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CTLA-4 polymorphisms in allergy and asthma
and the Ty1/ Ty2 paradigm
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Background: Several genomic regions are reported to be
associated with the development of asthma and allergy,
including chromosome 2q33. This region harbors the candidate
gene cytotoxic T-lymphocyte antigen 4 (CTLA-4), an important
regulator of T-cell activation and differentiation.

Objective: We sought to explore possible associations between
CTLA-4 polymorphisms and allergy and asthma.

Methods: Seven single nucleotide polymorphisms (SNPs;
MH30, —1147CT, +49AG, CT60, JO31, JO30, JO27_1) in
CTLA-4 were analyzed for associations with total serum IgE,
allergic sensitization (positive skin prick test to common
allergens), bronchial hyperresponsiveness (BHR) to
methacholine, asthma, and lung function (FEV; % of predicted)
in 364 asthmatic families from 3 European countries.
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Results: Transmission disequilibrium test analysis showed that
several SNPs were significantly associated with serum IgE
levels, allergy, asthma, and FEV,% predicted below 80%, but
not with BHR, and CTLA-4 polymorphisms of potentially direct
pathogenic significance in atopic disorders were identified.
Conclusion: We identified associations between 4 newly
discovered SNPs in the CTLA-4 gene and serum IgE levels,
allergy, asthma, and reduced lung function, but not BHR,
suggesting an important role for CTLA-4 in atopy and reduced
lung function in asthmatic subjects rather than asthma per se.
The particular SNP alleles found positively associated with our
phenotypes were recently shown to be associated negatively
with autoimmune disorders. Although a skewing toward a Tyl
reactivity pattern is believed to characterize autoimmune
diseases, atopic diseases are considered Ty2-mediated. Hence,
our data suggest a role for CTLA-4 polymorphisms in
determining the Ty1/Ty2 balance and identify CTLA-4
signaling as a potential therapeutic target in atopic disease.

(J Allergy Clin Immunol 2004;114:280-7.)

Key words: Asthma, allergy, atopy, IgE, bronchial hyperresponsive-
ness, FEV,, genetic analysis, CTLA-4 polymorphisms, association
study

Allergy and asthma are complex common conditions
caused by combinations of environmental and genetic
factors. Although allergy, asthma, and atopy (predisposi-
tion for producing IgEl) frequently coexist and are
commonly characterized as Ty2-mediated conditions,
there are important differences in clinical disease
expression, reflecting different immunologic and genetic
mechanisms.”

The search for genetic contributions to complex
conditions such as allergy and asthma is hampered by
incomplete penetrance, genetic heterogeneity, and varying
environment-gene interactions. An increasing number of
chromosomal regions have shown evidence of linkage to
atopic traits. One such region is on chromosome 2q32-33,
harboring the candidate gene cytotoxic T-lymphocyte
antigen 4 (CTLA-4).>* Genetic associations among IgE
levels, atopic traits, and polymorphisms in the CTLA-4
gene have been studied, but whereas some show
associations with asthma and bronchial hyper-
responsiveness (BHR),™® others show only associations
witgl IgE levels,7’8 and some do not show associations at
all.


mailto:m.c.munthe-kaas@ioks.uio.no
mailto:m.c.munthe-kaas@ioks.uio.no

J ALLERGY CLIN IMMUNOL
VOLUME 114, NUMBER 2

Abbreviations used
BHR: Bronchial hyperresponsiveness
CTLA-4: Cytotoxic T-lymphocyte antigen 4
fICTLA-4: Full-length cytotoxic T-lymphocyte antigen 4
GAIN: Genetics of Asthma International Network
sCTLA-4: Soluble cytotoxic T-lymphocyte antigen 4
SNP: Single nucleotide polymorphism
SPT: Skin prick test
TDT: Transmission disequilibrium test

The CTLA-4 molecule is a member of the immuno-
globulin superfamily and a surface molecule on activated
T cells. It has a central role as a negative costimulator in T-
cell regulation, and together with the surface molecule
CD28 modifies both activation and differentiation of T
cells when stimulated by antigen presenting cells.
Although CD28 costimulation promotes Ty2 activation
and differentiation, CTLA-4 is believed to weaken this
positive costimulation by competing with CD28 for extra
cellular ligands (B7) on the antigen presenting cell by
interfering with the intracellular signaling of CD28 (they
have similar cytoplasmic domains), and finally directly by
hampering the T-cell receptor/CD28 complex during an
immune response.'®'* As such, CTLA-4 is a biologically
plausible candidate gene for immune-mediated diseases,
and its importance has been demonstrated in vivo by the
fatal lymphoproliferation of CTLA-4—deficient mice."
Significant associations have been demonstrated between
CTLA-4 and autoimmune diseases such as type 1 diabetes,
autoimmune hypothyroidism, and Graves disease.'® Ueda
et al'” recently resequenced 330 kb of chromosome 2q33,
including the putative candidate genes CD28, ICOS, and
CTLA-4, to identify all common polymorphisms. From an
original 108 single nucleotide polymorphisms (SNPs), the
strongest associations with clinical disease (type 1
diabetes, autoimmune hypothyroidism, and Graves dis-
ease) were to the newly detected polymorphisms desig-
nated MH30, CT60, JO31, JO30, and JO27_1. These are
located in the CTLA-4 gene, suggesting that this region
harbors the primary determinants of disease susceptibility
(Fig D).

