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Abstract

Killer cell immunoglobulin-like receptors (KIRs) regulate NK cell function. KIRs and their HLA
ligands are highly polymorphic in nature with substantial allelic polymorphism. At present, there
is a lack of an expedient method for KIR and HLA allele typing with relevant functional
information. Here, we developed a single-nucleotide polymorphism (SNP) assay to type various
allele groups of KIR2DL1 with distinct functional properties based on polymorphism at position
245. We also established a SNP assay to type different KIR ligands based on polymorphism at
position 77 in HLA-C and position 83 in HLA-B and -A. Our SNP assays for KIR and KIR ligand
typing are much cheaper and faster than existing high-resolution typing. Importantly, our high-
throughput methods provide readouts that are informative in predicting NK cell activity in health,
disease, and transplantation.
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Introduction

Natural Killer (NK) cells are part of the innate immune system and are important for
infection control [1; 2], cancer surveillance [3; 4; 5] and successful pregnancy [6; 7]. Their
functions are regulated by various activating and inhibitory receptors present on the cell
surface [8]. The primary inhibitory receptors are the class of killer immunoglobulin-like
receptors (KIRS) [9; 10], which are highly polymorphic in nature [11]. Their polymorphism
generates functional heterogeneity among alleles of the same KIR gene. For example, we
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have previously shown that KIR2DL1 alleles having arginine at amino acid position 245
have higher inhibitory activity and more durable surface expression upon identical ligand
engagement than alleles that have cysteine at the same position [12]. Different alleles of
KIR3DL1 are also reported to have different inhibitory capacity and levels of steady-state
cell surface expression [13]. Some other KIRs also exhibit distinguishable functional
differences among their alleles [14; 15; 16], although the exact molecular determinants of
these differences have not been elucidated. Differences in KIR gene content are associated
with many human diseases, including autoimmune diseases, inflammatory disorders,
infectious diseases, immunodeficiency, cancer, and reproductive disorders [17], The
relationship between these diseases and functional heterogeneity among the alleles of KIR is
not yet known due to the lack of expedient methods for high-throughput typing of different
functional groups of KIR alleles.

KIRs recognize the highly polymorphic human leukocyte antigen (HLA) class 1 protein
with unique specificity [9; 18], NK cell functions are inhibited when the inhibitory KIRs
recognize their specific ligands on target cells. For example, KIR2DL1 and KIR2DL2/2DL3
recognize HLA-C allotypes, whereas KIR3DL1 recognizes allotypes of HLA-B and -A.
HLA-C ligands are divided into two groups, HLA-C1 and HLA-C2, based on the presence
of asparagine or lysine at amino acid position 80 in the mature protein.[19] Furthermore,
HLA-C1 contains a conserved serine residue at amino acid position 77, while an asparagine
is in that position in HLA-C2. KIR2DL1 recognizes HLA-C2, and KIR2DL2/2DL3
recognizes HLA-C1 [20]. HLA-B is also divided into two groups, HLA-Bw4 and HLA-
Bwe, based on their differences in amino acid positions 77-83. HLA-B and HLA-A (A*23,
A*24, and A*32) alleles carrying the HLA-Bw4 epitopes are recognized by KIR3DL1 [21].
HLA-Bw6 is not a ligand for KIRs. Disease susceptibility has been associated with various
KIR ligand constellations.

Biologically, NK cell reactivity toward target cells is based in part on the presence of KIRs
and their cognate ligands. The functional competency of NK cells depends on a HLA class |
dependant process known as ‘licensing’ [22]. The capacity of an individual NK cell
expressing a certain KIR in response toward target cell missing its ligand depends on the
education it received through prior interaction with self ligand. For example, if a NK cell
expresses KIR2DL1 but lacks self HLA-C2, it is hyporesponsive against target cells missing
HLA-C2 expression [23]. In contrary, a NK cell expressing KIR2DL1 in the presence of self
HLA-C2 is reactive to target cells lacking the cognate ligand. Because not all alleles of a
certain inhibitory KIR interact to the same degree with various HLA alleles of the same
ligand group [24], allelic polymorphism makes the prediction of eventual NK cell reactivity
difficult. The precise prediction of NK activity requires knowledge of the molecular
determinants of both KIRs and their ligands. Here, we used a novel approach to develop a
real-time polymerase chain reaction (PCR)-based method to assess the different functional
groups of KIR2DL1, built upon our knowledge of the unique molecular determinants
involved. We also established a parallel method for functional KIR ligand typing. These
methods are easy, rapid, cost-effective, and informative both biologically and clinically.
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Materials and Methods

