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Abstract
Natural killer (NK) cells are innate immune effector cells that make up ~10–15% of the peripheral
blood lymphocytes in humans and are primarily involved in immunosurveillance to eliminate
transformed and virally-infected cells. They were originally defined by their ability to spontaneously
eliminate rare cells lacking expression of class I major histocompatibility complex (MHC-I) self
molecules, which is commonly referred to as “missing self” recognition. The molecular basis for
missing self recognition emerges from the expression of MHC-I-specific inhibitory receptors on the
NK cell surface that tolerize NK cells toward normal MHC-I-expressing cells. By lacking inhibitory
receptor ligands, tumor cells or virus-infected cells that have down-modulated surface MHC-I
expression become susceptible to attack by NK cells. Killer cell Ig-like receptors (KIR; CD158)
constitute a family of MHC-I binding receptors that play major roles in regulating the activation
thresholds of NK cells and some T cells in humans. Here, we review the multiple levels of KIR
diversity that contribute to the generation of a highly varied NK cell repertoire and explain how this
diversity can influence susceptibility to a variety of diseases, including cancer. We further describe
strategies by which KIR can be manipulated therapeutically to treat cancer, through the exploitation
of KIR/MHC-I ligand mismatch to potentiate hematopoietic stem cell transplantation and the use of
KIR blockade to enhance tumor cell killing.

Introduction
Natural killer (NK) cells are lymphocytes of the innate immune system that play important
roles to protect from viral infections and the development of cancer.1, 2 In humans, NK cells
constitute 10–15% of peripheral blood lymphocytes and are considered large granular
lymphocytes due to their expression of dense intracellular cytolytic granules.3, 4 Upon
encountering certain abnormal tumor or virally-infected cells, NK cells are spontaneously
activated to release the contents of these granules, namely perforin and granzymes, toward the
target cell.3, 5 Perforin and granzymes initiate apoptosis of the target cell.6, 7 Cytotoxicity
requires the one-on-one recognition of and the adhesion to abnormal cells.8, 9 Therefore, NK
cells are thought to be particularly important in eliminating single-cell tumors, especially
leukemias, lymphomas and metastasizing tumor cells.10 Although originally named for their
capacity to elicit cytotoxicity, NK cells are also a potent source of cytokines and chemokines,
especially interferon (IFN)-γ, tumor necrosis factor (TNF)-α, and GM-CSF.11 In addition to
direct effects on the tumor and virally-infected cells, these cytokines can promote the
differentiation, activation and/or recruitment of other immune cells.12–14
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Tumor cell recognition by NK cells is based upon their unique capacity to identify and attack
cells that express diminished levels of cell surface major histocompatibility class I (MHC-I)
molecules,15, 16 which are normally expressed on virtually every cell of the body. Many
abnormal tumor or virally-infected cells have been shown to down-modulate MHC-I, which
allows them to escape detection by cytolytic T cells.17, 18 The down-regulation of MHC-I
(loss of self molecules) makes abnormal cells sensitive to NK cell cytotoxicity, however, and
this process has been termed “missing self” recognition. When this “missing self” concept was
first described in the late 1980s,19 it was difficult to comprehend how a lymphocyte could
recognize the loss of a cell surface marker, since T and B cells were known to become activated
in response to the gain of foreign molecules in the body.20, 21 It has since become clear that
NK cell responsiveness is controlled by a balance of signals generated from cell surface
activating and inhibitory receptors, and that the MHC-I-binding inhibitory receptors are vital
to tolerizing NK cells toward normal cells through detection of these self molecules.22, 23

Controlling NK cell responsiveness
The major NK cell activating receptors are the natural cytotoxicity receptors (NCR: NKp30,
NKp44, and NKp46), the Fc receptor CD16, NKG2D, and activating killer cell Ig-like receptors
(KIR).24, 25 The ligands for NCR have only recently begun to be identified,26–28 while
NKG2D recognizes the non-classical MHC-I molecules, MICA/MICB and ULBPs,29, 30 and
activating KIR seem to recognize classical MHC-I molecules.31 On the other hand, CD16 binds
the Fc portion of IgG antibodies to initiate antibody-dependent cellular cytotoxicity (ADCC)
32 and provides NK cells with the ability to recognize and kill target cells coated with
antibodies. In fact, CD16 has been shown to contribute to the anti-tumor properties of rituximab
and herceptin antibodies in the treatment of B cell lymphoma and breast cancer, respectively.
33, 34 Activation can be augmented further by the co-engagement of a variety of co-receptors
(e.g. 2B4, CD2, LFA-1, and DNAM-1).4 All of these aforementioned activating receptors
promote both cytotoxicity and cytokine production responses through stimulating intracellular
protein tyrosine kinase cascades (Figure 1).23

