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Abstract

Killer cell immunoglobulin-like receptor (KIR) genes encode cell surface molecules that recognize
human leukocyte antigen (HLA) molecules and modulate the activity of natural killer (NK) cells.
KIR genes exhibit presence and absence polymorphism, which generates a variety of gene-content
haplotypes in worldwide populations. K/R gene-content variation is implicated in many diseases
and is also important for placentation and transplantation. Due the complexity of K/R
polymorphism, variation in this family is still mostly studied at the gene-content level, even with
the advent of next generation sequencing methods. Gene-content determination is generally
expensive and/or time-consuming. To overcome these difficulties, we developed a method based
on multiplex polymerase chain reaction with specific sequence primers (PCR-SSP) followed by
melting curve analysis that allows cost-effective, precise and fast generation of results. Our
method was 100% concordant with a gel-based method and 99.9% concordant with presence and
absence determination by next generation sequencing. The limit of detection for accurate typing
was 30 ng of DNA (0.42 uM) with 260/230 and 260/280 ratios as low as 0.19 and of 0.44. In
addition, we developed a user-friendly Java-based computational application called killerPeak that
interprets the raw data generated by Viia7 or QuantStudio 7 quantitative PCR machines and
reliably exports the final genotyping results in spreadsheet file format. The combination of a
reliable method that requires low amount of DNA with an automated interpretation of results
allows scaling the K/R genotyping in large cohorts with reduced turnaround time.
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Introduction

Killer cell immunoglobulin-like receptors (KIR) are transmembrane molecules that
modulate the activity of the natural killer cells (NK) by recognizing Auman leukocyte
antigen (HLA) class | molecules as ligands. K/R genes are located on chromosome 19, in
the leukocyte receptor complex (LRC)L. Most K/R genes (KIR3DL3, KIR2DS2, KIR2DS5,
KIR2DLZ2/3, KIR2DLS5, KIRZDS3, KIR2DL 1, KIRZ2DL4, KIR3DL1/51, KIRZ2DS],
KIRZDS4 and KIR3DL2) and pseudogenes (K/IRZDP1 and KIR3DPI) exhibit a
polymorphism that is not common in the human genome, whereby the composite genes are
variably present or absent. This variation generates a vast number of K/R gene content
haplotypes across individuals and populations. Additionally, each of the genes has multiple
alleles, which results in extreme diversity across human populations?.

Due to their importance for investigations of the immune response, population genetics,
transplantation outcome and reproduction3, K/R genotyping is carried out in multiple
laboratories from all continents. Genotyping for gene-content is commonly performed by
sequence-specific primer polymerase chain reaction (PCR-SSP), followed by gel
electrophoresis. This approach was first described by Uhrberg in 19974 and it requires high
quality DNA due to the length of the amplicons produced (~1.5 kb). To overcome this
limitation, amplification of smaller fragments has been proposed by different authors>~’.
Vilches and collaborators in 2007° described a faster method based on smaller amplicons.
However, this method had as limitation only one pair of primers for each gene. Considering
the high sequence similarity among K/R genes and the extensive allelic polymorphism in
each gene, applying a single pair of PCR-SSP primers genotyping K/R increases the chance
of obtaining both false negative and false positive results. Kulkarni and collaborators
described a multiplex PCR-SSP method with two pairs of primers per gene in 20108 that
was faster than most of the previous methods, but required a large amount of DNA in
addition to gel analysis and manual inspection.

Alternatively, K/R genes have also been extensively genotyped by polymerase chain
reaction-sequence-specific oligonucleotide probe (PCR-SSOP). This method consists of a
PCR amplification followed by fixation of the PCR product (usually on nylon membrane)
and subsequently hybridizing with a panel of specific biotinylated probes®. Despite the
sensitivity of PCR-SSOP, labeled probes are relatively expensive when comparing to PCR-
SSP primers. Additionally, this method is time consuming due to extensive post PCR
processing.

