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Abstract
Killer-cell immunoglobulin-like receptor (KIR) proteins are expressed on natural killer (NK) cells
and appear important in innate and adaptive immunity. There are about 14 KIR genes on
chromosome 19q13.4, composed of those that inhibit and those that activate NK cell killing.
Haplotypes have different combinations of these genes meaning that not all genes are present in a
subject. There are two main classes of cognate human leukocyte antigen (HLA) ligands (HLA-
Bw4 and HLA-C1/C2) that bind to the inhibitory/activating receptors. As a general rule, the
inhibitory state is maintained except when virally infected or tumor cells are encountered;
however, both increased activation and inhibition states have been associated with susceptibility
and protection against numerous disease states including cancer, arthritis, and psoriasis.

Utilizing DNA from 158 Caucasian subjects with autism and 176 KIR control subjects we show
for the first time a highly significant increase in four activating KIR genes (2DS5, 3DS1, 2DS1
and 2DS4) as measured by chi square values and odds ratios. In addition, our data suggests a
highly significant increase in the activating KIR gene 2DS1 and its cognate HLA-C2 ligand
(2DS1+C2; p=0.00003 [Odds Ratio=2.87]). This information ties together two major immune
gene complexes, the Human Leukocyte Complex and the Leukocyte Receptor Complex, and may
partially explain immune abnormalities observed in many subjects with autism.
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Introduction
Autism Spectrum Disorder (ASD) is a term used for a complex group of
neurodevelopmental disorders characterized by deficits in communication and social skills
and the presence of restricted and repetitive stereotyped behaviors. The latest statistics
released by the U.S. Centers for Disease Control and Prevention estimate that the incidence
of ASDs increased 23% from 2006 to 2008 to 1 in 88 children (CDC, 2012).

Years ago familial clustering and twin studies indicated a strong genetic component to
predisposition; however, after extensive genetic research, only a small number of cases can
be associated with specific genes (McClellan and King, 2010). There is considerable
evidence that suggests involvement of the immune system in the etiology of autism
(Westover et al., 2011).

Both cellular and humoral immunological changes have been reported in children with
autism. Those abnormalities include changes in certain immune cell functions (Ashwood et
al., 2010), an increase in the C4B null allele (Warren et al., 1991; Odell et al., 2005; Mostafa
and Shehab, 2010), association of certain human leukocyte antigen (HLA) alleles (Torres et
al., 2002; Torres et al., 2006), and an increase in certain ancestral HLA haplotypes (Daniels
et al., 1995). These last three papers, published by our research group, have all described
typical HLA Class I and Class II HLA antigen-presenting alleles which involve different
protein binding sites (T-cell receptor) outside the KIR binding sites. Additional immune
associations include imbalances in antibody levels (Croonenberghs et al., 2002; Heuer et al.,
2008; Enstrom et al., 2009b), an increase in autoantibodies to neural tissue (Cabanlit et al.,
2007; Wills et al., 2009; Rosenspire et al., 2011), altered cytokine levels (Molloy et al.,
2006; Ashwood et al., 2011), changes in lymphocyte subsets (Furlano et al., 2001), a family
history of autoimmune diseases (Atladóttir et al., 2009), and reduced natural killer (NK) cell
activity (Warren et al., 1987; Enstrom et al., 2009a).

The HLA region on chromosome 6, the most complex region in the human genome, is
central to many immunological reactions. HLA cell surface proteins interact with receptors
on various T-cells and thus play an important role in inflammation, the complement cascade,
and the innate (inborn) and adaptive (acquired) immune responses (Shiina et al., 2009).