A meta-analysis of the clinical association between
childhood type 1 diabetes and atopic diseases has recently
showed an inverse relationship between atopic traits and
type 1 diabetes.'® This is explained in part by the Ty;1/ T2
balance, in which type 1 diabetes represents a Tyl-
mediated response and atopic diseases a Ty2-mediated
response. As a regulator of T-cell differentiation, CTLA-4
is a plausible candidate for providing a genetic explanation
for this observation.

The main aim of the current study was to explore
possible associations among recently identified CTLA-4
polymorphisms'’ and serum IgE levels, allergy, and
asthma. A secondary aim was to explore the hypothesis
that CTLA-4 polymorphisms can provide a genetic
explanation for the apparent negative association between
Ty1-mediated diseases and atopic diseases.
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FIG 1. Approximate map location of the SNPs in the current study
in relation to the CTLA-4 gene. Boxes indicate the locations of
exons, and the black shaded areas indicate the translated regions.

METHODS
Study design

Families were recruited at 4 European centers as part of
a multinational genetics study of families with asthma, the Genetics
of Asthma International Network (GAIN). Each site recruited
approximately 100 families, identified through a sibling pair with
asthma, who were subject to identical investigations. Entry criteria for
families were a minimum of 2 siblings (age 7-35 years) with
physician-diagnosed asthma, bronchial obstruction, and/or use of f3,-
agonists during the last year for the proband and asthma symptoms
after 6 years of age for the sibling, and both biological parents
available for participation. Additional siblings (affected and un-
affected) were included when available. Families were excluded if the
proband or parents had nonobstructive serious chronic pulmonary
disease, or if any parent or sibling had disease (including myocardial
infarction or heart failure within the last 1 or 3 years, respectively) or
treatment (B-blockers) that would contradict methacholine challenge.

All subjects underwent clinical investigation, structured interview,
baseline spirometry, skin prick test (SPT), methacholine challenge
test, and blood sampling for DNA extraction and serum analysis of
IgE. Human subjects protocols were approved at each site by the local
or regional Institutional Review Board or Medical Ethics Committee.

Subjects

Genomic DNA was obtained from 378 families from Oslo,
Groningen, Sheffield, and Aberdeen. Fourteen families and 9
individuals were excluded because of technical difficulties or
apparent misinheritances discovered during genetic analysis.
Demographic and clinical data based on the 364 families included
in the current study are given in Table I. None of the subjects had
received long acting [3,-agonist, whereas 61% of the subjects received
inhaled corticosteroids.

Outcomes and phenotyping

Phenotypic outcome measures were defined as total serum IgE,
allergy (allergic sensitization to common inhalant allergens), allergic
asthma, asthma, lung function (given by FEV, above or below 80%
of predicted), and BHR.

Asthma was defined as a physician’s diagnosis of asthma by the
family physician or principal investigator (physician). Allergic
asthma was defined as asthma in the presence of allergic sensitization.

Serum was analyzed for total IgE by using the UniCAP
fluoroenzyme immunoassay according to the manufacturer’s in-
structions (Pharmacia Upjohn, Uppsala, Sweden) and categorized for
analyses as normal (equal to or below) or high (above) with a cutoff
level of 119 kU/L (upper reference value for adults given by the
manufacturer).

Allergy (allergic sensitization) was defined as the presence of at
least 1 positive SPT. SPT was performed according to European
guidelines, with a positive SPT defined as mean wheal diameter of at
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TABLE I. Demographics of subjects in the TDT analysis*
Oslo Groningen Sheffield Aberdeen
Family numbers 102 75 95 92
Probands
Age (y) £ SD 14.6 £ 6.1 132 +£49 13753 146 £43
Sex, % male 57% 57% 58% 60%
Sensitized, %§ 52% 77% 74% 90%
PCy < 8 mg/mL, %%} 35% 44% 49% 70%
IgE > 119 kKU/L, % 49% 69% 58% 70%
Serum IgE geometric mean £ SDf 118.0 £5.2 2353+ 49 1869 £ 5.6 232.1+52
FEV,% < 80%$ 5% 7% 17% 21%
Siblings
No. =1 100 75 93 87
No. =2 26 33 28 22
No. >2 1 20 6 5
Age (y) £ SD 13.6 £5.7 140 £ 5.6 14.1£5.6 15.4 £ 4.84
Sex, % male 53% 52% 62% 56%
Sensitized, %§ 51% 68% 58% 76%
Asthma, %§ 91% 66% 84% 86%
Allergic asthma, %% 43% 55% 55% 70%
PCy < 8 mg/mL, %§ 29% 38% 44% 72%
IgE > 119 kU/L, % 45% 56% 46% 59%
Serum IgE geometric mean + SD 93544 163.2 + 4.8 112.0 £ 6.1 128.4 £ 5.8
FEV% < 80% 5% 9% 11% 9%
Parents
Age (y) £ SD 434 +6.5 43.7 £ 6.6 430+ 7.0 437 %55
Sensitized, % 60% 47% 54% 53%
Asthma, %§ 32% 23% 34% 26%
Allergic asthma, % 21% 19% 23% 21%
PCyp < 8 mg/mL, %§ 12% 12% 26% 38%
IgE > 119 kU/L, % 25% 25% 31% 27%
Serum IgE geometric mean £ SD 48.0 £ 4.2 474 +£42 584 £ 3.7 478 £ 4.6
FEV,% < 80%$ 7% 7% 23% 12%

*Continuous variables were analyzed by the 1-way ANOVA test. Dichotomous variables were analyzed by Pearson XZ test.

