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Abstract
Natural killer (NK) cells, large granular lymphocytes comprising a key cellular subset of innate
immunity, were originally named for their capacity to elicit potent cytotoxicity against tumor cells
independent of prior sensitization or gene rearrangement. This process is facilitated through the
expression of activating and inhibitory receptors that provide for NK cell “education” and a
subsequent ability to survey, recognize and lyse infected or transformed cells, especially those
lacking or possessing mutated major histocompatibility complex (MHC) class I expression. Since
these original observations were made, how NK cells recognize candidate target cells continues to
be the topic of ongoing investigation. It is now appreciated that NK cells express a diverse
repertoire of activating and inhibitory receptors of which killer immunoglobulin-like receptors
(KIR) appear to play a critical role in mediating self-tolerance as well as facilitating cytotoxicity
against infected or transformed cells. Additionally, in the presence of an activating signal, the
absence or mismatch of MHC class I molecules on such targets (which serve as inhibitory KIR
ligands) promotes NK cell-mediated lysis. An increasing understanding of the complexities of
KIR biology has provided recent opportunities to leverage the NK cell versus tumor effect as a
novel avenue of therapeutic immunotherapy for cancer. The present review seeks to summarize
the current understanding of KIR expression and function and highlight ongoing efforts to
translate these discoveries into novel NK cell-mediated immunotherapies for cancer.
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Introduction
Natural killer (NK) cells are traditionally defined as CD56+CD3− large granular
lymphocytes that can exhibit cytotoxicity against malignant and infected cells and secrete
cytokines to shape and direct an immune response (1). NK cells were first described as such
because of their ability to kill a target cell “naturally,” that is, without the requirement of
prior sensitization, co-stimulatory signal, gene rearrangement, or presentation of an antigen
via major histocompatibility complex (MHC) proteins (2). In fact, many tumor cells down-
regulate expression of MHC class I molecules to facilitate escape from cytolytic T cell
attack (3); however, this process increases their susceptibility to NK cell-mediated lysis, a
concept referred to as “missing self” recognition (4). Building on these initial discoveries, it
is now understood that NK cells display a complex array of activating and inhibitory
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receptors that interact with constitutively expressed as well as inducible ligands on candidate
target cells (5). The interactions between members of the killer immunoglobulin-like
receptor (KIR) family expressed by NK cells with MHC class I molecules on target cells
play a key role in modulating NK cell immune surveillance and NK cell-mediated
cytotoxicity (6).

KIR nomenclature is based on structure and function
KIR names are based on structure in regards to the number of extracellular immunoglobulin-
like domains (D) and the length (Long or Short) of the intracytoplasmic tail (or if the KIR is
a Pseudogene). A digit is added to indicate the number of the gene encoding a KIR with the
ascribed structure, and in one case (KIR2DL5A and KIR2DL5B), a final letter (A or B)
indicates close sequence similarity, perhaps due to a recent gene duplication event (7). A
total of 17 KIR genes (including two pseudogenes) have been discovered which reside in the
leukocyte receptor complex, a ~150 kb segment on chromosome 19q13.14 (8).

From this nomenclature system, information on cognate ligands and function may be
deduced for individual KIRs. For example, KIRs with two extracellular domains interact
with human leukocyte antigen (HLA)-C allotypes whereas KIR with three extracelluar
domains interacts with HLA-A and –B allotypes (6). All seven KIRs with a short
intracytoplasmic tail have activating function, and generally most of the eight KIRs with a
long intracytoplasmic tail have inhibitory function. KIR2DL4 is the notable exception to this
pattern as its ligation leads to an activation signal promoting cytokine production (9).

