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Abstract

We describe a reliable and semi-automated method for Killer-cell Immunoglobulin-like Receptor 

(KIR) 3DL1/S1 genotyping using DNA recovered from frozen plasma. The primers and protocol 

were first validated using two independent genomic DNA reference panels. To confirm the 

approach using plasma-derived DNA, total nucleic acids were extracted from 69 paired frozen 

PBMC and plasma specimens representing all common KIR3DL1/S1 genotypes (3DS1/3DS1, 

3DS1/3DL1 and 3DL1/3DL1, including rare allele 3DL1*054), and analyzed in a blinded fashion. 

The method involves independent nested PCR amplification of KIR3DL1/S1 Exon 4, and if 

required Exon 3, using universal sequence-specific primers, followed by bidirectional sequencing. 

The free basecalling software RECall is recommended for rapid, semi-automated chromatogram 

analysis. KIR3DL1/S1 type assignment is based on two key nucleotide polymorphisms in Exon 4 

and, if required, up to two additional polymorphisms in exon 3. Assignment can be performed 

manually or using our web-based algorithm, KIR3D. Extractions from plasma yielded median 

[IQR] nucleic acid concentrations of 0.9 [below the limit of detection-2.45] ng/μl. PCR was 

successful for 100% of exon 4 (69/69) and exon 3 (29/29) plasma amplifications. Chromatogram 

quality was high and concordance between PBMC and plasma-derived types was 100%. The 

estimated lower limit of input DNA required for reliable typing is 0.01 ng/μl. This method 

provides reliable and accurate KIR3DL1/S1 typing when conventional sources of high-quality 

genomic DNA are unavailable or limiting.
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 1. INTRODUCTION

The Killer cell Immunoglobulin-like Receptor (KIR) gene family encodes receptors that 

regulate the function of Natural Killer (NK) cells (Dupont et al., 1997 and Bashirova et al., 

2006). Approximately 150 kb long, the KIR region maps within the Leukocyte Receptor 

Complex (LRC) on human chromosome 19q13.4. This region, along with the Human 
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Leukocyte Antigen (HLA) complex on chromosome 6p21.3, which encodes many known or 

presumed KIR ligands, ranks among the most polymorphic regions of the human genome 

(Campbell and Purdy, 2011). To date, 15 distinct KIR gene loci, plus two pseudogenes, have 

been defined (Marsh et al., 2003). KIR gene nomenclature reflects the structure of the 

receptor molecule encoded. The first digit following the KIR acronym indicates the number 

of Immunoglobulin (Ig)-like domains (D) while the subsequent letter indicates the length of 

the cytoplasmic tail: “L” (long), “S” (short) or “P” (pseudogene). In general, “L” and “S” 

genes encode inhibitory and activating KIR, respectively (Middleton and Gonzelez, 2010). 

The final digit corresponds to the specific protein characterized within the group (numbered 

in order of their characterization) (Marsh et al., 2003). Analogous to HLA nomenclature, the 

KIR gene name is followed by a “*” separator followed by the numerical allele designation 

(Marsh et al., 2003). KIR genes can vary from 4 to 16 Kb in length (genomic DNA) and 

encode four to nine exons encoding proteins 306–456 amino acids long (Selvakumar et al., 

1996). For the KIR3DL1/S1 genes, exons 1–2 encode the leader peptide, exons 3–5 the D0, 

D1 and D2 extracellular domains, exon 6 the stem, exon 7 the transmembrane and exons 8–9 

the cytoplasmic domains, respectively (Uhrberg et al., 1997).

KIR, alone and in combination with their specific ligands, modulate the susceptibility to, and 

pathogenesis of infectious (Gaudieri et al., 2005, Martin and Carrington, 2005, Boulet et al., 

2008b, Bashirova et al., 2011, Dring et al., 2011, Guerini et al., 2011 and Korner and 

Altfeld, 2012) and autoimmune (Williams et al., 2005, Jiao et al., 2010 and Korner and 

Altfeld, 2012) diseases and influence transplantation outcomes (Nelson et al., 2004, Gagne 

et al., 2009 and Bao et al., 2010). Recently, interactions between highly polymorphic 

