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Introduction

Summary

Regulatory T cells (T,,) are involved in the maintenance of peripheral toler-
ance by suppression of autoreactive lymphocytes that have avoided thymic
depletion. The defective function of T, cells has recently attracted attention
in autoimmune diseases such as type 1 diabetes (T1D), rheumatoid arthritis
and multiple sclerosis. Susceptibility to these diseases is associated with spe-
cific human leucocyte antigen (HLA) class II and cytotoxic T lymphocyte-
associated antigen 4 (CTLA-4) gene polymorphisms. This study aimed to
investigate the relationship between HLA class II and CTLA +49 A/G poly-
morphisms associated with susceptibility to T1D and the number and char-
acteristics of T, cells in children. Samples from 47 5-year-old children who
participated in the All Babies in South-east Sweden (ABIS) follow-up study
were grouped according to the presence of the T1D risk-associated HLA gen-
otype (DQA1*0501-DQB1%0201, DQA1*0301-DQB1*0302) or neutral HLA
genotypes. Lower percentages of CD4* T cells (P=0-03) and CD4* CD25"¢"
cells (P=0-06) expressing intracellular CTLA-4 were detected in samples from
children with CTLA-4 +49GG compared to children with the +49AA geno-
type. Similarly, lower percentages of CD4* (P=0-002) and CD4*CD25"¢"
(P=0-002) cells expressing CTLA-4 were observed in children positive for
HLA DQA1*0501-DQB1*0201 and DQA1*0301-DQB1*0302 (P=0-04 for
CD4* and P =0-02 for CD4* CD25"¢") risk haplotypes when compared to chil-
dren without these alleles. The percentage of CD25"" cells among CD4" cells
was correlated inversely with CTLA-4 mRNA expression in PBMC (r =—0-56,
P=0-03). Decreased levels of CTLA-4 in CD4*and CD4" CD25"¢" cells in
individuals with CTLA-4 and HLA class II alleles associated with T1D may
contribute to the initiation and/or progression of autoimmune response.
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autoimmunity, characterized by an infiltration of lymphocytes
following the destruction of internal organs [2,6]. Human

Regulatory T cells developed in the thymus are essential for
halting autoimmune disease development by peripheral reg-
ulation of auto-reactive cells [1]. These CD4" regulatory cells
(T\) are characterized by the expression of CD25 [Interleu-
kin (IL)-2-receptor o chain] and more specifically, CD25 at
high intensity [2,3], and by high mRNA expression of the
forkhead/winged helix transcription factor, FOXP3 [4,5].
Removal of the thymus and depletion of CD4* CD25" cells
in animal models lead to uncontrolled development of

diseases such as type 1 diabetes (T1D) have also been linked
to a malfunctioning CD4* CD25" cell population [7-9].

T cells and T, cells up-regulate cytotoxic T lymphocyte-
associated antigen 4 (CTLA-4, CD152) from endosomal
compartments upon stimulation [10,11]. CTLA-4 activates
an inhibitory immune signal upon binding with a higher
affinity than CD28 to CD80/86 molecules and has been
shown to be essential for avoiding fatal lymphoproliferative
syndrome [12—14]. Several single nucleotide polymorphisms
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(SNP) in the CTLA-4 gene, one being +49 A/G, have been
shown to be associated with autoimmune diseases, although
the mechanism remains under debate [15-17].

By an unclear mechanism of cell-cell contact, the
CD4" CD25" cell population influences other T cells to
down-regulate T cell reactivity [18,19]. This suppressive
mechanism is associated with the inhibition of the IL-2R-o-
chain (CD25) induced by the combined activity of CTLA-4
and membrane-bound transforming growth factor beta
(TGF-B1), which is associated with the so-called latency-
associated peptide (LAP) [1,20,21]. Some studies suggest
that soluble molecules such as cytokines would exert a reg-
ulatory effect [22,23]. Altered expression of regulatory T cell
surface proteins could indicate a susceptibility to autoim-
mune diseases [14,21].