Inhibitory KIRs contain immunoreceptor tyrosine-based inhibitory motifs (ITIMs) which are
phosphorylated by Src family kinases upon KIR interaction with their cognate class I MHC
molecules (10). This leads to recruitment of SHP-1 and SHP-2 phosphatases and subsequent
dominant suppression of activation signals (10). On the other hand, activating KIRs do not
possess ITIM sequences, and rather, associate with DAP12 or FcεRI-γ to signal through
immunoreceptor tyrosine-based activating motifs (ITAMs) via Syk and ZAP-70 kinases
upon ligation with their cognate class I MHC molecules (11). It appears that every NK cell
capable of cytotoxicity must express at least one inhibitory receptor recognizing a class I
MHC molecule, and generally, activating KIRs bind with less avidity than inhibitory KIRs
(12,13). In the presence of an activating signal, the absence or mismatch of MHC class I
molecules on target cells (which serve as ligands for inhibitory KIRs) promotes NK cell-
mediated lysis.

KIRs are expressed in a diverse repertoire
KIR expression results from a complicated, multifactorial process. First, KIR genes are
inherited in diverse allelic combinations. Haplotype A, represented in about 50% of humans,
encodes mostly inhibitory receptors: KIR2DL1-3 and KIR3DL1-3. Haplotype A also
includes the activating receptors KIR2DS4 and KIR2DL4; however, KIR2DS4 lacks
function in a majority of instances and many KIR2DL4 allelic gene products are not
displayed on the cell surface (14). Haplotype B includes KIR2DL genes encoding for
inhibitory receptors that recognize both HLA-C1 and HLA–C2 ligands, but typically
includes activating receptors encoded by KIR2DS and KIR3DS genes (14). The inherited
copy number of a particular KIR gene may also influence its ultimate expression on NK
cells.

Second, a number of polymorphisms have been reported in each KIR gene that affect ligand
affinity and NK cell surface expression that in turn may affect NK cell function. Although
inherited independently on chromosome 6, the presence of cognate MHC class I KIR
ligands is associated with an increase in the frequency of NK cells expressing matching KIR
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and a decrease in the incidence of NK cells expressing KIR that do not recognize these
ligands (15).

Third, only a fraction of all KIRs are expressed on each individual NK cell which is, in part,
the result of gene silencing by DNA methylation (16). As a consequence of all these factors,
a complex repertoire of circulating NK cells is capable of recognizing even minute
alterations in MHC class I expression (17).

KIRs recognize specific class I MHC molecules
Each individual KIR has specific HLA class I allotypes as ligands. Polymorphisms at
positions 77 and 80 of the HLA-C heavy chain α1-domain yield distinct allotypes
recognized by inhibitory KIR2DL1 and KIR2DL2/3. KIR2DL1 binds HLA-Cw2, -Cw4, -
Cw5, and -Cw6 (referred to as “C2”) and KIR2DL2/3 binds HLA-Cw1, -Cw3, -Cw7, and -
Cw8 (referred to as “C1”; ref 17). Therefore, as a group, KIR2DL1/2/3 can inhibit NK cell
lysis of targets expressing any HLA-C allotype. Inhibitory KIR3DL1 binds HLA-Bw4
(present in 40–50% of known HLA-B allotypes) and inhibitory KIR3DL2 binds HLA-A3
and HLA-A11 (18). Interestingly, recognition of HLA-A3 and HLA-A11 appears to be
peptide-specific (19), and from an evolutionary standpoint, HLA-C appears to have
originated more recently than HLA-A and HLA-B to serve in a more specialized role for
KIR binding (20).

As mentioned above, KIR and MHC class I KIR ligands are inherited independently, and
this process may impact selective evolutionary pressures as well as NK cell-mediated
susceptibility towards infection and disease. For example, the incidence of reproductive
disorders such as pre-eclampsia and spontaneous abortion occur at a higher rate in a mother
who is homozygous for group A KIR haplotypes with a fetus bearing HLA-C2 (21). The
evolution of the group B KIR haplotype appears to have occurred uniquely in humans as
compared to other simian primates to facilitate reproductive success. In a similar manner,
inheritance of specific KIR/HLA combinations (termed “compound genotypes”) has been
associated with susceptibility or resistance to viral infection, autoimmunity, and cancer (13).
KIR/HLA combinations that result in a lower activation threshold have been associated with
a pro-inflammatory state leading to susceptibility to autoimmune disease, but less inhibition
may also be protective against viral infections (13).

