haplo-HSCT to
cure acute, high-risk leukaemias.
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The ‘missing self” mode of NK cell recognition, proposed
originally by Ljunggren and Karre [11], refers to a func-
tional mechanism by which NK cells keep target cells in
check for surface expression of MHC class I. This function
is possible thanks to the expression at the NK cell surface of
a series of MHC class I-specific inhibitory receptors that
prevent NK cell activation, thus protecting potential target
cells from NK cell-mediated attack. However, sensing the
absence of self-MHC class I molecules is not sufficient for
inducing NK cell activation. NK cells also require stimula-
tion by ligands on target cells recognized by activating
receptors including natural cytotoxicity receptors (NCRs),
DNAX accessory molecule-1 (DNAM-1) and NK group 2
member D (NKG2D) [12-15]. Thus, NK cell recognition of
target cells is regulated tightly by a process involving the
integration of multiple signals delivered by both activating
and inhibitory receptors.

In humans, a relatively large family of NK cell receptors
for MHC is represented by killer Ig-like receptors (KIR) [16].
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KIR are characterized by two (KIR2D) or three (KIR3D)
extracellular immunoglobulin domains. In addition, they
have either short (S) or long (L) intracytoplasmic tails
which transduce activating or inhibitory signals, respectively
[17-20]. The known ligands for inhibitory KIRs are all rep-
resented by MHC class I molecules: thus, HLA-C is recog-
nized by KIR2DL1, KIR2DL2 and KIR2DL3 [21-24]; HLA-B
by KIR3DL1 [25,26] and HLA-A by KIR3DL2 [27,28], while
HLA-G is recognized by KIR2DL4 [29]. The HLA deter-
minants that bind to inhibitory KIRs are known as KIR
epitopes. In particular, HLA-C allotypes have either the
Cl epitope (shared by HLA-Cw alleles characterized
by Ser77Asn80, including HLA-Cwl1, -Cw3, -Cw7, -Cws,
-Cwl2, -Cwl3, -Cwl4 and -Cwlé6 alleles), recognized by
KIR2DL2/3, or the C2 epitope (Asn77Lys80 shared by HLA-
Cw2, -Cw4, -Cw5, -Cwé6, -Cwl5, Cw*-1602, -Cwl7 and
-Cw18), the ligand for KIR2DL1 [30,31]. Similarly, all
HLA-B allotypes have either the Bw4 or Bw6 epitope, but
only the Bw4 epitope is a ligand for KIR, its cognate inhibi-
tory receptor being KIR3DLI [32-34].

Regarding the comparison between inhibitory and acti-
vating KIRs, they are characterized by highly homologous
codon sequences in the extracellular domain, namely
KIR2DL2/3-KIR2DS2, KIR2DL1-KIR2DS1 and KIR3DL1-
KIR3DS1. In contrast to the inhibitory KIR, in most
instances the ligands for the activating KIR are poorly
defined despite the fact that activating KIRs possess similar
extracellular regions. In addition to KIRs, another mode of
MHC recognition by NK cells is mediated by the CD94-
NKG2A (lectin-like) inhibitory receptor [35,36], specific for
complexes of HLA-E and peptides derived from the leader
sequences of many, but not all, HLA-A, HLA-B and HLA-C
polypeptides [37-39].

Each individual differs in the number and type of inher-
ited KIR genes and KIR gene products are distributed
clonally in the NK cell repertoire [21,40,41]. Importantly,
individual NK cells express only one or few inhibitory KIRs,
while some NK cells do not express KIR but express CD94-
NKG2A. In addition, inhibitory KIR and CD94-NKG2A
receptors may be co-expressed by subsets of NK cells. Thus,
in most cases, every NK cell expresses one or more inhibitory
receptors, which through the interaction with autologous
HLA class I molecules prevent NK cells from killing autolo-
gous normal cells.