Cells, culture, and transduction

DNA samples used for KIR2DL1 allele and KIR ligand typing in this study were obtained
from peripheral blood mononuclear cells (PBMCs) of healthy donors at St. Jude Children’s
Research Hospital. The B-lymphoblastic cell line 721.221 was purchased from the
International Histocompatibility Working Group and cultured in RPMI 1640 supplemented
with 20% fetal bovine serum and 1 mM penicillin/streptomycin. The 721.221 cells were
transduced with retroviral vector MMP-IC-GFP-W containing HLA-Cw6 and HLA-Cw?7.
High-expressing cells were sorted by flow cytometric cell sorting using green fluorescent
protein (GFP) expression. The human chronic myelogenous leukemia cell line K562 was
purchased from American Type Culture Collection (ATCC) and cultured in RPMI 1640
supplemented with 10% fetal bovine serum and 1 mM penicillin/streptomycin.

Detection of effector NK cell reactivity toward target cells

To separate the effector cells from target cells, effector cells were labeled with pan-
leukocyte marker CD45. The labeled effector cells were washed extensively and then mixed
with the target cells. The CD107 cytotoxicity assay was performed as described previously
[12]. Briefly, labeled effector PBMCs were mixed with target K562 or 721.221 cells and
incubated at 37°C in the presence of anti-CD107a monoclonal antibody H4A3 (BD
Pharmingen). After 1 hour of coculturing, Golgi stop (BD Biosciences) was added to a final
concentration of 5 mM, followed by 3 hours of incubation in a cell culture incubator. Cells
were then washed and labeled with an antibody cocktail containing appropriate antibodies
(monoclonal antibody against KIR2DL1, KIR2DL2/2DL3, KIR3DL1, and NKG2a). Single
KIR" NK cell populations were gated from the CD45* cell population, and cytotoxicity was
measured based on CD107 surface expression by flow cytometry (LSR Il cytometer, Becton
Dickinson). The absolute number of CD107* cells in single KIR* NK cell subsets was
calculated using the following formula:

No. of CD107 mobilizations in a single KIR™ NK cell subset <6
No. oflymphocytesin donor sample

Single-nucleotide polymorphism assay

The single-nucleotide polymorphism (SNP) assay was performed on an HT7900 Sequence
Detection System (Applied Biosystems) following the allelic discrimination assay protocol
provided by the manufacturer. Primers for the assay were designed in such a way that they
amplified all the alleles of a particular HLA type (HLA-B or HLA-C) as well as the
amplicon containing the polymorphic region of interest. Two probes were designed with a
single mismatch between them. Each probe bound only one group of alleles and was labeled
with either 6FAM or VIC fluorescent dye at its 5’ end. The 3’ end of the probes contained a
quencher. The universal primer pair that was designed to amplify all the alleles of HLA-B
was: forward primer 5-GAGGGGCCGGAGTATTGGGA-3’ and reverse primer 5/-
TGTAATCCTTGCCGTCGTAGG-3'. The probe for HLA-Bw4-associated HLA-B and -A
was 6FAM-CCGCTACTACAACCAG-MGBNFQ and for HLA-Bw6 was VIC-
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CGGCTACTACAACCAG-MGBNFQ. For HLA-C, forward primer 5/-
TTGGGACCGGGAGACACAG-3’ and reverse primer 5’-
CGATGTAATCCTTGCCGTC-3’ were used. The probes used for HLA-C1 and HLA-C2
were 6FAM-CCGAGTGAG CCTGC-MGBNFQ and VIC-CCGAGTGAA CCTGC-
MGBNFQ, respectively. Each assay reaction mix contained a 250 nM probe concentration
and 20 ng of genomic DNA in 1x TagMan genotyping master mix (Applied Biosystems).
For KIR2DL1 functional allele typing, the probe was designed based on a single-nucleotide
mismatch at amino acid position 245 in the mature protein. The sequence for the probes
used to distinguish the two functional groups of KIR2DL1 alleles were: 6FAM-
CATCGCTGGTGCTC-MGBNFQ and VIC-CATTGCTGGTGCTCC-MGBNFQ. A
universal primer was designed that could specifically amplify all the alleles of KIR2DL1.
The sequence of the primer pair used was: forward primer 5’-
CTCTTCATCCTCCTCTTCTTTC-3 and reverse primer 5’
GAAAACGCAGTGATTCAACTG-3'. The SNP assay was run on the HT7900 using the
same protocol as described for KIR ligand typing. The only exception was that the amount
of DNA used to amplify the KIR2DL1 alleles was 50 ng instead of 20 ng.

