Defective Suppressor Function in CD4ⴙCD25ⴙ T-Cells
From Patients With Type 1 Diabetes
Shelley Lindley,1 Colin M. Dayan,2 Amanda Bishop,2 Bart O. Roep,3 Mark Peakman,1
and Timothy I.M. Tree1

Type 1 diabetes is a T-cell–mediated disease that is
associated with loss of immunological tolerance to selfantigens. The mechanisms involved in maintenance of
peripheral tolerance include a specialized subset of
regulatory T-cells (Treg) within the CD4ⴙCD25ⴙ T-cell
population, but the function and phenotype of these
cells in type 1 diabetes have not been investigated. We
hypothesized that a deficiency in the CD4ⴙCD25ⴙ Treg
population or its function could contribute to the lack
of self-tolerance evident in patients with type 1 diabetes. We show that although levels of CD4ⴙCD25ⴙ T-cells
are normal in patients with recent-onset adult type 1
diabetes, the ability of the Tregs in this population to
suppress T-cell proliferation during in vitro cocultures
is markedly reduced compared with control subjects
(P ⴝ 0.007). Moreover, in patients with type 1 diabetes,
these cocultures display a more proinflammatory phenotype, with increased secretion of interferon-␥ (P ⴝ
0.005) and decreased interleukin-10 production (P ⴝ
0.03). These deficiencies may reflect a disturbance in
the balance of the CD4ⴙCD25ⴙ population, because in
patients with type 1 diabetes, a higher proportion of
these cells coexpress the early activation marker CD69
(P ⴝ 0.007) and intracellular CTLA-4 (P ⴝ 0.01). These
data demonstrate deficiency in function of the CD4ⴙ
CD25ⴙ Treg population that may influence the pathogenesis of type 1 diabetes. Diabetes 54:92–99, 2005