The KIR gene family exhibits extensive variations in
gene number and content, as well as allelic polymorphism
[42,43]. Fourteen KIR genes, located in the leucocyte recep-
tor complex on human chromosome 19, encode the various
inhibitory and activating KIRs. These genes segregate inde-
pendently of HLA, with the important consequence, in unre-
lated allogeneic transplantation, that matching for HLA does
not match for KIR. The KIR repertoire in NK cells is deter-
mined primarily by the KIR genotype, although the HLA
genotype also has a subtle, modifying influence [44]. Diverse
KIR haplotypes can be simplified into two biologically dis-

tinct groups, A and B. Group A haplotypes have a fixed
number of genes that encode inhibitory receptors, with the
exception of the activating 2DS4, while group B haplotypes
have variable gene content including several additional acti-
vating receptor genes. All individuals can be categorized as
having one of two KIR genotypes: A/A, which is homozygous
for group A KIR haplotypes, or B/x, which contains either
one (A/B heterozygous) or two (B/ homozygotes) group B
haplotypes [16,40,45].

Alloreactive NK cells in haploidentical haemopoietic
stem cell transplantation

Loss of HLA molecules is a common event in cells undergo-
ing tumour transformation or infection with some viruses.
When NK cells expressing KIR with specificity for a particu-
lar allotypic determinant shared by some HLA class I alleles
interact with target cells lacking these alleles (i.e. sensing the
‘missing-self’), they are not inhibited and kill the potentially
harmful target cell.

In settings of clinical stem cell transplantation (SCT), the
term ‘KIR-ligand mismatch’ is often used to describe such
‘missing-self” recognition. In this case, a fraction of NK cells
from the donor may display the ability to kill target cells
from the recipient. These NK cells are referred to as ‘allore-
active’ [22]. Remarkably, the presence of alloreactive donor-
derived natural killer (NK) cells have been correlated with
highly improved survival after HSCT for acute myelogenous
leukaemia (AML). Indeed, alloreactive NK cells appear
to promote engraftment, reduce graft-versus-host disease
(GvHD) and, more importantly, decrease leukaemic relapses
[46-49]. NK cell alloreactivity occurs when a subset of NK
cells express KIR specific for an allelic epitope that is absent
on (recipient) allogeneic cells. Under these conditions, these
NK cells would kill allogeneic cells (at least those expressing
ligands recognized by activating NK receptors). The exist-
ence of human ‘alloreactive’ NK cells was discovered origi-
nally by our group two decades ago [21-23]. It should be
stressed that an HLA class I mismatch between NK cells and
target cells does not lead necessarily to NK-mediated target
cell killing. As indicated above, KIRs recognize allotypic
determinants that are shared by groups of HLA class I alleles.
Thus ‘alloreactive’ NK cells must not only express KIR that
are not engaged by any of the HLA class I alleles present
on allogeneic target cells [50] but also should not express
CD94/NKG2A, as HLA-E is present on all HLA class I* cells
[51].

The majority of patients, particularly of paediatric age,
have a family member who is identical for one HLA
haplotype. One hundred per cent of parents and 50% of
siblings fulfil this criterion. In most instances, haploidentical
transplants are mismatched at all the HLA class I and II loci,
a situation that would lead to severe GvHD and poor
clinical outcome. However, a promising approach to HLA-
mismatched haploidentical haematopoietic cell transplanta-
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tion (HCT) has been developed which may prevent graft
rejection and eliminate leukaemic cells [52]. First, patients
are given an intense conditioning regimen involving total-
body irradiation, cytotoxic drugs and polyclonal anti-
thymocyte antibodies [46]. Moreover, in order to facilitate
engraftment, the numbers of CD34" haematopoietic stem
cells (HSC) infused are 5-20 times greater than in the setting
of HLA-matched transplants. The use of such ‘megadoses’ of
HSC has been made possible thanks to the use of peripheral
blood as a source of mobilized CD34* HSC [52,53]. Mega-
doses of CD34" cells are also important because they can
generate much larger numbers of NK cells, thus contributing
to the maintenance of donor’s KIR repertoire, efficient
alloreactivity and anti-leukaemic effect.