It has been suggested that the development of the
CD4" CD25" cell population is dependent upon major his-
tocompatibility complex (MHC) class II-positive thymic
epithelium [24]. Certain human leucocyte antigen (HLA)
DQ-molecules, e.g. encoded by DQA1*0501-DQB1*0201
and DQA1*0301-DQB1*0302 allele combinations, show a
strong association with autoimmune diseases such as T1D
[25,26]. These alleles can be found in common HLA class II
haplotypes DR3-DQ2 (DQA1*0501-DQB1*0201) and
DR4-DQ8 (DQA1*0301-DQB1*0302), which are present in
95% of patients with T1D [27]. The DQB1*0602 allele has a
protective effect on T1D even though it is associated with
multiple sclerosis [28]. The possible interactions of these
autoimmune disease-associated HLA class II genotypes and
T, cells are not yet fully understood.

In the present study we investigated the relationship
between HLA class IT and CTLA-4 +49 A/G polymorphisms
and the expression of CTLA-4 and LAP (TGF-f1) protein in
regulatory T cells obtained from blood samples from healthy
5-year-old children.

Materials and methods

Study population

The ‘All Babies in South-east Sweden’ (ABIS) is a large pop-
ulation-based follow-up study initiated to study T1D and
other disease risk factors [29]. The parents of all 21 700 chil-
dren born between October 1997 and October 1999 in
South-east Sweden were asked to participate and 17 055
(78:6%) were included. Blood and other biological samples
were collected at birth and later at defined intervals. In our
study 68 samples from 5-year-old children were collected
randomly during the period of July 2003 to February 2004.

Isolation of peripheral blood mononuclear cells (PBMC)

Venous blood samples were collected in 9 ml Vacuette
sodium—heparin tubes (Greiner Bio-One, Kremsmiinster,
Austria) and analysed within 24 h. PBMC were isolated
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using the Ficoll Paque density gradient technique (Pharma-
cia Biotech, Sollentuna, Sweden) and then washed three
times in RPMI-1640 (Gisco, Auckland, New Zealand). The
cells were washed in phosphate buffered saline (PBS) (Med-
icago AB, Uppsala, Sweden) containing 0-1% bovine serum
albumin (BSA) (Sigma-Aldrich, St Louis, MO, USA) and
stained with antibodies for flow cytometry analysis.

Staining of PBMC

The cells were diluted in PBS-BSA 0-1% and divided into
200(ul aliquots in 5 ml plastic tubes prior to extracellular
staining. Anti-human LAP (TGF-B1) goat IgG (R&D Sys-
tems, Minneapolis, MN, USA) was added to the tubes, fol-
lowed by incubation for 30 min at 4°C in darkness. After
washing and resuspension in 200 pl in PBS-BSA 0-1%, the
cells were stained with fluorescein isothiocyanate (FITC)-
conjugated anti-goat donkey IgG (R&D Systems), anti-CD8
(BD Biosciences, San Jose, CA, USA), anti-CTLA-4 (Pharm-
ingen, San Jose, CA, USA), phycoerythrin (PE)-conjugated
anti-CD4 (BD Biosciences) and CTLA-4 (Pharmingen);
peridinin—chlorophyll-protein  (PerCP)-conjugated anti-
CD3, -CD4 and -CD8 (BD Biosciences) and allophycocyanin
(APC)-conjugated anti-CD25 (BD Biosciences). Cells were
then incubated for another 30 min at 4°C in darkness. After
incubation, cells that were stained exclusively for extracellu-
lar marker expression were washed, resuspended in 300 ml
PBS—-BSA 0-1% and left at 4°C overnight in darkness until
flow cytometry analysis.

To perform intracellular staining, 125 ul of 4% paraform-
aldehyde (PFA) (Merck, Darmstadt, Germany) was added to
each of the remaining tubes. After 10 min of incubation in
darkness at room temperature (RT), the tubes were centri-
fuged for 5 min at 500 g (GS-6R, Beckman AB, Bromma,
Sweden). The supernatants were removed and the cells were
resuspended in 500 pl of 1x Perm2 permeabilizing buffer
(BD Biosciences). Cells were then incubated for another
10 min in darkness at RT, before washing in PBS—BSA 0-1%.
The supernatants were removed and the cells were resus-
pended in 200 pl PBS-BSA 0-1%. Anti-human LAP (TGF-
B1) goat IgG (R&D Systems) was added to selected tubes,
and the cells were incubated for another 30 min at 4°C in
darkness. After incubation, the cells were washed with PBS—
BSA 0-1% and thereafter resuspended in 200 ul PBS-BSA
0-1% and stained with FITC-conjugated anti-goat donkey
IgG (R&D Systems) and PE-conjugated CTLA-4 (Pharmin-
gen). After the final 30 min of incubation at 4°C, the cells
were washed in PBS-BSA 0-1%, resuspended in 300 pl PBS—
BSA 0-1% and then left at 4°C in darkness overnight until
flow cytometry analysis.