KIRs mediate NK cell education
The potential exists for the generation of "autoreactive" NK cells (which are not capable of
self-recognition) for two reasons. First, KIR and KIR ligands are inherited independently
and second, the expression of activating and inhibitory receptors on individual NK cells
appears to be a random process. Indeed, circulating NK cells that lack inhibitory KIR for
self-recognition are observed, and one might predict these NK cells could mediate
autoimmunity (22). Instead of being clonally deleted, such cells are rendered
hyporesponsive through a "licensing" process during development (6,23). Although a
complete understanding of NK cell education is lacking, NK cell responsiveness is acquired
in a finely regulated manner through KIR - KIR ligand interactions during development. For
example, NK cells expressing two self-recognizing inhibitory KIRs will receive stronger
inhibitory signals in surveying a self-target; however, such cells will also elicit more potent
cytotoxicity when encountering a "missing self" target as compared with NK cells
expressing one or no self-recognizing inhibitory KIR (24). This process is dynamic as NK
cells from an MHC class I-deficient environment can be licensed to kill upon transfer to an
MHC class I-sufficient environment (25).
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KIR-ligand relationships impart cancer susceptibility
A number of studies have shown that KIR/HLA relationships may be associated with the
incidence and course of both solid tumors and hematologic malignancies (13). In these
observations, KIR/HLA relationships that are particularly inhibitory in nature are
overrepresented in patients with melanoma, breast cancer, acute and chronic leukemias and
Hodgkin lymphoma; this can be explained in part as matched autologous inhibitory KIR/
HLA interactions prevent lysis of cancerous target cells (Figure 1A). In a complementary
manner, the expression of activating KIRs in some circumstances is associated with better
outcomes in various malignancies (26,27).

KIR-ligand modulation for cancer therapy
The therapeutic manipulation of KIR-ligand relationships was first demonstrated in the
setting of T-cell depleted, haploidentical hematopoietic stem cell transplantation for
hematologic malignancies. Patients with acute leukemia first received an extensive
preparative, conditioning regimen followed by an infusion of a high dose of CD34+

hematopoietic stem cells without graft versus host disease prophylaxis (28,29). Outcomes
were studied as a function of NK cell alloreactivity defined as a donor having: MHC class I
ligand expression that was not found in the recipient (i.e., ligand-ligand mismatch), KIR
genes for the missing self-recognition MHC class I ligands on recipient target cells, i.e., KIR
that did not recognize the recipient’s MHC class I molecules, and the presence of
alloreactive NK cell clones against patient leukemia cells (Figure 1B). Patients in complete
remission who received an NK cell alloreactive graft experienced a durable event-free
survival rate of 67% (compared to 18% in patients receiving NK cell non-alloreactive grafts,
p = 0.02). Even in patients with chemotherapy-refractory leukemia, the event-free survival
rate was 34% with NK cell alloreactive grafts compared to 6% for the NK cell non-
alloreactive grafts (p = 0.04). In a similar manner, KIR-ligand mismatch may also improve
outcomes in multiple myeloma (MM) (30). Such results have been interpreted to support the
“missing self” (or “ligand-ligand mismatch”) model.

More recently, a second model based on receptor-ligand mismatch (or “missing ligand”
model) has been proposed to account for NK cell alloreactivity specifically for the recipient
lacking a MHC class I cognate ligand to a KIR expressed on donor NK cells. While not
necessarily a mutually exclusive explanation to “missing self”, one unique implication of the
“missing ligand” model is that HLA mismatch may not be necessary for NK cell
alloreactivity. This notion is based on observations in both the allogeneic and autologous
transplant settings where the early post-transplant microenvironment which is conducive to a
loss of self-tolerance and where normally hyporesponsive NK cells expressing inhibitory
KIRs to non-self ligands unexpectedly exhibit functional competence (31–33).

Extending on these results, the direct infusion of alloreactive, haploidentical KIR-ligand
mismatched NK cells has been studied in a number of malignancies. In one trial, a 50%
complete response rate was observed in heavily pre-treated patients with advanced MM who
received infusions of haploidentical, T-cell depleted KIR-ligand mismatched NK cells
shown to display potent in vitro cytotoxicity against patient tumor cells (34). Encouraging
results with such an approach have also been observed in adult and pediatric leukemia
(35,36).