Molecular determinant-based KIR2DL1 allele typing

We tested the SNP assay using DNA from 27 donors (Figure 1). Results showed that 20
individuals had only arginine at amino acid position 245 of KIR2DL1, 5 were heterozygous
for arginine and cysteine, and 1 had only cysteine in that position. We sequenced all 26 PCR
products and confirmed the accuracy of the SNP assay. For the one individual with an
“undetermined” result (Figure 1), there was no amplification of PCR products with repeated
testings, indicating the absence of genomic KIR2DL1. Thus, our assay approach was useful
not only for the identification of functional groups of KIR alleles, but also for determining
the presence of the KIR gene itself.

Functional relevance of molecular determinant-based KIR typing

In our next experiment, we sought to validate the accuracy of our KIR typing method in
discerning NK cell activity. NK cells were isolated from donor PBMCs using an
AutoMACS automated magnetic cell sorter (Miltenyi) with CD56 microbeads. DNA was
extracted from the same donor PBMCs and typed for the presence of KIR ligands (HLA-C1
and HLA-C?) and different functional allelic groups of KIR2DL1 (KIR2DL1 R24% and
KIR2DL1 C24%). NK cells from donors with HLA-C2 were chosen and mixed with 721.221
target cells expressing HLA-Cw6 (HLA-C2) or HLA-Cw7 (HLA-C1). As expected, NK
cells showed no CD107 expression on their surface in the absence of the target cells (Figure
2A). NK cells having KIR2DL1 R?4> were more reactive than KIR2DL1 C24° cells against
target cells expressing non-ligand Cw7 [7.5% + 2.6% and 2.8% + 1.1%, respectively,
p<0.05] (Figure 2B, 2C, left panels). The reactivity against 721.221 in the presence of the
ligand Cw6 was suppressed in both KIR2DL1 R4 and KIR2DL1 C24° cells (Figure 2B,
2C, right panels). NK cell from one KIR2DL1 R245/C245 heterozygous individual had an
intermediate cytolytic phenotype when compared with KIR2DL1 R245 or KIR2DL1 C245
homozygous cells (Figure 2D). These findings confirmed that our molecular determinant-
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based KIR typing method can accurately predict various degrees of NK cell activity against
missing-self cells.

SNP assay to detect KIR ligand groups

Once we successfully used the SNP assay to type different functional groups of KIR2DL1,
we extended our method to type its ligand to be expedient for biological research and
clinical applications.

We tested 60 DNA samples that were HLA typed at the allelic level for HLA-A, -B, and -C.
We ran the SNP assay initially without prior knowledge of the donor HLA type. We found
that the SNIP assay can distinguish HLA-C1 homozygous, HLA-C2 homozygous, and HLA-
C1/HLA-C2 heterozygous cells (Figure 3A). Unblinding of the HLA typing results of these
donor samples revealed 100% agreement in KIR ligand assignment. To confirm the
accuracy of SNP typing, we performed HLA-C1 and HLA-C2 typing for an additional 47
individual donors using both high-resolution HLA typing and the KIR ligand SNP assay.
Results from the two tests were again identical.

After we successfully established the SNP assay to type HLA-C, we developed a similar
method for HLA-Bw4 and HLA-Bw6 typing. We aligned HLA-B using the alignment tools
in the IGMT/HLA database (http://www.ebi.ac.uk/imgt/hla/align.html), and a single-base-
pair mismatch between HLA-Bw4 and HLA-Bw6 at nucleotide position 319 (amino acid
position 83 in the mature protein) was chosen to design the probe for the Bw4/Bw6 SNP
assay. Comparing the initial results from the SNP assay and high-resolution HLA typing, we
found some discrepancies between these two tests if only HLA-B was considered, because
HLA-Bw4-associated HLA-A alleles (A*23, A*24, and A*32) have the same sequence in
the probe area as HLA-Bw4-associated HLA-B alleles. In the SNP assay, donors who were
negative for the HLA-B-associated Bw4 epitope but positive for HLA-Bw4-associated
HLA-A were shown to be HLA-Bw4—positive. Since both HLA-Bw4-associated HLA-B
and HLA-A are ligands for KIR3DL1, our assay turns out to be ideal to rapidly detect both
HLA-B- and -A-associated KIR3DL1 ligands. DNA samples from 94 donors were then
tested for HLA-Bw4 and HLA-Bw6 (Figure 3B). Among the 94 samples, 93 SNP results
matched those of high-resolution HLA typing. One sample was shown to be HLA-Bw4
homozygous in the SNP assay but HLA-Bw4/HLA-Bw6 heterozygous in HLA typing. The
reason our SNP assay did not pick up the HLA-Bw6 signal in this sample was uncertain
after extensive investigation. However, considering only the presence or absence of the
clinically relevant HLA-Bw4 ligand (since HLA-Bw6 is not a KIR ligand), none of the SNP
assays gave false-positive or -negative results. These findings suggest that the SNP assay
can be used reliably for KIR ligand typing.