KIR3DL1/S1 molecules (of which 73 variants of the inhibitory KIR3DL1 and 16 variants of 

the activating KIR3DS1 molecules were characterized as of January 2013, http://

www.ebi.ac.uk/ipd/kir/stats.html) and their putative HLA-B ligands, have been implicated in 

modulating Human Immunodeficiency Virus Type 1 (HIV-1) infection in some (Martin et 

al., 2002, Qi et al., 2006 and Martin et al., 2007) though not all (Gaudieri et al., 2005 and 

Barbour et al., 2007) HIV natural history studies. KIR3DL1 receptors are believed to 

interact with HLA-B molecules belonging to the Bw4 subfamily (determined by amino acids 

77–83 of the HLA-B molecule), notably those harboring isoleucine at position 80 (Bw4-80I) 

(Cella et al., 1994), and to a lesser extent to those harboring threonine at this position 

(Bw4-80T) (Alter et al., 2007 and Eller et al., 2011). KIR3DS1 is suspected to interact 

directly with Bw4-80I, although this has not been confirmed (Korner and Altfeld, 2012). 

Protective effects of high-expressing, high inhibitory capacity KIR3DL1 alleles in 

combination with HLA-Bw4-80I on HIV acquisition have also been reported (Boulet et al., 

2008a).

Molecular epidemiology investigations of the impact of immunogenetic variation on disease 

outcomes require genotyping of large cohorts. KIR genotyping can be performed using a 

variety of approaches including PCR using sequence-specific primers (PCR-SSP) (Kulkarni 

et al., 2010), allele-specific real-time PCR (Koehler et al., 2009 and Hong et al., 2011), 

single strand conformation polymorphism PCR (PCR-SSCP) (Witt et al., 2000) or sequence-

based methods (Hou et al., 2012). These methods utilize genomic DNA extracted from 

peripheral blood mononuclear cells (PBMC) or other high-quality source as starting 

material, however methods utilizing lower-yield genomic DNA sources such as plasma or 
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serum represent powerful research tools when PBMCs are unavailable (Martin et al., 1992, 

Fowke et al., 1995, Dixon et al., 1998 and Lin and Floros, 1998). Furthermore, though high-

resolution allotyping is desirable for some applications, the ability to discriminate inhibitory 

(KIR3DL1) from activating (KIR3DS1) alleles is sufficient to inform many investigations 

(Martin et al., 2002, Martin et al., 2007, Boulet et al., 2008b and Guerini et al., 2011). To 

complement a protocol that our group previously developed for high-resolution HLA class I 

typing using genomic DNA extracted from plasma (Cotton et al., 2012), we describe a 

reliable, semiautomated sequence-based genotyping method for KIR3DL1/S1 genotyping 

using DNA recovered from this same material.

 2. METHODS

 2.1 Overview

In developing our method, our goal was to achieve reliable typing by amplifying the smallest 

fragments and utilizing the minimum genetic information as input for type assignment. 

Examination of all known KIR3DL1/S1 allele sequences (available at http://

www.ncbi.nlm.nih.gov/projects/gv/lrc/main.fcgi?cmd=init) revealed polymorphic sites in 

close proximity in KIR3DL1/S1 exons 3 and 4 that could discriminate 3DL1 from 3DS1 

alleles. Our workflow and interpretation algorithm are presented in Fig. 1. Briefly, the first 

step involves nested PCR amplification, bulk sequencing and analysis of a 60 base pair 

region in exon 4 of the KIR3DL1/S1 gene, followed by interpretation of the respective KIR 

type based on nucleotide polymorphisms at positions 28 and 38 of the reference sequence. 

For approximately 60% of samples, this yields sufficient information to assign a type of 

3DL1/3DL1. For the remaining ~ 40% of samples, nested PCR amplification, bulk 

sequencing and analysis of an 117-base pair region in exon 3 is required, followed by results 

interpretation based on nucleotide polymorphisms at position 109, and (if necessary) 9.

