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ABSTRACT
The development of BCR-ABL1 tyrosine kinase inhibitors (TKIs) markedly improved the prog-
nosis of patients with chronic myeloid leukemia (CML). Approximately 50% of patients who
achieve deep molecular response (DMR) remain in treatment-free remission (TFR) even after
discontinuation of TKIs. Although TKIs may achieve clinical “cure” after TKI treatment for spe-
cific periods, there are no reliable biomarkers for predicting the response to TKIs and the
probability of TFR in CML. An increase in natural killer (NK) cells in the peripheral blood of
TKI-treated CML patients is correlated with better outcomes, suggesting that TKIs induce
antitumor NK cell immunity against CML cells. Killer immunoglobulin-like receptors (KIRs) are
highly polymorphic NK cell receptors that play important roles in the regulation of immune
responses. The identification of allelic polymorphisms of KIRs by next-generation sequencing
uncovered novel aspects of KIRs. Here we summarize the current knowledge of the genetic
and immunological aspects of KIRs and discuss the association between allelic polymor-
phisms of KIRs and TKI-treated CML.
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1. Killer immunoglobulin-like receptors

Natural killer (NK) cells are a unique lymphocyte
subset characterized by the presence of large gran-
ules in the cytoplasm. NK cells function in innate
immunity and eliminate virus-infected and tumor
cells by releasing perforin or granzyme. NK cells
induce antibody-dependent cellular cytotoxicity,
which consists of the secretion of cytotoxic cyto-
kines such as IFN-c following antibody conjugation.
Although the factors determining the cytotoxic
activity of NK cells are not fully understood, it may
be regulated by the balance of receptor-mediated
activating and inhibitory signals, namely the preva-
lence of activating over inhibitory signals leads to
NK cell activation [1,2].

The cytotoxicity of NK cells is regulated by killer
immunoglobulin-like receptors (KIRs), which are
NK cell surface receptors belonging to the immuno-
globulin superfamily. KIRs have many subtypes
that show abundant allelic polymorphisms.
Histocompatibility leukocyte antigen (HLA) class I
molecules function as KIR ligands and act as an
inhibitory signal for NK cells: target cells expressing
HLA ligands are not attacked by NK cells, whereas
the absence of self HLAs (missing self, Figure 1)

promotes NK cell-mediated lysis. KIRs are classified
into inhibitory KIRs, which contain an adaptor mol-
ecule called immunoreceptor tyrosine-based inhibi-
tory motif, and activating KIRs, which contain an
immunoreceptor tyrosine-based activating motif [3].
Most NK cells express several inhibitory KIRs, and
their role has been investigated extensively, whereas
the function of activating KIRs remains unclear.

KIR genes are located in the long arm of human
chromosome 19 and include 9–15 activating and
inhibitory genes. They are classified into centromere
and telomere genes, and KIR haplotypes are defined
according to the content of specific KIR genes.
Haplotype A is defined by the presence of nine
framework genes, namely KIR2DL4, KIR3DL2,
KIR3DL3, KIR3DP1, pseudogenes KIR2DP1 and
KIR2DL1, KIR2DL3, KIR2DS4 and KIR3DL1,
whereas the existence of other genes defines haplo-
type B [4] (Figure 2). Haplotype A contains one
activating receptor gene, KIR2DS4, and haplotype B
contains several activating KIR genes. Each individ-
ual has two haplotypes, and haplotype AA is the
most frequent in Japan, whereas the frequency of
haplotype BB is low [5,6].
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2. Functional and clinical significance of
polymorphisms of KIRs and HLAs

HLA genes are located in human chromosome 6
and are inherited separately from KIR genes. HLA
gene polymorphisms determine the intensity of sig-
naling through activating and inhibitory KIRs. The
clinical significance of HLA gene polymorphisms for
viral infections such as human immunodeficiency
virus (HIV) and human papilloma virus infection,

and their association with malignancies and auto-
immune diseases such as rheumatic arthritis and
diabetes mellitus have been investigated extensively
[7–11]. Initial findings suggested that a strong NK
cell-activating signal is associated with autoimmune
diseases, whereas a substantial inhibitory signal is
associated with infectious diseases; however, studies
testing this hypothesis show inconsistent results.
Research on allogeneic hematopoietic stem cell
transplantation for hematologic malignancies sug-
gests that the outcomes of transplantation depend
on donor and recipient combinations of HLAs and
KIRs [12,13], although definitive conclusions have
not been reached.