NK cells are a subset of lymphocytes with the innate ability to produce cytokines and kill
target cells without prior sensitization and are essential for self-tolerance (Vivier et al.,
2008). NK cells thus participate in early responses against virally infected and transformed
cells by recognizing the lack of HLA class I proteins on the cell surface (“missing self”). NK
cell function is partially regulated by inhibitory and stimulatory signals generated by ligand-
receptor binding at the cell surface. Among these cell surface receptors are killer-cell
immunoglobulin-like receptors (KIR) (Kulkarni et al., 2008). The ligands for these KIR
inhibitory and activating receptors are amino acid epitopes contained in HLA-B, & C and
rarely HLA-A proteins. The HLA-Bw4, HLA-C1 and HLA-C2 protein epitopes (serological
alleles) are binding ligands for KIR proteins and do not present peptide antigens to T-cells.
These serological alleles were detected by HLA-antibodies years before antigen-presenting
alleles were delineated. All of the antigen-presenting HLA-B alleles can be divided into KIR
binding (Bw4) or non-KIR binding (Bw6) serological alleles and all of the antigen-
presenting HLA-C alleles can be placed into HLA-C1 or -C2 KIR ligand alleles. The
bindings of these HLA cell surface ligands to KIR cell surface receptors thus play an
important role in the regulation of the innate and adaptive immune response of NK cells
(Fig. 1). In this report it is suggested that the frequencies of certain KIR activating genes and
their HLA ligands are increased in autism.
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Materials and Methods
Two sample cohorts have been used in this study. The first is from a Utah/Oregon autism
study that consisted of 70 Caucasian subjects from 70 different families with a single autistic
child (7 females, 63 males; 1:9 female:male ratio). Of the total 70 subjects, 51 subjects were
obtained from the Utah Autism Project and 19 subjects from the Oregon Health and Science
University Autism Clinic (Torres et al., 2006). The second family cohort sample was
obtained from the Autism Genetics Resource Exchange (AGRE) which has samples from
over 2000 families, many with 2 or more autistic children, which have been collected
throughout the USA since 1997. These samples have been utilized by more than 150
research groups worldwide in the search for genetic markers and/or risk factors for autism.
In our study we utilized a subset of Caucasian families (88 subjects, 16 females, 72 males;
1:4.5 female:male ratio) and we used DNA from only a single child with autism in any
family. All subjects were diagnosed with autism by psychologists or pediatric psychiatrists
using the Autism Diagnostic Inventory-Revised (ADI-R) and the Autism Diagnostic
Observation Schedule (ADOS) (Lord et al., 1994; Lord et al., 1989). The severity of the
disease in individuals can vary significantly within the Autism Spectrum and the degree of
phenotypic and genetic heterogeneity in the two cohorts, even if fully known, would be
extremely difficult to compare in a meaningful manner.

DNA
Genomic DNA was purified with Qiagen kits (QIAmp 96 DNA Blood Kit) from the Utah/
Oregon (UT/OR) population whereas purified DNA was obtained from AGRE for the
AGRE samples.

Whole genome amplification
About 100ng of genomic DNA from each individual was subjected to whole genome
amplification following the multiple displacement amplification (MDA) procedure of Dean
et al. (2002) using random hexamers. Phi29 polymerase and dNTPs were purchased from
Epicentre Inc. The quantity of MDA-DNA was determined with the PicoGreen dsDNA kit
from Molecular Probes (Eugene, Oregon).

HLA genotyping
The HLA genotyping was done using about 2µg of MDA-DNA using Taq polymerase
(GenScript; cat.#E00007) with SSP UniTray low resolution HLA kits (Invitrogen). The
HLA kits can distinguish between 23 HLA-A alleles, 49 HLA-B alleles, and 18 HLA-C
alleles. The HLA-A and HLA-B allotypes for the UT/OR and AGRE subjects were used to
determine Bw4/Bw6 serological alleles (http://hla.alleles.org/antigens/bw46.html). Bw4
alleles which have an isoleucine or threonine at the 80 position (80I & 80T respectively) are
ligands for KIR receptors (Carrington and Norman, 2003) whereas Bw6 serological alleles
are not ligands for KIR receptors. HLA-A3 & A11 are Bw4 ligands for 3DL2, but only
when specific Epstein Barr virus peptides are present (Hansasuta et al., 2004). The HLA-C
alleles were placed into KIR ligand binding specificities (C1 and C2) according to the amino
acid sequence at positions 77 and 80 (Winter and Long, 1997).

