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Genes and mechanisms involved in common complex diseases, such as the autoimmune disorders that affect approximately 5% of
the population, remain obscure. Here we identify polymorphisms of the cytotoxic T lymphocyte antigen 4 gene (CTLA4)—which
encodes a vital negative regulatory molecule of the immune system—as candidates for primary determinants of risk of the
common autoimmune disorders Graves’ disease, autoimmune hypothyroidism and type 1 diabetes. In humans, disease
susceptibility was mapped to a non-coding 6.1 kb 3’ region of CTLA4, the common allelic variation of which was correlated
with lower messenger RNA levels of the soluble alternative splice form of CTLA4. In the mouse model of type 1 diabetes,
susceptibility was also associated with variation in CTLA-4 gene splicing with reduced production of a splice form encoding a
molecule lacking the CD80/CD86 ligand-binding domain. Genetic mapping of variants conferring a small disease risk can identify
pathways in complex disorders, as exemplified by our discovery of inherited, quantitative alterations of GTLA4 contributing to

autoimmune tissue destruction.

An understanding of the mechanisms underlying common diseases,
which are caused by the combined effects of many genetic and
environmental factors, will contribute to the development of future
preventative and disease-modifying therapies. DNA variants of the
human genome, which alter physiological pathways involved in
susceptibility to multifactorial disease, are by definition primary
causal risk factors. Progress, however, has been limited. Relatively
few disease gene variants have been identified', probably due
to the small risks associated with individual variants and an under-
estimation of how large studies have to be to obtain reliable
results"?. The common autoimmune diseases are presumed to result
from a failure in the mechanisms of the immune system that
establish and maintain non-responsiveness or tolerance to self’.
Our study implicates common allelic variation in the expression
levels of alternative splice forms of a key negative regulator of the T
lymphocyte immune response, CTLA-4 (refs 4, 5), as a primary
determinant of susceptibility to autoimmune disease.

Graves’ disease affects 0.5% of western populations, and results
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from the presence of autoantibodies to the thyrotropin receptor,
leading to over-activity of the thyroid gland. Autoimmune
hypothyroidism (AIH; 1% prevalence) is caused by a T-lympho-
cyte-mediated inflammatory destruction of thyrocytes within the
thyroid gland, leading to thyroid hormone deficiency. Type 1
diabetes (T1D; 0.4% prevalence) is caused by insulin deficiency,
associated with a T-cell inflammation of the insulin-producing cells
of the pancreas.

Because Graves’ disease, T1D, AIH and other autoimmune
diseases such as rheumatoid arthritis commonly cluster in the
same families, it is likely that they share some genetic background.
Indeed, risk of Graves’ disease, AIH and T1D has been associated
with the same region on chromosome 2q33, which contains
the T-lymphocyte regulatory genes CD28, CTLA4 and inducible
co-stimulator (ICOS)*°. Moreover, T1D susceptibility in the
spontaneous mouse model of the disease, the nonobese diabetic
(NOD) strain, has been mapped to the equivalent region of the
mouse genome, on chromosome 1, containing the orthologues of
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Table 1 Association of CTLA4 SNPs in 3,671 type 1 diabetic families

SNP/allele RR 95% confidence intervals P value Transmission to affected offspring (%) Pror
CTAF343/T 1.18 1.08-1.27 0.00009 54.0 0.00009
rs1863800/C 1.16 1.09-1.25 0.00001 53.8 0.00001
MH30/G 1.16 1.09-1.24 8.0x10°° 53.7 8.3x107°
+49/G 1.09 1.02-1.16 0.013 52.1 0.013
CT60/G 1.14 1.07-1.21 0.00006 53.3 0.00006
JO31/G 1.12 1.05-1.20 0.00090 52.9 0.00091
JO30/G 1.18 1.10-1.27 57x107° 54.2 58x107°
JO27_1/T 117 1.09-1.25 0.00003 53.8 0.00003
CTIC154_1/C 1.01 0.89-1.14 0.91 50.2 0.91

Relative risk (RR) was calculated from the coefficients of the regression equation*, and P values are for the null hypothesis of no association of the marker. For comparison, the Pt (where TDT is the
transmission/disequilibrium test) probability values*® are provided along with percentage transmission from heterozygous parents to affected offspring.

