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Abstract
Aims/hypothesis Natural killer (NK) cells serve as primary
immune surveillance and are partially regulated by combi-
nations of killer immunoglobulin-like receptor (KIR) genes
and their HLA class I ligands. Alterations in NK cell
activity have been associated with type 1 diabetes. The aim
of this study was to determine whether KIR–HLA class I
gene frequency: (1) is altered in a current population with
type 1 diabetes compared with healthy controls; and (2) has
changed over the half century in which the incidence of
type 1 diabetes has increased rapidly.

Methods KIR–HLA class I gene frequencies were com-
pared in 551 individuals diagnosed with type 1 diabetes
≤15 years of age (394 in a current cohort and 157 from the
historical ‘Golden Years’ cohort) and 168 healthy controls.
The overall balance of activation and inhibition was
analysed using KIR–HLA genotype models.
Results Children with type 1 diabetes who were positive for
KIR2DS2/KIR2DL2 and KIR2DL3 were more often homo-
zygous for HLA-C group 1 and this effect was strongest in
children diagnosed with diabetes before the age of 5 years
(p=0.003, corrected p [pcorr]=0.012) and (p=0.001, pcorr=
0.004), respectively. Children with type 1 diabetes have
fewer inhibitory KIRs with their corresponding ligands
compared with healthy controls (p=1.9×10−4). This pattern
of NK activation has not changed significantly in individuals
with type 1 diabetes over the last half century.
Conclusions/interpretation Activating combinations of
KIR–HLA genes are more frequent in young children
with type 1 diabetes diagnosed in the first 5 years of
life, suggesting that NK cell responses may be altered
in this group.
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Introduction

Natural killer (NK) cells mediate the early killing of virally
infected cells and tumours and it is increasingly clear that
they also contribute to crosstalk between the innate and
adaptive immune responses. Increased NK cell activity has
been reported in the periphery of individuals with type 1
diabetes [1–6], but a role for these innate immune cells in
the pathogenesis of type 1 diabetes has not, however, been
elucidated. NK cells act by either activating or inhibiting
cytolysis [7] and their activity is controlled by the balance
of inhibitory and activating receptors on the cell surface [8].
One set of human NK cell receptors are the killer
immunoglobulin-like receptor (KIR) gene family of mem-
brane glycoproteins on chromosome 19 [9], which consists
of 16 genes. Each is either inhibitory or activating in
function and is polymorphic both in terms of gene content
and allelic variation. The order of the KIR genes along the
chromosome has been determined for two distinct haplo-
types, termed A and B [10] where the A or ‘inhibitory’
haplotype is defined by the presence of only one activating
gene, KIR2DS4, which is not functional in the majority of
individuals, whereas the B or ‘activating’ haplotype has
five functional activating KIRs. Some KIRs interact with
specific HLA class I molecules: HLA-C group 1 (HLA-C1)
molecules (asparagine at position 80) serve as the ligand for
two inhibitory KIRs KIR2DL2 and KIR2DL3 and possibly
one activating receptor, KIR2DS2, while the activating
KIR2DS1 and inhibitory KIR2DL1 signal through HLA-C
group 2 (HLA-C2) molecules (lysine at position 80).
KIR3DL1 and KIR3DS1 signal through HLA-Bw4. Func-
tional variation is therefore possible, dependent on the
combinations of KIR–HLA class I molecules present [11].

KIRs have been associated with a range of autoimmune
conditions, such as psoriatic arthritis [12], rheumatoid
arthritis [13], ulcerative colitis [14] and primary sclerosing
cholangitis [15]. Results from genetic studies of KIRs in
type 1 diabetes have been conflicting. Most have focused
on the activating receptor gene KIR2DS2 and the inhibitory
receptor gene KIR2DL2, which are in complete linkage
disequilibrium and share the HLA-C1 ligand. Some have
shown associations [16–18], while others have not [19, 20].