Functional relevance of KIR ligand group typing

After we successfully typed KIR-ligand groups using the SNP assay, we sought to assess
whether the typing results could predict NK cell reactivity. We labeled effector PBMCs with
anti-CD45 monoclonal antibody to distinguish them from target K562 cells (which lack KIR
ligand expression) after mixing. The gating strategies for the detection of CD107 surface
expression in KIR2DL1* subsets of donor NK cells are shown in Figure 4A. In one donor
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who was positive for HLA-C2 but not for HLA-C1 and -Bw4, the single KIR2DL1" subset
showed the highest degranulation (19%) (Figure 4A), whereas KIR2DL2/KIR2DL3* and
KIR3DL1* subsets showed much lower degranulation (Figure 4B, 4C), indicating that NK
cells could specifically recognize missing-self cells. These findings were then validated in
samples from 6 other donors (Figure 4D), demonstrating the ability of our KIR ligand assay
to predict NK cell activity through ligand participation in functional “licensing” or
“education.”

To further establish the accuracy of the prediction of NK cell licensing and recognition of
missing-self cells based on our SNP results of the presence of a KIR ligand, we used
721.221 cells, which ectopically express a single KIR ligand. We stained the effector cells
with CD45, gated on different single KIR* NK cell subsets, and determined NK cell
activation based on cell surface expression of CD107, as shown in Figure 4A. The predicted
reactivity of educated versus uneducated KIR2DL1* NK cell subsets based on the our SNP
assay was highly accurate (Figure 5A, 5B). Educated KIR2DL1" NK cell subsets were able
to discern the presence or absence of ligands, but uneducated cells were not (Figure 5A).
Similar results were also found in donor KIR2DL2/2DL3* NK cell subsets (Figure 5B).
Therefore, our SNP assay could be a useful method to type different functional groups of
KIR ligands.

Discussion

Although numerous studies have established the importance of KIRs and their HLA ligands
in health, disease, and transplant outcomes[10; 25; 26; 27], the significance of allele
polymorphisms among these two sets of most highly polymorphic gene families has not yet
been elucidated. The obstacles were two-fold: first, although it is certain that functional
heterogeneity exists among different alleles, the molecular determinants are largely
unknown; second, even when the molecular determinants are known, there is no expedient
laboratory method for high-volume testing. Herein, we describe a novel approach for rapid
and cost-effective typing of KIR alleles and KIR ligands once the molecular determinants
are identified. Importantly, the readouts are informative biologically and will be useful in
clinical diagnostics.

In the past, NK cell reactivity could be predicted in part based on the presence of KIRs and
their ligands. However, allelic polymorphism generates another layer of functional
heterogeneity. For the precise prediction of NK cell reactivity (e.g., in donor selection for
NK cell transplantation), the knowledge of the presence of specific functional allelic groups
of KIRs and their ligands are important. For example, using our functional KIR allele group
typing based on the knowledge of molecular determinants, we demonstrated that we could
successfully predict that KIR2DL1 R245/R245 NK cells were more reactive than KIR2DL1
C245/C245 cells toward missing-self cells. Thus, a clinical hypothesis might be that HLA-C2
positive bone marrow transplant donors with KIR2DL1 R245/R245 are better choices than
those with KIR2DL1 C245/C245 for a patient lacking the HLA-C2 ligand. Another example
is pregnancy. When pregnant mothers who lack most or all activating KIRs are carrying
fetuses with the KIR2DL1 ligand HLA-C2 group, they are at a greater risk for preeclampsia
[28]. This is true even if the mother herself also has HLA-C2. Since KIR2DL1 R245/R245 js
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more inhibitory than KIR2DL1 C245/C245, one may predict that if the mother has KIR2DL1
R245/R245 she may be at higher risk for preeclampsia when carrying an HLA-C2—-positive
baby. These mothers should then be monitored more closely during pregnancy.

Similar predictions are also possible for KIR2DL 1-related diseases. For instance, individuals
with KIR2DL1 R245/R245 alleles may have less risk for autoimmune diseases than those
with the less inhibitory KIR2DL1 C245/C245, In contrast, individuals with KIR2DL1 C245/
C2%5 alleles may be at lower risk for cancer or chronic infection. With the high-throughput
KIR2DL1 functional group typing described here, we should now be able to study these
hypotheses expeditiously.