CD28, CTLA4 and ICOS"'*. However, the causal variants in neither
humans nor mice have been localized or identified. All three genes
(CD28, CTLA4 and ICOS) are strong candidates for the source of
the disease risk associated with this chromosome region and its
mouse orthologue, because they have critical roles in T-cell acti-
vation and in autoimmune disease®"*'°.

Human genetics

Initially, the sequence of most of the 300-kilobase (kb) CD28-
CTLA4-ICOS region was unknown. Hence, the possibility of the
presence of other candidate genes could not be excluded, and the
polymorphism content was also unknown. We sequenced 330 kb of
human DNA containing CD28, CTLA4 and ICOS, and where
possible re-sequenced segments from 32 individuals to identify
the polymorphisms (Supplementary Information A). We also
sequenced the orthologous mouse Ctla4—Icos region to help estab-
lish the gene content and to aid our search for the mouse T1D gene
(Idd5.1; refs 10-12) that exists in this region of mouse chromosome
1 (see below).

CD28, CTLA4 and ICOS were the only functional genes in the
region (Supplementary Information A). No polymorphisms that
altered amino acids were found in any of the exons of the three
genes, except for the known +49G>A single nucleotide poly-
morphism (SNP) (Thr17Ala) in exon 1 of CTLA4 (Supplementary
Information A). A total of 108 SNPs and the CTLA4 (AT),-3'
untranslated region (UTR) marker were genotyped in 384 cases of
Graves’ disease and 652 controls to determine their allele frequen-
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Figure 1 Association of the CD28-CTLA4—ICOS region with Graves’ disease. The log P
values (y axis) of the differences in allele frequencies of 108 SNPs and the CTLA4 (AT),-3'
UTR microsatellite marker between cases of Graves’ disease (7 = 384) and controls

(n = 652) were plotted against physical distance (x axis). Vertical lines indicate the two
boundaries of the LD blocks as shown in Supplementary Fig. B1. Lines are drawn between
points only for the sake of clarity, as the disease association between markers is not linear.
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cies (Fig. 1; see also Supplementary Information A and B). If a
marker allele is more or less frequent in cases compared to controls
it can be categorized as being associated with disease. This is due to
association, or linkage disequilibrium (LD), of the marker allele
with an allele of the causal variant, or to the marker itself being a
causal variant. Significant association was observed in the region
(Fig. 1). CTLA4 and the 5' part of ICOS were contained within a
100-kb subregion, or block', of strong intermarker LD flanked by
two localized regions of low LD, one between CD28 and CTLA4, the
other in the first intron of ICOS (Fig. 1; see also Supplementary
Fig. B1). The causal variant was most probably located within the
100-kb region of LD containing CTLA4 and the 5" region of ICOS,
with the association reaching a maximum in a region immediately
3' of the CTLA-4 structural gene (P = 1.6 X 10" % odds ratio of
1.56). Outside this LD block, disease association declined rapidly.
None of the five SNPs tested in CD28 or the 14 SNPs in ICOS were
associated with disease (Fig. 1; see also Supplementary Figs B2-B4
and Table B7).

Within the CTLA4 LD block the pattern of disease association
had three main peaks (from left to right in Fig. 1) with 23 out of 78
(29.5%) SNPs showing no association (P > 0.05). The first peak
(P = 10"°) was 20-35kb 5' of the CTLA4 ATG codon (including
the marker MH30). The second (P = 10~ °) was 0.2-6.3 kb 3’ of the
previously reported end of the CTLA4 transcript and included SNPs
CT60, JO31,J030 and JO27_1. The third (P = 10~ *) was 4955 kb
3" of the CTLA4 transcript end and 8-13kb 5’ of the ICOS ATG
codon, and comprised seven markers, including CTBC217_1.
Regression modelling'® indicated that the third peak was an unlikely
location for the causal variant because once the most-associated
marker from the middle peak (CT60) was included in the model, the
most-associated marker from the third did not improve the model
(Supplementary Figs B2—B4). Furthermore, none of the previously
known polymorphisms, —319C>T (CT44), +49G>A,
+1,822T>C (CT55)” and (AT),-3" UTR, could explain the associ-
ation of the region with Graves’ disease (Supplementary Table B2).