Genome-wide association studies of KIRs in type 1
diabetes are not yet available because this region of
chromosome 19 does not have a high-coverage single
nucleotide polymorphism map. HLA class I, however, is
known to be associated with type 1 diabetes, independent
of linkage disequilibrium effects with HLA class II [21].
Genetic interactions between functional KIR genes and
their HLA ligands were analysed in well-characterised UK
populations of 179 children diagnosed with type 1 diabetes
before the age of 5 years, 215 children diagnosed with type
1 diabetes between the ages of 5 and 15 years, and 168

healthy controls. As it is well established that HLA class II-
mediated genetic susceptibility to type 1 diabetes has
decreased over the last half century [22, 23], the data
obtained in the first part of this study were then compared
with KIR–HLA-C1 frequency in a historical cohort of
individuals diagnosed in childhood with type 1 diabetes
diagnosed early in the 20th century—the ‘Golden Years’
cohort—to establish whether determinants of NK cell
function have changed over a period in which the incidence
of type 1 diabetes has been increasing.

Methods

Study populations

Current type 1 diabetes cohort Individuals with type 1
diabetes (179 of the individuals diagnosed before the age of
5 years and 215 individuals diagnosed between the ages of
5 years and 15 years) were from either the Bart’s Oxford
(BOX) study [24] (n=338) or the British Diabetic Associ-
ation (BDA) cohort [25] (n=56).

The BOX study of childhood diabetes is a population-
based family study that, from 1985 to 2002, has recruited
more than 95% of the families of children who have
developed type 1 diabetes before the age of 21 years in the
former Oxford Health Authority Region, UK. The study
population is 95% white and the remainder originate
mainly from the Indian subcontinent (data from Office of
Population Censuses and Surveys for 1991). All cases of
type 1 diabetes were referred by diabetes specialists
using the WHO 1985 Diabetes Mellitus Study Group
report criteria [26] and had a clinical requirement for
insulin treatment from diagnosis. Patients with secondary
diabetes, known genetic subtypes including MODY, or
clinical type 2 diabetes were not included in the study. In
all, 338 samples from BOX were used in the analysis
reported here.

A total of 56 white individuals were from the BDA
1972–1981 cohort, a collection of individuals diagnosed
with type 1 diabetes under the age of 2 years from across
the UK, sourced from the BDA register. Clinical data on
these patients were collected from questionnaires sent out to
the affected individual, the general practitioner and the
consultant. These data included HbA1c, creatinine, choles-
terol, HDL-cholesterol and LDL-cholesterol. Blood sam-
pling was carried out for glutamate decarboxylase and islet
cell antigen 2 antibody testing and DNA collection.

Historical type 1 diabetes (‘Golden Years’) cohort The
Golden Years cohort [27] was recruited from a nationwide
register of individuals who had been awarded 50 year
Nabarro medals by Diabetes UK. Data were available on
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157 medal winners (52% men) diagnosed when aged
younger than 15 years between 1922 and 1946.

Healthy controls Samples were obtained from 168 healthy
volunteers: staff within the University of Bristol (n=103)
and individuals participating in the Bristol-based Avon
Longitudinal Study of Parents and Children (n=65). [28]
Participants were white and did not have type 1 diabetes,
nor any other autoimmune diseases or family history of
type 1 diabetes.

Ethics approval

Informed consent was provided by all study participants.
Each study population was approved by the research ethics
committees in all centres involved in sample collection.

BOX family study Leicestershire, Northamptonshire and
Rutland REC 2 (REC No 103/134).

BDA under 2s cohort Genetic factors in the development of
insulin-dependent (type 1) diabetes: a study of UK patients
diagnosed before age 2 years: MREC/01/6/09. These
samples were screened for the presence of mutations
underlying neonatal diabetes and were negative.

Golden Years study Ethics approval was obtained by Bain
and colleagues as detailed previously [27].

Healthy controls Southmead Research Ethics Committee,
Bristol (REC No 09/H0102/11).