In this transplantation setting, alloreactivity is mediated
by NK cells provided the existence of KIR-ligand
mismatches. Notably, two groups of haploidentical trans-
plants can be identified. The first is represented by donor—
recipient combinations in which NK cells of the donors
express KIRs that do not recognize HLA class I molecules
expressed by the patient (i.e. ‘alloreactive’ NK cells). In the
second category of donor-recipient combinations all the
KIR expressed by NK cells recognize the HLA class I alleles of
the patient (‘NK matched’). Selection of the most appropri-
ate donor is based on the assessment of the degree of
‘alloreactivity’ of NK cells. This can be determined by the
phenotypic identification of the alloreactive NK cell subset
by flow cytometric analysis (revealing its size) and by evalu-
ation of the ability to kill leukaemic cells [revealing the
potential graft-versus-leukaemia (GvL) effect]. The same
experimental approach allows identification and evaluation
of the functional capability of alloreactive NK cells in the
recipient after transplantation [54]. Indeed, in view of the
key role of alloreactive NK cells in eradicating leukaemias in
haplo-HSCT, it is important to ask whether such NK cells are
originated and persist in the recipient for a significant time
interval [55].

In the early studies, the presence of alloreactive NK cells
in the recipients was documented up to 1 year after
transplantation. In some patients, the proportions of allore-
active NK cells were larger in the recipient than in the donor,
thus suggesting that they had been selected/expanded
preferentially in vivo [46,56]. More recent studies have
confirmed and extended these findings, showing that
alloreactive NK cells can be detected for a period of more
than 3 years after transplantation in several paediatric
patients with high-risk leukaemias ([54] and Locatelli et al.,
in preparation).

Previous studies have shown that patients with AML had
greatly improved disease-free survival and reduced leu-
kaemia relapses when a KIR-ligand mistmatch was present
[46,56]. Remarkably, patients transplanted from an NK
alloreactive donor also benefited from higher rates of
engraftment and reduced incidence of GVHD. A recent study
on high-risk paediatric acute lymphoblastic leukaemia

KIR+ alloreactive NK cells in haplo-HSCT

(ALL) refractory to chemotherapy provided further evidence
of the key role of alloreactive NK cells in haploidentical HSC
transplantation. This study represents a major breakthrough
in the cure of otherwise fatal leukaemias, as the estimated
3-year survival in children with ALL transplanted from
an NK alloreactive relative is ~75% (Locatelli ef al., in
preparation).

As indicated by a murine model and suggested by clinical
results, the GvL effect correlates with the generation
of alloreactive NK cells characterized by potent anti-
leukaemia activity. The reduced rate of GvHD is also likely to
be the result of the NK cell-mediated killing of recipient
antigen-presenting cells (APC) [57]. In agreement with this
concept, in vitro studies, using selected NK cell clones,
showed that alloreactive NK cells are capable of killing both
immature and mature monocyte-derived DCs [58]. Con-
versely, autologous NK cells kill only immature DCs while
sparing the mature ones. This, together with the release of
proinflammatory cytokines [59], represents a major event in
the process (‘DC editing’) of NK cell-mediated control of
DC maturation. Indeed, NK cell-mediated editing [60]
is necessary for selecting optimal DC, capable of priming
naive T cells towards T helper type 1 (Th1) responses within
secondary lymphoid compartments [61]. Notably, alloreac-
tive NK cells cannot mediate a DC editing process because
they kill all DCs of the host, independent on their stage of
maturation. This, in turn, would be essential to prevent
donor T cell priming and subsequent generation of GvHD.