In contrast, two main types of NK cell inhibitory receptors that recognize MHC-I molecules
provide the molecular basis for “missing self” recognition. These are the inhibitory KIR and
the heterodimeric NKG2A/CD94 receptor.35, 36 Inhibitory KIR recognize subsets of the
classical MHC-I molecules (human leukocyte antigens (HLA) -A, -B, and –C), while NKG2A/
CD94 detects the non-classical MHC-I molecule, HLA-E.37 Engagement of inhibitory KIR
and CD94/NKG2A with the ubiquitous MHC-I molecules on the surface of most cells
establishes NK cell tolerance toward normal cells. Upon interaction with MHC-I ligands on
the target cells, KIR and NKG2A/CD94 recruit protein tyrosine phosphatases to the plasma
membrane, which counteract activating receptor signals to inhibit cytotoxicity and cytokine
production (Figure 1).38–41 The balance of signals from activating and inhibitory receptors can
be significantly influenced by changes in surface expression levels of ligands on the target
cells, which can alter the overall activation threshold of NK cells. In this way, MHC-I-deficient
cells lack inhibitory receptor ligands and become targets of NK cell-mediated attack.

KIR family members and their signaling functions
The KIR (also known as CD158) are a family of receptors encoded by 14 polymorphic genes
[KIR2DL1–5, KIR3DL1–3, KIR2DS1–5, KIR3DS1],35 seven of which are inhibitory and
seven of which are activating (Table I). Although the current review focuses primarily on the
impacts of KIR expression on NK cell function, it is important to note that KIR are also
expressed on subsets of T cells, including invariant NKT cells, and can thereby also directly
influence their function.42 The KIR nomenclature is based upon structural features of the
extracellular domain (2D versus 3D; referring to the number of extracellular Ig-like domains)
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and for the length of the cytoplasmic tail (L, long versus S, short). KIR function can be predicted
from the length of the cytoplasmic domain, where L receptors are generally inhibitory and all
S receptors are activating.43, 44 The only exception to this rule is KIR2DL4, which is an unique
activating receptor that stimulates potent cytokine production, but minimal cytotoxicity.45,
46 Inhibitory receptors contain one or two immunoreceptor tyrosine-based inhibitory motifs
[ITIM; (I/V)xYxx(L/V)], which are necessary and sufficient for inhibitory KIR function.40,
47 When inhibitory KIR engage with MHC-I on target cells, the ITIM sequences are
phosphorylated by Src family protein tyrosine kinases, which creates specific docking sites for
the SHP-1 and SHP-2 protein tyrosine phosphatases (Figure 1).23, 48 Recruitment of SHP-1/2
leads to the dominant suppression of activating receptor signals transduced via protein tyrosine
kinases.38, 39, 47 On the other hand, activating KIR lack ITIMs, but alternatively possess a
charged transmembrane residue, which facilitates physical association with the transmembrane
accessory proteins DAP12 or FcεRI–γ (Figure 1).23, 48, 49 DAP12 and FcεRI–γ deliver
activating signals through immunoreceptor tyrosine-based activation motifs [ITAM; Yxx(L/I/
V)x6–8Yxx(L/I/V)] in their cytoplasmic domains, which are phosphorylated by Src family
kinases and recruit Syk/ZAP-70 family protein tyrosine kinases to mediate downstream
activation signaling.23 Consistent with activating KIR, NCR and CD16 associate with ITAM-
containing accessory proteins (DAP12, FcεRI-γ and TCR-ζ) and promote activation through
the recruitment of Syk/ZAP-70. Alternatively, NKG2D associates with the accessory protein
DAP10 to promote activation via recruitment of phosphatidylinositol 3-kinase and Grb2.50

KIR ligands
Individual KIR recognize distinct subsets of the classical human MHC-I molecules, HLA-A,
-B, and -C.4 HLA are encoded by a collection of genes on a separate chromosome (6p21.3)
from the KIR genes (19q13.4) and are thereby inherited independently.51 KIR have evolved
rapidly in higher mammals, especially primates, to become a highly polymorphic family of
receptors with the capacity to detect common elements found on broad subsets of the even
more polymorphic HLA molecules.52, 53 Similar to the T cell receptor (TCR), KIR bind to
HLA across the peptide binding groove of MHC-I; however, unlike the TCR, KIR only contact
the C-terminal end of the peptide presented on MHC-I.54 Nonetheless, distinct peptides have
been shown to diminish KIR binding to MHC-I, suggesting that certain tumor- or virus-derived
peptides may diminish inhibitory KIR recognition to lower the NK cell activation threshold.
55–57