T

ype 1 diabetes is a chronic, T-cell–mediated
autoimmune disease that results in the destruction of the insulin-secreting ␤-cells (1). The
pathological mechanisms that lead to disease
development are not known with certainty, but there is
compelling evidence that the disease is associated with
loss of immunological tolerance to self. For example,
pancreatic ␤-cell destruction is associated temporally with
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the presence of islet cell autoantibodies directed against
the autoantigens insulin, GAD65, and the islet tyrosine
phosphatase IA-2 (2). Autoreactive T-cells that recognize
these and other islet autoantigens have been identified and
are thought to play a direct role in type 1 diabetes
immunopathogenesis (3– 6), a proposal supported by studies showing that administration of therapeutic agents that
inhibit T-cell function delays disease progression (7,8).
Studies in animal models have indicated that loss of
tolerance to ␤-cell autoantigens could be the result of
numerous factors, including genetic and environmental
influences (9 –11). T-cell tolerance is established centrally
in the thymus and further strengthened and maintained
through multiple mechanisms of peripheral tolerance (12).
The manifest lack of self-tolerance to ␤-cell autoantigens
in patients with type 1 diabetes compared with their
nondiabetic counterparts therefore could be due, at least
in part, to a failure in one or more of these mechanisms.
Recent interest has focused on a feature of tolerance that
seems to bridge the central and peripheral processes,
namely the CD4⫹CD25⫹ regulatory T-cell (13–16). These
represent a naturally occurring CD4 T-cell population
expressing CD25 that arises from the thymus and seeds
into the periphery, creating a cohort of cells with profound
T-cell immunosuppressive qualities. CD4⫹CD25⫹ cells can
be detected in peripheral blood in humans and are able to
suppress proliferation and cytokine production from both
CD4⫹ and CD8⫹ T-cells in vitro in a cell contact– dependent manner (17–21). We therefore hypothesized that a
relative defect, in terms of number or function, of these
regulatory T-cells (Tregs) could contribute to the lack of
self-tolerance seen in type 1 diabetes. To test this hypothesis, we enumerated and phenotypically and functionally
characterized CD4⫹CD25⫹ T-cells from patients with
newly diagnosed type 1 diabetes and a group of HLA- and
age-matched control individuals.
In agreement with recently published studies in patients
with the autoimmune diseases multiple sclerosis (22) and
autoimmune polyglandular syndrome type II (23), we
demonstrate a functional deficiency in the regulatory
potential of CD4⫹CD25⫹ T-cells from patients with type 1
diabetes that may reflect an underlying susceptibility to
autoimmune disease.
RESEARCH DESIGN AND METHODS
Fresh peripheral blood samples were obtained from 21 patients with recentonset type 1 diabetes (mean ⫾ SD: age 32.3 ⫾ 6.8 years) and 15 age-, sex-, and
HLA-matched healthy nondiabetic control subjects with no family history of
the disease (age 30.3 ⫾ 6.8 years) for use in the frequency and phenotypic
analysis studies and from 11 patients with recent-onset type 1 diabetes (age
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FIG. 1. Example of the gating used to define CD4 and CD25 status. Lymphocytes identified by their forward and side scatter properties are gated
for CD3 expression and then examined for coexpression of CD4 and CD25 (A). Quadrants in A were drawn on the basis of 99.5th percentile
staining by relevant isotype control antibodies. CD4ⴙCD25hi cells (boxed) were defined as the top 2% of CD25 staining CD4ⴙ T-cells. B and C:
Representative examples of purified CD25ⴚ and CD25ⴙ CD4 T-cells, respectively.
27.7 ⫾ 6.2 years) and 13 age- and HLA-matched healthy nondiabetic control
subjects (27.45 ⫾ 4.63) for the functional studies. Diabetes was diagnosed
according to the criteria set out by the National Diabetes Data Group (24), and
all patient blood samples were collected within 6 months of the onset of initial
insulin therapy.
Peripheral blood mononuclear cells (PBMCs) were obtained from whole
blood by density gradient centrifugation (Lymphoprep; Axis-Shield PoC AS,
Oslo, Norway). Ethical approval for this study was granted by the local ethics
committee and informed consent obtained.
Monoclonal antibodies. Phycoerythrin-labeled monoclonal anti–HLA-DR
(clone TU36), anti-CD69 (clone FN50), anti–CTLA-4 (clone BNI3), antiCD45R0 (clone UCHL1), peridin-chlorophyll protein (PerCP)-labeled anti-CD4
(clone SK3), and allophycocyanin-labeled anti-CD3 (clone UCHT1) antibodies
(BD PharMingen, San Diego, CA), as well as fluorescein isothiocyanate
(FITC)-conjugated anti-CD25 (clone M-A251; Serotec, Oxford, U.K.) and
relevant isotype- and fluorochrome-matched control antibodies, were used in
this study. Antibody concentrations used in cell staining were based on the
data supplied by the manufacturers and initial optimization studies.
Flow cytometric analysis. Immunofluorescence staining was performed
after the PBMCs were washed twice with ice-cold wash buffer (PBS, 10% FCS;
PAA Laboratories, Yeovil, U.K.). For each staining, 4 ⫻ 105 cells were
resuspended in 200 l buffer. Four-color staining (anti-CD4, anti-CD25, and
anti-CD3 plus one of anti-CD69, anti-HLA-DR, anti-CTLA-4, or anti-CD45R0)
for surface marker expression was carried out on ice in the dark for 30 min.