TP < .05 (significant difference between the populations).
P < 0l
§P < .001.

least 3 mm (larger than the negative control), read after 15 minutes."”
Antihistamines were suspended for at least 72 hours, and systemic
prednisolone doses exceeding 10 mg/day were suspended 24 hours
before testing. The following standardized extracts from ALK
(Copenhagen, Denmark) were used: histamine 10 mg/mL (positive
control), saline (negative control), Dermatophagoides pteronyssinus,
Dermatophagoides farinae, grass mix, cat and dog dander,
Alternaria alternata, Cladosporium herbarum, and German cock-
roach. In addition, the regional specific allergens silver birch and
mugwort (Norway) and Aspergillus fumigatus and tree mixes (The
Netherlands) were included.

Lung function was measured by spirometry according to
American Thoracic Society standards®*?? after ensuring that the
following medication was not taken for the given time before
investigation: short-acting bronchodilator for 8 hours, long-acting
bronchodilator within 48 hours, theophylline or leukotriene receptor
antagonist for 48 hours, long-acting antihistamine for 7 days,
systemic steroids for a month, and antibiotics for respiratory infection
within the preceding month.

Bronchial hyperresponsiveness was assessed with a methacholine
challenge test, and the PC,q was identified. Individuals with PC,q
value of =8.0 mg/mL were defined as exhibiting BHR,>* and those
that did not fall 20% by 8.0 mg/mL methacholine were defined as not

having BHR. Groningen used methacholine-bromide concentrations
ranging from 0.038 to 19.6 mg/mL instead of the 0.03 to 16.0 mg/mL
used in the other centers. The concentrations of methacholine-
bromide were comparable with the concentrations used in the other
centers.

Genotyping

DNA extraction was performed at Duke University, Durham, NC,
by using the PureGene system (Gentra, Leicestershire, United
Kingdom). The following SNPs were analyzed (centromeric to
telomeric): MH30, —1147CT, +49AG, CT60, JO31, JO30, and
JO27_1 (Fig 1). Details of these SNPs are found elsewhere.®!” SNP
genotyping was performed by TagMan allelic discrimination assays
(see http://home.appliedbiosystems.com for details) on an ABI 7700
DNA Analyzer (Applied Biosystems, Foster City, Calif) for the
—1147CT, +49AG, JO31, JO30, and JO27_1 SNPs. CT60 was
analyzed by PCR-RFLP (restriction enzyme HpyCH4 IV) by using
a fluorescently labeled forward primer and a modified reverse primer
that introduced an additional control cutting site in the PCR product
and visualized on an ABI 3730 Genetic Analyzer (Applied
Biosystems). A new single nucleotide repeat polymorphism in
complete linkage disequilibrium with MH30, 32 bp upstream of the
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TABLE Il. Results of the TDT analysis for different disease phenotypes

Serum IgE level Oslo (102 families) Groningen (75 families) Sheffield (95 families) Aberdeen (92 families) Total (364 families)

SNP/ allele Transmitted (%) Transmitted (%) Transmitted (%) Transmitted (%) Transmitted (%) Py

MH30/C 44 (59%) 34 (64%)* 28 (47%) 37 (60%) 143 (57%) .019
—1147CT/C 16 (57%) 21 (62%) 13 (46%) 17 (63%) 67 (57%) 115
+49AG/A 36 (58%) 25 (58%) 30 (50%) 32 (53%) 123 (55%) 161
CT60/A 47 (58%) 33 (67%)* 32 (53%) 41 (62%) 153 (60%) .002
JO31/T 46 (60%) 35 (66%)* 27 (47%) 32 (56%) 140 (57%) .021
JO30/A 43 (60%) 35 (66%)* 27 (47%) 33 (58%) 138 (58%) .020
JO27_1/C 45 (60%) 32 (65%)* 29 (49%) 32 (62%) 138 (59%) .007

Prar, P value in the TDT analysis comparing the observed transmission rate with the expected 50% under the null hypothesis of no association as a %2 test (1 df).
*#P < .05 for specific result in the chart.

TABLE Illl. Results of the TDT analysis for different disease phenotypes

Allergy Oslo (102 families) Groningen (75 families) Sheffield (95 families) Aberdeen (92 families) Total (364 families)

SNP/ allele Transmitted (%) Transmitted (%) Transmitted (%) Transmitted (%) Transmitted (%) P
MH30/C 42 (53%) 37 (62%) 34 (50%) 35 (54%) 148 (54%) 145
—1147CT/C 19 (51%) 20 (53%) 13 (38%) 18 (60%) 70 (50%) 932
+49AG/A 39 (57%) 31 (65%)* 39 (57%) 32 (48%) 141 (56%) .058
CT60/A 47 (54%) 33 (61%) 36 (52%) 39 (55%) 155 (55%) .073
JO31/T 45 (54%) 38 (64%)* 36 (52%) 32 (52%) 151 (55%) .069
JO30/A 45 (59%) 38 (64%)* 34 (50%) 34 (53%) 151 (57%) .032
JO27_1/C 46 (56%) 34 (63%) 37 (52%) 33 (54%) 150 (56%) .050

Prar, P value in the TDT analysis comparing the observed transmission rate with the expected 50% under the null hypothesis of no association as a %2 test (1 df).