In a broader context, while the inhibitory KIR-ligand relationship (in the absence of other
inhibitory receptor-ligand interaction, such as NKG2A/HLA-E) seems to be foundational in
establishing NK cell alloreactive potential, it is important to note that the balance of
activating and inhibitory signals received ultimately appears to direct cytotoxicity. NK cells
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also express a diverse repertoire of activating receptors that are capable of recognizing
cognate ligands expressed on stressed, infected, or transformed cells. Thus, the mere
absence of inhibition is insufficient to elicit NK cell-mediated cytotoxicity. Rather, the
absence of inhibition in the presence of an activating signal “tips the balance” towards
killing (Figure 1B). Indeed, a number of studies have elucidated a role for activating KIR to
modulate alloreactivity. For instance, KIR2DS1 appears to contribute to improved outcomes
in an HLA-C dependent manner in patients undergoing allogeneic transplantation for
leukemia (37). The presence of KIR2DS1 may, in fact, override inhibitory signaling via
NKG2A/HLA-E interaction perhaps defining a particularly alloreactive NK cell subset (38).
In addition, donors with group B KIR haplotypes which are associated with a relatively
greater presence of activating KIR have been shown to improve survival for patients with
leukemia receiving allografts (39).

Despite the promising results observed in several trials of haploidentical, T-cell depleted
allogeneic transplantation, this approach remains largely investigational in part due to its
complexity as well as the potential for infectious morbidity and mortality related to the
profound immunosuppression. However, extending on the concept of KIR-ligand mismatch,
therapeutic monoclonal antibodies directed against common inhibitory KIRs are in
development which may provide an opportunity to extrapolate to the autologous setting the
results obtained from the haploidentical, allogeneic transplant studies (Figure 1C). The first
agent in this class is IPH2101 (formerly, 1-7F9), a human IgG4 monoclonal antibody (mAb)
directed against KIR2DL-1, -2, and -3 (39). In binding to these KIRs, IPH2101 was shown
to prevent inhibitory signaling and enhance NK cell cytokine production and cytotoxicity
against tumor cell targets bearing cognate HLA-C ligands. Blocking inhibitory KIR with
IPH2101 also facilitated in vitro antibody-dependent cellular cytotoxicity (ADCC), and
enhanced patient-derived NK cell cytotoxicity preferentially against autologous leukemia
and MM tumor cell targets but not against normal autologous cells (39,40). Results from
three in vivo systems also showed the addition of IPH2101 improved NK cell-mediated
antitumor effects (39,40). Single-agent, dose-escalation phase I clinical trials of IPH2101 in
acute myeloid leukemia (AML) and MM have been published (41,42). Both studies
demonstrated the approach to be safe and well-tolerated, achieving the biologic endpoint of
full KIR occupancy over the entire 28-day dosing interval without an identified dose-
limiting toxicity. Results are currently pending from several trials of IPH2101 in additional
settings (e.g., smoldering MM, as maintenance in MM and AML, and in combination with
lenalidomide for MM). Lirilumab, a second generation anti-KIR mAb (BMS-986015,
formerly IPH2102), is being evaluated currently as a single agent in AML, and in
combination with ipilimumab (anti-CTLA-4 mAb) or with nivolumab (BMS-936558, anti-
PD-1 mAb) in patients with advanced solid tumors.