For investigation of intracellular CTLA-4 expression, cells were surface
stained as described above with anti–CD3-allophycocyanin, anti–CD4-PerCP,
and anti–CD25-FITC, fixed and permeabilized according to the manufacturer’s instructions (Fix and Perm kit; Caltag Laboratories, Burlingame, CA),
stained with anti–CTLA-4-phycoerythrin, and washed twice in wash buffer and
analyzed.
Background fluorescence was assessed using the appropriate isotype- and
fluorochrome-matched control monoclonal antibody to determine the percentage of positive cells. PBMCs were gated on their forward and side scatter
properties, and CD3⫹CD4⫹ cells were gated using the relevant labeled antibodies. For identification of CD25⫹ cells, dot plot quadrants were set so that
the lymphocytes that were stained with the isotype control were within the
99.5th percentile. For indicating the intensity of HLA-DR, CTLA-4, CD45R0, or
CD69 expression on CD4⫹CD25⫹ T-cells, mean fluorescent intensities were
calculated using FlowJo software.
Antibody staining analysis was performed on a FACSCalibur (Becton
Dickinson, Mountain View, CA) using CellQuest (Becton Dickinson) and
FlowJo software. Instrument settings were optimized using single-stained
tubes. A minimum of 100,000 events were acquired and analyzed.
Allelic discrimination of the CTLA-4 gene ⴙ49 A/G dimorphism. Amplification of the CTLA-4 gene ⫹49 locus was performed in a total volume of 11
l that contained ⬃10 ng of genomic DNA, 200 mol/l dNTPs, 5% glycerol, 0.2
units of TaqDNA polymerase (Promega, Leiden, The Netherlands), and 11
pmol/l of both outer primers (outer forward 5⬘-CCT TGA TTC TGT GTG GGT
TC-3⬘, outer reverse 5⬘-CCT TTA ACT TCT GGC TTT GC-3⬘). The amplification
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buffer consisted of 50 mmol/l KCl, 10 mmol/l Tris (pH 8.4) at room temperature, 1.5 mmol/l MgCl2, and 0.06 mg/ml BSA (Promega). Amplification refractory mutation system PCR was performed in a total volume of 21 l, using 1
l of the amplification product as template, 25 pmol/l of each allele specific
inner primer (inner forward “A” allele 5⬘-GCT CAG CTG AAC CTG GCT A-3⬘,
inner reverse “G” allele 5⬘-CAG GGC CAG GTC CTG GC-3⬘), 6.25 pmol of each
outer primer, and 0.4 units of Taq polymerase. Touchdown PCR was performed at 56°C annealing temperature. Products (317 bp for the control, 189
bp for the A allele, and 165 bp for the G allele) were separated on a 4% (wt/vol)
agarose gel stained with ethidium bromide, and alleles were mean determined
by comparison with a 25-bp ladder as reference.
T-cell isolation and culture. CD4⫹ T-cells were isolated from PBMCs by
negative selection using magnetic cell sorting technology (MACS; Miltenyi
Biotech, Bisley, U.K.). CD4⫹ T-cells were separated into CD25⫹ and CD25⫺
populations by MACS, using anti-CD25 microbeads (Miltenyi Biotech). In
preliminary studies, we optimized the preferential isolation of CD25hi cells by
varying the duration, temperature, and bead concentration during purification.
In our study, the highest expression of CD25 on CD4⫹CD25⫹ cells was
achieved by reducing by 50% the manufacturer’s recommended bead concentration. T-cell– depleted accessory cells were isolated by negative selection of
PBMCs with anti-CD3 microbeads (Miltenyi Biotech) followed by irradiation
at 3,000 rad. The purity of all cell populations was assessed by flow cytometry,
using anti-CD3, anti-CD4, and anti-CD25 antibodies as described above.
T-cells were cultured in RPMI-1640 media supplemented with 2 nmol/l
L-glutamine, 5 mmol/l HEPES, 100 g/ml penicillin/streptomycin, 0.5 mmol/l
sodium pyruvate, and 0.05 mmol/l nonessential amino acids (all from Invitrogen, Paisley, U.K.), and 5% AB serum (Harlan Sera Labs, Loughborough, U.K.)
in 96-well U-bottom plates.
Lymphocyte stimulation assays. Lymphocyte stimulation assays were
performed by culturing CD4⫹CD25⫺ (5 ⫻ 103/well) with CD4⫹CD25⫹ T-cells
at various ratios (0:1, 1:0, and 1:1) in the presence of 5 ⫻ 104 irradiated
accessory cells. All T-cells in these cultures were stimulated using plate-bound
anti-CD3 (clone UCHT1) and soluble anti-CD28 (clone CD28.2) antibodies (BD
Pharmingen, Oxford, U.K.). Briefly, plates were incubated with 50 l/well PBS
that contained 5 or 10 g/ml anti-CD3 antibody for 4 h at 37°C and then
washed twice in PBS.
All T-cell culture conditions were carried out in triplicate. On day 5 of
culture, 100 l of supernatant was removed from each well (and stored at
⫺80°C) and 100 l of fresh medium that contained 0.5 Ci of [3H] thymidine
was added for the final 16 h of culture before harvesting. Percentage suppression was calculated as 100 ⫺ [(cpm in cocultures/cpm in CD4⫹CD25⫺ cultures) ⫻
100]. Cytokine production was measured on a subset of individuals (eight
patients with type 1 diabetes and nine control subjects) using the Th1/Th2
Cytometric Bead Assay Kit (BD Pharmingen) according to the manufacturer’s
instructions.
Statistical analysis. The normality of the distributions of levels of lymphocytes expressing the defined markers in patients with type 1 diabetes and
nondiabetic control subjects were determined using the Kolmogorov-Smirnov
goodness-of-fit test. Percentage levels of lymphocyte populations and mean
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FIG. 2. Percentage of CD4ⴙCD25ⴙ T-cells in patients with type 1
diabetes (T1DM) and nondiabetic control individuals. Results are
expressed as the percentage of CD4ⴙ T-cells coexpressing CD25, and
mean values for each group are indicated by a horizontal line.