KIR genotyping

The KIR genotyping protocol was originally developed by
Martin and colleagues and then adapted by Hiby and
colleagues [12, 29]. The protocol tests for a total of 12 KIR
genes (KIR2DL1, KIR2DL2, KIR2DL3, KIR2DS1,
KIR2DS2, KIR3DL3, KIR2DS4, KIR2DS3, KIR2DS5,
KIR2DL5, KIR3DL1 and KIR3DS1) with two different
primer sets for each gene. The primer sequences used are
detailed in electronic supplementary material (ESM) Table 1.
Data were validated through successful participation in
the International KIR Exchange Workshop 2007–2010
(www.hla.ucla.edu/cellDNA/Cell/programInfo.htm).

HLA class I and II genotyping

HLA class I and II genotyping was carried out by PCR
using a Dynal RELI SSO system (Invitrogen, Paisley, UK).
The type 1 diabetes-associated haplotype HLA-DRB1*04-

DQB1*0302 was abbreviated to DR4-DQ8, and HLA-
DRB1*03-DQB1*0201 was abbreviated to DR3-DQ2.
HLA-C groups: the presence of Asn80 (C1) and Lys80
(C2) was defined using HLA-C genotyping data. HLA-C1
was defined by the presence of Cw1, Cw3, Cw7, Cw8,
Cw12, Cw14 and Cw1601. HLA-C2 was defined by the
presence of Cw2, Cw4, Cw5, Cw6, Cw15, Cw1602, Cw17
and Cw18. HLA-B alleles were divided into the groups
Bw4 and Bw6 (as described at http://hla.alleles.org). In
some cases the two different alleles could not be distin-
guished by the results, which were therefore not used.

Data analysis

HLA and KIR genotype frequencies were compared in
cases and controls by χ2 analysis. Adjustment for multiple
comparisons was made by Bonferroni correction. Composite
KIR–HLA genotype effects were analysed using combined
KIR–HLA genotype models as described in detail by van der
Slik et al. [30]. Briefly, the models were assembled using
homologous pairs of inhibitory and activating KIR genes:
KIR2DL1 and KIR2DS1 (HLA-C2 [Lys80]), KIR2DL2/3
and KIR2DS2 (HLA-C1 [Asn80]), KIR3DL1 and KIR3DS1
(Bw4). In model one, the presence of each inhibitory KIR–
HLA ligand pair (KIR2DL1–HLA-C2, KIR2DL2/
KIR2DL3–HLA-C1, KIR3DL1–HLA-Bw4) within an indi-
vidual was rated −1. In model two, the presence of each
activating KIR–HLA pair (KIR2DS1–HLA-C2, KIR2DS2–
HLA-C1, KIR3SD1–HLA-Bw4) within an individual was
rated +1. Model three hypothesises that activating KIRs are
capable of interacting with other molecules in addition to
HLA. The presence of each activating KIR (KIR2DS1,
KIR2DS2 and KIR3DS1) within an individual was rated +1.
The ratio obtained by combining both the inhibitory and
activating genotype models described above reflects the
effect of the composite KIR–HLA genotypes. Model four
comprised composite inhibitory KIR–HLA/activating KIR–
HLA genotypes and model five comprised composite
inhibitory KIR–HLA/activating KIR genotypes.

Results

Current type 1 diabetes cohort vs controls

KIR gene frequencies The KIR genotyping results are
shown in Table 1. No differences were observed between
KIR gene frequencies in children with type 1 diabetes
compared with healthy individuals for all KIR genes other
than KIR2DL3, for which 97.8% of those diagnosed with
type 1 diabetes under the age of 5 years were positive
compared with 90.5% of controls (p=0.004 and corrected
p [pcorr]=0.048). No difference in the frequencies of the A
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and B haplotypes between individuals with type 1 diabetes
and controls was observed (data not shown).

KIR signalling through HLA-C1 molecules Individuals
with type 1 diabetes who were positive for the activating
receptor KIR2DS2/inhibitory receptor KIR2DL2 more often
had the homozygous genotype HLA-C1C1 (Fig. 1 and
Table 2). This effect was strongest in children developing
type 1 diabetes under the age of 5 years (p=0.003, pcorr=
0.012). An age-at-onset effect was observed when the
frequency of KIR2DS2/KIR2DL2/HLA-C1C1 was com-
pared between children diagnosed under and over the age
of 5 years (p=0.018). HLA-C1C1 was also more frequent
in KIR2DL3-positive children with type 1 diabetes (n=164,
58.7%) (p=0.002, pcorr=0.008) particularly those diagnosed

under the age of 5 (n=96, 62.3%) compared with healthy
controls (n=59, 42.3%) (p=0.001, pcorr=0.004).