*P < .05 for specific result in the chart.

SNP, was also analyzed on ABI 3730. Details on primer and probe
sequences can be found elsewhere®'” or on request.

Statistical analysis

Possible differences in demographic data between populations
were determined by an ANOVA test and considered statistically
significant at the 5% level. Outcome variables were compared
between populations by using the ANOVA test for total serum IgE
(geometric mean) and with a Pearson ¥ analysis for dichotomous
outcomes by using Statistical Package for Social Sciences version 11
(SPSS Inc, Chicago, IlI).

Pedigree files were checked for incompatibilities by using the
program PedCheck®* and SHOWHAPLO (http://www.-gene.cimr.
cam.ac.uk) on the GLUE software (http://menu.hgmp.mrc.ac.uk/
~fdubrid/software/). Tests for genetic associations in the families
were performed by the transmission disequilibrium test (TDT)** by
using the GLUE software. Both individual alleles and haplotypes
were analyzed. Similar analysis was also performed by using the
pedigree disequilibrium test (including siblings)*® and quantitative
TDT for serum IgE levels, neither of which gave any further
information. Haplotypes were constructed and analyzed by using the
program Unphased in the GLUE interphase. SNPs in linkage
disequilibrium with each other are not independent, and it is therefore
generally considered inappropriate to use a Bonferroni correction for
multiple testing. We have chosen to present the uncorrected P values
in this article.

RESULTS

The mean age of the probands was 14.1 years, 72%
were sensitized to 1 of the assessed allergens, 61% had
increased serum IgE levels, and 46% exhibited BHR

(Table I). Although age and gender of the probands were
not significantly different between the sites, probands in
Oslo were significantly less often allergic, exhibited less
BHR, exhibited less reduced lung function, and had
significantly lower serum IgE levels than probands from
the other sites. Among the probands, 86% of those with
reduced lung function (<80% predicted FEV;) were
sensitized compared with 70% of those with FEV,%
above the 80% of predicted. There were significant
differences between the sites regarding the occurrence of
asthma and BHR among parents and siblings, and allergic
sensitization and allergic asthma among siblings only
(Table I).

Results of the TDT analysis are shown in Tables Il to VI
and Fig 2. Increased serum IgE levels were significantly
associated with 5 of the SNPs (MH30/C, CT60/A, JO31/
T, JO30/A, and JO27_1/C). Allergy was significantly
associated with JO30/A and showed borderline signifi-
cance for JO27_1/C. Asthma was significantly associated
with JO31/T, JO30/A, and JO27_1/C. Allergic asthma
was significantly associated with JO30/A and JO27_1/C,
with borderline significance for +49AG/A, CT60/A, and
JO31/T. Reduced lung function was significantly associ-
ated with —1147CT/C, CT60/A, JO31/T, JO30/A, and
JO27_1/C. There was no evidence for association with
BHR.

The analyzed markers were in strong linkage disequi-
librium (data not shown) with 3 common haplotypes that
constituted the vast majority of haplotypes in all of the
populations. Other haplotypes were all rare (<3% of
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TABLE IV. Results of the TDT analysis for different disease phenotypes

Asthma Oslo (102 families) Groningen (75 families) Sheffield (95 families) Aberdeen (92 families) Total (364 families)

SNP/ allele Transmitted (%) Transmitted (%) Transmitted (%) Transmitted (%) Transmitted (%) P
MH30/C 52 (51%) 46 (67%)* 43 (49%) 37 (54%) 178 (54%) 122
—1147CT/C 25 (51%) 27 (62%) 21 (44%) 18 (58%) 91 (53%) 400
+49AG/A 47 (52%) 34 (63%) 43 (52%) 40 (52%) 164 (54%) 151
CT60/A 58 (51%) 43 (67%)T 47 (51%) 44 (56%) 192 (55%) .061
JO31/T 55 (52%) 49 (70%)% 46 (51%) 34 (52%) 184 (56%) .036
JO30/A 53 (53%) 49 (70%)t 41 (48%) 38 (54%) 181 (55%) .046
JO27_1/C 53 (52%) 45 (70%)t 45 (51%) 37 (54%) 180 (56%) .039

P, P value in the TDT analysis comparing the observed transmission rate with the expected 50% under the null hypothesis of no association as a x2 test (1 df).
#P < .05 for specific result in the chart.

TP < .01 for specific result in the chart.

P < .001 for specific result in the chart.