 2.2. Samples and DNA reference panels

Validation of primers and protocol was first performed on the KIR Phase I genomic DNA 

Reference panel from the International Histocompatibility Working Group (IHWG) Cell and 

DNA bank (N = 48 samples; http://www.ihwg.org/reference/index.html), and secondly on a 

blinded reference panel provided by Dr. Nicole Bernard (McGill University, Montreal, QC, 

Canada; N = 23 samples originally typed using PCR-SSP (Boulet et al., 2008b)). Validation 

of the plasma-based typing protocol was performed using a panel of matched PBMC and 

plasma samples from 69 HIV-negative participants of the Vancouver Injection Drug Users 

Study I (VIDUS-I) (Strathdee et al., 1997) enrolled between March to July 1999. Blood was 

collected in BD Vacutainer® CPT™ Cell Preparation tubes containing Sodium Citrate 

(Becton, Dickinson, NJ, USA). Plasma and PBMCs were separated by centrifugation 

according to the manufacturer’s instructions and stored at −80 °C until use. The panel was 

selected to reflect a diversity of KIR3DL1/S1 types and contained 2, 26 and 41 individuals 

with 3DS1/3DS1, 3DS1/3DL1, 3DL1/3DL1 types, respectively, where the latter included 

one individual expressing rare allele 3DL1*054 (the only 3DL1 allele that possesses 3DS1-

like polymorphisms at key exon 4 positions). All participants provided written informed 

consent.
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 2.3. DNA extraction and quantification

Total nucleic acids were extracted from ~ 2.5 million PBMC and 500 μl of plasma using a 

standard silica-based method, omitting the RNAase treatment step (NucliSENS® 

easyMAG®, BioMérieux, the Netherlands (Cotton et al., 2012)) and resuspended in 55 μl 

elution buffer (BioMérieux, the Netherlands). Extracts were assigned numeric ID codes and 

subsequent procedures were performed in a blinded manner. Total nucleic acid 

concentrations of extracts were measured on a NanoDrop™ 2000 spectrophotometer 

(Thermo Scientific Wilmington, DE, USA).

 2.4. Amplification of KIR3DL1/S1 exon 4 and exon 3 (if required), from plasma-derived 
genomic DNA

Amplification of KIR3DL1/S1 exon 4, and if necessary exon 3, is performed via 

independent nested PCR using sequence-specific primers (Table 1). In addition to being 

more sensitive than a single round, nested PCR improves amplicon specificity and purity, 

yielding a cleaner DNA sequence, and is therefore recommended regardless of template 

DNA concentration. Primers were purified by standard desalting (Integrated DNA 

Technologies, Coralville, IA, USA). Reactions were prepared using the Roche Expand™ 

High Fidelity PCR system (Roche Applied Science, Laval, PQ, Canada).

The first round PCR master mix for exon 4, yielding a 294 base pair amplicon, was prepared 

as follows for a final reaction volume of 50 μl per sample: 31.5 μl of molecular-grade H2O, 

5 μl of 10 × Expand™ High Fidelity Buffer containing 15 mM MgCl2 (supplied by 

manufacturer), 2 μl of 25 mM MgCl2 (supplied by manufacturer), 0.5 μl of 25 mM dNTPs 

(Roche Applied Science, Laval, PQ, Canada), 1 μl each of 10 μM forward and reverse 

primers (Table 1) and 1 μl Expand™ High Fidelity Enzyme Mix (3.5 U/μl; supplied by 

manufacturer). 8 μl nucleic acid extract was added to each reaction. Negative (water) 

controls were included in each run. PCR amplification was performed using an ABI 9700 

thermal cycler (Applied Biosystems, Foster City, CA, USA), as follows: denaturation at 

94 °C for 2 min, followed by 18 cycles of (denaturation at 94 °C for 15 s, annealing at 60 °C 

for 20 s and extension at 72 °C for 30 s), with a final extension at 72 °C for 5 min.

Second round PCR master mix for exon 4 was prepared as follows, with a final total reaction 

volume of 20 μl per sample: 11.75 μl of molecular-grade H2O, 2 μl 10 × Expand™ High 

Fidelity Buffer containing 15 mM MgCl2, 0.8 μl 25 mM MgCl2, 2 μl of 60% sucrose buffer 

containing 0.08% Cresol Red (note: this reagent is optional and can be substituted with 

molecular-grade H2O; its purpose is to serve as a pH indicator and to allow direct loading of 

amplicons onto to agarose gel without addition of loading dye), 0.16 μl of 25 mM dNTPs, 

0.5 μl of 10 μM forward and reverse primers (Table 1) and 0.29 μl Expand™ High Fidelity 

Enzyme Mix. A total of 2.6 μl of first round PCR product was transferred to each reaction as 

template. Thermal cycling conditions were: denaturation at 94 °C for 2 min, followed by 30 

cycles of (denaturation at 94 °C for 15 s, annealing at 55 °C for 20 s and extension at 72 °C 

for 30 s), with a final extension at 72 °C for 5 min.