fluorescence intensities of the cell staining in the two subject groups were
compared using the Student’s t test for normally distributed populations and
Mann-Whitney U test for nonnormally distributed samples. Relationships
between parameters were examined using calculation of the Pearson’s
correlation coefficient and Spearman’s rank correlation test. Results of
lymphocyte stimulation assays were compared using the Mann-Whitney U
test. Differences in the genotype and allele frequencies of the CTLA-4 ⫹ 49 A/G
dimorphism were examined using 2 and Fisher’s exact test, respectively. All
statistical analyses were performed using GraphPad Prism (GraphPad Software), and P ⬍ 0.05 was considered significant.

RESULTS

Results of flow cytometry analyses are expressed as the
percentage of CD4⫹ T-cells coexpressing CD25 and the
percentage of CD4⫹CD25⫹, CD4⫹CD25hi, or CD4⫹CD25⫺
cells coexpressing HLA-DR, CD45R0, CD69, or CTLA-4. An
example of the gating used to define CD4 and CD25 status
is shown in Fig. 1.

Percentage of lymphocytes expressing CD4ⴙCD25ⴙ
and levels of CD25 expression in patients with type 1
diabetes and control subjects. There was no significant
difference in the percentage of CD4 lymphocytes that
express CD25 in patients with type 1 diabetes (mean ⫾ SD:
18.7 ⫾ 6.7%) and control subjects (16.9 ⫾ 5.6%; Fig. 2).
Furthermore, there was no significant difference between
the two groups in the level of CD25 expression per cell,
when expressed as the mean fluorescence intensity (MFI)
of the CD4⫹CD25⫹ cell population (mean ⫾ SD MFI in
patients with type 1 diabetes, 10.2 ⫾ 2.1; control subjects,
10.3 ⫾ 2.3). Some studies have suggested that the regulatory cells among the CD4⫹CD25⫹ population predominantly express high levels of CD25 (CD25hi) (25,26). In
addition to analyzing the phenotype of all CD4⫹CD25⫹
cells, therefore, CD25hi cells were defined as the top 2% of
CD25⫹CD4⫹ T-cells. The MFI of these cells was not
significantly different between patients with type 1 diabetes and control individuals (MFI, 95.4 ⫾ 16.7 and 93.8 ⫾
22.4, respectively). In addition, the use of a specific
threshold to define CD25hi cells (defined as a fluorescence
intensity of ⬎100) did not reveal any differences between
patients and control individuals. In summary, therefore,
we did not find evidence of either an alteration in the
frequency of CD4⫹CD25⫹ cells in patients with type 1
diabetes or any change in the amount of CD25 expressed
per cell.
Expression of activation and differentiation markers
on CD4ⴙCD25ⴙ and CD4ⴙCD25hi T-cells. Because the
CD4⫹CD25⫹ population is known to be a heterogeneous
mixture of cells with effector, regulatory, and other functions, we next examined whether patients with type 1
diabetes and nondiabetic control subjects differed in the
relative distribution of activation and differentiation markers among the CD4⫹CD25⫹ cells. Patients with recentonset type 1 diabetes had a significantly higher percentage
of CD4⫹CD25⫹ and CD4⫹CD25hi T-cells coexpressing the
early activation marker CD69 in comparison with control
subjects (P ⫽ 0.007 and P ⫽ 0.002, respectively; Figs. 3 and
4). In contrast, the percentages of CD4⫹CD25⫹ cells coexpressing HLA-DR or CD45R0 that represent chronically
activated and memory cells, respectively, were similar in
the two groups (Figs. 3 and 4).

FIG. 3. Coexpression of activation and differentiation markers on CD4ⴙCD25ⴙ T-cells. Graphs show the coexpression of HLA-DR (A), CD69 (B),
CD45R0 (C), surface expression of CTLA-4 (D), and intracellular expression of CTLA-4 by CD4ⴙCD25ⴙ T-cells (E). Results are expressed as
percentage of CD4ⴙCD25ⴙ cells coexpressing the third marker. Mean (median for surface CTLA-4) values for each group are indicated by a
horizontal line. T1DM, type 1 diabetes.
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FIG. 4. Coexpression of activation and differentiation markers on CD4ⴙCD25hi T-cells. Graphs show the coexpression of HLA-DR (A), CD69 (B),
CD45R0 (C), surface expression of CTLA-4 (D), and intracellular expression of CTLA-4 on the top 2% of CD4ⴙCD25ⴙ T-cells (E). Results are
expressed as percentage of CD4ⴙCD25hi cells coexpressing the third marker. Mean (median for surface CTLA-4) values for each group are
indicated by a horizontal line. T1DM, type 1 diabetes.