Together the different inhibitory KIR have the capacities to recognize 100% of the known
HLA-C allotypes (which can be divided into C1 and C2 subgroups) and subsets of HLA-B and
HLA-A allotypes. Ligand binding specificity of KIR is determined by specific sequence
elements in the HLA molecules (Table I and Figure 2A). KIR2DL1 binds HLA-C2 allotypes,
which characteristically have a lysine at position 80.58–60 KIR2DL2/KIR2DL3, which
segregate as alleles of the same gene, bind HLA-C1 allotypes that contain an asparagine at
position 80.21, 61, 62 KIR2DL2 is reported to have higher affinity for some HLA-C1 allotypes,
and as a consequence, has been shown to function as a stronger inhibitory receptor than
KIR2DL3 in several contexts.63, 64 Some reports suggest (either with direct binding or
functional assays) that both KIR2DL2/3 can also bind some HLA-C2 allotypes and a few
unconventional HLA-B allotypes.63, 65 Therefore, KIR2DL1–3 together are able to inhibit
NK cytotoxicity against cells expressing any HLA-C allotype. KIR3DL1 recognizes a specific
motif termed ‘Bw4’66 that is found in roughly 40% of the known HLA-B allotypes and some
HLA–A allotypes. The remaining HLA-B allotypes are typified by a Bw6 motif, which is not
recognized by KIR3DL1.67–69 HLA-Bw4 motifs can be further divided into allotypes with an
isoleucine or threonine at position 80, which exhibit higher and lower affinity for KIR3DL1,
respectively.67, 68, 70 Therefore, KIR3DL1 will only inhibit NK cell cytotoxicity against target
cells expressing a discrete subset of HLA-B and HLA-A allotypes. KIR3DL2 is only known
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to recognize HLA-A3 and HLA-A11 allotypes, and these interactions can be modulated by
certain presented peptides.55, 71, 72 To date, the ligands of KIR2DL5 and KIR3DL3 are
unknown and remain to be identified.

Given the extensive homology between the extracellular domains of activating and inhibitory
KIR (~99%), numerous studies have reported that activating KIR recognize the same HLA
molecules as their inhibitory counterparts, although with significantly weaker affinities (see
Table I).58, 64, 73–75 This binding specificity is uncertain, however, due to the lower affinities
and inconsistencies between some reports. For example, two studies have implicated both
HLA-C1 and –C2 as potential ligands for KIR2DS4.76, 77 It is possible that the activating KIR-
HLA affinities are enhanced by specific peptides presented in the HLA molecules, as has been
shown for KIR2DS1 interactions with Epstein-Barr virus-infected cells.75 Alternatively,
entirely distinct ligands for activating KIR may exist, since KIR2DS4 has been shown to
recognize a non-MHC-I polypeptide on the surface of melanoma cells.78

KIR diversity
Unlike HLA, in which the majority of diversity stems from sequence polymorphism within
each of the inherited genes (two copies of HLA-A, -B, and –C are inherited, one from each
parent), KIR diversity is multifactorial (Figure 2).79 This multifactorial nature of KIR diversity
is based upon: 1) inheritance of diverse allelic combinations of the 14 available KIR genes
(haplotypes) by individuals in the human population, 2) the existence of minor allelic sequence
polymorphisms within each KIR gene, and 3) variegated expression of distinct KIR molecules
on the surfaces of individual NK cells in the peripheral blood.44

The KIR genes are located in a ~150 kb segment within the leukocyte receptor complex on
chromosome 19q13.4. They are tandemly arrayed into haplotypes that vary widely in the
number of KIR genes present and the distribution of activating and inhibitory alleles.44 The
most common human haplotype, designated haplotype A, encodes for mostly inhibitory
receptors, including KIR3DL3, KIR2DL2/3, KIR2DL1, KIR3DL1, and KIR3DL2, and the
activating KIR2DS4 and KIR2DL4 (Figure 2B).35 Importantly, KIR2DS4 has been found to
be non-functional in 80% of European Americans, due to a small deletion,43, 80 and a high
proportion of inherited KIR2DL4 alleles are not expressed on the cell surface.81 Therefore,
many A haplotypes lack expression of any activating KIR. In contrast, B haplotypes are much
more diverse in the total number of encoded genes and number of activating KIR, since the
B haplotype is broadly defined as possessing at least one more activating KIR2DS/KIR3DS
gene in addition to KIR2DS4 (Figure 2B).35, 43 The distribution of A and B KIR haplotypes
varies widely between distinct ethnic groups, being roughly equal in individuals of European
descent, while the A haplotype dominates in Korean and Japanese populations, but is
overshadowed by the B haplotype in Australian Aborigines.80, 82–84 HLA ligand distribution
is also stratified by ethnic group. For instance, 92% of Japanese express the KIR2DL2/3 ligand,
HLA-C1, as compared to 66% of Caucasians.85 Therefore, distinct ethnic groups can
potentially express vastly different combinations of KIR and HLA ligands.