Licensing is an important mechanism underlying
the regulation of NK cell immunity. During licens-
ing or education, inhibitory KIRs interact with self
HLAs and mediate the attack of HLA-deficient cells
by NK cells, leading to potent cytotoxic effects
against target cells (Figure 3) [14,15]. Although NK
cells lacking inhibitory KIRs against self HLAs
should be theoretically activated, this does not occur
due to the absence of licensing. The combination of
HLAs and KIRs determines the licensing status,
although its clinical significance, especially for deter-
mining NK cell immunity, remains to be eluci-
dated [16–18].

Different KIRs have specific immunological func-
tions; however, studies report inconsistent results
depending on the disease and pathology. KIR pro-
teins are expressed at different levels, and the
licensed/unlicensed status is not consistent among
NK cells. Furthermore, the involvement of the
CD94/NKG2 complex and other NK cell receptors
in the regulation of immunity in addition to KIRs
makes it difficult to determine the clinical signifi-
cance of KIRs. To comprehensively elucidate the
immunological functions of KIRs, a novel paradigm
may be necessary.

3. Allelic polymorphisms of KIRs

Advances in molecular biology including the devel-
opment of next-generation sequencing revealed
allelic polymorphisms of KIRs (Figure 4), which has
contributed to our understanding of the function of
each KIR allele. For example, KIR3DL1 has more
than 100 alleles associated with different protein
expression levels. Binding avidity and its associated
cytotoxicity are defined by the combination of allelic
polymorphisms of KIR3DL1 and HLA-Bw4
[6,19–22]. HLA-Bw4 epitopes have an amino acid
dimorphism at position 80 (isoleucine 80I and
threonine 80T) [23]. This suggests that allelic com-
binations of KIR3DL1 and HLA-Bw4 define their

Figure 1. NK cells do not damage cells expressing self MHC
class I (A), whereas they damage cells deficient in or with
reduced expression of MHC class I (B：missing self, modified
from Reference [36]).

Figure 2. KIR genes contain centromeric motifs and telo-
meric motifs, resulting in KIR haplotypes A and B.
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binding avidity and the intensity of inhibitory sig-
nals mediated by KIR3DL1 (Figure 5) [19,21].

In vitro findings obtained using cell lines were
confirmed in clinical studies. For example, high
expression levels of KIR3DL1 and Bw4-80I are asso-
ciated with slow HIV expansion and a lower inci-
dence of progression to acquired immunodeficiency
syndrome (AIDS) [24]. These results may be
explained as follows: the combination of alleles leads
to NK cell licensing. In addition, HIV infection
downregulates HLA-B protein expression, which
induces NK cell attack (missing self). On the other
hand, the KIR3DL1�004 allele, which is not
expressed on the cell surface, and KIR3DS1, an acti-
vating KIR, are associated with a low incidence of
progression to AIDS [24,25]. These results suggest

that the lack of inhibitory signals through KIR3DL1
and the presence of activating signals promote NK
cell activation and eradication of HIV.

The roles of KIRs in malignancies have been
investigated. KIRs modulate the efficacy of anti-GD2
antibodies against neuroblastoma [26] and affect the
outcomes of auto- and allogeneic hematopoietic
stem cell transplantation for acute myelogenous leu-
kemia [27,28]. These results are consistent with the
effect of decreased or no binding avidity between
KIR3DL1 and HLA-B on better outcome, and sug-
gest that the lack of a KIR3DL1 inhibitory signal is

Figure 3. NK cells recognize self MHC class I, leading to MHC class I-deficient cell killing (A), which does not occur in the
absence of recognition (B) (modified from Reference [36]).

Figure 4. Next-generation sequencing identified many allelic
polymorphisms of KIRs. Figure 5. (A) Allelic combination of KIR3DL1 and HLA-Bw4

determines their interaction avidity and subsequently the
magnitude of NK cell cytotoxicity against target cells. (B)
Depending on the matching status of KIR3DL1 alleles and
HLA-Bw4/Bw6, their avidity is defined strong, weak, or no.
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associated with higher NK cell activity, although this
needs to be verified.

The results of clinical studies focusing on KIR
gene content are inconsistent. Next-generation
sequencing enabled allelic genotyping of KIRs,
which may uncover their immunological functions
and change the existing paradigm.