The frequencies of the Bw4 and C1/C2 ligands were analyzed by a case-control study design
using normal HLA gene frequencies from the Centre d’Etude Polymorphisms Human
(CEPH) (http://www.cephb.fre/en/cephdb/). The CEPH control HLA population had 164
unrelated individuals.
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KIR genotyping
The KIR genotyping was done on SSP kits (Invitrogen; cata#78930-3) using about 2µg of
MDA-DNA as described above. The KIR kits can distinguish between the 14 KIR
inhibitory/activating genes (2DL1, 2DL2, 2DL3, 2DL4, 2DL5, 2DS1, 2DS2, 2DS3, 2DS4,
2DS5, 3DL1, 3DL2, 3DL3, 2DS1) used in this study. The inhibitory and activating KIR
genes for NK killing activity have L and S in their names, respectively.

The KIR frequency genotyping data for the UT/OR and AGRE subjects were also analyzed
by a case-control study using normal KIR gene frequencies from the Centre d’Etude
Polymorphisms Human (CEPH) (http://www.cephb.fre/en/cephdb/). The CEPH control KIR
gene population had 176 unrelated individuals (Martin et al., 2008) (Table 4) whereas the
HLA comparisons used the CEPH control population with 164 individuals.

Comparison of two published KIR control Caucasian populations (Du et al., 2008;
Hollenbach et al., 2010) with the CEPH control population showed no significant
differences in the p-values for KIR inhibitory and activating gene frequencies. This indicates
that the Caucasian KIR gene frequencies are very similar in the USA. Although any of the 3
control populations could have been used, it was decided that the CEPH population would
be used as this population is included in many genetic studies around the world.

Statistical Analysis
Odds ratios and p-values were calculated by multiple logistic regression, with all relevant
alleles included in each statistical model. With the significance level set at p≤0.05 there is a
5% chance that each factor may be erroneously found to be significant. Multiple testing
correction methods are available that maintain the overall, study-wide error rate to less than
or equal to the user-specified p-value cutoff. One of the most stringent methods is the
Bonferroni correction and it offers a very conservative approach to control for false positive
results. A Bonferroni allelic correction for 42 tests in two cohorts (84 total tests) was used
for a statistical significance threshold. We have provided the p-values for the initial testing
and a Bonferroni significance threshold for ultimate determination of statistical significance.
In this study a total of 84 pairwise comparisons were made, so an individual p-value of
0.0006 or less is necessary for statistical significance to maintain a study-wide error rate of
p=0.05 (0.0006 × 84=0.05). The KIR gene frequencies from the CEPH control population
were compared to the UT/OR and AGRE autism populations separately and combined
(Table 2).

Results
The comparison of the HLA Bw4/Bw6 allelic frequencies of the UT/OR and AGRE
populations suggests that there is a decrease in the Bw4 allele in the AGRE autism
population, but not the UT/OR combined population (Table 1). This is in agreement with
data that suggests a decrease in the Bw4 80I and Bw4 80T frequencies in the AGRE subjects
or combined population (Table 1).

No differences between the C1 and C2 alleles in the autism and control populations were
noted (Table 1). Likewise, examination of individuals for diploid HLA Bw4/Bw6 and C1/
C2 alleles did not indicate any significant differences (Table 1). Overall, the HLA ligand
data is unremarkable by itself and only becomes important when examined with their
cognate KIR receptors (Tables 3,4).

Table 2 shows the p-values and odds ratios of the KIR gene frequencies of the CEPH control
population compared against the UT/OR and AGRE autism populations separately and
together. One can see that the gene frequencies are similar in the two populations; therefore,
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we will only discuss the combined UT/OR and AGRE statistics. Four activating genes
frequencies (2DS5, 3DS1, 2DS1, and 2DS4) and one inhibitory gene frequency (2DL5A)
are increased in the autism samples and one inhibitory gene is decreased (3DL1). The
2DL5A gene is usually paired with activating genes. There is either a 3DL1 or a 3DS1 at the
3D location so an increase in one would show a decrease in the other except in rare instances
that contain both so the decrease in 3DL1 is expected. The most important observation is the
highly significant increase in 2DS1 (p=0.00007) (Bonferroni correction p=0.00588) (odds
ratio= 2.45). Although the chi square value for 2DS4 is a modest p=0.010, it has an odds
ratio of 5.13 suggesting that this gene also has a moderate to strong association with autism.