In addition to the diversity of KIR gene haplotypes, minor polymorphisms within KIR and
HLA genes can significantly influence their ligand affinities and levels of cell surface
expression (Figure 2C). For example, distinct alleles of KIR3DL1, one of the most polymorphic
KIR genes, can be expressed at widely varying levels on the cell surface.85, 86 Some KIR
alleles encode receptors that are not expressed on the cell surface at all (e.g. KIR3DL1*004,
KIR2DL4*008, KIR3DS1*049N); however, it is currently unclear whether these intracellular
forms still provide some function.45, 87, 88 In addition, several reports have found that residues
outside the HLA-Bw4 motif can influence both the binding affinity and the inhibitory capacity
of KIR3DL1.70, 89, 90 Similar to these influences on HLA-Bw4, residues outside the HLA-
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C1 and HLA-C2 motifs have been shown to influence the binding affinities for KIR2DL2/3
and KIR2DL1, respectively.63 Therefore, allelic polymorphisms can influence both the
affinities of KIR for HLA, as well as the levels of KIR or HLA surface expression, and the full
impacts of this diversity have not yet been fully defined.

Variation in KIR expression within the peripheral NK cell pool
In addition to the diversity at the genomic level, KIRs are expressed in a variegated pattern on
distinct NK cells, thereby creating a repertoire of NK cells expressing distinct combinations
of KIRs within the peripheral blood (Figure 2D).79, 91 During NK cell development, multiple
KIR are randomly expressed on the NK cell surface. Since KIR and HLA are independently
inherited on distinct chromosomes, some inhibitory KIR within the repertoire can be expressed
without concomitant expression of their cognate ligands. Once initiated during NK cell
development, KIR expression is stably maintained throughout the lifetime of an NK cell and
in the resulting daughter cells.92–94 This stochastic expression generates NK cells either
lacking or expressing one or multiple KIR on individual NK cells in the repertoire.92 During
NK cell maturation, the NKG2A/CD94 dimer is expressed prior to KIR and can be co-
expressed more readily in NK cells expressing fewer inhibitory KIR.92

Additional factors influence the composition of KIR expression on NK cells during
development. Fischer et al. showed that 2DL3 is expressed prior to 2DL1 during NK cell
differentiation, and that ordered expression impacted upon the overall frequency of KIR
expression (i.e., the proportion of 2DL3+ NK cells was greater than the 2DL1+ fraction).95

Gene copy number can also influence the incidence of overall KIR surface expression, since
each allele is independently regulated. Therefore, people who inherit two alleles of a particular
KIR will have a greater proportion of their NK cell pool expressing that specific KIR as
compared to those with only one allele.85, 96

KIR/HLA inheritance and susceptibility to diseases including cancer
Since the interactions of KIR with cognate HLA ligands can dramatically influence overall
responsiveness of NK, T or NKT cells expressing these receptors, they have the potential to
influence both the innate and adaptive immune responses.97, 98 Furthermore, since both KIR
and HLA ligands are encoded by highly polymorphic genes, it is perhaps not surprising that
susceptibility to pathological conditions can be influenced by the combined inheritance of
distinct KIR/HLA gene combinations (referred to as the KIR/HLA compound genotypes).98 A
wide array of studies have reported associations between distinct KIR/HLA compound
genotypes with susceptibility or resistance to viral infections (Hepatitis C, HIV), autoimmune
or chronic inflammatory diseases (vasculitis, psoriasis, diabetes, idiopathic bronchiectasis,
birdshot chorioretinopathy), and conditions affecting the outcome of pregnancy (spontaneous
abortion and pre-eclampsia).31, 43, 96 In addition, several studies have described KIR/HLA
compound genotypes that associate with susceptibilities to certain cancers (melanoma,
leukemia, cervical neoplasia, Hodgkin’s lymphoma).99–103