4. Chronic myeloid leukemia (CML) and
NK cells

CML is a hematologic malignancy arising from the
Philadelphia chromosome or translocation t(9;22)
(q34;q11). The prognosis of CML was improved by
the advent of imatinib, an ATP-competitive ABL
tyrosine kinase inhibitor (TKI), in 2001 [29], and
further improved by the development of second-
and third-generation TKIs. Although CML is not a
life-threatening disease, several issues need to be
addressed. First, whether lifelong administration of
TKIs is necessary remains unclear. Second, non-spe-
cific inhibition of tyrosine kinases by TKIs can lead
to edema and serious cardiovascular adverse events.
Third, long-term administration of TKIs limits qual-
ity of life (QOL) [30], and its cost cannot
be ignored.

Because TKIs do not damage leukemia stem cells
[31], TKI discontinuation was initially not recom-
mended. However, several clinical trials assessed the
safety and feasibility of TKI discontinuation in
patients showing a good molecular response. Forty-
one percent of patients treated with the first-gener-
ation TKI imatinib who show a two-year deep
molecular response (DMR) do not experience
relapse (treatment-free remission, TFR) after TKI
discontinuation [32]. A trial assessing the discon-
tinuation of the second-generation TKI dasatinib
showed that 48% of the patients showing a one-
year DMR achieved one-year TFR [33]. The propor-
tions of patients achieving TFR were similar in
other trials, suggesting that a specific period of
TKI treatment may lead to “clinical cure” of
CML [34].

Interferon-treated patients and those showing an
increase in NK cells during TKI treatment have a
high probability of TFR. Maintenance of DMR after
discontinuation of imatinib is associated with
increased IFN-c-producing activated NK cells, and
many patients who show increased NK cells
during dasatinib therapy achieve TFR [33,35]. This
suggests that antitumor immunity mediated by the
activation of NK cells leads to TFR. However, the
detailed underlying mechanism and the factors asso-
ciated with NK cell activation remain to
be specified.

5. KIRs in CML

Licensed/unlicensed status according to KIR and
HLA polymorphisms may be correlated with the
outcome and feasibility of TFR in patients with
TKI-treated CML [36]. Genotyping of HLAs and
KIRs in 59 cases of CML in the chronic phase
(CML-CP) showed that KIR haplotypes were associ-
ated with DMR in imatinib- or nilotinib-treated
patients [37]. Among 17 cases with haplotype AA,
87.5% achieved MR4.5, whereas it was achieved in
only 44.4% of haplotype Bx cases except those with
haplotype AA (n¼ 42). The same group analyzed
the probability of TFR with no relapse even after
discontinuation of TKIs [38]. These authors ana-
lyzed the frequency of TFR at 36months after dis-
continuation of TKIs in 36 cases that achieved
MR4.5, and the results showed that TFR was main-
tained in 85.7% of haplotype AA cases and 45.5% of
haplotype Bx cases. In addition, KIR3DS1/3DL1 and
the ligand HLA-Bw4 are associated with relapse after
TKI discontinuation. Marin et al. analyzed complete
cytogenetic response (CCyR), progression-free sur-
vival (PFS), and overall survival (OS) rates in 174
CML-CP cases treated with imatinib for 2 years. The
KIR2DS1 gene was negatively associated with CCyR
(76.9 vs. 87.9%, p¼ 0.003), PFS (85.3 vs. 98.1%,
p¼ 0.007), and OS (94.4 vs. 100%, p¼ 0.015) [39].
Similar analyses in 130 dasatinib-treated CML-CP
cases showed no clinical impact of the KIR2DS1
gene on CCyR and major molecular response [40].
A recent study reported that the KIR2DL5B gene is
associated with reduced efficacy of TKIs, although
this needs further verification [41].

The association between KIR gene polymor-
phisms and the efficacy of TKIs has been demon-
strated, and studies consistently show an association
between haplotype A and better prognosis.
However, verification is under way, and the KIR
gene with the greatest impact needs to be identified.