Generation and tissue specificity of alloreactive
NK cells

It is now well established that, during maturation, NK cells
require recognition of self-MHC class I to acquire full effec-
tor function, a phenomenon referred to as ‘licensing’ or
‘education’[62—64]. However, NK cells lacking MHC-specific
inhibitory receptors can also be generated in the absence of
this interaction, but they would remain virtually anergic or
hyporesponsive. One may ask how donor NK cell precursors
undergoing maturation in the mismatched recipient can give
rise to alloreactive NK cells capable of killing leukaemic cells?
A probable explanation is that, in haplo-HSCT, the infusion
of ‘megadoses’ of CD34" cells may provide a bone marrow
(BM) microenvironment (i.e. where NK cells undergo matu-
ration) predominantly of the donor type. Under these con-
ditions, the process of NK education would be similar to that
occurring normally in the donor and would allow the gen-
eration of NK cells displaying alloreactivity towards the
recipient.

However, why do alloreactive NK cells in vivo not cause
GvHD? A number of experimental data have demonstrated
clearly that NK cells attack haematopoietic cells of the host
while sparing other tissues that are, instead, common targets
for T cell-mediated GvHD. For example, in the hybrid resis-
tance phenomenon in mouse, alloreactive NK cells caused
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rejection of the BM graft but did not attack other tissue [65].
Moreover, Ruggeri et al. obtained direct evidence in mice
that alloreactive NK cells do not cause GvHD [46], while
infusion of allogeneic T cells killed all the mice. The probably
molecular basis of the resistance of recipient normal tissues
to the NK cell-mediated attack is the lack of ligands for the
activating NK receptors. Indeed, these ligands are expressed
by cells of different histotypes only upon cell stress infection
or tumour transformation [66]. Thus, interaction with
normal resting tissues does not lead to alloreactive NK cell
activation.

The function and specificity of KIRs regulates the
ability of NK cells to kill leukaemic blasts

Our early studies on the inhibitory KIR specific for HLA-C
alleles revealed the existence of a clear-cut discrimination
between the specificity of the HLA-class I allele of KIR2DL1
and that of KIR2DL2/3. Thus, as mentioned above,
KIR2DL1 recognizes the C2 specificity while KIR2DL2/3 is
specific for the C1 specificity [6]. We reached this conclusion
by functional analysis of selected NK cell clones character-
ized by given KIR2DL phenotypes. The C2 specificity of
KIR2DL1 was confirmed in many studies, including those
assessing the cytolytic activity of phenotypically selected NK
cell clones against leukaemia blasts. On the other hand, two
recent studies have shown that KIR2DL2/3 can also interact
with HLA-C alleles belonging to the C2 specificity [54,67].
Although this interaction is weaker than that of KIR2DL2/3
with CI, it is sufficient to generate inhibitory signals that
may prevent efficient NK-mediated killing. The inhibition
may or may not be detected depending on the intensity of
the activating signals generated during NK cell/target cell
interaction. Thus, a strong NK cell stimulation via activating
receptors may be sufficient to overcome the inhibition.
Remarkably, in the case of NCR, their ligands are expressed
in most leukaemic cells (anti-NCR antibodies strongly
inhibit killing) [68,69].

Recent experimental evidence has revealed that some acti-
vating KIRs (e.g. KIR2DS1) may not allow a precise pheno-
typic identification and influence the function of alloreactive
NK subsets. As shown by our early studies, upon recognition
of HLA-Cw4 on Epstein—Barr virus (EBV)-transformed
target cells, KIR2DS1 induced potent NK cell-mediated
cytotoxicity[17]. Additional reports confirmed further that
KIR2DS1 recognizes different alleles belonging to the C2
specificity [70,71]. In a recent study we provided direct evi-
dence that KIR2DS1 may play a crucial role in the lysis of
C2/C2 leukaemia blasts (not only of EBV-transformed cell
lines) [54]. Thus, a series of donor-derived NK cell clones
co-expressing KIR2DS1 together with either NKG2A or
KIR2DL2/3 isolated from donor or recipient after HSCT
killed patient leukaemia blasts efficiently. Moreover, cytolysis
was inhibited by monoclonal antibody (mAb)-mediated
blocking of KIR2DSI. In line with our findings that, in