Isotype controls were included to estimate the amount of
non-specific binding. Thus, cells were stained under identi-
cal conditions with FITC, PE, PerCP and APC fluoro-
chrome-conjugated anti-mouse IgG. Autofluorescence was
controlled with unstained cells. Four tubes containing cells
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stained with single antibodies marked with the four different
fluorochoromes were used for compensation, to adjust for
spectrally adjacent dye pairs.

Flow cytometry

A Becton Dickinson FACSCalibur (Immunocytometry Sys-
tems, San Diego, CA, USA) was used for four-colour cytom-
etry. Cut-off for positivity was defined using isotype control.
Data obtained from the fluorescence activated cell sorter
(FACS) were analysed with CellQuest (Becton Dickinson
Immunocytometry Systems). The resulting output was
expressed as percentages of cells expressing each marker.

The lymphocyte gate was defined according to forward
scatter (FSC) and side scatter (SSC). CD25"¢" cells were
gated using the CD25 intensity above that seen in CD8" cells
as a cut-off [3] (Fig. la,b). Percentages of cells expressing
intracellular CTLA-4 were then analysed in these gates
(Fig. 1c,d).

CTLA-4 +49 A/G polymorphism

All subjects were genotyped for the CTLA-4 +49 A/G poly-
morphism using an allele-specific hybridization assay with
lanthanide-labelled probes (Perkin Elmer Analytical and Life
Sciences, Turku, Finland), followed by time-resolved fluo-
rometry [30].

HLA genotyping

HLA genotyping for DQB1 and DQA1 alleles was performed
using an oligonucleotide hybridization assay, as described in
detail elsewhere [26,31,32].

cDNA isolation

Total RNA was isolated from PBMC using the Sigma
Genelute Mammalian Total RNA kit (Sigma Chemical Co.,
St Louis, MO, USA). Genomic DNA was eliminated using
Roche DNase I (Roche Diagnostics, Mannheim, Germany).
DNAse (2 U) was used for 200 ng of RNA and run in a PCR
program for 30 min at 37°C and 5 min at 5°C. cDNA syn-
thesis was carried out in the same tube using the TugMan
reverse transcription kit (Roche Diagnostics, Mannheim,
Germany) and additional random hexamers (Applied Bio-
systems, CA, USA) in a total volume of 20 pul and in accor-
dance with the manufacturer’s recommendations. PCR was
then performed for 10 min at 25°C, 30 min at 48°C and
5 min at 95°C. cDNA samples were stored at —20°C until
real-time PCR was performed.

Real-time PCR

6-Carboxy-fluorescein (FAM)-labelled TugMan gene expres-
sion primers/probes were used to determine transcription
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levels of FOXP3, CTLA-4 and endogenous control (18s)
mRNA (all reagents from Applied Biosystems). Real-time
PCR was carried out in a reaction volume of 25 pl, contain-
ing TagMan predeveloped assay reagents (PDAR) Universal
MasterMix, 1 X PDAR primers/probes for target genes and
template cDNA. Ribosomal 18S was used as an endogenous
control. The expression of each target was also measured
from a home-made calibrator sample, which was prepared
from unstimulated peripheral blood mononuclear cells of a
healthy individual.

A volume of 1-8 ul of cDNA was used for each TugMan
triplicate measurement sample. ABI Prism 7700 was
employed for sequence detection and programmed to carry
out an initial step of 2 min at 50°C and 10 min at 95°C, fol-
lowed by 50 thermal cycles of 15 s at 95°C and 1 min at 60°C.