At the allelic level the effect was similar: children who
developed type 1 diabetes under the age of 5 years and
were positive for KIR2DS2/KIR2DL2, also had the HLA-
C1 allele more often (p=0.006, pcorr=0.02) compared
with healthy controls; a similar result was observed for
KIR2DL3.

KIR signalling through HLA-C2 molecules KIR2DL1
(inhibitory) and KIR2DS1 (activating) signal through
HLA-C2 but again HLA-C1 was more frequent, indicating
decreased capacity for these receptors to signal through
their ligands (Table 2).

KIR signalling through HLA-Bw4/6 molecules When the
frequency of molecules signalling through HLA-Bw4,
KIR3DL1 and KIR3DS1 was analysed, HLA Bw4/Bw4
was less common in both KIR3DL1-positive children with
type 1 diabetes and KIR3DS1-positive children with type 1
diabetes, but these data did not reach statistical significance
(ESM Table 2).

HLA class II effects As expected the children diagnosed at
age under 5 were enriched for the highest-risk genotype
DRB1*04-DQB1*0302/DRB1*03-DQB1*0201 (45.8%)
compared with 29.8% in the 5–15 years age group and
1.3% in the control group. Analysis of KIR–HLA-C data by
high-risk HLA class II, however, did not significantly
strengthen disease associations between KIR and HLA
class I (data not shown).

The type 1 diabetes-associated extended haplotype HLA
A1-B8-DR3 includes HLA-Cw7, which is an HLA-C1
ligand for KIR. To determine whether this extended
haplotype had an influence on the data obtained above,

Table 1 The frequency of KIR genes in children from the current cohort with type 1 diabetes compared with healthy controls

Gene All type 1 diabetes n=394 Onset 0–5 (years) n=179 Onset 5–15 (years) n=215 Controls n=168

KIR2DL1 386 (97.9) 176 (98.3) 210 (97.7) 168 (100)

KIR2DL2 208 (52.8) 91 (50.8) 117 (54.4) 90 (53.6)

KIR2DL3 371 (94.2) 175 (97.8) 196 (91.2) 152 (90.5)

KIR2DL5 213 (54.1) 91 (50.8) 122 (56.7) 95 (56.5)

KIR3DL1 380 (96.4) 174 (97.2) 206 (95.8) 160 (95.2)

KIR3DL3 394 (100) 179 (100) 215 (100) 168 (100)

KIR2DS2 208 (52.8) 91 (50.8) 117 (54.4) 90 (53.6)

KIR2DS1 169 (42.9) 74 (41.3) 95 (44.2) 70 (41.7)

KIR2DS3 120 (30.5) 49 (27.4) 71 (33) 56 (33.3)

KIR3DS1 177 (44.9) 73 (40.8) 104 (48.4) 74 (44)

KIR2DS4 377 (95.7) 172 (96.1) 205 (95.3) 159 (94.6)

KIR2DS5 136 (34.5) 59 (33) 77 (35.8) 58 (34.5)

Data are shown as n (%)
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Fig. 1 The frequency of HLA-C1 and HLA-C2 ligands in individuals
positive for KIR2DL2/KIR2DS2. Healthy controls, n=85; all current
type 1 diabetes, n=150; current type 1 diabetes, onset 0–5 years, n=
80. Black bars, HLA-C1; white bars, HLA-C2
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the frequency of this haplotype in the type 1 diabetes cohort
was examined. Of 398 probands, haplotype data were
available for 348 (87%). Of these, 66 (19%) had one copy
of the extended DR3-B8-C7 haplotype and nine (3%) were
homozygous. No age-at-onset effects were observed with
this haplotype, indicating that the observed association of
HLA-C1 with early-onset type 1 diabetes is independent of
this extended haplotype.