To distinguish between the remaining two association peaks, the
seven SNPs associated most closely with Graves’ disease along with
the +49G>A SNP were genotyped in a larger data set (a further 288
Graves’ disease cases and 192 controls; Supplementary Table B3).
Regression analyses showed that the first peak was less likely to
harbour the causal variant than the second peak (Supplementary
Information B). The most-associated marker remained CT60
(odds ratio of 1.51, 95% confidence interval of 1.31-1.75;
P =2.72 X 10~ ®) but it could not be distinguished in the regression
analyses from its neighbouring SNPs: JO31, JO30 and JO27_1.
CT60 is a common SNP with 63.4% of 1,316 Graves’ disease patient
chromosomes and 53.2% of 1,646 control chromosomes having the
susceptible G allele. Compared with the protective CT60 A/A
genotype, the A/G and G/G genotypes had odds ratios of 1.59
(1.19-2.13) and 2.32 (1.71-3.15), respectively. In controls the A/A,
A/G and G/G genotypes had frequencies of 22.8%, 48.0% and
29.2%, and in cases, 13.7%, 45.7% and 40.6%, respectively. Con-
versely, relative to the disease-predisposing G/G genotype, A/G and
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A/A had odds ratios of 0.68 (0.54-0.86) and 0.43 (0.32-0.59),
respectively (Supplementary Information B). Regression analysis
of haplotypes provided no evidence for haplotype-specific effects;
there are two very common CTLA4 haplotypes, one susceptible for
Graves’ disease, the other, protective (Supplementary Table B4).
This result along with the single-point-association analysis (Fig. 1
and Supplementary Table B1), a Graves’ disease family-based study
(Supplementary Table Bl) and the two-locus regression results
(Supplementary Figs B2-B4) suggested that a single common
variant, one of the SNPs CT60, JO31, JO30 or JO27_1 in the
6.1-kb region 3" of CTLA4, is responsible for the disease association
of the region.

The CT60 SNP was also associated with AIH (228 cases and 844
controls) to the same degree as Graves’ disease (odds ratio of 1.45
(1.17-1.80); P = 0.0005). However, the effect was much weaker in
T1D. In 3,671 T1D families we analysed nine markers: CTAF343,
rs1863800 and MH30 in the first Graves’ disease peak; CT60, JO31,
JO30 and JO27_1 in the second peak, along with +49G>A, and
CTIC154_1, a SNP in the 3" UTR of ICOS. Alleles that were
positively disease-associated in Graves’ disease were also associated
with T1D, with the most-associated markers being MH30, JO30 and
CT60; however, the effect was small (odds ratios = 1.15; Table 1).
Regression analysis failed to exclude the 5" CTLA4 markers MH30
and rs1863800. However, +49G>A was rejected as the causal SNP,
as were CTAF343, JO31 and the ICOS SNP CTIC154_1 (Sup-
plementary Information B). Increased transmission of CTLA4
alleles to siblings affected with T1D (53-54%, Table 1) was mirrored
by under-transmission to unaffected siblings: for example, the G
allele of CT60 was under-transmitted to unaffected offspring at
47.1% (989:1,110; P = 0.009), ruling out transmission ratio distor-
tion and genotyping error as explanations for the association in
T1D. The T1D data do raise the possibility that additional, more
rare causal variants may exist in the region (Supplementary Table
B5). Furthermore, neither the T1D nor Graves’ disease data exclude
the possibility that the common causal variant lies outside the 3’
6.1-kb region; for example, 5 of CTLA4. Nevertheless, taken
together, the data suggest the presence of a common Graves’ disease,
T1D (designated previously IDDM12) and AIH locus in the 6.1-kb
3' region of CTLA4.