Similar to typing KIR alleles, current HLA ligand typing requires high-resolution allele
typing which is expensive and time-consuming. The SNP assay we developed in this study
can type KIR ligands for 94 individuals within 4 hours, and the cost is about $4 per sample,
whereas high-resolution HLA typing takes several weeks, and each sample costs about $200
[29]. In summary, we have developed a novel approach for KIR and HLA ligand typing that
can be easily adopted in clinical diagnostic laboratories. Importantly, our readouts are
biologically informative in the prediction of NK cell activity. This information will be
valuable for future biological study of NK cells in health and disease and for clinical
medicine in prognostication and transplant donor selection. Our functional molecular-
determinant based approach will also be useful for the development of rapid SNP assays for
many other highly polymorphic loci in the entire human genome.
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Legend

X Undetermined

® KIR2DL1 C245/ C245
® KIR2DL1 R245/C245
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= Negative control
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Figure 1. Functional group typing of KIR2DL1
DNA was extracted from donor peripheral blood mononuclear cells. Probes were designed

for different functional groups of KIR2DL1 alleles based on single-nucleotide
polymorphisms. Primers were designed that can specifically amplify all the alleles of
KIR2DL1.
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Figure 2. Molecular determinant-based KIR typing predicts NK cell activity
CD56™ cells were isolated from donor peripheral blood mononuclear cells and mixed with

target 721.221-Cw7 or 721.221-Cw6 cells. After a CD107 labeling procedure, cells were
stained with KIR monoclonal antibodies. KIR2DL1* NK cell subsets were gated, and
surface expression of CD107 was detected using flow cytometry. A) Surface expression of
CD107 on NK cells without any target cells. B) Degranulation of the KIR2DL1 R245/R245-
positive NK cell subset against 721.221 cells expressing KIR2DL1 non-ligand HLA-Cw7
(left) and KIR2DL1 ligand HLA-Cw6 (right). Histogram shows average reactivity of 6
independent experiments; * p value <0.05. C) Degranulation of the KIR2DL1 C245/C245-
positive NK cell subset against 721.221 cells expressing KIR2DL1 non-ligand HLA-Cw7
(left) and KIR2DL1 ligand HLA-Cw6 (right). Histogram shows average reactivity of 3
independent experiments; p value =0.05. D) Degranulation of the KIR2DL1 R245/R245
(upper panel), KIR2DL1 R245/C245 (middle panel) and KIR2DL1 C245/C245 (lower
panel) -positive NK cell subset against 721.221 cells expressing non-ligand HLA-Cw7 (left)
and ligand HLA-Cw6 (right).
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Figure 3. Functional group typing of KIR ligands
DNA was extracted from donor peripheral blood mononuclear cells. Probes were designed

to type KIR ligands based on single-nucleotide mismatches. A) Typing of KIR2DL1 and
KIR2DL2/2DL3 ligand HLA-C. B) Typing of KIR3DL1 ligand HLA-Bw4.
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Figure 4. KIR ligand group typing predicts NK cell activity
Donor peripheral blood mononuclear cells were labeled with CD45 and mixed with K562

cells. Single KIR™ NK cell subsets were gated using monoclonal antibodies against KIRs. A)
Gating strategy for single KIR* cells (first two panels) and degranulation of the KIR2DL1*
NK cell subset (bottom panel). B) Degranulation of the KIR2DL2/2DL3" subset. C)
Degranulation of the KIR3DL1* subset. D) Reactivity of 6 donors’ KIR2DL1* and
KIR2DL2/2DL3" NK cell subsets toward K562 cells.
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Figure 5. Reactivity of NK cell subsets can be predicted based on KIR ligand group typing
KIR ligand typing of donor cells was done using a single-nucleotide polymorphism assay

and followed by prediction of NK cell licensing. Single KIR* NK cell subsets were gated
using monoclonal antibodies against KIRs, and NK cell degranulation was measured using a
CD107 marker. Reactivity of NK cell subsets toward target cells ectopically expressing their
ligands was determined. Shown are the reactivity of the A) educated (left panel) and
uneducated (right panel) KIR2DL1* NK cell subsets toward 721.221 cells expressing the
ligand Cw6 or non-ligand Cw7; * p value <0.05; and the B) educated (left) and uneducated
(right) KIR2DL2/2DL3* NK cell subsets toward 721.221 cells expressing the non-ligand
Cwé or ligand Cw7; * p value <0.05.
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