Coordinate inheritance of certain combinations of KIR and HLA genes (or specific alleles)
have been shown to correlate with disease susceptibility in ways that suggest a variety of
possible mechanistic influences.31, 43, 96 Many studies found that a less inhibitory KIR/HLA
compound genotype (such as homozygosity of low affinity KIR2DL3 with cognate HLA-C1
ligand) was positively correlated with susceptibility to inflammatory disorders. These studies
suggest that a lower threshold of activation (due to weak inhibition) leads to hyper-responsive
NK cells and T cells, which may promote an overactive immune system. In contrast, a less
inhibitory KIR/HLA compound genotype was shown to be protective against some viral
infections. These data suggest that NK cells and cytolytic T cells exhibiting weaker inhibitory
KIR interactions are more able to clear the infection. However, the Carrington lab has found
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that the activating KIR3DS1/Bw4 and inhibitory KIR3DL1/Bw4 receptor/ligand combinations
were both protective in HIV/AIDS (as measured by incidence of progression to AIDS and viral
load),104 suggesting that KIR/HLA combinations can have multiple influences on immune
responsiveness, which are difficult to explain without further mechanistic insight.

Self-recognizing KIR/HLA interactions can impact NK cell responsiveness in at least two
ways. First, the combined potency of interactions can shift the balance between activating and
inhibitory signals, whereby a strongly interacting inhibitory KIR/HLA compound genotype
would lead to less-responsive NK cells. In this way, KIR act as rheostats to regulate the NK
cell activation threshold. In this context, a strong inhibitory KIR/HLA compound genotype
may be deleterious when fighting infection or cancer, due to a decreased NK cell response to
the presence of the virus or tumor cells. Second, the potency of self-recognizing KIR/HLA
interactions can also impact upon development of the total pool of responsive, mature NK cells
in a process referred to as NK cell education or licensing. During NK cell development, self-
recognition of MHC-I by inhibitory receptors promotes the terminal maturation and functional
competence of NK cells.94 In contrast, NK cells lacking expression of self-recognizing
inhibitory receptors (KIR or NKG2A) fail to mature normally and become hyporesponsive.
Therefore, KIR/HLA interactions, particularly self-recognizing inhibitory KIR/HLA
interactions, have the potential to impact NK cell responsiveness: 1) during NK cell maturation
where they promote the generation of functional pools of NK cells and 2) by controlling the
activation threshold of the mature NK cells. These two mechanisms by which KIR/HLA
interactions influence responsiveness of the mature NK cell pool have the potential to be
contradictory. Therefore, it may be difficult to predict how a particular KIR/HLA compound
genotype may impact the immune response in vivo.

Although the search for impacts of KIR/HLA on disease is burgeoning, caution is warranted
when interpreting immune functions from some of these correlative studies. For instance,
interpretation of many of the published studies is confounded by an array of issues: 1) limited
sample size (thus lacking strong statistical significance), 2) a lack of an appropriate control
group (e.g. matched for age and ethnicity, since age can affect disease onset and the distribution
of KIR and HLA can be vastly different between ethnic groups), 3) a failure in some studies
to remove KIR alleles that are not expressed on the cell surface from the analysis, 4) a failure
to consider KIR in the context of its ligand(s) and 5) a lack of full understanding of all of the
impacts of distinct KIR polymorphisms on HLA ligand recognition. Moreover, different
diseases are influenced in distinct ways by the immune system and the KIR/HLA relationship
could potentially impact a disease at multiple stages (e.g. initiation versus progression of
disease versus age of onset); therefore, it becomes difficult to predict common themes to
explain how KIR/HLA compound genotypes impact upon the susceptibility to diverse diseases.

Influences of KIR/HLA combinations in hematopoietic stem cell-based cancer
therapy

Hematopoietic stem cell transplantion (HSCT) is commonly used to treat hematologic
malignancies, where eradication of tumor cells and reconstitution of the recipient’s immune
system with transplanted cells is required.105 In contrast to other forms of tissue transplantation,
partial HLA allogenicity in HSCT can provide beneficial graft-versus-tumor effects to treat
hematologic malignancies, although graft-versus-host disease (GVHD) can be a negative
consequence. In recent years, allogenicity between donor inhibitory KIR and recipient HLA
ligands has been shown to further influence HSCT to treat such malignancies.