Because the T-cell inhibitory molecule CTLA-4 is stored
intracellularly and expressed in its functional context
only through transient surface expression, we examined
both intracellular and surface CTLA-4 on CD4⫹CD25⫹
and CD4⫹CD25hi T-cells. The percentage of CD4⫹CD25⫹
and CD4⫹CD25hi cells expressing intracellular CTLA-4
was significantly elevated in patients with type 1 diabetes compared with control individuals (P ⫽ 0.013 and
P ⫽ 0.026, respectively; Figs. 3 and 4). Furthermore, the
amount of CTLA-4 per CD4⫹CD25⫹ cell, represented by
the MFI of intracellular CTLA-4 –associated immunofluorescence on CD4⫹CD25⫹ and CD4⫹CD25hi cells, was
significantly higher in type 1 diabetes (P ⫽ 0.005 and P ⫽
0.007, respectively; Fig. 5). In contrast, surface CTLA-4
expression was similar in the two subject groups, in terms
of both quantity and quality.
After synthesis, CTLA-4 is primarily located in intracellular vesicles and is translocated to the cell surface only

FIG. 5. Mean fluorescence intensities of intracellular CTLA-4 in CTLA4ⴙ, CD4ⴙCD25ⴙ (A), and CD4ⴙCD25hi (B) subsets. Mean values for
each group are indicated by a horizontal line. T1D, type 1 diabetes.
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after T-cell activation (27,28). Because we found elevated
intracellular expression of CTLA-4 on CD4⫹CD25⫹ T-cells,
we also carried out studies seeking a corresponding
increase in the percentage of cells positive for CTLA-4
surface expression. Surface expression was detected only
at extremely low levels, and because removal of CTLA-4
from the cell surface is known to be rapid, especially in
activated T-cells, we also performed surface immunofluorescence staining at 37°C after 1, 3, and 6 h of in vitro
culture in the continued presence of anti–CTLA-4 monoclonal antibody to examine CTLA-4 turnover. We observed
little measurable increase in surface staining during culture and no difference in surface expression between
patients with type 1 diabetes and control individuals at any
time point (data not shown). One interpretation of these
results is that the CTLA-4⫹, CD4⫹CD25⫹ cells constitute a
resting rather than recently activated population and
therefore have not received stimulatory signals that would
lead to surface translocation, but this will require confirmation in future studies.
Relationship between age, diabetes duration, and
markers of activation and differentiation on CD4ⴙ
CD25ⴙ cells. There was no significant relationship among
age, duration of diabetes, HLA genotype, and autoantibody
status among patients with type 1 diabetes. In addition,
there was no significant correlation between these variables and expression of CD25 or expression of activation
markers on CD4⫹CD25⫹ T-cells.
Analysis of the CTLA-4 exon 1 ⴙ 49 A/G polymorphism.
The human CTLA-4 gene contains an A/G dimorphism at
position ⫹49 that has been associated with the development of several autoimmune diseases (29) and is believed
to affect cellular distribution of CTLA-4 (30). We therefore
determined the alleles present at CTLA-4 ⫹49 in the type 1
diabetic and control groups. Both the frequency of G
allele–positive individuals and the frequency of genotypes
were similar in control subjects and patients with type 1
diabetes (Table 1). Analysis of intracellular or surface expression of CTLA-4 stratified according to possession of
A/G polymorphisms revealed no significant differences in
either the level or percentages of cells expressing CTLA-4
(data not shown).
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TABLE 1
Frequency of the CLTA-4 position ⫹49 A/G polymorphism in
patients with type 1 diabetes and control subjects

n
Allele frequencies
G
A
Genotype frequencies
GG
GA
AA

Patients

Control subjects

19

14

P value
0.45

14 (36.8%)
24 (63.2%)

13 (46.4%)
15 (53.6%)

3 (15.8%)
8 (42.1%)
8 (42.1%)

4 (28.5%)
5 (35.7%)
5 (35.7%)

TABLE 2
Cytokine production

0.78

Data are n (%). Differences in the allele and genotype frequencies
between the groups were assessed using Fisher’s exact and 2 tests,
respectively.