Overall balance of activation and inhibition Composite
KIR–HLA model one [29] demonstrated that individuals
with type 1 diabetes have fewer inhibitory KIRs with their
corresponding ligands compared with healthy control
individuals (p=1.9×10−4; Fig. 2f).

In this model the number of inhibitory KIR2DL1–HLA-
C2, KIR2DL2/KIR2DL3–HLA-C1 and KIR3DL1–HLA-
Bw4 genotypes present within each individual (model
one, Fig. 2f) was established. All individuals tested
displayed at least one inhibitory KIR–HLA ligand geno-
type. A single inhibitory KIR–HLA combination, rated −1,
was observed more often in patients than controls (53.9%
vs 31.9%, respectively). All three inhibitory KIR–HLA
combinations tested, rated −3, were less frequently
observed in patients than in controls (15.0% vs 21.0%,
respectively).

The frequencies of the activating homologues—
KIR2DS1, KIR2DS2 and KIR3DS1, present in combination
with their putative HLA ligands in patients and controls—
were compared (model two, Fig. 2g). The number of
activating KIR–HLA combinations ranged from none to
three combinations in both patients and controls. The
combined activating KIR–HLA genotype frequencies in
patients did not differ significantly from those in control
individuals.

Putative ligands for activating receptors might also
include other HLA-like structures or stress-induced cell-
surface proteins. The distribution of these activating KIR
genes regardless of the presence of HLA between patients
and controls were compared (model three, Fig. 2h). Fewer
patients were positive for one activating KIR (rated +1)
compared with controls (29.7% vs 36.1%, respectively),
whereas individuals who possessed all three activating
KIRs were more often patients than controls (21.0% vs
15.1%, respectively), but this did not reach statistical
significance.

Effector function depends on the combined effect of both
inhibitory and activating pathways. Therefore, the inhibi-
tion model with either activating KIR–HLA genotypes
(model four, Fig. 2i) or activating KIR genotypes (model
five, Fig. 2j) were combined. In model four, the composite

Table 2 The frequency of KIR molecules signalling through HLA-C1 and HLA-C2 ligands in children with type 1 diabetes compared with
healthy controls and the Golden Years cohort

HLA-C genotype (positive for) Current type 1 diabetes cohort Controls Golden Years cohort

All Onset 0–5 years Onset 5–15 years All Onset 0–5 years Onset 5–15 years

KIR2DL1 (C2 ligand) n=289 n=156 n=133 n=156 n=157 n=37 n=120

C1C1 172 (59.5)* 98 (62.8)* 74 (55.6) 64 (41) 80 (51) 18 (48.6) 62 (51.7)

C1C2 86 (29.7)* 42 (26.9) 44 (33) 74 (47.4) 69(43.9) 18 (48.6) 51 (42.5)

C2C2 31 (10.7) 16 (10.2) 15 (11.2) 18 (11.5) 8 (5) 1 (2.7) 7 (5.8)

KIR2DL2/ KIRS2 (C1 ligand) n=150 n=80 n=70 n=85 n=88 n=20 n=68

C1C1 86 (57.3) 53 (66.2)a 33 (47) 37 (43.5) 40 (45.4) 8 (40) 32 (47)

C1C2 48 (32) 21 (26.2) 27 (38.5) 38 (44.7) 46 (52.3) 12 (60) 34 (50)

C2C2 16 (10.6) 6 (7.5) 10 (14.2) 10 (11.8) 2 (2.2) 0 (0) 2 (3)

KIR2DL3 (C1 ligand) n=279 n=154 n=125 n=137 n=153 n=37 n=116

C1C1 164(58.7)* 96 (62.3)a 68 (54.4) 58 (42.3) 78 (51) 18 (48.6) 60 (51.7)

C1C2 83 (29.7)* 41 (26.6) 42 (33.6) 63 (46) 67 (43.8) 18 (48.6) 49 (42.2)

C2C2 32 (11.4) 17 (11) 15 (12) 16 (11.7) 8 (5.2) 1 (2.7) 7 (6)