GTLA-4 gene expression and genotype

As the most disease-associated SNPs did not affect the CTLA-4
amino acid sequence, and the 6.1-kb region contained most of the
CTLA-4 3" UTR (Supplementary Fig. A4), we examined the steady-
state mRNA levels of the two known isoforms of CTLA-4: a full-
length isoform (flICTLA-4) encoded by exon 1 (leader peptide),
exon 2 (ligand-binding domain), exon 3 (transmembrane domain)
and exon 4 (cytoplasmic tail), and a soluble form (sCTLA-4)""',
which lacks exon 3 (Fig. 2a). We used a combination of polymerase
chain reaction (PCR) primers specific for the fICTLA-4 and
sCTLA-4 mRNAs and allele-specific transcript quantification
(ASTQ)* to measure the relative amounts of the sCTLA-4 and
fICTLA-4 mRNAs transcribed from the susceptible and protective
haplotypes. Unstimulated CD4 T cells from four individuals were
examined: three doubly heterozygous +49A/G-CT60 A/G individ-
uals, all having one dose each of the protective (+49A-CT60A) and
susceptible (+49G-CT60G) haplotype across the 6.1-kb region, and
a +49G/A heterozygous/CT60 G/G homozygous individual, who
carried a haplotype with a recombination event between 449 and
CT60, corresponding to two doses of the susceptible 6.1-kb region
haplotype. The sCTLA-4 mRNA level from the disease-protective
haplotype (A allele at 4+-49) was higher than that of the sCTLA-4
level transcribed from the susceptible haplotype in the samples from
all three +49A/G-CT60 A/G heterozygous individuals, giving ratios
of 2.0:1, 2.1:1 and 2.5:1 (Fig. 2b). These ratios were significantly
different to the ratios of fICTLA-4 transcript production according
to haplotype (1.3:1, 1.7:1, 1.4:1 and 1.5:1; P = 0.007; note that these
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Figure 2 Expression of the human CTLA-4 mRNA isoforms correlates with genotype.
a, Three alternative splice variants of CTLA-4 (fICTLA-4 (672 bp), sSCTLA-4 (562 bp) and
exon 1-4 (214 bp)) are detected using RT-PCR in PBMCs. b, ASTQ of fICTLA-4 and
SCTLA-4 using the +49G/A restriction fragment length polymorphism in RNA(CDNA)
derived from CD4 T cells of four healthy volunteers (three CT60 G/A, one CT60 G/G).
Relative contributions of the 449 A and G allele haplotypes of fICTLA-4 and sCTLA-4
transcripts are expressed as a +49 A (189 or 194 bp) to G (125 bp) ratio. The smallest
sized bands from the G allele (64 and 69 bp) were not included when calculating the ratio
owing to their diffuse nature; thus, all +49 A/G ratios are overestimates such that a
+49 A/G ratio of 1:1 is observed as a 1.5:1 ratio. ¢, Expression of SCTLA-4 relative to
fICLTA-4 measured by real-time quantitative PCR of RNA purified from CD4 T cells of 14
healthy volunteers (four A/A, six A/G and four G/G).
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ratios are equivalent to a ratio of 1:1 owing to the size difference in
the ASTQ PCR bands; Fig. 2b). As would be expected if allelic
variation of the 6.1-kb region was the cause of the difference in
splicing efficiency, the individual who was homozygous-susceptible
for the region showed a sCTLA-4 ratio of 1.3.