Suppressive function of CD4ⴙCD25ⴙ T-cells. To test
the suppressive function of Treg cells, we isolated populations of CD4⫹CD25⫹ and CD4⫹CD25⫺ T-cells by magnetic bead technology. Particular attention was paid to
optimizing the conditions for the preferential isolation of
CD4⫹ T-cells expressing high levels of CD25. This was
achieved through reducing the ratio of beads to cells,
shortening incubation times of cells with the isolation
beads, and performing the separation on ice. An example
of the populations isolated is shown in Fig. 1D and E. No
difference was observed between patients and control
subjects in either the purity or the level of CD25 expressed
on either population (data not shown). As previous studies
have demonstrated that the strength of stimulus used in
suppression assays can have a profound effect (25,26), we
performed a series of pilot experiments in which the
amount of stimulating anti-CD3 antibody was titrated. For
the analyses presented, 5–10 g/ml anti-CD3 antibody
offered optimal levels of stimulation of responder T-cells
and suppression by CD4⫹CD25⫹ T-cells in most individuals tested. All data presented here are from cultures that
were stimulated with the 5-g/ml dose.
As previously reported, CD4⫹CD25⫹ T-cells from control individuals were relatively anergic to polyclonal stimulation and able to suppress the proliferation of CD4⫹
CD25⫺ cells in a dose-dependent manner (Fig. 6A). We
observed no difference in the level of proliferation (Fig. 6B

T1DM CD25⫹
T1DM CD25⫺
T1DM CD25⫹/CD25⫺
Control CD25⫹
Control CD25⫺
Control CD25⫹/CD25⫺

IFN-␥
(pg/ml)

Interleukin-10
(pg/ml)

0.58 (0.0–175.0)
893.7 (221.3–3303)
379.0 (74.9–3085)*
0.0 (0.0–15.0)
205.0 (0.0–1572)
41.1 (0.0–358)*

1.6 (1.0–6.5)
10.3 (6.6–50.0)
7.1 (2.2–27.8)
10.1 (0.0–149.0)
8.4 (0.0–206)
29.4 (0.0–81.2)

Data are median (range) Cytokine levels from each culture were
determined by cytometric bead assay as described in RESEARCH DESIGN
AND METHODS. *P ⬍ 0.01 comparing results from patients with type 1
diabetes (T1DM) and control subjects.

and C) or cytokine production (Table 2) of the individual
CD4⫹CD25⫹ or CD4⫹CD25⫺ populations between patients
with type 1 diabetes and control subjects. However, analysis of proliferation in cocultures of anti-CD3–stimulated
CD4⫹CD25⫹/CD4⫹CD25⫺ cells at a ratio of 1:1 indicated
that CD4⫹CD25⫹ T-cells from patients with type 1 diabetes displayed significantly impaired suppressor function
when compared with control individuals (mean ⫾ SD:
25.9 ⫾ 17.9 vs. 57.3 ⫾ 23.5%; P ⫽ 0.007; Fig. 6D). Furthermore, analysis of secreted cytokines revealed that in comparison with control subjects, cocultures from patients with
type 1 diabetes contained significantly more interferon-␥
(IFN-␥) (816.0 ⫾ 991.9 vs. 98.2 ⫾ 136.8 pg/ml; P ⫽ 0.005) and
significantly less interleukin-10 (10.1 ⫾ 8.5 vs. 36.2 pg/ml ⫾
27.4; P ⫽ 0.03; Fig. 7A). The balance of cytokines produced
by CD4⫹CD25⫺ cells and cocultures is also expressed as a
ratio of IFN-␥ (pg/ml) to interleukin-10 (pg/ml) (Fig. 7B and
C).
Suppression assays were also performed using a stronger stimulus (10 g/ml anti-CD3 antibody). Consistent with
other studies (22,25,26), increasing the strength of stimulus
decreased the level of suppression in the control group, and
no differences were seen between patients with type 1 diabetes and control subjects (mean suppression ⫾ SD, 35.2 ⫾
21.6% and 35.6 ⫾ 22.9%, respectively; data not shown).