TABLE V. Results of the TDT analysis for different disease phenotypes

Allergic asthma Oslo (102 families) Groningen (75 families) Sheffield (95 families) Aberdeen (92 families) Total (364 families)

SNP/ allele Transmitted (%) Transmitted (%) Transmitted (%) Transmitted (%) Transmitted (%) Py
MH30/C 42 (54%) 37 (62%) 34 (50%) 35 (54%) 148 (55%) 113
—1147CT/C 18 (51%) 20 (53%) 13 (38%) 18 (60%) 69 (50%) 932
+49AG/A 38 (57%) 31 (64%) 39 (57%) 32 (48%) 140 (56%) .057
CT60/A 46 (56%) 33 (61%) 36 (52%) 39 (55%) 154 (56%) .054
JO31/T 44 (56%) 38 (64%)* 36 (52%) 32 (52%) 150 (56%) .050
JO30/A 44 (60%) 38 (64%)* 34 (50%) 34 (53%) 150 (57%) .026
JO27_1/C 45 (57%) 34 (63%) 37 (52%) 33 (54%) 149 (56%) .042

P, P value in the TDT analysis comparing the observed transmission rate with the expected 50% under the null hypothesis of no association as a 2 test (1 df).
*#P < .05 for specific result in the chart.

TABLE VI. Results of the TDT analysis for different disease phenotypes

BHR Oslo (102 families) Groningen (75 families) Sheffield (95 families) Aberdeen (92 families) Total (364 families)

SNP/ allele Transmitted (%) Transmitted (%) Transmitted (%) Transmitted (%) Transmitted (%) Pt
MH30/C 26 (43%) 29 (55%) 31 (48%) 32 (52%) 114 (52%) 543
—1147CT/C 16 (53%) 13 (45%) 18 (51%) 14 (58%) 53 (52%) .692
+49AG/A 22 (42%) 28 (62%) 30 (49%) 31 (46%) 105 (51%) .674
CT60/A 28 (43%) 27 (53%) 33 (50%) 35 (50%) 115 (50%) .894
JO31/T 27 (44%) 33 (63%) 30 (45%) 27 (48%) 112 (52%) 494
JO30/A 24 (44%) 33 (63%) 29 (45%) 32 (52%) 114 (54%) 214
JO27_1/C 27 (45%) 30 (61%) 33 (50%) 29 (48%) 111 (53%) .368

BHR, Bronchial hyperresponsiveness to methacholine defined by PC, value =8 mg/mL;
P, P value in the TDT analysis comparing the observed transmission rate with the expected 50% under the null hypothesis of no association as a x2 test (1 df).

haplotypes). The most common haplotype (MH30/C,
+49AG/A, CT60/A,JO31/T,JO30/A, and JO27_1/C) was
positively associated with serum IgE levels, allergy,
allergic asthma, and reduced lung function, but not with
asthma (Fig 3). This haplotype had a transmission rate
>50% in all 4 populations when studied separately, albeit
not at levels that reached statistical significance.

DISCUSSION

The current study provides evidence for associations
between newly identified SNPs in the CTLA-4 gene
(MH30, CT60, JO31, JO30, and JO27_1) and serum IgE

production, allergy, allergic asthma, asthma, and reduced
lung function in asthmatics. The associations were
strongest for serum IgE levels and reduced lung function,
followed by allergic asthma, allergy, and asthma, with no
associations with BHR.

The findings of association in the current study are
supported by linkage with atopy to this region on
chromosome 2q32-33 (harboring CTLA-4).1’2 However,
to our knowledge, the markers that showed significant
evidence for association in our study (MH30, CT60, JO31,
JO30, and JO27_1) have not been previously analyzed for
association with asthma, lung function, or atopy. The
failure to demonstrate an association with BHR suggested
that the main contribution of the polymorphisms was to



J ALLERGY CLIN IMMUNOL
VOLUME 114, NUMBER 2

Munthe-Kaas et al 285

%1 A -M47CT ¢
Allele 1 e
trans- =
[z ] A Jo2T ¢
ml(s"jl)on [ Jo3o0 a P=.001
S & CT60a @ JO31t P=.009 T
P=.012 P=.038 -
W MH30 ¢ = -
P=.079
704 4 v 989 |
P=61
T [n]
L 4
] ¢
o] W |
v 1
50. -
404 1
SNPs

FIG 2. CTLA-4 SNPs and association with reduced lung function (FEV, < 80% predicted). The number of
subjects with reduced lung function was too low to assess association within each population separately, and
the association is therefore presented as TDT scores with 95% Cls and P values for the whole group.

Parental haplotypes: n 457 140 449 106
% 40% 12% 39% 9%
Most common haplotypes Haplo 1 Haplo 2 Haplo 3 Remaining
MH30 C G G
-1147CT C T C
49AG A A G
CT60 A G G
JO31 T G G
JO30 A G G
JO27 C T T
Se IgE levels T 59% 44% 43% 48%
Put .028 325 123 .806
Allergy T 59% 47% 41% 47%
Put 015 .651 034 .633
All. Asthma T 59% 49% 41% 49%
Pt 021 .819 031 811
FEV % pred. T 71% 24% 33% 67%
Prat 016 029 .070 .200

FIG 3. The 3 most common haplotypes in the populations are presented. The transmission rates demonstrate
that the most common haplotype is inherited more often than the expected 50% in the described phenotypes.
Because they differ only in +49AG and —1147CT (italics), it is unlikely that these represent the etiologic
polymorphism. Significance levels shown are for associations in TDT analysis (32 with 1 df). P,q, Pvalue of the
TDT test; T, transmission rate of haplotype. Se, Serum; All, allergic; pred, predicted.

atopy rather than to asthma per se, although the association
to lung function may also indicate a contribution in-
dependent of atopy. However, in our population, the
majority of probands with asthma and reduced lung
function were also allergic (72% and 86%), and
consequently, the association with nonallergic asthma
could not be ascertained. Those markers (+49AG and
—1147CT) that have been associated with asthma or atopy

in earlier studies™®? did not reach statistical significance
in the current study.