A KIR genotyping method based on melting curve analysis was first described in 200910,
Applying melting curve analysis is advantageous due to the lack of post PCR processing and
overall reduced genotyping time. Despite being faster and more precise than gel
electrophoresis, this method was based on the same PCR-SSP primers described by Vilches,
etal.5, and therefore, had the same limitations in terms of accuracy. In 2016, a high-
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throughput qPCR method (qKAT) was described for copy number variation and haplotype
determination!!. Despite offering more information than simply presence and absence, this
method relies on the use of dual-labeled probes, which are relatively expensive in
comparison to the melting curve approach.

In summary, many different primers and probes have been described for K/R gene-content
genotyping. They differ mostly by the strategy (PCR-SSP or PCR-SSOP), length of
amplicons and the use of one or two pairs of primers for detecting each gene. What each
method has in common are barriers to high-throughput application, with large amounts of
data that requires extensive manual inspection and per-individual analysis. To overcome the
major limitation of managing large amounts of data, commercial kits have been made
available. As example, there is the One Lambda SSO kit (One Lambda, Inc), which requires
Luminex® technologies. The major limitation of commercial Kits, along with the relatively
higher prices, is the lack of flexibility or transparency regarding primer and probe sequences,
which limits the use for research and makes difficult to know their empirical limitations.

As a solution to these concerns, we present here a precise, fast and cost-effective method for
KIR gene-content genotyping. We selected a set of primers that could provide the most
reliable genotyping by extensively analyzing all alleles described in the IPD (immuno
polymorphism database) K/R databasel2-13. We optimized and validated a K/R genotyping
method based on conventional multiplex PCR-SSP amplification followed by melting curve
analysis in a quantitative PCR machine (real-time PCR or gPCR). The multiplex PCR
reduces cost due to a lower number of amplification reactions, while melting curve analysis
eliminates post-PCR processing steps such as electrophoresis or specific probe
hybridization, reducing considerably the hands-on time. In addition, we developed a Java-
based application called killerPEAK, which, as an automated process, reads the raw data
from the gPCR instrument, analyzes the dissociation curve peaks based on pre-established
parameters and exports the analyzed final genotyping results. The software checks quality by
reproducibility of the results among different primers pairs for the same gene, as well as the
known linkage disequilibrium patterns within the K/R family. The automatic analysis
reduces the chance of errors and allows large scale genotyping.

Material and Methods
PCR-SSP primers

We utilized previously described primers8:8:14 with the inclusion of some novel primers
(Supplementary Table 1) and we mapped them to the most updated K/R gene alignments in
the Immuno Polymorphism Database (IPD) database (Release 2.7.1, 16 February 2018)12:13,
At least two pairs of primers were used to assess presence or absence polymorphism for
each K/R gene, except for KIR2DS1, KIR3DL3and KIR3DP1, for which a single primer set
was used each. We created a new set of primers to detect the presence of the 22-base-pair
deletion present in some K/R2DS4 alleles. The gene galactosylceramidase (GALC), located
in chromosome 14¢31.3, was used as an internal amplification control (IC). We assured that
all amplicons were suitable for melting curve analysis by checking their sizes, GC content
and the melting temperature (Tm) of each amplicon separately. After, we exhaustively
combined and tested different amplicons with different Tm for multiplex reactions.
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Assay design

The method was designed to evaluate 12 K/R genes, 2 pseudogenes and the presence of the
KIR2DS4 allelic group typified by the 22bp deletion. Based on the dissociation temperatures
of each amplicon, we assembled a standard layout for 384-well plates (see supplementary
material), in which each PCR mix has predetermined and fixed position in each plate
column. Each plate allows the analysis of 16 individuals simultaneously. Mix composition
and melting temperatures are described in Supplementary Table 2. The method can
alternatively be adapted to 96-well gPCR systems (see section Il in Supplementary
Material).

As mentioned, genotyping is carried out with the amplification of at least two pairs of
primers for each gene, with the exception of K/IR3DL3and KIR2DS1 genes, and the
pseudogene K/R3DPI. When possible, PCR mixes were designed to amplify two different
KIR genes, one being of high frequency to serve as an internal amplification control. Mixes
that do not have two different K/R genes amplified simultaneously include the GALC gene
as internal amplification control. K/R2DS4 genotyping is performed with three
amplifications: a pair of primers that detected all alleles (mix 21); one pair of primers that
detected only the 22bp-deleted allelic group (mix 24); and finally, a pair of primers that
detected the full-length alleles (mix 5). The detailed protocol is given in Supplementary
Material.