To extend these findings to individuals with all three genotypes at
CT60, we developed a real-time PCR assay that specifically detected
the mRNA abundance of the sCTLA-4 isoform. To account for the
fact that variable numbers of CTLA-4-positive cells would be
present in the peripheral blood of different individuals, fICTLA-4
was used to normalize the sSCTLA-4 values. We found that the ratio
of sSCTLA-4 to flICTLA-4 mRNA splice forms in unstimulated CD4
T cells was 50% lower in CT60 G/G-positive disease-susceptible
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GTGTGTGAGTATGCATCTCCAGGCAAAGCCACT
CCATGTGAATATGCATCTTCACACAACACTGAT
CCATGTGAATATTCACCGTCACACAACACTGAT
Mouse Ctla4 B10 CCATGTGAATATTCACCATCACACAACACTGAT
Human CD45 WT ACCACTGCATTCTCACCCGCAAGCACCTTTGAA
Human CD45 MUT (G) ACCACTGCATTCTCACCGGCAAGCACCTTTGAA
Rat CD45 ACCACTGAATTCACACCCCCAAGCATCTCTGAA
Mouse CD45 ACCACTGAATCCACACCCCCAAGCATCTCTGAA

Figure 3 Sequence, splicing and expression of Ctla4in NOD mice and congenic strains.
a, Schematic of the four splice forms of Ctla4. b, Autoradiogram of a Southern blot
illustrating the splicing of CTLA-4 mRNA. Primers are in exons 1 and 4 of Ctla4, producing
bands of 624, 514, 276 and 166 bp corresponding to fICTLA-4, sCTLA-4, liCTLA-4 and
the exons 1/4 isoform, respectively. ¢, Agarose gel of the products generated by RT-PCR
using primers specific to each CTLA-4 isoform mRNA. d, Expression of fICTLA-4,
SCTLA-4 and liCTLA-4 mRNA by real-time quantitative PCR from purified splenic T cells
before and 6 h after anti-CD3 (5 p.g per mouse) plus anti-CD28 (2 p.g per mouse) antibody
stimulation /n vivo. Open bars, NOD T cells; filled bars, diabetes-resistant NOD /dd5 T
cells. Error bars represent 1s.d. e, Sequence alignment of CD45 and CTLA4 flanking the
SNP at base 77 of exon 4 of CD45 and exon 2 of CTLA4. Residues in bold are conserved
between all sequences, and residues in bold and italicized are conserved between all
except those in which splicing is not observed (human and rat CTLA4). Position 77 is
underlined.
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individuals compared with A/A protected individuals (Fig. 2c;
P = 0.002). Consistent with the semi-dominant mode of inheri-
tance of the disease locus at CTLA4, the heterozygous genotype
expressed more sSCTLA-4 mRNA than the homozygous susceptible
genotype (P = 0.02). Our results suggest that the 6.1-kb region
determines the efficiency of the splicing and production of
sCTLA-4, with the CT60G disease-susceptibility haplotype produ-
cing less sSCTLA-4 transcript than the resistant CT60A haplotype.

Mouse CTLA-4

Recent genetic mapping has defined the location of the Idd5.1 T1D
disease locus to a 1.1 cM (2.1 megabase) region of chromosome 1
containing the human chromosome 2q33 orthologues Ctla4, Icos,
Als2cr19 and part of Nrp2 (ref. 11) (L.S.W., manuscript in prep-
aration). Cd28 was excluded as the Idd5.1 causal locus. In the Idd5.1
region the C57BL/10 (B10) haplotype is protective for T1D whereas
the NOD haplotype confers susceptibility to disease. Comparison of
genomic sequence between the NOD and B10 strains of the two
functional candidate genes Ctla4 and Icos revealed only two exonic
variants: one translationally silent change in exon 2 of Ctla4, and
one coding variant causing a non-conservative amino acid change
in the putative leader sequence encoded in exon 1 of Icos. No
variants were found in either gene at any of the splice sites or branch
points. Nevertheless, splicing of Ctla4 was investigated in detail
(Fig. 3).

We discovered a new splice form of mouse CTLA-4 with a fully
intact open reading frame that encodes a transmembrane isoform of
CTLA-4 with the CD80/CD86-binding domain missing, referred to
here as the ligand-independent isoform (liCTLA-4; Fig. 3a—c). We
also observed the transcripts for the previously described full-length
and soluble isoforms (Fig. 3a—c). The liCTLA-4 transcript is formed
by skipping exon 2, and has a fourfold increase in expression in both
activated and resting spleen cells from the diabetes-resistant strain
as compared with the NOD strain (Fig. 3d).