Our results suggest that 1 or more of MH30, CT60,
JO31, JO30, and JO27_1 are more likely than +49AG or
—1147CT to be primarily involved in disease pathogen-
esis. The —1147CT polymorphism is unlikely to be
involved in light of the complete lack of association in all
but lung function. The +49AG polymorphism shows some

]
c
0 e
g0
-
ES
+ £
£
ol
o
w £
Ev
€D
89
G O
[}
b3




£
"
25
e g
Q
(2}
3
-y
%
38
33
23
oQ
-
=]
o

286 Munthe-Kaas et al

evidence for association, albeit not statistically significant
association. Also, our haplotype analysis provides evi-
dence that both these polymorphisms are unlikely to be
involved because identical alleles are found on both
predisposing (transmitted >50% in TDT) and protective
haplotypes (transmitted <50% in TDT; Fig 3). Markers in
the vicinity of etiologic polymorphisms can display
different levels of linkage disequilibrium with the
primarily involved polymorphisms, leading to varying
ability to detect associations, providing 1 explanation of
why there have been inconsistent results for +49AG and
atopy in previous studies. Also, to our knowledge, the
current study is the largest performed to date on CTLA-4
polymorphisms in asthma and atopy. Thus, the findings of
the current study suggest that the polymorphisms likely to
be of pathogenic significance are among MH30, CT60,
JO31, JO30, and JO27_1. This is in agreement with the
study performed on CTLA-4 in autoimmune diseases by
Ueda et al.!” We cannot exclude the possibility that there
are polymorphisms that we have not analyzed or even
other hitherto unidentified polymorphisms, such as
etiologic polymorphisms in the promoter region.
However, based on the extensive analysis of this gene
region by Ueda et al'’ and the identification of these
particular SNPs as the best functional candidates in
autoimmune diseases, we consider this possibility less
likely.

In the current study, the associated alleles of all studied
SNPs were the reverse of those found associated with
type 1 diabetes,'” and for the haplotypes most commonly
found in type 1 diabetes (haplo 2 and 3 in Fig 3),
significant negative associations were found with allergy,
reduced lung function, and allergic asthma. This inverse
relationship is reflected in a recent meta-analysis of the
clinical association between atopic disease and type 1
diabetes, in which negative associations between atopic
traits and type 1 diabetes were found."® A reason previous
epidemiologic studies on this relationship have been so
discrepant®’*° may be the existence of common environ-
mental factors that influence the development of both type
1 diabetes and atopic disorders®’ despite inherent pro-
pensities on individual levels toward either Ty1-domi-
nated or Ty2-dominated immune responses.

The strong association with serum IgE levels in the
current study suggests that the effects of CTLA-4
polymorphisms are linked to atopy. On the other hand,
the association with reduced lung function in asthmatics
may suggest that other mechanisms are also involved
through CTLA-4. However, only 13% of our probands
had reduced lung function (as defined by FEV; <80%
predicted), and 71% of these also had increased IgE levels.
This makes it difficult to ascertain which parameters are
primarily involved, although we may speculate that the
association with reduced lung function could be explained
by allergic inflammation and remodeling of airways, or
could be a result of a subpopulation with more severe
asthma. In either case, as a regulator of T-cell differen-
tiation,'>*° CTLA-4 may stimulate a Ty2 cytokine profile
and serum IgE response to allergens and thereby may be
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associated with allergic diseases such as asthma, eczema,
and rhinitis to varying degrees. This possibility is
supported by the fact that CTLA-4 fusion protein has
been found to block allergen-induced cytokine responses
in airway explants from asthmatic subjects.>’ Our
hypothesis that CTLA-4 polymorphisms can provide
a genetic explanation for the apparent negative association
between Ty 1 diseases and Ty2 diseases is thus supported.
Simultaneously, the association with reduced lung
function, the lack of association with BHR, and the
weaker association with asthma are in line with the notion
that asthma is not invariably an atopic and IgE-mediated
disease.

All of the SNPs analyzed in the current study except
+49AG, which is in a coding sequence, are situated in
regulatory sequences. This suggests that regulation of
CTLA-4 synthesis, rather than the amino acid sequence, is
responsible for biological variation. CTLA-4 has 2
alternative splice forms: a full-length protein (1ICTLA-4)
with a transmembrane domain, and a soluble protein
(sCTLA-4) without the transmembrane domain.>
CTLAA4-IgG has been shown to reverse asthma man-
ifestations in murine models® and was recently found to
be effective in treating rheumatoid arthritis in human
beings.34 The immunosuppressive action of soluble
CTLAA4-IgG suggests that SCTLA-4 suppresses activation
by blocking the positive costimulatory molecule CD28
(both interact with the same receptors on the antigen
presenting cell'®). In the study by Ueda et al,'” the disease
protective genotype for autoimmune diseases was associ-
ated with a lower fICTLA-4/sCTLA-4 ratio, suggesting
a biological pathway for genetic influence on T-cell
activation through differential splicing of CTLA-4."” This
might identify CTLA-4 signaling as a potential therapeutic
target in atopic disease, also.