Comparing the total of the activating gene frequencies (actKIR) against the total of the
inhibitory gene frequencies (inhKIR) also suggests a highly significantly increased in
activating genes in the autistic populations (p=0.0004) (Bonferroni correction p=0.0336)
(Table 3). Examining the frequencies of HLA ligands and activation KIR genes together is
also highly significant (p=0.0006) (Bonferroni correction p=0.0504).

The last evaluation involves the examination of particular HLA ligands with KIR activating
genes. The Bw4 ligand interacts with the 3DS1 receptor and together they are increased
compared to controls (odds ratio of 2.53; p=0.0001) (Bonferroni correction p=0.0084). The
most significant result is the 2DS1+C2 combination (odds ratio of 2.87; p=0.00003)
(Bonferroni correction p=0.0025) (Table 4). The combined statistical evaluation of the HLA
and KIR genotyping data indicates a remarkable autism association. It is important to note
that the chi square evaluation of the HLA alleles is rather unremarkable (Table 1) until
combining the cognate HLA ligand with the binding KIR receptor (Table 4).

Discussion
The main purpose of the HLA locus is to protect the individual against infectious agents and
to eliminate damaged, dying or infected cells and tissue. The extraordinarily high level of
genetic polymorphisms in the HLA region allows a selective advantage for the immune
system in combating microorganisms. However, this high level of genetic polymorphisms
adds a risk of creating autoimmune and genetic diseases. Besides antigen presentation to T-
cells and B-cells, it is well known that HLA proteins interact with proteins encoded in genes
outside the HLA region. For example, C4 proteins from the HLA class III region interact
with proteins encoded on chromosome 1q32 in the regulators of complement activation
block (RCAa) and Cystatin C on chromosome 20p11 (Shiina et al., 2009). HLA proteins
influence cellular behavior by presenting antigen (self and non-self) to T-cell and B-cell
receptors. NK cells are largely controlled by HLA ligands that bind to cell surface receptor
proteins encoded in the leukocyte receptor complex (LRC) on chromosome 19q13.4. There
are six important receptor complexes including the KIR that help control NK behavior. HLA
class I molecules serve as ligands for specific KIR receptor proteins and help activate or
inhibit effector function and cytokine production. It should be clear that this ligand-receptor
interaction does not involve antigen presentation.

Specific HLA class I ligand and KIR receptor combinations have been associated with
autoimmunity, viral infections, pregnancy-related disorders and cancer (Kulkarni et al.,
2008). The surveillance of self must be tempered to block self-destruction, therefore, the
pairing of inhibitory and activating effects on NK cells must be somewhat balanced. Our
data suggests that HLA-KIR interactions may be of importance in autism, as has been
observed in other disease pathologies. The activation and inhibition of NK cells also include
cell surface receptors that interact with soluble ligands like cytokines and chemokines and
soluble HLA molecules. The balance of activation and inhibition of NK cells is thus an
extraordinarily complicated process.
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Warren et al. (1987) reported decreased NK killing in cells from ASD subjects upon
stimulation with K562 target cells. In an elegant study using RNA expression microarray
and cell culture assays, Enstrom et al. (2009) also noted decreased NK killing upon
stimulation with K562 cells. The microarray experiment showed the increased expression of
11 probes for KIR receptors with 9 of these probes being for inhibitory KIR genes in ASD
subjects. However, under resting conditions, NK cells from ASD subjects demonstrated an
increase in cytolytic capacity as determined by higher levels of perforin, granzyme B, and
interferon γ. Upon K562 target cell stimulation, these three markers were lower in the ASD
NK cells as would be expected from the decreased killing. The increase in the activating
KIR-HLA suggests an increase in NK activation as noted by Enstrom et al. (2009) in their
resting NK experiment. However, NK cells have an array of receptors that can either
stimulate or dampen cell activity (Vivier et al., 2011) and although KIR genes may be the
most important genes for NK activity they represent only one gene cluster in the LRC on
chromosome 19q13.4 (Barrow and Trowsdale, 2008; Carrington and Norman, 2003).
Although previous research has suggested a role for NK cells in autism, this is the first
report describing the association of HLA ligands and an increase in the activating KIR
receptors. The observation that there is an increase in the activating KIR genes is very strong
with highly significant chi square values even after Bonferroni allelic correction.