Given the tremendous diversity of KIR and HLA genes between individuals and the variegated
expression of KIR on individual NK cells during development, it is likely that some donor-
derived NK cells transplanted in HSCT would be ‘alloreactive’ toward the tissues of a recipient
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lacking appropriate HLA ligand (referred to as a KIR/HLA ligand mismatch).105–107
Therefore, during HSCT, a mismatch between the KIR expressed by the transplant donor and
the HLA ligands expressed by the transplant recipient would result in an alloreactive NK cell
pool that would be reactive toward recipient tissues, and hence tumor cells. KIR-HLA ligand
mismatch has been shown to be particularly beneficial in “haploidentical” HSCT, in which the
stem cells share only partial match in HLA haplotype with that of the recipient. Parents or
siblings are generally suitable haploidentical donors that are usually readily available.

In 2002, Ruggeri et al. showed that the presence of alloreactive NK cells significantly improved
the therapeutic benefit of haploidentical HSCT in treating patients with acute myeloid leukemia
(AML) by promoting the graft-versus-tumor response, increasing survival and decreasing
relapse.108 Interestingly, they also found that NK cell alloreactivity decreased the incidence of
the most grievous side effect of HSCT, GVHD, which is mediated by allogeneic donor-derived
T cells. Consistent with an earlier report, the authors further provided evidence that the reduced
GVHD was due to depletion of residual antigen presenting cells in the transplant recipient.
108, 109 It is important to note that allogeneic NK cells do not seem to directly mediate GVHD
responses to normal tissues in HSCT recipients, possibly due to minimal expression of
activating receptor ligands on normal cells.

Unfortunately, initial attempts by other groups failed to replicate the beneficial effect of KIR-
HLA mismatch on therapeutic outcome of HSCT.110–112 These initial follow-up studies,
however, utilized significantly different HSCT treatment protocols, as compared to that of
Ruggeri et al. Subsequent studies107, 113, 114 have found that incorporation of certain
treatment parameters is critical to achieve beneficial impacts of KIR/HLA ligand mismatch in
haploidentical HSCT therapies: 1) aggressive myeloablative and immunosuppressive pre-
conditioning of the recipient, such as full body irradiation and chemotherapy, to preempt graft
rejection and decrease cancer burden, 2) extensive T-cell depletion of the HSC prior to
engraftment to prevent GVHD, and 3) infusion of very high numbers of HSC.

Another factor that may significantly benefit the outcome of haploidentical HSCT is the
presence of a large proportion of NK cells in the peripheral blood of the donor that would be
alloreactive toward the recipient (fraction of NK cells lacking inhibitory KIR that recognize
the recipient’s HLA).65, 114 It has been shown that the maturing NK cell pool established
within the HSCT recipient takes on a KIR expression profile that becomes similar to that of
the donor.115, 116 Therefore, a larger fraction of allogeneic NK cells in the donor to recipient
direction would presumably be particularly beneficial. Fauriat et al. (2008) recently found that
the alloreactive fraction of the NK cell pool varies widely (0 to 62%) among potential donors,
showing that not all individuals would be appropriate donors for HSCT.92, 106 The direct
infusion of mature allogeneic NK cells is also being performed by some groups, and has been
shown to be safe and provide some effective anti-leukemic responses.117 Future development
of this technique also shows therapeutic promise.

In addition to the potential benefits in haploidentical HSCT, KIR-HLA relationships can also
influence the outcomes of other HSCT conditions. For example, Hsu et al. showed increased
disease-free survival in patients with AML and myelodysplastic syndrome that had received
HLA-identical HSCT with inhibitory KIR/HLA ligand mismatch.118 Similarly, Leung et al.
showed survival benefit with inhibitory KIR/HLA ligand mismatch after autologous HSCT
(re-infusing the patients’s HSC after intervening chemotherapy) to treat various lymphomas
and solid tumors.119 In contrast, a recent report from Cooley et al. found that AML patients
receiving T cell-replete HSCT did not benefit from inhibitory KIR-HLA ligand mismatch.
120 That study, however, showed significantly improved relapse-free survival when the donor
possessed at least one B haplotype of KIR (which contain more activating KIR genes than
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haplotype A), indicating that introducing more activating KIR on the transplanted NK cells can
also be beneficial under these conditions.120

In summary, many reports have described beneficial impacts of KIR-mediated NK cell
allogenicity in HSCT therapies to treat AML and other cancers. The influences of allogenicity
due to KIR/HLA ligand mismatch are complex and mechanistic foundations are currently
unclear, however. Future work will need to focus on optimizing transplantation conditions and
improving our molecular understanding of which KIR/HLA combinations provide the most
benefit.