6. Allelic polymorphisms of KIRs in TKI-
treated CML

Polymorphisms of KIRs may determine the activa-
tion or inhibition of NK cells, which may define the
efficacy of TKIs against CML. However, this associ-
ation is difficult to determine, and the significance
of allelic polymorphisms of KIRs remains unclear.
We used next-generation sequencing to perform
allelic genotyping of KIRs and HLAs in 76 CML-CP
cases and analyzed their association with the efficacy
of TKIs. We showed that several specific alleles of
KIR2DL4, KIR2DS4, KIR3DL1, and KIR3DL2 were
positively associated with DMR, indicating increased
efficacy of TKIs [42] (Figure 6). It is paradoxical
that KIR haplotype A was associated with better
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prognosis in several previous reports, because this
haplotype consists mainly of inhibitory KIRs. It may
be attributed to this haplotype containing KIR2DL4,
KIR2DS4, KIR3DL1, and KIR3DL2 (Figure 2), spe-
cific alleles of which were associated with better
prognosis in our analysis. Haplotype analysis of
KIRs revealed that these alleles are strongly linked,
indicating that they are common haplotypes.
Binding avidity between KIR3DL1 and HLA-B may
determine NK cell activity. Our analysis showed that
patients with no interacting pairs had a better

outcome than those with strong interacting pairs,
indicating that the lack of interacting pairs may be
associated with stronger antitumor NK cell immun-
ity, which is consistent with previous reports in
other diseases. In cases with weak-interacting pairs,
the KIR3DL1�005 allele was strongly associated with
better outcomes, suggesting the importance of this
allele (Figure 7). Though its immunological signifi-
cance has not been clarified yet, KIR3DL1�005 allele
may represent competent NK cell immunity due to
diminished suppression of them. We also found that

Figure 6. Achievement of deep molecular response (DMR) in TKI-treated CML is associated with allelic polymorphisms of KIRs.
KIR2DL4�005/001 or �008, KIR2DS4�003 or �007/010, KIR3DL1�005, and KIR3DL2�009 or �010 were associated with better prog-
nosis (modified from Reference [42]).

Figure 7. Cases of achievement of DMR according to the binding avidity between KIR3DL1 alleles and HLA-B subtypes are
shown. A: Patients lacking binding avidity (n¼ 12) showed better outcomes than individuals with strong interaction avidity
(n¼ 35). Among cases with weak binding avidity, individuals with KIR3DL1�005 showed excellent prognosis (modified from
Reference [42]).

IMMUNOLOGICAL MEDICINE 5



achieving DMR was associated with higher NK cell
activity in vitro (Figure 8), suggesting that the mag-
nitude of NK cell immunity may actually contribute
to eradicating CML cells in vivo. However, estima-
tion of allelic KIR haplotypes using Haplo.stats soft-
ware pointed that KIR3DL1�005 allele is linked with
KIR2DL4�005/011 and KIR2DS4�007/�010 alleles
(Table 1), which suggests that further investigations
are needed to explore which allele is the most
important. TKIs suppress regulatory T cells, which
may derive from Src kinase inhibition [43]. As a

result, TKIs promote NK cell activity [44]. We
found that the combinations of KIRs and HLAs
may determine the magnitude of antitumor NK cell
immunity (Figure 9). Allelic genotyping may predict
the efficacy of TKIs and the outcome of TKI
discontinuation.

7. Conclusions

Predicting the probability of TFR after discontinu-
ation of TKIs could reduce medical costs and

Figure 8. NK cell activity of TKIs-treated CML patients against HLA class I-deficient K562 cells was analyzed as CD107a
degranulation and intracellular IFN-c production by flow cytometry. The patients who achieved DMR showed higher NK cell
activity. Representative data (A) and aggregated data (B, C) are shown (modified from Reference [42]).

Table 1. Estimated allelic haplotypes harboring KIR3DL1�005.
KIR haplotype # 2DL4 3DL1/S1 2DS4 3DL2 Frequency

1 �005/�011 �005 �003 �010 2.6%
2 �005/�011 �005 �007/�010 �010 2.6%
3 �005/�011 �005 �007/�010 �002 1.3%
4 �005/�011 �005 �007/�010 �009 1.3%

Modified from Reference [42].

Figure 9. TKIs damage not only CML cells harboring the bcr-abl gene, but also Foxp3þ regulatory T cells, which indirectly acti-
vate NK cells. The cytotoxicity against CML cells may be determined by the combinations of allelic polymorphisms of HLAs in
CML cells and KIRs in NK cells.
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contribute to the maintenance of QOL. Although
the immunological functions of KIRs are specific to
each KIR, binding avidity between KIR3DL1 and
HLA-B has a clinical impact on NK cell immunity
in several diseases. In the near future, allelic geno-
typing of KIRs and HLAs may uncover novel aspects
of NK cell immunity, which would contribute to the
development of novel immunotherapy methods
based on antitumor NK cell immunity.
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