If required (see 2.5 and 2.6), exon 3 was amplified using nested primers (Table 1) under 

conditions identical to those described for exon 4.
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PCR master mix ingredients for plasma-based KIR3DL1/S1 typing, and a slightly modified 

protocol for typing from PBMC-derived genomic DNA, are summarized in Table 2. Thermal 

cycling conditions are identical for both protocols.

Due to the small amplicon size, successful amplification of products was visually confirmed 

on a 3% agarose gel prior to DNA sequencing.

 2.5. DNA sequencing

Before bulk (“direct”) sequencing, second round amplicons were diluted approximately 15-

fold with molecular-grade H2O. Dilution renders amplicon concentrations appropriate for 

sequencing, and removes the need for PCR purification using commercial kits. Amplicons 

were sequenced bidirectionally using the same primers used for 2nd round PCR (Table 1) in 

small-volume (6 μl) reactions consisting of 2.6 μl of 2 μM sequencing primer, 2.1 μl dilution 

buffer (175 mM Trizma HCl, 1.25 mM MgCl2, pH = 9.0) and 0.3 μl of ABI Prism® 

BigDye® Terminator v3.1 sequencing mix (Applied Biosciences by Life Technologies, 

Carlsbad, California), to which 1 μl diluted 2nd round amplicon was added as a template. 

Plates were capped, vortexed and briefly centrifuged to ensure reactions were positioned at 

the bottom of each well. Thermal cycling consisted of 25 cycles of (10 s at 96 °C, 5 s at 

50 °C and 55 s at 60 °C). Following amplification, reactions were purified via ethanol 

precipitation by adding 4 μl of 1 × EDTA-Sodium Acetate solution (containing 375 mM 

Sodium Acetate and 62.5 mM EDTA) and 40 μl of chilled (−20 °C) 95% ethanol to each 

well. Plates were incubated at −20 °C for 30 min and then centrifuged for 20 min at 2000 g 

after which the wash was discarded. A second wash using 155 μl of 95% chilled ethanol was 

performed without centrifugation, and wells were allowed to air dry. DNA pellets were 

resuspended in 10 μl of Hi-Di™ Formamide (Applied Biosciences by Life Technologies, 

Carlsbad, California) and denatured at 90 °C for 2 min. Data were collected on an ABI 3130 

× l automated DNA analyzer (Applied Biosciences by Life Technologies, Carlsbad, 

California).

 2.6. Analysis and interpretation

Chromatograms were aligned to 60 base pair (exon 4) and 117 base pair (exon 3) reference 

standards spanning 3DL1*0010101 nucleotide CDS coordinates 523–582 (exon 4) and 115–

231 (exon 3) (reference sequences supplied in FASTA format asSupplementary data). For 

chromatogram assembly and basecalling, we employed the free, web-based, semi-automated 

software RECall (http://pssm.cfenet.ubc.ca/) (Woods et al., 2012) with the threshold of 

nucleotide mixture detection set at 20% of the dominant peak area. Commercial basecalling 

softwares such as Sequencher® v4.9 (Gene Codes Corporation, Ann Arbor, MI, USA) can 

also be used; in this case a secondary peak height of 25% is recommended for nucleotide 

mixture detection. Analyzed sequences can be exported from RECall as concatenated 

(batch) FASTA files labeled with their individual IDs.

Assignment of KIR types can be performed manually according to the algorithm outlined in 

Fig. 1, or using our web-based algorithm KIR 3D, which accepts batch FASTA sequences as 

input. Access to this tool is available to interested researchers (please contact corresponding 

author for link and password). As outlined in Fig. 1, the tool assigns KIR types based on 
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nucleotide polymorphisms at positions 28 and 38 in the exon 4 reference sequence. All 

known 3DL1 alleles except KIR3DL1*054 exhibit C-T polymorphisms at these positions. 