A comparative threshold (C;) method was used to quan-
tify the gene transcription in the samples. The Cy of 18S was
subtracted from target gene Cy. This difference was deter-
mined as the AC; value. The ACy value was calculated as the
difference of the AC; of the calibrator sample and the AC; of
the unknown sample. The results were expressed as relative
units based on calculation 27**“", which provided the relative
amount of target normalized to the endogenous control
(18S) and relative to the calibrator. The final relative amount
of target mRNA was expressed as (2"**) x 100.

Statistics

Because the percentage of cells expressing the cell markers
was not normally distributed, unpaired analysis was per-
formed with the Mann—Whitney U-test. Correlations were
calculated using Spearman’s test. Data was analysed in spss
for Windows (Chicago, IL, USA). A P-value equal to or less
than 0-05 was considered to be statistically significant, and a
P-value less than 0-1 was regarded as a tendency.

Ethics

The study was approved by the Ethics Committee for Human
Research, Linkoping University Hospital, Sweden as part of
the ABIS-project.

Results

Relation of T\, cells to HLA and CTLA-4 polymorphisms

The results of HLA genotyping of 68 children were used to
recognize the children with T1D-associated risk genotypes
and children with the so-called neutral genotype (no risk
allele associated with autoimmune diseases). Children with
the HLA DQB*0602 allele were excluded due to the dual role
of the allele in the risk of autoimmunity: HLA DQB*0602 is
associated with the risk of multiple sclerosis but protects
from T1D. The 47 children were divided into three groups:
those positive for DR4-DQ8 (DQB1*0302) (n =19, 40%),
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those positive for DR3-DQ2 (DQA1*05-DQB1%02) (n =19,
40%), and neutral and those without either risk or DR2—
DQ6 (DQB1*0602) haplotypes (n=9, 19%).

Increased percentages of CD4" cells expressing intracellu-
lar CTLA-4 were detected in samples from individuals
carrying T1D neutral genotypes compared to DQA1*05—
DQB1*02 (P=0-002) and DQB1*0302-positive children
(P=0-04) (Fig. 2a).

Similar patterns were found in the CD4* CD25"¢" regula-
tory T cell population. Thus, higher percentages of intracel-
lular CTLA-4 were detected in CD4" CD25"#" cells from
children with the neutral genotype compared to children
with DQA1*05-DQB1*02 (P=0-002) or DQB1*0302
(P=0-02) haplotypes (Fig. 2b).

The 47 children included in our study were also grouped,
based on CTLA-4 +49 A/G genotype distribution, into three
groups: AA (n=15. 32%), AG (n=16, 34%) and GG
(n=16,34%). Samples from 16 individuals were selected for
mRNA analysis according to availability of the samples: three
(19%) AA, 10 (63%) AG and three (19%) GG.

Samples from individuals with the CTLA-4 +49GG geno-
type had significantly lower percentages of intracellular
CTLA-4 positive CD4" cells (P =0-03) (Fig. 3a) and tended
to have lower percentages of intracellular CTLA-4 positive
CD25""  cells compared to AA-genotype individuals
(P=0-06) (Fig. 3b).

We found very low levels of extracellular LAP in resting T
cells and did not consider these results reliable (data not
shown).

Real-time PCR

A number of 47 samples were analysed for CTLA-4 and
FOXP3 mRNA expression. The percentages of CD25"#" cells
within the CD4" population were correlated negatively with
CTLA-4 mRNA expression (r =-0-56, P=0-03) (Fig.4). In
contrast, the fraction of CD4" cells expressing CD25"#" did
not correlate with FOXP3 mRNA expression.

Similar expressions of FOXP3 and CTLA-4 mRNA were
detected among the different CTLA-4 +49 and HLA geno-
type groups in the PBMC population.