A literature survey and DNA sequence comparison indicated that
the mouse CTLA-4 exon 2 SNP is the probable genetic cause of the
variation in liCTLA-4 mRNA levels (Fig. 3e). In the human CD45
gene, substitution of the wild-type C allele with a mutant G allele by
a SNP at base 77 of exon 4 reduces the function of an exonic splicing
silencer (ESS) embedded in the exon 4 DNA sequence, resulting in
alteration of the relative levels of functionally distinct isoforms of
this important T-cell differentiation molecule*. Comparison of the
human CD45 gene exon 4 sequence and CTLA-4 gene exon 2
sequence, and their mouse and rat orthologues, identified the
conserved wild-type sequence CNNNTGNATNNNCACCA/
CNCANNCANCNNTGA (see Fig. 3e). In marked similarity to
the human CD45 exon 4 SNP, the mouse Ctla4 exon 2 SNP has
an A at position 77 in the diabetes-resistant strains B10 and B6,
whereas the NOD strain carries the mutant G allele. The G allele
would lead to an increase in the inclusion of exon 2, forming
fICTLA-4 mRNA, and therefore a reduction of the exon-2-negative
transcript that encodes liCTLA-4. Eight of the conserved 18 nucleo-
tides in this 31-base pair (bp) region differed in human CTLA4,
which probably accounts for our inability to detect the iCTLA-4
transcript in human T cells (Fig. 2a). The rat Ctla4 exon 2 sequence
differed only by two nucleotides among the conserved 18 compared
to the mouse sequence, at positions 75 and 77: both are T
nucleotides versus C and A or C in ESS wild-type sequences
(Fig. 3e). Rat spleen does not express detectable levels of the
liCTLA-4 isoform (data not shown), supporting a critical role for
position 77 for the splicing efficiency of liCTLA-4. Mutational
studies of an ESS in the late pre-mRNA of bovine papillomavirus
type 1 and also sequence comparisons with the few other known
ESSs have demonstrated the importance of this central CCCCC
sequence™.
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Discussion

Our results highlight the power of positional genetics in the
identification of key physiological DNA variants, and they provide
evidence that certain common autoimmune diseases are caused in
part by inherited changes in CTLA-4 expression that presumably
increase T-cell self-reactivity. The importance of CTLA-4 in the
counter-regulation of CD28 T-cell antigen receptor (TCR) acti-
vation of T cells is well established*'*'% however, the molecular
basis of the interactions between CTLA-4 and CD28 is uncertain.
CTLA-4, by means of its ligand-binding domain, may compete with
CD28 for the receptors (CD80 and CD86) that they share. CTLA-4
might also deliver a negative signal to each T cell by inhibiting the
TCR signalling complex, an activity that would not necessarily
depend on ligand binding'®. Furthermore, and non-exclusively,
CTLA-4 is expressed constitutively by T cells that suppress the
effector T-cell response; referred to as T-regulatory cells (Tg)**>*.
Depletion of Ty cells causes autoimmune disease, and the function
of some Tk, cells is dependent on CTLA-4?7*°. T cells may exert part
of their function by CTLA-4 binding to CD80/CD86 on immature
dendritic cells, leading to increases in tryptophan catabolism and
downregulation of T effector activity'*'>*. Non-T cells including
placental fibroblasts also express CTLA-4 (ref. 30). Thus, the effects
of alterations of the splicing of CTLA4 might be wide ranging. Our
results provide insights that focus attention on the sCTLA-4 iso-
form and its little-studied role in the maintenance of immune
tolerance and autoimmunity. sSCTLA-4 is known to be translated,
secreted and present in human serum'*'. It can bind the CD80/86
molecules, and recombinant sCTLA-4 inhibits T-cell proliferation
invitro*'. The reduction in the level of sSCTLA-4 mRNA produced by
the disease-susceptible haplotype of CTLA4 could lead to reduced
blocking of CD80/CD86, causing increased activation through
CD28, or to less stimulation of CD80/CD86 on immature dendritic
cells, resulting in less tryptophan catabolism. The published corre-
lation between in vitro T-cell activation and CTLA-4 genotype®'
could be explained by variation in levels of sCTLA-4.