Summary and future directions
Historically, most attempts at immune-mediated therapy for cancer may be regarded as
strategies to stimulate or augment immune function (e.g., cytokines, tumor-directed mAbs,
vaccination strategies, etc.) In a complementary manner however, more recently, so called
“checkpoint-blocking” approaches to cancer immunotherapy (e.g., CTLA-4 and PD-1) that
target T cell-associated inhibitory receptor/ligand axes and related signaling have shown
efficacy and generated increasing interest in, and appreciation for, the concept of balance in
immunity (43). These studies, in combination with the data reviewed above from experience
modulating inhibitory KIR-MHC class I ligand relationships, suggest that effective
immunotherapy for cancer may have as much or more to do with releasing the immune
system from inhibition as with stimulating or promoting immune activation directly. To wit,
combinations of an immunostimulatory agent with an anti-inhibitory therapy are already in
clinical testing (44).
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As our understanding of the complexities of KIR biology expands, a number of new
observations provide additional opportunities to translate KIR ligand biology into novel
approaches to cancer therapy. First, a specific polymorphism in KIR2DL1 has been
identified where an arginine at position 245 (KIR2DL1-R245) confers stronger inhibitory
function than the KIR2DL1 allele bearing cysteine at the same position (KIR2DL1-C245)
(45). More recently, this polymorphism was associated with important clinical relevance, as
patients undergoing allogeneic transplantation for pediatric leukemia who received grafts
from KIR2DL1-R245 donors experienced superior survival outcomes compared to those
receiving grafts from KIR2DL1-C245 donors (p = 0.0004) (46). The best survival (p =
0.00003) and lowest risk of leukemia relapse (p = 0.0005) were observed in patients who
received a KIR2DL1-R245 graft coupled with HLA-C receptor-ligand mismatch (46). These
findings suggest that the intensity of inhibitory signaling involved in NK cell education
correlates directly with the magnitude of the NK cell cytotoxic response to a target
determined to be non-self. Second, it appears that specific KIR-MHC class I ligand
relationships may contribute to particular aspects of NK cell education. A number of studies
have shown that the KIR3DL1/HLA-Bw4 interaction licenses NK cell function in regards to
CD16-mediated ADCC (47). Third, KIRs may have additional functional roles beyond
determining self and non-self through ligand interaction. Interestingly, KIR3DL2 appears to
bind microbial CpG oligodeoxynucleotides that in turn internalize to promote encounter
with TLR9 in endosomes leading to cytokine production and enhanced cytotoxicity (48).
This process occurs independent of the initiation of inhibitory signaling typically observed
as a consequent to HLA-A3 or HLA-A11 ligand binding and may facilitate the early
immune response to infectious pathogens. Such a finding raises the question as to whether or
not KIRs may be capable of detecting other stimuli, such as in the tumor microenvironment.

In summary, increasing knowledge in KIR-related basic biology as well as a growing
experience in clinical translation of KIR ligand modulation have set the stage for significant
advances in NK cell-mediated cancer therapy. The near future may hold opportunity to
personalize highly effective, anti-cancer therapy based on knowledge of tumor target ligand
expression, important microenvironmental influences, and refined principles of NK cell
alloreactivity mediated by KIRs.
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Figure 1.
Illustration of the concept of haploidentical allogeneic stem cell transplantation. NK cell
cytotoxicity requires the presence of an activating signal and the absence or mismatch of
MHC class I molecules on the target cell. (A). Autologous NK cell vs tumor cell, baseline
with no lysis: On the left, a patient-derived, autologous NK cell with matched inhibitory
KIR to the MHC class I self-molecule on the autologous tumor cell on the right; the NK cell
receives an activating signal through the activating receptor-ligand interaction with a tumor
cell; however, the NK cell is incapable of initiating a cytotoxic response due to the
inhibitory signal resulting from an inhibitory KIR interaction with its cognate MHC class I
self-molecule. (B) Mismatched inhibitory KIR/HLA→tumor cell lysis: On the left, a donor-
derived NK cell with mismatched inhibitory KIR to the MHC class I ligand on the patient
tumor cell on the right. The. mismatched NK cell lyses the target tumor cell in response to
the activating signal because no inhibitory signal is delivered as a result of KIR/HLA ligand
mismatch. (C). Anti-KIR blockade→tumor cell lysis: On the left, a patient-derived,
autologous NK cell with matched inhibitory KIR to the MHC class I ligand on the
autologous tumor cell. However, the presence of IPH2101, a monoclonal blocking antibody
directed against the inhibitory KIR interrupts its binding to the cognate MHC class I ligand
on the target cell resulting in a loss of the inhibitory signal thereby allowing for NK cell
recognition and lysis of the tumor cell.

Benson and Caligiuri Page 10

Cancer Immunol Res. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