Discussion

We found a decreased percentage of CD4" cells expressing
intracellular CTLA-4 in samples from children with the
CTLA-4 +49GG, the T1D risk-associated genotype. Simi-
larly, lower percentages of CD4"and CD4" CD25"#" cells
expressing CTLA-4 were detected in children carrying T1D
risk-conferring HLA class II haplotypes DQA1*0501—
DQB1*0201 or HLA DQB1*0302 without protective haplo-
types. A transition from adenine (A) to guanine (G) in the
+49 position relative to the starting codon of the CTLA-4
gene results in a translation change from Thr to Ala. A cor-
relation between the +49GG genotype and autoimmune
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Fig.2. (a) Percentages of CD4" lymphocytes co-expressing intracellular
cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) were decreased
in DQB1*0302 (P = 0.04) and DQA1*05-DQB1*02 (P = 0.002) positive
individuals, compared to the neutral genotype group. Plots represent
the percentages of CD4" lymphocytes co-expressing intracellular CTLA-
4 where samples are grouped as DQB1*0302 (n=4), DQA1*05—
DQB1*02 (1 =19) or neutral (n = 19) carrying neither risk nor
DQB1*0602 genotypes. Percentages are illustrated in centile box plot
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from the box) shown as circles and extremes (> 3 box lengths from the
box) as stars. (b) Percentages of CD4*CD25"#" cells co-expressing intra-
cellular CTLA-4 were decreased in DQB1*0302 (P =0.022) and
DQB1*02-DQA1*05 (P =0.002) genotype individuals compared to
neutral genotypes.

diseases such as T1D has been observed [33,34]. CTLA-4
plays a key role in the CD4" CD25" T cell-mediated control
of autoreactive T cells [35,36]. CTLA-4 is co-expressed with
CD238, CD25 and CD45RO receptors, and has been reported
to be expressed at higher levels on CD4" CD25" cells than
in the CD4"CD25  counterparts [37,38]. It has been

established that CTLA-4 mRNA is not expressed in resting T
cells, but is induced upon activation [39]. When CTLA-4
is endocytosed after T cell activation, it will be degraded if
the cell is not stimulated repeatedly [40].

The risk-associated CTLA-4 +49GG genotype is associ-
ated with reduced cell surface CTLA-4 up-regulation on acti-
vated T cells [41,42]. In our material, we detected only very
low levels of surface-bound CTLA-4 on unstimulated CD4"
cells from healthy children, and the data were not used for
further statistical analysis. Instead, we studied the level of
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Fig. 3. (a) Lower percentages of CD4" lymphocytes co-expressing intra-
cellular CTLA-4 was observed in the CTLA-4 +49GG genotype group

compared to +49AA (P =0.03). Percentages are illustrated in centile box
plots (10th, 25th, 50th, 75th and 90th centiles and outliers). (b) Percent-
ages of CD4'CD25"¢" cells co-expressing intracellular CTLA-4 tended

to be lower in +49GG genotype compared to AA genotype individuals
(P=0.06).
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Fig. 4. The percentages of CD4*CD25"¢" cells of CD4* lymphocytes
correlated negatively with cytotoxic T lymphocyte-associated antigen 4
mRNA expression (r=-0.56, P=0.03).

CTLA-4 as intracellular protein. According to our findings,
the GG-genotype results in decreased production of CTLA-4
protein. The risk of autoimmune diseases associated with
GG is probably affected by low CTLA-4, as suggested by
some studies [41,42]. Recently, Anjos et al. [16] reported that
there is no association between mRNA transcripts and the
CLTA-4 polymorphism. The authors conclude that the
mechanisms leading to autoimmunity do not involve mod-
ulation of steady-state mRNA in any of the known CLTA-4
isoforms. However, the authors emphasize that the polymor-
phisms may affect CTLA-4 expression under a physiological
activation state of T cells not operating in the in vitro acti-
vation they employed. Our findings of low intracellular
CTLA-4 protein levels in CD4* and CD4* CD25"#" cells fit-
ted with the observation of an altered intracellular storage
pool of CTLA-4, which could be due to interference with the
signal peptide of CTLA-4 leading to defects in the up-
regulation of CTLA-4 on the cell surface [41].

Atabani and co-authors [17] reported recently that indi-
viduals with the CT60/AA genotype, which is associated with
a decreased risk of autoimmune diseases, showed increased
numbers of T, expressed as percentage of CD4" cells. In
agreement with our results, no association was found when
the +49 polymorphism was studied. Individuals with the
CT60/AA genotype are homozygous for +49/AA, but the
results are probably explained by the fact that individuals
with the +49/AA genotype are either CT60/AA or CT60/AG
genotypes. Atabani et al. purified the population of T, and
did not find associations of CTLA-4 levels, either mRNA or
protein, with the CTLA-4 genotypes. We studied the
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expression of intracellular CTLA-4 in CD4"and
CD4" CD25"#" cells by flow cytometry without the step of
immunomagnetic purification of the T,, which may affect
the stage of activation of the cells and further the expression
of CTLA-4. Thus, methodological differences may explain
the differences in the findings with regard to intracellular
CTLA-4 expression.