For a total volume of 6 pL, each reaction contained 3.0 uL of 2X GoTag® RealTime gPCR
master mix (Promega), 5 to 20 ng of genomic DNA, 0.25 uM K/R primers and, for some of
the reactions, 0.125 pM of GALC primers. For high-throughput, we used a protocol with
final volume of 3 UL per reaction (more details in Supplementary Material). The
amplification conditions are: 2 min at 94°C; 5 cycles at 94°C for 5 sec, 65°C for 15 sec and
72°C for 30 sec; 21 cycles at 94°C for 5 sec, 60°C for 15 sec and 72°C for 30 sec; 4 cycles
at 94°C for 5 sec, 55°C for 15 sec and 72°C for 30 sec; 2 min at 72°C. Amplification can be
performed in any regular thermal cycler and the melting curve analysis can be performed in
any gPCR system. For automated analysis, the melting curve step has to be performed in a
Viia7 Real-Time PCR system or QuantStudio 7 (Thermo Fisher Scientific). The melting
curve patterns for the 24 mixes are in Figure 1.

killerPeak - software development for automated analysis

The killerPeak software was written in Java and is freely available at http://lgmh.c3sl.ufpr.br/
tools4geniuses. It uses raw .xls file directly exported from QuantStudio software
(Thermofisher), automatically interprets the individual K/R presence and absence genotypes
from raw data and exports genotypes to spreadsheet file (.xIs) format. The software performs
quality control by comparing the melting curve peaks from the amplification of different
primers for the same K/R gene and checking the internal amplification control. Genes that
are amplified with two different primer pairs and exhibit conflicting results between them, or
reactions in which neither the internal control nor the K/R gene were amplified fail this first
quality control step. The software also examines the results against the known patterns of
linkage disequilibrium of some K/R genes. The pairs checked are K/IRZDL1and KIRZDPI,;
KIR2DL2and KIRZDL3, KIR3DS1 and KIR3DL 1. The software also checks the presence
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of framework genes, which are expected to be present in all individuals. All situations that
do not pass quality control generate a warning message that requires manual inspection
before exporting the data.

After importing the .xIs file generated by the gPCR software, the user can visualize the
peaks and the interpreted genotypes for each individual (Figure 2). Before exporting the
data, the user can visualize warnings generated by the software in case of inconsistent result
(Figure 3) and is able to confirm manually, if needed, before exporting the final result.

The data generated can also be analyzed manually through any software from any qPCR
machine. A guide of how to interpret the pattern of each mix is in section VI of the
Supplementary Material.

Validation samples

For validation, we used two subsets of DNA samples: 48 from admixed individuals of
predominantly European ancestry from Parana State, Brazil; and 48 DNA samples from
individuals from the United States with European ancestry collected as healthy controls at
the University of California, San Francisco. Samples from Brazil were previously genotyped
by PCR-SSP followed by agarose gel electrophoresis analysis!®. Samples from the USA had
all KIR loci fully sequenced by a previously described next generation sequencing method
(NGS)16. After sequencing, presence and absence was determined using the custom PING
(pushing immunogenetics to next generation) software pipeline.

Data analysis

Carrier frequencies for the observed K/R genes were determined by direct counting. Results
from the melting curve K/R multiplex assay was directly compared to those from the gel-
based and NGS genotyping assays of the same samples using Fisher’s exact test.

Results

Primers specificity analysis
To check whether the primers used missed one or more alleles, K/R alleles from the most
recent version of IPD were aligned using BioEdit Sequence Alignment Editorl’. Our results
showed that the set of primers used in this method amplifies all K/R specifically.
Additionally, the primers do not miss any frequent allele of each gene, according to IPD KIR
version 2.7.1, 2018 (Supplementary Table 1). The exceptions are the allele K/IR3DL2#*018,
which was missed by both pairs of KIR3DL2 specific primers, and alleles K/IR3DL3*00601,
KIR3DL3*00602, KIR3DL3*01501, KIR3DL3%*01601, KIR 3DL3*02102, missed by the
KIR3DL 3 specific primers. All other K/R primers complemented each other to avoid false
negative results.