There is still debate about how to best define autism and the reported increase in autism
prevalence rates over the years may be partially due to changes in diagnostic practices
(Desoto and Hitlan, 2010; King and Bearman 2009; Hertz-Picciotto, 2009). Latif and
Williams (2007) reported that classical Kanner autism did not increase over time when the
same diagnostic criteria were employed and Altevogt et al., (2008) has suggested that there
may be more than one type of autism.

This broadening of the diagnosis may be beneficial for clinical practice, however, it lumps
individuals from different regions on the autism spectrum together and complicates genetic
studies. Although we cannot compare diagnostic heterogeneity of these two cohorts, the fact
that both families show statistically significant increases in specific activating KIR genes
and their cognate HLA ligands suggests that diagnostic heterogeneity may not be a
confounding factor.

To better answer these questions, a new population of autism subjects that has much better
clinical data is currently being HLA-KIR genotyped. This new population has three racial
groups (African-American, Hispanic and Caucasian) which will allow us to confirm or not
confirm these results in each of the three populations and compare with detailed diagnostic
criteria.

Increased KIR-related NK activation has been associated with several autoimmune diseases
like psoriatic arthritis, scleroderma, and rheumatoid vasculitis as well as numerous cancers
including cervical cancer and nasopharyngeal carcinoma. On the other hand, increased KIR-
related activation slows down HIV progression. The increase of activating KIR genes in
autism may partially explain the association of autoimmune diseases with autism (Sweeten
et al., 2003; Altevogt et al., 2008). It is important to note that KIR2DS1, which has the
highest association with autism in this report, has been associated with psoriasis (Holm et
al., 2005; Luszczek et al., 2004) and an increased incidence of psoriasis has been detected in
mothers of children with autism (Croen et al., 2005).

The new data presented in this study about an increase in activating KIR genes in autism
combined with the information about HLA ligand interactions with KIR receptors could be
important in how immune dysfunction may be involved in the etiology of autism. The data
also opens another avenue for further research on the etiology of autism since HLA ligand-
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KIR receptor interactions are important in histocompatibility and restricted cellular
interactions which influence central nervous system development and plasticity,
neurological cell interactions, synaptic function, as well as neurological and psychiatric
disorders (Shiina et al., 2009).

The KIR gene complex is extraordinarily complicated with 14 genes comprised of structural,
inhibitory, and activating genes that are inherited together as haplotypes. There is one
inhibitory haplotype comprised of 5 inhibitory genes and one activating gene (2DS4). The
inhibitory haplotype is the most common with 50% to 60% of individuals having one
inhibitory haplotype (Pyo et al., 2010) and about 27% of individuals having two inhibitory
haplotypes (Martin et al., 2008). The activating haplotypes contain a complex mixture of
inhibitory and activating genes (2DS1, 2DS2, 2DS3, 2DS4, 2DS5, and 3DS1) in about 40
different combinations.

We decided to compare the number of inhibitory genes to activating genes for the autism
and control populations instead of constructing incomplete haplotypes. Essentially all
inhibitory haplotypes have a 2DS4 gene, but only about half of the activating haplotypes
have the 2DS4 gene. This suggests that activating haplotypes which have the 2DS4 gene are
increased in the subjects with autism. Our current goal is to extend our research to delineate
KIR haplotypes in the UT/OR and AGRE populations. Newer genotyping methods are
becoming available that allow for more accurate determination of the complicated KIR
haplotypes (Pyo et al., 2010); this should help further define the genetic understanding of the
KIR gene families in the etiology of autism.
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Research Highlight

The data is highly significant as it suggests a strong genetic connection between two
immune complexes: the human leukocyte complex and the leukocyte receptor complex.
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Figure 1.
NK lymphocytes have several receptors on their surface including killer-cell
immunoglobulin-like receptors (KIR). The ligands for the KIR are Class I HLA molecules,
in particular, HLA-C1/C2 and HLA-Bw4.
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