In the NOD mouse we propose that Idd5.1 is a SNP in exon 2 of
Ctla4 that controls the splicing efficiency of a liCTLA-4 form. We
can be certain that this RNA is translated into a functional protein
from two other experiments. Recent studies of the human CD28
gene*** demonstrated that a CD28 isoform (CD28i) equivalent to
liCTLA-4 exists. As found for liCTLA-4, CD28i contains the signal
peptide, the transmembrane domain and the cytoplasmic tail, and,
owing to an alternative splicing mechanism different from the one
that we have observed in this study for CTLA-4, is missing the
ligand-binding domain, encoded by CD28 exon 2. CD28i, which
exists as both a homodimer and as a noncovalent heterodimer with
CD28, functions as a co-stimulatory signal amplifier in human T
cells®. Second, there is direct evidence that iCTLA-4 protein causes
a negative signal in CTLA-4-negative T cells transfected with
liCTLA-4 complementary DNA (L. Vijayakrishnan, V. J. Kuchroo,
L.S.W. and L.B.P,, unpublished data). liCTLA-4 would presumably
act by inhibiting signalling in T-cell activation and expansion. The
existence of this functional form and our genetic data provide
support for a ligand-independent mode of action of CTLA-4.

It is possible that the common functional variants of the CTLA-4
gene have been the subject of evolutionary selection in host
resistance to infectious disease. The autoimmune-disease suscepti-
bility alleles could provide enhanced cellular immune responses for
particular viral or intracellular infections, whereas the auto-
immune-resistance alleles may augment humoral immune
responses against a different set of pathogens, such as parasitic
worms. Immunoglobulin-g is a major feature of the anti-worm
response and also of atopic illness such as allergy and asthma. The
CTLA4 autoimmune-protective haplotype has been associated
recently with susceptibility to atopy™. It has been proposed that
the significant increases in the incidence of T1D? and atopic
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illness®® in children over the last 40 years in affluent western
populations might be due, in part, to advances in healthcare and
in the decrease in frequency of worm and other infections. Taken
together with our results we suggest that common allelic variation
of CTLA4 and other genes encoding regulators of the immune
system may underpin the molecular basis for such gene—environ-
ment interactions. Our results point to a primary role in auto-
immune disease for the alternative splice forms of CTLA-4—the
soluble isoform in humans and the newly discovered ligand-
independent form in mice. These observations highlight the useful-
ness of the positional genetics approach in discovering insights into
disease mechanisms in a complex, multifactorial disorder, even for a
gene as well studied as CTLA4. O

Methods

(See Supplementary Information for detailed Methods)

Subjects

White, UK-born Graves’ disease cases (n = 672), Graves’ disease family members

(n = 210) and AIH cases (n = 228) were recruited from thyroid clinics in Birmingham
(Queen Elizabeth and Heartlands Hospitals), Exeter (Royal Devon and Exeter Hospital)
and Bournemouth (Royal Bournemouth Hospital), as described previously®. Ethnically
matched control subjects (n = 462) with no history of autoimmune disease were recruited
at various sites including the Blood Transfusion Service, Birmingham Heartlands Hospital
and the Queen Elizabeth Hospital, Birmingham, and 382 control subjects (for which there
are cell lines available at the European Collection Animal Cell Cultures) originated from
blood donors from Oxford and Birmingham Blood Transfusion Services. T1D families
were white European or of white European descent, with two parents and at least one
affected child: 472 Diabetes UK Warren 1 multiplex from the United Kingdom®; 322
United States multiplex from the Human Biological Data Interchange*’; 80 Yorkshire
simplex from the United Kingdom; 32 southwest simplex from the United Kingdom; 216
Bristol simplex from the United Kingdom; 263 Belfast multiplex/simplex"' from the
United Kingdom; 360 Norwegian simplex; 423 Romanian simplex; and 1,503 Finnish
multiplex/simplex*’. The Cambridge Local Research Ethics Committee approved
experiments involving human subjects and informed consent was obtained from all
subjects. The mouse research was approved by the Home Office and Cambridge University
Biomedical Support Services.