Therefore, if a C-T genotype is observed a type of KIR3DL1/3DL1 is assigned and typing is 

complete. Approximately 60% of samples fall into this category. If T-G or mixed base Y-K 

polymorphisms are observed, the KIR 3D tool will instruct the user to perform exon 3 

amplification and sequencing. Upon subsequent input of both exon 4 and exon 3 sequences 

with matching IDs, the KIR 3D tool will additionally incorporate information from exon 3 

nucleotide 109, and if necessary 9, to assign the type. Briefly, in exon 3, all 3DS1 alleles 

exhibit 109A and the vast majority of 3DL1 alleles (including 3DL1*054) exhibit 109T. 

Therefore, for all types that contain at least one single (non-mixed) base in exon 4 or 3, the 

combination of exon 4 and exon 3 base 109 is sufficient to assign type as KIR3DL1/3DL1 

(where one or both alleles will be KIR3DL1*054), KIR3DL1/3DS1 or KIR3DS1/3DS1. For 

samples with mixed bases in exon 4, and exon 3 base 109, exon 3 base 9 is additionally 

required to assign the type. Importantly, note that the assignments for Y–K–M–W and Y–K–

A–W incorporate a small amount of uncertainty. Briefly, all 3DS1 alleles except 3DS1*014 

display a C at exon 3 position 9, while all 3DL1 alleles except 3DL1*009, 3DL1*042 and 

3DL1*057 display A. However, since at time of submission these alleles had extremely low 

(or no) reported frequencies in most countries (http://www.allelefrequencies.net, (Gonzalez-

Galarza et al., 2011)), we assign the most probable types of KIR3DL1/3DS1 and 

KIR3DL1/3DL1*054, respectively, in these cases.

Finally note that the KIR 3D algorithm features quality-control features. The tool will return 

errors if input sequences are the incorrect length, incorrect orientation, if exon 3/4 fragments 

from the same sample are labeled with non-matching IDs, or if nucleotide combinations 

other than those expected are observed.

 3. RESULTS AND DISCUSSION

 3.1. Justification for exon 4 and 3 fragments as basis for typing

When amplifying genomic DNA from low-copy/low-quality sources such as plasma, 

amplicon lengths should be kept to a minimum to increase reaction success rates. In 

addition, interpretation algorithms should use the fewest number of polymorphic sites in the 

type assignment process while preserving accuracy. For this reason, we sought to design a 

minimalist method based on small amplicons, and an interpretation simple enough to be 

performed manually if desired. Our method is therefore based on the amplification, 

sequencing, analysis and interpretation of a 60 base pair region in KIR3DL1/S1 exon 4, and 

if necessary a 117 base pair region in exon 3, in which a minimum of two, and a maximum 

of four polymorphisms are required for interpretation. A maximum-likelihood phylogenetic 

tree constructed by Molecular Evolutionary Genetic Analysis (MEGA) package 5 (Tamura 

et al., 2011), using a concatenated alignment of these two small fragments for all known 

KIR3DL1/S1 alleles (http://www.ncbi.nlm.nih.gov/projects/gv/lrc/main.fcgi?cmd=init, 

accessed January 19, 2013) indicates that these regions contain sufficient genetic 

information to clearly segregate 3DL1 from 3DS1 alleles (Fig. 2).
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 3.2. Methods validation

A modified version of the plasma typing protocol (see Methods section and Table 2) was 

first validated in a blinded fashion using reference DNA panels obtained from commercial 

(IHWG KIR Phase I genomic DNA Reference panel; N = 48) and academic (Dr. Nicole 

Bernard, McGill University, Montreal, QC, N = 23 samples) sources, which comprised 

samples with 3DL1/3DL1, 3DL1/3DS1 and 3DS1/3DS1 types. We achieved 100% typing 

accuracy for all reference samples (not shown). Validation of the plasma-based typing 

protocol was performed using 69 frozen paired PBMC/plasma samples from HIV-negative 

participants of the Vancouver Injection Drug Users Study I (VIDUS-I) (Strathdee et al., 

1997). This represented the first thawing and manipulation of these specimens, which had 

been stored at −80 °C for 13.5 years.