KIR2DS1 (C2 ligand) n=127 n=68 n=59 n=67 n=66 n=21 n=45

C1C1 74 (58.2)* 41 (60.2)* 33 (55.9) 24 (35.8) 38 (57.6) 12 (57.1) 26 (57.8)

C1C2 40 (31.5)* 23 (33.8)* 17 (28.8)* 39 (58.2) 28 (42.4) 9 (42.9) 19 (42.2)

C2C2 13 (10.2) 4 (5.8) 9 (15.2) 4 (6) 0 (0) 0 (0) 0 (0)

Data are shown as n (%)

Significant (*p≤0.05) when compared with healthy control frequencies using χ2 analysis and remaining significant following Bonferroni
correction
a Age-at-onset effect between individuals diagnosed with type 1 diabetes under the age of 5 years and those diagnosed later
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inhibitory and activating KIR–HLA genotypes present within
individuals ranged from −3 to +1. Fewer patients had a
composite effect of −2 than control individuals (14.7% vs
24.4%), whereas more patients had a composite effect of 0
than controls (39.2% vs 29.4%), though this was not
statistically significant. In model five, the inhibitory KIR–
HLA/activating KIR genotypes present within individuals
ranged from −3 to +2. Fewer patients displayed −2 or −1 than
control individuals (12.7% vs 17.6% and 24.5% vs 30.2%,
respectively), whereas more patients displayed +1 or +2 than
controls (17.9% vs 11.8% and 12.7% vs 5.9%, respectively).
There was no difference in frequency for composite
genotype +1 and +2 between patients and controls.

Current type 1 diabetes cohort vs historical Golden
Years cohort

Overall balance of activation and inhibition The same
modelling strategy was applied to data from the current and

historical type 1 diabetes cohorts to determine whether
there has been a change in the activation pattern over time.
The data obtained are also shown in Table 2 and Fig. 2k–o.
No significant differences were observed. There was a
suggestion that the overall pattern was less activating/more
inhibitory in the Golden Years population, but this did not
reach statistical significance.

Discussion

This study shows that children with type 1 diabetes have
altered frequencies of functional KIR–HLA class I inter-
actions compared with healthy control individuals. The
frequency of HLA-C1, the ligand for three KIR genes
(KIR2DL2, KIR2DS2 and KIR2DL3), was increased in
children with type 1 diabetes, with the strongest effect in
those developing diabetes under the age of 5. It was
therefore not surprising that genes signalling through
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HLA-C2 have fewer ligands available in young children
with type 1 diabetes.

It is increasingly clear that it is the overall balance of
inhibitory or activating KIRs, rather than the effects of
individual receptors, that ultimately has the greatest effect
on NK cell function. We therefore used multiple composite
KIR–HLA models [30] to take into account the cumulative
effects of individual KIR–HLA class I and II gene
associations in children with type 1 diabetes. These data
provided convincing evidence for an overall balance of KIR
activation (or lack of inhibition) in young children with
type 1 diabetes.

This study represents the largest analysis to date of the
entire KIR gene family and their receptors and confirms
and expands previous studies showing an increased
frequency of KIR2DL2/KIR2DS2/HLA-C1 in type 1 diabe-
tes. The major differences between this study and other
studies showing KIR–HLA associations in type 1 diabetes
[16–18] is that, consistent with the study of Middleton et al.
2006 [19], we did not see an overall increase in KIR2DS2/
KIR2DL2 in children with type 1 diabetes as reported by
van der Slik et al. [16]. More recently Ramos-Lopez et al.
(2009) showed, in a combined German/Belgian study of
1,124 patients with type 1 diabetes compared with 716
healthy controls, that a single nucleotide polymorphism
(rs2756923) in exon 8 of the inhibitory gene KIR2DL2 was
associated with type 1 diabetes [18].

We did, however, observe an association between
specific KIR molecules and their HLA-C group ligands.
For the first time, we detected a clear age-at-onset effect,
with the greatest increase in young children with diabetes.
This finding was made possible by using our unique cohort
of children diagnosed with type 1 diabetes under the age of
5 years.