Validation of the KIR multiplex melting curve assay

Our method was 100% concordant with the gel-based method and 99.9% concordant with
NGS (Table 1). For NGS, the presence of K/R2DL 3was the only one that was not 100%
concordant (47/48).
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Limit of detection and precision

We aimed to test the lowest DNA quantity and quality required for genotyping. DNA
concentration was measured by Quantus fluorometer (Promega). For each 3 uL reaction, we
tested 0.5 pL of DNA samples at 20 pM, 10 uM, 5 uM 2.5 pM and 1 pM. Reactions with
final amount as low as 1.25 ng of DNA (0.42 uM) were amplified and genotyped
successfully with equivalent results to those obtained with the standard protocol (5 to 20 ng
of DNA; 0.83 to 3.33 pM). Reactions with 0.5 ng of DNA (0.167 pM) did not generate
consistent results.

To test the limit of detection for DNA quality, we used samples with 260/230 ratio and
260/280 ratio lower than 1, determined by NanoDrop (ThermoFisher). Our method was able
to generate reliable results even for samples with 260/230 as low as 0.19, and 260/280 as
low as 0.44. Lastly, we used samples that combined low concentration (<10 ng/uL) and low
quality (260/230 and 260/280 < 1) of DNA, and observed that our method genotyped those
samples successfully. The limit of detection for accurate typing established was 1.25ng of
DNA in a 3pl reaction (0.42 uM), with 260/230 and 260/280 ratios 0.19 and of 0.44,
respectively. In addition, we genotyped eight random samples five times, in five different
runs, to test precision (total of 960 amplification reactions). All the results were repeated
every single time.

Discussion

We developed a fast and effective method to determine K/R presence and absence that uses
melting curve analysis and Bryt® Green chemistry (Promega, Madison, Wisconsin, United
States). This approach is based on melting curve analysis with an intercalant fluorophore
having similar properties to Sybr Green®. Characteristics that influence melting temperature
are size of the amplicon and GC content. Each amplicon will generate, at the end of the
process, a fluorescence peak at its mean dissociation temperature. If the temperature
difference of two amplicons is at least approximately 3°C, it was possible to perform a
multiplex reaction in which two different amplicons were analyzed simultaneously.

The rationale for choosing gPCR mastermix with Bryt® Green and GoTag hot start
polymerase was that this reagent provided accurate results with the lowest price, in
comparison to other qPCR mastermixes. In terms of reagents, the total cost for genotyping
one sample for all K/R loci is approximately US$ 1.65 (from US$ 1.50 to 1.80, depending
on the kit size, with the current price in the USA). As a comparison, the cost of a
commercial KIR SSO Genotyping Test is roughly 15 times higher, at approximately US$ 25
per sample.

The homology of K/R2DS1 with other K/R and the particular sequence similarity with
KIR2DL 1 make it difficult to design a second set of specific primers. However, the single set
of primers that is used for K/R2DS1 is highly specific and amplifies all reported alleles.
Absence of KIR3DL3or KIR3DP1 genes is not frequent and has been observed in only a
few individuals from all the worldwide populations listed at Allele Frequency Databasel8.
Therefore, we used one pair of primers for these framework loci.
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Reactions 1 to 6 use highly frequent K/R as internal amplification controls, and the
remaining mixes include the amplification of GALC, which has a distinctly low-temperature
peak. This enables discrimination between the absence of a K/R gene and PCR failure, in
combination with the redundancy of the amplifications of the same gene with different
primer pairs.