FIG. 6. Proliferation and percentage suppression in separated cell populations and cocultures. A: Representative proliferation of 5,000
CD4ⴙCD25ⴚ cells from a patient with type 1 diabetes (T1DM) (F) and from a control nondiabetic subject (‚) in the presence of different ratios
of CD4ⴙCD25ⴙ cells. Proliferation of CD4ⴙCD25ⴙ (B), CD4ⴙCD25ⴚ (C), and percentage suppression of CD4ⴙCD25ⴚ proliferation by CD4ⴙCD25ⴙ
cells in cocultures (D). Median values are indicated by a horizontal line.
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FIG. 7. Cytokine production. A: Levels of IFN-␥ and interleukin-10 secreted in cocultures from patients with type 1 diabetes (T1DM) and control
subjects. Median values are indicated by a horizontal line. Cytokine data are also represented as a ratio of IFN-␥ to interleukin-10 produced by
CD4ⴙCD25ⴚ cells and cocultures for control subjects (B) and patients with type 1 diabetes (C). Results from individual subjects are joined by
a horizontal line.

DISCUSSION

The present study is the first in patients with type 1
diabetes to examine the suppressor function of regulatory
cells contained within the CD4⫹CD25⫹ T-cell population.
Analysis of the functional regulatory capacity of cells
defined by these markers demonstrates a marked deficiency in their ability to suppress proliferation of cocultured CD4⫹CD25⫺ T-cells in patients with type 1 diabetes.
In addition, the cytokine milieu generated in CD4⫹CD25⫹/
CD4⫹CD25⫺ cocultures differs markedly and significantly
between patients with type 1 diabetes and nondiabetic
subjects, with a failure to suppress effector T-cell production of a proinflammatory cytokine and failure to
promote production of an anti-inflammatory cytokine observed among the patients. Taken together, these novel
data support the proposal that the development of type 1
diabetes is accompanied by defective immune regulation
by at least one of the major suppressor T-cell populations
defined to date.
By its nature, a cell type that negatively regulates other
immune effectors is difficult to identify with ease and
precision at the single-cell level. For this reason, the
identification of a phenotype, CD25 positivity, which defines a population of cells with regulatory properties both
in vitro and in vivo, has been heralded as an important
advance (14,15). However, it is apparent that although
CD25 defines a population with potent regulatory activity,
it encompasses a heterogeneous group of cells (25), including recently activated effector cells (31). Before the
advent of knowledge that CD4⫹CD25⫹ T-cells regulate,
studies demonstrating increases in these cells in patients
with type 1 diabetes were interpreted as consistent with
the presence of an increased percentage of circulating
autoreactive effector cells (32). In contrast, more recently,
changes in this population of cells in patients with type 1
diabetes have been interpreted in the context of their
regulatory function (33). Importantly, to date, no studies
have attempted to examine this controversy by analyzing
the regulatory capacity of CD4⫹CD25⫹ T-cells in patients
with type 1 diabetes.
DIABETES, VOL. 54, JANUARY 2005