The median and interquartile ranges [IQR] of total nucleic acid yields from PBMC and 

plasma specimens were 11.5 [3.45–33.05] ng/μl and 0.9 [below the limit of detection-2.45] 

ng/μl, respectively. Since the extraction procedure does not include an RNAse treatment step 

( Cotton et al., 2012), these concentrations include cellular RNA as well as any plasma viral 

RNA (HCV in particular is highly prevalent in the studied population (Patrick et al., 2001)); 

genomic DNA concentrations may therefore be lower. 8 μl of plasma-derived extract was 

added as template per 1st round PCR, representing a median [IQR] template input quantity 

of 7.2 [8–19.6] ng total nucleic acid per reaction. Nested PCR amplification of both exons 3 

and 4 yielded high quality bands for PBMC and plasma-derived DNA in all cases (Fig. 3). 

DNA sequence chromatograms were of uniformly high quality with clearly distinguishable 

mixed bases regardless of DNA source (Representative exon 4 sequences shown in Fig. 4).

Concordance between PBMC and plasma-based KIR 3DL1/3DS1 typing results was 100%. 

Out of a total of 11,160 nucleotides analyzed for exons 3 and 4, no mismatches were 

observed between PBMC and plasma-derived sequences.

 3.3. Estimating the lower limit of typing reliability

To estimate the lower limit of template nucleic acid required for reliable typing, we 

performed serial ten-fold dilutions of plasma-derived extracts from seven patients with 

3DS1/3DL1 types and three patients with 3DL1/3DL1 types (mean concentration, 3.42 ng/

μl). Extracts were serially diluted up to 1000-fold, yielding a panel of 30 diluted extracts 

with concentrations ranging from 0.0019 to 7.3 ng/μl. At a concentration of 0.01 ng/μl, 

amplification, sequencing and interpretation were successful for all diluted samples (not 

shown). Typing was possible at 0.001 ng/ul for some samples, but amplification was not 

reliable at this threshold. The lower limit of template nucleic acid concentration required for 

reliable typing is therefore estimated to be 0.01 ng/μl.

 3.4. Method limitations and other recommendations

Some limitations of this new protocol merit mention. Firstly, although the short fragments 

sequenced contain sufficient genetic information to discriminate 3DL1 from 3DS1 alleles 

(and to some extent can further discriminate some 3DS1 alleles from one another; Fig. 2), 

there is insufficient information to discriminate 3DL1 and 3DS1 alleles at the individual 

level. Sequencing of additional regions would be necessary to perform high-resolution 
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KIR3DL/S1 allotyping. Furthermore, two of our typing assignments (Y–K–M–W and Y–K–

A–W) contain a very small (estimated < 1%) uncertainty due to polymorphisms found in 

very rare alleles (see Methods section).

In addition, our method is not designed to detect KIR3DL1/S1 copy number variation, nor 

was it validated on specimens from individuals with documented KIR3DL1/S1 locus 

deletions (present in an estimated 5% and 3.6% of individuals of European ancestry, 

respectively) (Pelak et al., 2011). Although we estimate a minimum of 0.01 ng/μl template 

nucleic acid is needed for reliable typing, template quality will also play a major role in 

determining this lower limit. Finally, although the RECall base calling software is designed 

to eliminate human subjectivity during chromatogram analysis, DNA sequence quality can 

be reduced when typing from low-copy number or low-quality templates. To avoid potential 

missed or erroneous calls, we recommend that users view their chromatograms, paying 

particular attention to key polymorphic positions listed in Fig. 1, prior to performing 

KIR3DL1/S1 type interpretation.

 3.5. Simplified protocol based on exon 4 sequencing only: consider with caution

The rare allele 3DL1*054 differs from all other 3DL1 alleles in that it exhibits 3DS1-like 

“T–G” polymorphisms at key positions in exon 4, rather than the “C–T” motif expressed by 

all other 3DL1 alleles. KIR3DL1*054 is the reason that exon 3 sequencing is additionally 

required to discriminate it from 3DS1 alleles. If one were to accept the risk of erroneously 

mis-typing KIR3DL1*054 as 3DS1, one could simplify the protocol to comprise exon 4 

genotyping only. In this case, C–T would designate 3DL1/3DL1, T–G would designate 

3DS1/3DS1, and Y–K would designate 3DL1/3DS1. Moreover, if chromatogram quality is 

consistently excellent, throughput could be further enhanced and costs reduced by limiting 

exon 4 sequencing to the forward primer only.