Cl-mismatched HSCT, most KIR2DL2/3* NK cells killed
C2/C2 target cells poorly, Chewing et al. reported that a
‘missing self” alloresponse to C2 could rarely be detected in
NK cells from donors lacking KIR2DS1[72]. The molecular
basis of this finding is that KIR2DL2/3 can recognize not
only Cl, but also C2 (see above). Remarkably, among the
C1-mismatched pairs of our study (in which the alloreactive
subset was KIR2DL2/3") all patients receiving haplo-HSCT
from KIR2DS1* donors (four of eight) are alive and in com-
plete remission, while fatal relapses occurred in three of four
recipients transplanted from donors lacking KIR2DS1 [54].
These data support strongly the evidence of a substantial
clinical relevance of KIR2DS1-mediated recognition of leu-
kaemia cells (Fig. 1). On the contrary, we could not docu-
ment a specific role of KIR2DS2 in the mechanism of
recognition and killing of leukaemia blasts.

Conclusions

The identification of HLA class I-specific NK receptors and
the analysis of alloreactive NK cells represent the biological
basis to devise a novel translational exploitation capable of
bridging basic research with relevant clinical application.
Thus, considerable evidence has indicated that alloreactive
NK cells developing from haploidentical HSCT represent a
most remarkable source of effector cells to fight successfully
high-risk leukaemias and possibly other tumours [73,74].
The possibility to assess directly both the size and the
cytolytic activity of the alloreactive NK cell populations
allows not only identification of donors capable of generat-
ing alloreactive NK cells but also selection of the best pos-
sible donor [54]. A recent study on high-risk paediatric ALL
refractory to chemotherapy extended further the major
clinical impact of NK alloreactivity in haploidentical HSC
transplantation. This study provided the first clear evidence
that the NK alloreactivity against leukaemia blasts is regu-
lated by integrated signals delivered by both inhibitory and
activating KIRs ([55] and Locatelli et al., in preparation).
Remarkably, the expected alloreactivity against C2/C2 leu-
kaemia blasts mediated by KIR2DL2/3* NK cells were often
impaired because this C1-reactive receptor was found to rec-
ognize C2 weakly as well. This affected substantially the
ability to kill ‘KIR mismatched’ leukaemic targets unless C2
recognition was counterbalanced by KIR2DS1 functioning
as a potent inducer of leukaemic blast-killing [54].

Taken together, these novel findings provide new informa-
tion that may greatly improve our understanding of the
molecular mechanisms at the basis of successful haplo-
HSCT in patients with high-risk leukaemias.
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Fig. 1. Alloreactivity against leukaemic targets is regulated by both inhibitory and activating killer immunoglobulin (Ig)-like receptors (KIRs).
Alloreactive natural killer (NK) cells express KIR and lack CD94/NKG2A [that is specific for human leucocyte antigen (HLA)-E, a class Ib molecule
expressed on virtually all HLA class I* cells]. The most common alloreactivity is mediated by the C2-specific KIR2DL1* NK cells [21,54], which kill
leukaemic targets expressing the C1/C1 specificity (a). NK cells co-expressing [50] both the C2-specific KIRD2L1 and the Cl-specific KIR2DL2/3
are not alloreactive (b). As expected, NK cells expressing KIR2DL2/3 [21] do not kill C1/C1* leukaemias; however, they frequently also display poor
cytotoxicity against C2/C2* leukaemias (c). This has been explained by the recent finding [54,67] that KIR2DL2/3 recognize not only C1 (with high
affinity) but also C2 (with low affinity). However, KIR2DL2/3* NK cells can kill C2/C2* leukaemias provided that they also express KIR2DSI1 (d) or
high levels of the natural cytotoxicity receptor (NCR) activating receptors (not shown). The group of CI alleles include: HLA-Cw1, -Cw3, -Cw7,
-Cws, -Cw12, -Cw13, -Cw14 and -Cw16. The group of C2 alleles include: HLA-Cw2, -Cw4, -Cw5, -Cw6, -Cw15, Cw*-1602, -Cw17 and -Cw18.
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