Possible limitations when using populations from
different geographical sites in genetic association studies
are risks of ethnic admixture, genetic heterogeneity, and
different environmental stimuli confounding the results.
The current study, however, was conducted with identical
clinical procedures and methods, as well as standardized
interpretation of results within the GAIN framework.
Objective measures such as serum IgE level and allergic
sensitization (at least 1 positive SPT) limit the effect of
genetic heterogeneity by narrowing outcome traits. The
TDT analysis (transmission rates within families) reduces
the effect of ethnic admixture. Whereas age and sex of
probands, parents, and siblings were similar among all
sites, the discrepancies of the outcomes in the different
populations in the current study are in accordance with
previous reports for other polymorphisms.>® The finding
that total transmission rates were significantly higher than
the expected 50% despite these discrepancies strengthens
their validity. Indeed, combining populations to attain
large sample sizes with clearly defined clinical phenotypes
is probably necessary for analyzing complex traits.

In conclusion, the current study demonstrates signifi-
cant associations between CTLA-4 polymorphisms and
serum IgE levels, allergy, allergic asthma, asthma, and
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reduced lung function, but not BHR, suggesting that
a major contribution of the polymorphisms is to atopy.
Haplotype analysis suggests that 1 or more of the newly
identified polymorphisms MH30, CT60, JO31, JO30, and
JO27_1 could be involved in the development of allergic
disease. All associated alleles were opposite those alleles
associated with autoimmune diseases, providing sugges-
tive evidence for a genetic control site for Tyy1-mediated
versus Ty2-mediated immunity within the CTLA-4 gene.

GAIN, conducted by GlaxoSmithKline, made this study
possible. Beyond this, GlaxoSmithKline did not have any input into
the design, conduct, or analysis of the current study. We thank
Hanne E. Akselsen and Marcel Bruinenberg for excellent technical
assistance, Ola Smith, Joanna Gordon, Julie Black, Robert A.
Primhak, and Alison R. Proctor for collecting clinical samples, Dirkje
Postma for support on study design in Groningen, and Shyama
Brewster, GlaxoSmithKline, for support in coordinating the GAIN
network.

REFERENCES

1. Johansson SG, Hourihane JO, Bousquet J, Bruijnzeel-Koomen C,
Dreborg S, Haahtela T, et al. A revised nomenclature for allergy: an
EAACT position statement from the EAACI nomenclature task force.
Allergy 2001;56:813-24.

2. Van Eerdewegh P, Little RD, Dupuis J, Del Mastro RG, Falls K, Simon
J, et al. Association of the ADAM33 gene with asthma and bronchial
hyperresponsiveness. Nature 2002;418:426-30.

3. A genome-wide search for asthma susceptibility loci in ethnically diverse
populations. The Collaborative Study on the Genetics of Asthma
(CSGA). Nat Genet 1997;15:389-92.

4. Koppelman GH, Stine OC, Xu J, Howard TD, Zheng SL, Kauffman HF,
et al. Genome-wide search for atopy susceptibility genes in Dutch
families with asthma. J Allergy Clin Immunol 2002;109:498-506.

5. Lee SY, Lee YH, Shin C, Shim JJ, Kang KH, Yoo SH, et al. Association
of asthma severity and bronchial hyperresponsiveness with a poly-
morphism in the cytotoxic T-lymphocyte antigen-4 gene. Chest 2002;
122:171-6.

6. Howard TD, Postma DS, Koppelman GA, Koppelman GH, Zheng SL,
Wysong AK, et al. Fine mapping of an IgE-controlling gene on
chromosome 2q: analysis of CTLA4 and CD28. J Allergy Clin Immunol
2002;110:743-51.

7. Hizawa N, Yamaguchi E, Jinushi E, Konno S, Kawakami Y, Nishimura
M. Increased total serum IgE levels in patients with asthma and promoter
polymorphisms at CTLA4 and FCER1B. J Allergy Clin Immunol 2001;
108:74-9.

8. Yang KD, Liu CA, Chang JC, Chuang H, Ou CY, Hsu TY, et al.
Polymorphism of the immune-braking gene CTLA-4 (+49) involved in
gender discrepancy of serum total IgE levels and allergic diseases. Clin
Exp Allergy 2004;34:32-7.

9. Heinzmann A, Plesnar C, Kuehr J, Forster J, Deichmann KA. Common
polymorphisms in the CTLA-4 and CD28 genes at 2933 are not
associated with asthma or atopy. Eur J Immunogenet 2000;27:57-61.

10. Salomon B, Bluestone JA. Complexities of CD28/B7: CTLA-4
costimulatory pathways in autoimmunity and transplantation. Annu
Rev Immunol 2001;19:225-52.

11. Walunas TL, Bluestone JA. CTLA-4 regulates tolerance induction and T
cell differentiation in vivo. J Immunol 1998;160:3855-60.

12. Kato T, Nariuchi H. Polarization of naive CD4+ T cells toward the Thl
subset by CTLA-4 costimulation. J Immunol 2000;164:3554-62.