If implemented correctly, the simplified protocol could yield time and cost savings of > 50% 

with only modest reductions in accuracy, which could be useful if very large numbers of 

specimens need to be typed rapidly. Note however that it should be considered with caution. 

Of the 581 patients typed thus far in our laboratory, 5 (0.86%) are 3DL1/3DL1*054 (not 

shown); therefore, we estimate that eliminating exon 3 sequencing will lead to erroneous 

types in a minimum of 1% of cases in North American populations. The error rate could be 

much higher in other populations, and could also be impacted by the future discovery of 

additional KIR alleles. Before the simplified protocol is considered, we strongly recommend 

that the original protocol be first implemented to confirm consistent chromatogram quality 

and to quantify KIR3DL1*054 prevalence in the studied population, so that informed 

decisions regarding method accuracy vs. cost-saving can be made.

 3.6. Conclusion

We have developed a reliable and accurate sequence-based genotyping method to perform 

KIR3DL1/S1 typing using genomic DNA extracted from frozen plasma. A modified version 

of this method can also be used to type from genomic DNA extracted from PBMCs or other 

conventional source. Use of the free web-based sequence analysis software RECall (Woods 

et al., 2012) coupled with our web-based automated interpretation algorithm KIR3D renders 
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analysis and KIR3DL1/S1 type interpretation virtually automated, although type assignment 

is simple enough to be performed manually if desired. The result is a method that is scalable 

for high-throughput typing. This method may be especially useful for retrospective 

molecular epidemiological studies where plasma represents the only archived specimen 

available, or where high quality genomic DNA extracts are inaccessible or limited in 

quantity.
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 Appendix A. Supplementary data

KIR3DL1 exon 4 and exon 3 reference standard sequences can be found online as 

supplementary data, at http://dx.doi.org/10.1016/j.jim.2013.03.005.
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Highlights

• Reliable, accurate method for KIR3DL1/S1 typing using genomic 

DNA from plasma.

• Nested PCR/sequencing of short region within exon 4 (and if necessary 

exon 3).

• Genotype interpretations can be performed manually or automatically 

(via web tool).

• Estimated lower limit of input DNA required for reliable typing is 0.01 

ng/μl.

• Useful for studies where high quality genomic DNA is unavailable or 

limited.
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Figure 1. 
Schematic workflow and interpretation algorithm for KIR3DL1/S1 typing. Interpretation can 

be performed manually, or using our web-based tool, KIR3D, developed for this purpose 

(see Methods section). Type assignment begins with inspection of nucleotide 

polymorphisms at positions 28 and 38 of the exon 4 reference sequence. Possible results are 

C–T, T–G or the mixed base calls Y–K. A type of C–T (observed in ~ 60% of cases) is 

sufficient to assign a type of KIR3DL1/3DL1. If T–G or Y–K combinations are observed, 

exon 3 sequencing is required. Exon 4 polymorphisms are then interpreted alongside 

polymorphisms at exon 3 nucleotide positions 109 and (if necessary) 9, yielding the eight 

possible KIR types shown. Types Y–K–M–W and Y–K–A–W incorporate a small amount of 

uncertainty in their assignments (see Methods section).
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Figure 2. 
Maximum-likelihood phylogenetic tree constructed from a concatenated nucleotide 

alignment of exon 4 (60 base-pair) and 3 (117 base-pair) reference fragments for all known 

KIR3DL/S1 alleles. The tree indicates that these small fragments contain sufficient 

information to clearly discriminate KIR3DL1 (blue) from KIR3DS1 (green) alleles. Note 

that rare allele KIR3DL1*054 (pink arrow) differs from all other KIR3DL1 alleles in that it 

harbors KIR3DS1-like polymorphisms (T-G) at codons 28 and 38 of the exon 4 reference 

fragment, thus necessitating exon 3 sequencing.
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Figure 3. 
PCR amplification of KIR3DL1/S1 exon 4 and 3 from PBMC vs. plasma-derived genomic 