Previous analysis, by van der Slik et al., of the KIR gene
family and respective HLA class I ligands in 149 children
diagnosed with diabetes under the age of 14 in a Dutch
population showed an association between KIR2DS2/
KIR2DL2 as well as KIR2DS2/KIR2DL2 and HLA-C1
[16]. Shastry et al. carried out a similar analysis in 98
patients diagnosed with type 1 diabetes under the age of
18 years compared with 70 healthy controls in a Latvian
population, showing an association between KIR2DS1/
KIR2DL1, HLA-C1 and type 1 diabetes [17]. In contrast,
Santin et al. failed to observe an association between
KIR and HLA-C1 in a Basque population with type 1
diabetes [20].

Most studies of KIR genes to date have focused on
KIR2DS2/KIR2DL2, yet it is increasingly clear that activat-
ing KIRs bind their putative HLA class I ligands with low
(e.g. KIR2DS1) to very low (e.g. KIR2DS2) affinity. Recent
data [31] suggest that humans are unique among hominid
species in appearing not to have a functioning HLA-C1-

specific activating receptor. If true, this would indicate that
KIR2DL2 and KIR2DL3 signal through HLA-C1 while
KIR2DS2 does not. However, as reported by Moesta et al.
[31], weak reactivity with HLA-C*1601 showed that
KIR2DS2 has narrowed specificity for HLA-C, raising the
possibility that it is also highly dependent on the peptide
bound by HLA-C. Moesta et al. were therefore unable to
rule out the possibility that KIR2DS2 functions in the
presence of peptides presented by HLA-C. In addition
Stewart et al. [32] suggest that some diseases may be
associated with only certain combinations of KIR–HLA
genes because the action of the activating KIR might be
tissue specific due to specific peptide preferences. We
therefore included KIR2DS2 in our analysis.

Aweakness of the multiple composite KIR–HLA models
we used [30] to take into account the cumulative effects of
individual KIR–HLA class I gene associations is that they
cannot measure the strength of each signal, only the
presence of gene–ligand combinations, but this nevertheless
provide additional data compared with analysing individual
KIR–HLA class I genes in isolation.

We, and others, have already established that the
frequency of HLA class II risk genotypes is decreasing as
the incidence of type 1 diabetes increases [22, 23]. We
therefore examined whether there has been a concomitant
change in the overall balance of genetic determinants of NK
cell activation. Our data suggest that there has not been a
major change in this balance in children with type 1
diabetes over the last half century. This part of the study
was limited by the number of samples available for analysis
in the Golden Years cohort, which nevertheless remains one
of the rare resources in which to carry out this type of
analysis. Analysis of the KIR–HLA data obtained in both
the Golden Years and current cohorts showed that the
greatest increase in activating combinations is occurring in
the population undergoing the most rapid current increase
in frequency—children under the age of 5 years in whom
the incidence of diabetes is predicted to double between
2005 and 2020 [33].

To date, there have been few functional studies of NK
cells in type 1 diabetes in humans. Rodacki and colleagues
[34] studied the frequency and activation state of blood NK
cells at various stages in human type 1 diabetes and showed
that, at diagnosis, NK cells are decreased in absolute
number but are unusually activated (as determined by IFN-
γ production). This is consistent with our genetic data
showing an increased balance of activating receptors in
young children with type 1 diabetes. Wilcox and colleagues
demonstrated an increased frequency of enteroviral capsid
protein (vp1) in pancreas from an individual with type 1
diabetes, but NK cells were rare [35]. Dotta and colleagues
[36] identified enterovirus in three of six pancreases from
recent-onset type 1 diabetes cases. Infected islets were
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dominated by NK cell infiltration but beta cell function
appeared to be preserved. A recent study by Gur and
colleagues identified beta cell ligands for the activating NK
cell receptor Nkp46 in human and murine pancreas that
were shown to be responsible for diabetes development in
the NOD mouse [37]. More functional studies of NK cells
in early-onset type 1 diabetes are required to determine the
effects of the genetic associations described here.
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