13. Bour-Jordan H, Grogan JL, Tang Q, Auger JA, Locksley RM, Bluestone
JA. CTLA-4 regulates the requirement for cytokine-induced signals in
T(H)2 lineage commitment. Nat Immunol 2003;4:182-8.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Munthe-Kaas et al 287

. Grohmann U, Puccetti P. CTLA-4, T helper lymphocytes and dendritic

cells: an internal perspective of T-cell homeostasis. Trends Mol Med
2003;9:133-5.

. Waterhouse P, Penninger JM, Timms E, Wakeham A, Shahinian A, Lee

KP, et al. Lymphoproliferative disorders with early lethality in mice
deficient in Ctla-4. Science 1995;270:985-8.

. Kristiansen OP, Larsen ZM, Pociot F. CTLA-4 in autoimmune

diseases—a general susceptibility gene to autoimmunity? Genes Immun
2000;1:170-84.

. Ueda H, Howson JM, Esposito L, Heward J, Snook H, Chamberlain G,

et al. Association of the T-cell regulatory gene CTLA4 with
susceptibility to autoimmune disease. Nature 2003;423:506-11.

. Cardwell CR, Shields MD, Carson DJ, Patterson CC. A meta-analysis of

the association between childhood type 1 diabetes and atopic disease.
Diabetes Care 2003;26:2568-74.

Phagoo SB, Wilson NM, Silverman M. Skin prick testing using
allergen-coated lancets: a comparison between a multiple lancet device
and a single lancet applied with varying pressures. Clin Exp Allergy
1991;21:589-93.

Lung function testing: selection of reference values and interpretative
strategies. American Thoracic Society. Am Rev Respir Dis 1991;144:
1202-18.

Crapo RO, Morris AH, Gardner RM. Reference spirometric values using
techniques and equipment that meet ATS recommendations. Am Rev
Respir Dis 1981;123:659-64.

Wang X, Dockery DW, Wypij D, Gold DR, Speizer FE, Ware JH, et al.
Pulmonary function growth velocity in children 6 to 18 years of age. Am
Rev Respir Dis 1993;148:1502-8.

Hargreave FE, Ryan G, Thomson NC, O’Byrne PM, Latimer K, Juniper
EF, et al. Bronchial responsiveness to histamine or methacholine in
asthma: measurement and clinical significance. J Allergy Clin Immunol
1981;68:347-55.

O’Connell JR, Weeks DE. PedCheck: a program for identification of
genotype incompatibilities in linkage analysis. Am J Hum Genet 1998;
63:259-66.

Ewens WJ, Spielman RS. The transmission/disequilibrium test: history,
subdivision, and admixture. Am J Hum Genet 1995;57:455-64.

Martin ER, Monks SA, Warren LL, Kaplan NL. A test for linkage and
association in general pedigrees: the pedigree disequilibrium test. Am J
Hum Genet 2000;67:146-54.

Mattila PS, Tarkkanen J, Saxen H, Pitkaniemi J, Karvonen M,
Tuomilehto J. Predisposition to atopic symptoms to inhaled antigens
may protect from childhood type 1 diabetes. Diabetes Care 2002;25:
865-8.

Decreased prevalence of atopic diseases in children with diabetes. The
EURODIAB Substudy 2 Study Group. J Pediatr 2000;137:470-4.
Stene LC, Nafstad P. Relation between occurrence of type 1 diabetes and
asthma. Lancet 2001;357:607-8.

O’Shea JJ, Paul WE. Regulation of T(H)!1 differentiation—controlling
the controllers. Nat Immunol 2002;3:506-8.

Jaffar Z, Roberts K, Pandit A, Linsley P, Djukanovic R, Holgate S. B7
costimulation is required for IL-5 and IL-13 secretion by bronchial
biopsy tissue of atopic asthmatic subjects in response to allergen
stimulation. Am J Respir Cell Mol Biol 1999;20:153-62.

Oaks MK, Hallett KM, Penwell RT, Stauber EC, Warren SJ, Tector AJ.
A native soluble form of CTLA-4. Cell Immunol 2000;201:144-53.
Deurloo DT, van Esch BC, Hofstra CL, Nijkamp FP, van Oosterhout AJ.
CTLA4-IgG reverses asthma manifestations in a mild but not in a more
“severe” ongoing murine model. Am J Respir Cell Mol Biol 2001;25:
751-60.

Kremer JM, Westhovens R, Leon M, Di Giorgio E, Alten R, Steinfeld S,
et al. Treatment of rheumatoid arthritis by selective inhibition of T-cell
activation with fusion protein CTLA4Ig. N Engl J Med 2003;349:
1907-15.

Sengler C, Haider A, Sommerfeld C, Lau S, Baldini M, Martinez F, et al.
Evaluation of the CDI14 C-159 T polymorphism in the German
Multicenter Allergy Study cohort. Clin Exp Allergy 2003;33:166-9.

]
c
0 e
g0
-
ES
+ £
£
ol
o
w £
Ev
€D
89
G O
[}
b3




	CTLA-4 polymorphisms in allergy and asthma and the TH1/ TH2 paradigm
	METHODS
	Study design
	Subjects
	Outcomes and phenotyping
	Genotyping
	Statistical analysis

	RESULTS
	DISCUSSION
	REFERENCES