SNP identification and genotyping

SNPs were identified in PCR products from 32 individuals (Supplementary Information
A). SNPs were mainly genotyped using the Invader assay (Third Wave Technologies) in
two different formats, uniplex*’ and biplex, which was validated for the present study
(Supplementary Information A) and by others*. The accuracy of genotyping data, its
management and quality control are detailed in Supplementary Information A.

Statistical analyses

All statistical analysis, unless otherwise stated, was performed using STATA
(http://www.stata.com). Particular use was made of the ‘GenAssoc’ routine, available from
http://www-gene.cimr.cam.ac.uk/clayton/software/stata/ (see also Supplementary
Information B).

Gene expression

Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized blood of
healthy volunteers by density gradient centrifugation using Lympholyte H (Cedarlane
Laboratories). CD4 T cells were purified by negative selection using magnetic beads
(Dynal Biotech ASA). As determined by flow cytometry (FACS Scan and CELLQuest
Software), cells were routinely >92-94% CD4" and <1.5% CD8". ASTQ?* was carried
out on fICTLA-4 and sCTLA-4 cDNA products that had been amplified by PCR, with
[«-*P]dCTP incorporated in the final PCR step (Fig. 2b). cDNA amplification was
performed using the primers: fICTLA-4, 5'-ACTTCCTGAAGACCTGAACACCG-3', 5'-
GCACGGTTCTGGATCAATTACA-3'; sCTLA-4, 5'-CTGAAGACCTGAACACCGCT-3',
5'-GGCTTCTTTTCTTTAGCAATTACATA-3'. Cycling conditions were 95°C for 25,
55°C (sCTLA-4) or 60 °C (ICTLA-4) for 25 s and 72 °C for 25s. Final cycle labelling with
[a-**P]dCTP was performed after 30 cycles of PCR. ASTQ PCR products were digested
with BbvI and resolved by 8% polyacrylamide gel electrophoresis. Gels were dried and
bands quantified after film exposure using the Quantity One software (BIO-RAD). The
bands sometimes resolved into doublets, all of which were included in the quantitation.
For the fICTLA-4/sCTLA-4 ratio, a real-time quantitative (Tagman) PCR assay was used
employing the 82 microglobulin gene as a control transcript and RNA purified from CD4
T cells (Fig. 2¢). Relative levels were calculated from the ratio of the sCTLA-4 cycle
threshold (CT) to fICLTA-4 CT values both of which were normalized to 32-
microglobulin mRNA using the formula, Q(ACT(CTLA-4) =ACTACTLA = 4) yvith ACT
representing the difference in CT values between the target and control transcripts. Twelve
of the volunteers in Fig. 2c had been previously tested in three additional experiments
involving a smaller number of subjects in each (# = 7, 4 and 5). Aside from the two
previously untested donors present in the fourth experiment shown in Fig. 2, all samples
have been replicated once with an inter-assay replication rate of 92%. A new cDNA
synthesis of RNA was performed for each assay. Across all experiments the observed 50%
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increase in the sSCTLA-4/fICTLA-4 ratio in disease-protected CT60 A/A-genotype-positive
individuals compared with susceptible G/G subjects was reproducible. In Fig. 3, primers
(Supplementary Table A7) were designed across unique exon boundaries for ICTLA-4
(exons 2/3; 78 bp), sCTLA-4 (exons 2/4; 72bp) and liCTLA-4 (exons 1/3; 113bp). All
expression differences were evaluated using a two-tail Student’s ¢-test distribution.

Received 23 December 2002; accepted 3 April 2003; doi:10.1038/nature01621.
Published online 30 April 2003.
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