The percentages of CD4* and CD4" CD25"#" cells express-
ing intracellular CTLA-4 were higher in samples from indi-
viduals without HLA class II alleles associated with
autoimmune disease than in children with HLA risk geno-
types. This is, to our knowledge, the first report of associa-
tion of HLA genotype and CTLA-4 expression. It has been
reported that HLA risk alleles for T1D are associated with the
level of cytokine response [43]. It is tempting to speculate
that the HLA genotype also somehow affects CTLA-4 expres-
sion and thus autoimmune risk, although our study does not
reveal any such mechanism. CTLA-4 is transcribed and syn-
thesized upon T cell receptor (TCR)-MHC stimulation [40],
and it is possible that this interaction might be influenced by
MHC class II alleles. Furthermore, the functional develop-
ment of T, cells in the thymus is dependent on the MHC
class II molecules expressed on thymic epithelium [24].

We observed a negative correlation between the percent-
ages of CD4* CD25"#" cells and lymphocyte CTLA-4 mRNA
expression. As the expression of CTLA-4 was measured in a
PBMC population, the signals were not derived solely from
T, cells. T, cells express CTLA-4 protein constitutively
[35]. CTLA-4 mRNA, on the other hand, is expressed only
upon upon T cell activation [39]. It could be speculated that
lower expression of CTLA-4 mRNA can be found when the
T, cell pool in the periphery is active, bringing about an
increased number of resting T cells with down-regulated
CTLA-4 mRNA expression.

No association between FOXP3 mRNA expression and the
percentages of CD4* CD25"#" cells in the lymphocyte popu-
lation could be found. This might seem surprising, as it is
established that FOXP3 expression is a useful marker for reg-
ulatory T cell activity [4]. Our results could, however, be
explained by the fact that the mRNA measurement was per-
formed using the total lymphocyte population. Because the
regulatory T cell population constitutes only 1-2% of the
total lymphocyte population, variations in regulatory T cell
mRNA levels are hard to detect in the peripheral blood
mononuclear cell population. However, expression of
FOXP3 mRNA might still correlate with the regulatory func-
tion of the cells, even though it did not reveal any correlation
with the low amount of regulatory T cells in the lymphocyte
population. We observed similar mRNA expression of
FOXP3 and CTLA-4 in the different CTLA-4 and HLA gen-
otype groups, the results being similar to previous studies
(16,17,42].

It has been reported that TGF-f1 propagates a cell con-
tact-dependent inhibitory signal similar to that of CTLA-4,
which is also enhanced by CTLA-4 co-stimulation [21,44].
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Surface-bound TGEF-f is believed to be present in high
amounts in its latent form bound to the LAP on T, cells
until activation, and thereafter mediate the regulatory action
[21,45,46]. The very low expression of LAP-TGF-B1 in our
samples could be due to the resting condition of the T cells.

We were not able to perform functional studies of T,
cells, e.g. inhibition of T cell proliferation or cytokine pro-
files of T, cells, due to the limits of blood volume available
from healthy children.

Recently, Lindley and associates reported that individuals
with T1D (mean age 32-3 years) have significantly elevated
percentages of CD4"and T, cells expressing intracellular
CTLA-4 [47]. The +49 A/G polymorphism was also studied,
but revealed no significant associations. Similar to our
results, very low levels of surface CTLA-4 were observed and
the authors also speculate that the T,, population constitutes
a resting T cell population.

We conclude that intracellular expression of CTLA-4 is
decreased in peripheral blood CD4"and CD4* CD25" cell
populations in individuals with CTLA-4 +49 and HLA class
II polymorphism associated with autoimmune diseases. Low
levels of CTLA-4 may explain, at least partly, the risk of
autoimmune diseases mediated by these genetic factors.
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