We also developed a Java language computational program for automated analysis. The
application uses the values from the output file form the QuantStudio software and recreates
the peak of the dissociation temperature (Figure 2). Automatically, the application analyzes
whether the gene is present or absent, based on the temperatures of each amplification peak
(Supplementary table 2). If there is a divergence between the results of the two set of
primers of each gene, the program shows a warning message and prevents to export the
result without manual confirmation. Further, the program analyzes the pattern of known
linkage disequilibrium among K/R genes and shows warning messages when there is an
unusual pattern (indicating a high chance of genotyping error). In all these cases, the user
manually checks the warning and identifies the samples that may need to be re-amplified.
Finally, the program allows presence or absence genotyping data to be exported in .xIs
format, which facilitates subsequent analyses, such as calculations of gene and genotype
frequencies. The limitation of the software, at this moment, is its capability to analyze only
data files exported from QuantStudio (ThermoFisher gPCR instruments). However, new
versions may be released in the future, allowing use with different real time machines, such
as Eppendorf, Qiagen and BioRad. It is also important to note that the software is not
required as this method also enables easy manual analysis of the peaks.

Our method was validated against a gel-based as well as an NGS method that targets and
sequences all K/R genes and allows copy number quantification. Impressively, the
concordance was 100% for all loci, except K/IRZDL 3, which presented 98% (47/48) of
concordance with NGS. The high concordance with other methods combined with the 100%
repeatability (960/960) indicated that our method is consistent and precise.

The melting-curve assay has the advantage of accurately amplifying and genotyping low
quantity and quality DNA samples. Only DNA samples with concentration lower than 2.5
UM of DNA were not successfully genotyped. This makes our method suitable even for
samples for which DNA is limited.

A limitation of this method and of all other methods based on primers or probes is that they
target known K/R alleles. Some populations may potentially have a frequent unknown allele
that may not be precisely detected. Another limitation is that none of our primers are able to
amplify the alleles KIR3DL2*018, KIR3DL3*00601, KIR3DL3*00602, KIR3DL3*01501,
KIR3DL3*01601, KIR3DL3*02102, which would result in a false negative result if two of
these alleles were present in each locus. However, these alleles are not frequent in any
described populations!®, and the chance of homozygosity for these alleles would be remote
based on the frequency at which they have been observed. Therefore, this limitation will
likely not impact the K/R gene-content genotyping in most populations.
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The method we describe here has already been applied for genotyping of a Vietnamese
population sample with 140 individuals®. Samples were successfully amplified and
genotyped for all K/R loci and provided comparable results with a previous study2, which
demonstrates the applicability of our method for genotyping cohorts.

Conventional K/R genotyping techniques usually involve gel-based PCR-SSP and SSOP
methods, which are expensive and/or time consuming. We described here an optimized and
validated melting-curve based method that shows high concordance with current utilized
methods. Additionally, melting curve is more sensitive than gel analysis and provides more
precise genotyping even for low concentration or low-quality DNA. In approximately 150
minutes, it is possible to have final analyzed results for 16 samples (60 minutes of hands-on,
60 minutes of amplification, 15 minutes for melting curve, 15 minutes of software analysis).
If the assay is designed for large scale, it is possible to prepare the plates with primers in
advance and store them in —20 to —80 °C. This way, for each set of 16 samples, only 100
minutes will be needed (only 10 to 15 minutes of hands-on). As the amplification can be
performed in a regular thermocycler (only the final step requires a gPCR instrument), it is
possible to easily genotype hundreds of samples per day in laboratories with multiple
instruments.

Conclusion

The developed melting curve multiplex assay offers a fast, reliable and cost-efficient method
for determining K/R presence and absence, which allows fast large scale K/R gene-content
genotyping. K/R diversity has been associated with many diseases?1-23, pregnancy?4,
transplantation outcome and is also used for anthropological studies'>25:26, Considering its
importance, an affordable and fast method combined with automated analysis enhances the
accuracy and contributes to the immunogenetics field.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Meting-curve patternsfor the 24 amplification reactions.
Numbers 1 to 24 represent the 24 amplification mixes. IC = internal control (GALC gene);

2DS4 1D = 22bp-deleted allelic group; 2DS4 full = alleles without the 22bp deletion
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KillerPEAK - Laboratorio de Genética Molecular Humana (UFPR)