Therapeutic manipulation of KIR to treat cancer
Since inhibitory KIR play prominent roles in regulating NK cell activation, therapeutic
strategies designed to diminish KIR function may be able to potentiate NK cell activity in
treating cancer and viral infections.121 This could be particularly relevant in treating patients
with tumors that still express HLA molecules, and therefore are not appropriate targets for
attack by NK cells. In addition to their relevance to inhibitory KIR function, SHP-1 and SHP-2
phosphatases are common signaling effectors for a wide array of inhibitory receptors in a
variety of tissues, and therefore, pharmacological inhibition of these phosphatases would not
provide enough therapeutic specificity to enhance only NK cell function in vivo. Alternatively,
specific therapeutic blockade of ligand recognition by inhibitory KIR offers intriguing potential
to specifically lower the NK cell activation threshold.

A recent report by Binyamin et al. used an in vitro autologous primary NK cell/transformed
target cell model system to demonstrate that antibody-mediated blockade of KIR significantly
boosted CD16-dependent ADCC responses.122 Importantly, inhibitory KIR blockade alone
did not significantly increase killing of autologous transformed cells in these in vitro studies,
indicating that additional self-tolerance mechanisms are in place to prevent attack of cells not
targeted by anti-tumor antibody. Similarly increased tumor cell killing and lack of self-
reactivity was recently demonstrated by antibody-mediated KIR blockade using an in vivo KIR/
HLA transgenic mouse model.123 Furthermore, using their in vitro autologous target cell
system, Binyamin et al. showed that KIR blockade could better potentiate ADCC responses
by NK cells from donors homozygous for the low affinity allele of CD16 (FcγRIIIA 158F).
122 This is important, since follicular lymphoma patients homozygous for the low affinity allele
of FcγRIIIA (158F vs. 158V) exhibit reduced clinical response rates to rituximab therapy.34,
124, 125 Another recent report has described a newly developed human antibody that blocks
KIR2DL1–3 and showed impressive capacity to improve natural cytotoxicity and ADCC
responses toward AML blasts in humanized mouse studies.126 Together, these reports provide
preclinical evidence that KIR blockade may be a therapeutically viable option to boost NK cell
mediated cytotoxicity responses toward tumors in cancer patients.