DNA. Representative amplicons (and negative control) of KIR3DL1/S1 exon 4 and 3, 

respectively, amplified from PBMC (upper panels) and plasma (lower panels). Amplicons 

were resolved on 3% agarose gel and bands were visualized under UV light alongside DNA 

size standards (Invitrogen 1 kb + DNA ladder; Life Technologies, Burlington, ON, Canada) 

after staining with SYBR safe DNA Gel Stain (Invitrogen).
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Figure 4. 
Sequence chromatograms for KIR3DL1/S1 exon 4 sequences from PBMC vs. plasma-

derived genomic DNA. Representative chromatograms from the exon 4 region spanning 

nucleotides 28–38 (blue highlighting) for matched PBMC (left panels) and plasma (right 

panels) specimens displaying the three possible nucleotide combinations at key positions 28 

and 38 (arrows). Mixed bases are denoted using International Union of Pure and Applied 

Chemistry (IUPAC) ambiguity codes: Y (C/T) and K (G/T).
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Table 1

Nested PCR and sequencing primers used for KIR3DL1/S1 typing.

Exon 1st round PCR 2nd round PCR (and sequencing)

4 3DL1_S1_356F: GAAACCACAGAAAACCTTCCCTC (3213–3235) 3DL1_S1E4F: CTTCCCTCCTGGCCCACC (3228–3245)

3DL1_S1_649R: CCACGATGTCCAGGGGATC (3488–3506) 3DL1_S1E4R: GGATCACTGGGAGCTGACAACTG (3470–3492)

3 3DL1_S1_157F: GTCAGGACAAGCCCTTCCTG (1818–1837) 3DL1_3DS1_Exon3F1: CCTTCCTGTCTGCCTGG(1830– 1846)

3DL1_S1_258R: TGGGTGCCGACCACC (2058–2072) 3DL1_3DS1_Exon3R1: ACCCAGTGGGGGAGTGT (2044–2060)

Names, sequences and binding coordinates (in brackets) of primers used for KIR3DL1/S1 typing. All primers are in 5′–> 3′ orientation. 
Coordinates are numbered according to the KIR3DL1*0010101 genomic DNA reference sequence (EMBL-EBI, IPD KIR database access number: 
AC011501); alignments retrievable from (http://www.ebi.ac.uk/ipd/kir/align.html).
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Table 2

Per-reaction master mixes for KIR3DL1/S1 amplification from PBMC or plasma-derived genomic DNA.

Specimen type 1st round PCR Volume (μl) 2nd round PCR Volume (μl)

PBMC H2O 20 H2O 6.5

10 × buffer w/15 mM MgCl2 a 2.5 10 × buffer w/15 mM MgCl2 1

25 mM dNTP 0.25 Sucrose buffer c 1

10 μM Forward primer 0.5 25 mM dNTP 0.1

10 μM Reverse primer 0.5 10 μM Forward primer 0.25

Enzyme mix b 0.25 10 μM Reverse primer 0.25

Template DNA 1 Enzyme mix 0.15

Total 25 1st round PCR product 1

Total 10.25

Plasma H2O 31.5 H2O 11.75

10 × buffer w/15 mM MgCl2 5 10× buffer w/15 mM MgCl2 2

25 mM MgCl2 2 Sucrose buffer 0.8

dNTP 0.5 25 mM MgCl2 2

10 μM Forward primer 1 dNTP 0.16

10 μM Reverse primer 1 Forward primer 0.5

Enzyme mix 1 Reverse primer 0.5

Template DNA 8 Enzyme mix 0.29

Total 50 1st round PCR product 2.6

Total 20.6

We recommend a nested PCR approach even for higher DNA-concentration templates, as nested PCR improves specificity and amplicon purity, 
thereby yielding a higher-quality DNA sequence.

a
10 × Expand™ High Fidelity Buffer containing 15 mM MgCl2.

b
Expand™ High Fidelity Enzyme Mix (3.5 U/μl).

c
60% sucrose buffer containing 0.08% Cresol Red.
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