Input | Resuits | Export | About A
Sample 1 - Save —E
Mix 1 - - C KR: | 2052 KR
KIR
2052 A A
2014 P A == B
2001 A A = D
3013 5 /
2015 A A
3081 A A
2012 A P 5
2011 P oA B
g
2084 Full A - 2
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2055 A A =
2013 e
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30Ut PP
2051 A -
2054 P
30P1 P i
20841D P
A - Absent LA
P - Present Temperature (Celsius)
Click to view the melting curve graph 0

Double-click to manually edit genotyping

Figure 2. Killer Peak resultstab.
(A) User can check the results for the 24 amplification reactions for each of the 16 samples

from the plate. (B) “P” means presence and “A” means absence. (C) User can choose each
one of the 24 mixes to visualize the melting curve for the specific reaction (D). The user
may also name the sample (E), if the sample ID file was not pre-imported.
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Red - Requires manual verification
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KillerPEAK - Laboratério de Genética Molecular Humana (UFPR)

Warnings

Sample 1, inconsistent genotyping: 2DL4
Sample 1, verify linkage disequilibrium between 2DP1 and 2DL1
Sample 1, verify the absence of 3DL3

Sample 1, inconsistent genotyping: 2DL2

Sample 1, inconsistent genotyping: 2DL1

Sample 1, inconsistent genotyping: 3DL2

Sample 1, verify linkage disequilibrium between 2DL3 and 2DL2

Sample 2, inconsistent genotyping: 2DS2
Sample 2, inconsistent genotyping: 2DL4

Sample 2, verify linkage disequilibrium between 2DP1 and 2DL1
Sample 2, verify the absence of 3DL3

Sample 2, inconsistent genotyping: 2DL5

Sample 2, inconsistent genotyping: 3DS1

Sample 2, inconsistent genotyping: 2DL1

Sample 2, inconsistent genotyping: 3DL2

Sample 2, verify absense of 3DP1

Sample 2, verify absense of both 3DL1 and 3DS1

Sample 3, verify the absence of 2DL4
Sample 3, verify linkage disequilibrium between 2DP1 and 2DL1

Figure 3. Killer Peak export tab.
User can check for any inconsistencies, e.g. a gene was amplified by one pair of primers and

not by the second pair. Genes marked in red mean that genotyping did not pass quality
control. Included in the quality control check is the verification of the known K/R linkage
disequilibrium patterns. In case of warnings, the user must confirm manually any results

before exporting.
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Table 1 —

Validation of KIR multiplex PCR-SSP melting curve assay

Page 14

Next
KIRgenes Gel-based PCR-SSP  Meltingcurveassay Concordant (%) gfer?gi?'ng Melting curveassay  Concordant (%)
(NGS)
3DL3 48/0 48/0 100 48/0 48/0 100
2DP1 47/1 47/1 100 45/3 45/3 100
3DS1 25/23 25/23 100 24/24 24124 100
2DL5 26/22 26/22 100 29/19 29/19 100
2DL2 26122 26/22 100 22/26 22/26 100
2DL4 48/0 48/0 100 48/0 48/0 100
2DL1 45/3 45/3 100 45/3 45/3 100
2DS2 26122 26/22 100 23/25 23/25 100
3DL2 48/0 48/0 100 48/0 48/0 100
2DS5 25/23 25/23 100 23/25 23/25 100
2DL3 42/6 42/6 100 40/8 41/7 97.9
2DS3 8/40 8/40 100 17/31 17/31 100
3DL1 47/1 47/1 100 42/6 42/6 100
2Ds1 28/20 28/20 100 24/23 24/23 100
2DS4 46/2 46/2 100 42/6 42/6 100
2Ds$4 1D 36/12 36/12 100 33/15 33/15 100
2DSA full 20/28 20/28 100 18/30 18/30 100
3DP1 48/0 48/0 100 48/0 48/0 100

Concordance between assays was established by directly comparing the number of individuals who did/did not carry the K/R gene divided by the
KIR genes present/absent x 100. 2DS4 1D = 22bp-deleted allelic group; 2DS4 full = alleles without the 22bp deletion
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