Conclusions
In conclusion, our understanding of the diversity of KIR/HLA interactions is improving, but
new findings are continually revealing increasing levels of complexity. It is becoming clear,
however, that the interactions between these highly polymorphic receptor and ligand
repertoires can alter immune function to influence susceptibility to many diseases including
cancer and the effectiveness of HSCT to treat leukemias, especially AML. Further study is
warranted to better define the influences of distinct polymorphic variants of KIR and HLA on
surface expression and receptor/ligand affinities, as well as to define the remaining ligands for
KIR. In addition, more studies are needed to better understand the mechanistic basis of how
certain KIR/HLA interactions are influencing NK cell maturation and function in certain
individuals to affect their health. Also, it is important to consider that some of the impacts of
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KIR may be mediated through effects on subsets of T cells. Finally, additional work is needed
to establish how certain KIR/HLA combinations can be selected to optimize the outcome of
hematopoietic stem cell transplantation to treat cancer.
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Figure 1. NK cell activity is controlled by the balance of inhibitory and activating receptors
NK cell activity resulting from the interaction of a NK cell with a normal, MHC-I bearing
target (A, tolerance) and an abnormal, tumor cell that has lost MHC-I expression (B, activation).
Engagement of activating receptors (KIR, NKG2D, CD16 and the NCRs; only NKp44 is
shown) with ligands on target cells stimulates NK cell cytotoxicity and the production of
cytokines through transmembrane charge-based association with homo- or heterodimers of
accessory molecules. The accessory molecules recruit signaling effector molecules (Syk or
ZAP-70, phosphatidylinositol 3-kinase (PI3K), or Grb2) to tyrosine phosphorylated (Y-P)
cytoplasmic motifs (ITAM or YINM), which mediate downstream activation signaling. Some
activating receptor ligands are upregulated after cellular stress, cancerous transformation or
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viral infection (e.g. the NKG2D ligands, MICA/B and ULBP), further increasing NK cell
activity. Normal cells are protected from NK cell-dependent cytotoxicity through the
engagement of inhibitory receptors with MHC-I molecules (HLA-A, -B, -C and –E) on the
normal target cell surface. Upon engagement with MHC-I, inhibitory KIR (KIR2DL and
KIR3DL) and NKG2A/CD94 receptors become phosphorylated on tyrosine residues within
the cytoplasmic ITIM sequences. ITIM phosphorylation leads to the recruitment of SH2
domain-containing phosphatases SHP-1 and/or SHP-2, which dominantly suppress the
membrane-proximal tyrosine phosphorylation events to block activation signaling.
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Figure 2. Multifactorial diversity of KIR inheritance and expression
A. Inhibitory KIR have separate and sometimes overlapping affinity for distinct HLA
molecules. KIR2DL1 has strong affinity for HLA-C2, while KIR2DL2 and KIR2DL3
recognize HLA-C1 with strong affinity and HLA-C2 weakly. KIR3DL1 recognizes Bw4
motifs, but not Bw6 motifs in HLA-B and some -A allotypes, while KIR3DL2 is only known
to recognize HLA-A3 and –A11. The ligand interactions are indicated, with wider lines
signifying a stronger affinity, while the HLA groups lacking lines (e.g. Bw6 and other A alleles)
are not recognized by any KIR. B. KIR genes are inherited in gene arrays named haplotypes
of which two major subtypes exist (designated haplotypes A and B). The A haplotypes encode
mainly inhibitory KIR (KIR2DL/KIR3DL) with only 1–2 activating KIR (KIR2DL4 and/or
KIR2DS4), while the more diverse B haplotypes encode additional activating KIR (KIR2DS/
KIR3DS). Representative examples for both haplotypes from four hypothetical human donors
are shown with the inherited inhibitory and activating KIR listed. Due to a 22 bp deletion
leading to a premature stop codon in a large fraction of KIR2DS4 genes (denoted KIR2DS4),
many individuals with A and some B haplotypes fail to express functional KIR2DS4 protein.
C. Minor KIR allelic polymorphism can affect both the presence of KIR on the cell surface
and their level of surface expression. Many of these minor polymorphisms vary at only one or
a few amino acids and it is currently unclear whether some variations also alter HLA
recognition. Examples of some KIR2DL4, KIR2DS4, KIR3DL1 and KIR3DL2 alleles that
affect expression are shown. D. The variegated expression of KIR during NK cell
differentiation will generate a pool of NK cells that is heterogeneous for KIR expression and
NK cell activity. In this example, a person lacking expression of HLA-C2 would generate a
hyporesponsive NK cell if KIR2DL1 was the only inhibitory receptor expressed on an
individual NK cell (no self-recognition). In contrast, NK cells that express inhibitory KIR for
which ligand is present (KIR2DL2, KIR3DL1), would become fully functional (self-
recognition). Adding to the complexity, Fauriat et al. showed that KIR3DL2 was unable to
license NK cells,92 indicating that an NK cell only expressing KIR3DL2 as a self-recognizing
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receptor would also be hyporesponsive. Due to their low affinity, interactions between
activating (“S”) KIR and HLA are not indicated.
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Table I

Killer cell Ig-like Receptor (KIR) family members

Gene name Alternate names Recognition motif on ligands Common alleles of ligands

KIR2DL1 CD158a, nkat1 HLA-C2 C2: Cw2, Cw4, Cw5, Cw6

KIR2DL2 CD158b1, nkat6 HLA-C1 > HLA-C2 C1: Cw1, Cw3, Cw7, Cw8

KIR2DL3 CD158b2, nkat2 HLA-C1 > HLA-C2 C1: Cw1, Cw3, Cw7, Cw8

KIR2DL5A* CD158f Unknown

KIR2DL5B* KIR2DL5.2 Unknown

KIR3DL1 NKB1, nkat3 HLA-Bw4 and some HLA-A B08, B27, B57, A24

KIR3DL2 CD158k, nkat4 Certain HLA-A allotypes A3, A11

KIR3DL3 CD158z Unknown

KIR2DL4 CD158d HLA-G

KIR2DS1 CD158h HLA-C2A C2: Cw2, Cw4, Cw5, Cw6

KIR2DS2 CD158j, nkat5 HLA-C1A C1: Cw1, Cw3, Cw7, Cw8

KIR2DS3 nkat7 HLA-C1A C1: Cw1, Cw3, Cw7, Cw8

KIR2DS4 CD158i, nkat8 disease peptide?; HLA-CA Cw3, Cw4B

KIR2DS5 CD158g, nkat9 Unknown

KIR3DS1 CD158e2, nkat10 HLA-Bw4?

*
KIR2DL5 gene is duplicated and encoded by two separate loci within the LRC gene cluster.127

A
Activating KIR bind classical HLA molecules with low affinity.

B
There are conflicting reports as to the HLA-C alleles that KIR2DS4 binds.76, 77
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