We used a conventional approach to examining the
functional regulatory capacity of CD4⫹CD25⫹ T-cells by
assessing their ability to suppress mitogen-induced proliferation of CD4⫹CD25⫺ T-cell populations and modulate
the accompanying cytokine production. As a source of
regulatory cells, we purified CD4⫹CD25⫹ T-cells using an
immunomagnetic approach designed to preferentially recruit CD25hi cells, which are reported to harbor the most
potent regulatory capacity. In accordance with other reports (17–20,25,34), we found that upon polyclonal activation, CD4⫹CD25⫹ T-cells that were purified in this way
were relatively anergic in comparison with the CD4⫹CD25⫺
population and were able to suppress proliferation and
cytokine production of the CD4⫹CD25⫺ cells in a dosedependent manner. However, the regulatory capacity of
CD4⫹CD25⫹ T-cells from patients with type 1 diabetes
was markedly diminished in comparison with control subjects in terms of both suppression of proliferation and
control of secretion of the proinflammatory cytokine IFN-␥.
Conversely, the anti-inflammatory cytokine interleukin-10
was found at higher concentrations in cocultures from
control subjects. IFN-␥ is believed to have a central role in
T-cell–mediated destruction of pancreatic ␤-cells, and it is
known that islet-autoreactive T-cells from patients with
type 1 diabetes are characterized by secretion of this
cytokine (35–37), whereas cells from control individuals
are characterized by secretion of interleukin-10 (35). Although it has been demonstrated that, in vitro, suppression
of CD4⫹CD25⫹ T-cells seems to be independent of interleukin-10, secretion of this cytokine may represent a useful marker to identify effective regulation by cells in the
CD4⫹CD25⫹ population.
In the present study, we found no significant abnormality in either the number of CD4⫹CD25⫹ T-cells or the level
of CD25 expression in type 1 diabetes. This finding contrasts with an earlier published report suggesting that
expression of CD25 is elevated in patients with type 1
diabetes (32) and a more recent study demonstrating a decrease in CD25 expression on CD4 T-cells (33) but agrees
with observations published by Gessl and Waldhausl (38).
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Factors that could account for the differences between
these studies include the definition of CD25⫹ cells, disease
duration, and, most important, appropriate matching for
age and HLA type in the control population.
When our phenotypic study was broadened to analyze
the CD4⫹CD25⫹ population in greater depth, we found
significant differences within distinct cellular subsets between patients with type 1 diabetes and control subjects in
CD69 and CTLA-4 expression. The relationship of these
changes to the defective suppression observed in functional assays remains to be established. We observed a
significantly higher percentage of CD4⫹CD25⫹ and CD25hi
(but not CD25⫺; data not shown) cells coexpressing CD69.
CD69 is a marker of very recent T-cell activation, detectable on T-cells within 4 h of activation and declining
rapidly after 24 h (39). In the context of an inflammatory
autoimmune disease such as type 1 diabetes, therefore, it
is possible that CD69⫹ cells represent very recently activated effector cells, although it cannot be excluded that
they represent activated regulatory cells. Levels of HLADR and CD45R0 on CD4⫹CD25⫹ T-cells, which more reliably reflect chronicity of immune activation, were similar
in patients and control subjects.
Our study also showed that in patients with type 1 diabetes, there is an increase in the percentage of CD4⫹CD25⫹
and CD25hi cells positive for CTLA-4 intracellular expression and that the amount of CTLA-4 per cell is also increased. CTLA-4 is a negative regulator of T-cell activation
pathways (40,41) expressed de novo after T-cell activation
and is considered to constitute part of a physiological
postactivation negative feedback pathway in T-cell homeostasis (42). More recently, it has been identified as a
constitutive marker of CD4⫹CD25⫹ regulatory T-cells in
mice (43), although it remains to be seen whether such a
specific role can be ascribed in humans. At present, therefore, it remains unclear as to whether the elevation in
CTLA-4 expression that we observe can be interpreted as
representing an increased, stable regulatory capacity of
CD4⫹CD25⫹ T-cells in type 1 diabetes or as further corroboration that CD4⫹CD25⫹ cells in patients contain more
recently activated T-cells, as for CD69. Future studies in
this context with polychromatic flow cytometry should be
able to establish, for example, whether CD69⫹CD4⫹25⫹
cells coexpress CTLA-4. These studies on CTLA-4 expression in the CD25⫹ population will also be important given
the added impetus of recent studies implicating genetically
determined lower mRNA levels of the soluble splice form
of CTLA-4 in susceptibility to autoimmune diseases, including type 1 diabetes (44).
Because CD25 is expressed by both activated effector
and regulatory T-cells and that, at any given moment, the
CD4⫹CD25⫹ population therefore contains a balance of
these two different cell types, careful interpretation of our
observations is required. One reading of our data is that
the numeric balance of regulatory versus effector T-cells
within this critical cell population is subtly weighted in
favor of inflammation over regulation in patients with type
1 diabetes. However, the vast majority of cells within the
CD4⫹CD25⫹ population do not show signs of activation,
and, given that we observed no significant difference in the
proliferation or cytokines secreted by the CD4⫹CD25⫹
populations from patients or controls, it is unlikely that
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the differences observed in regulatory capacity are entirely
due to a “dilution” of Treg with activated T-cells. It therefore is tempting to speculate that the skewed cytokine
secretion seen in cocultures (but not single cultures)
indicates that CD4⫹CD25⫹ regulatory cells from patients
with type 1 diabetes may be deficient at regulating the type
of proinflammatory responses believed to be involved in
islet destruction. Alternatively, regulatory cells in patients
with type 1 diabetes could be susceptible to clonal exhaustion in an attempt to control the immune activation that
precedes diagnosis. Studies on individuals who are at risk
for developing type 1 diabetes and those with long-established disease will be useful in establishing whether the
phenotypic alterations identified here are stable and contribute to disease susceptibility.
These findings corroborate similar studies in the autoimmune conditions multiple sclerosis and autoimmune
polyglandular syndrome II, which also report a defect in
CD4⫹CD25⫹ cell function (22,23). Taken together, these
studies may point to a central role for this regulatory cell
population in the development of a wide range of autoimmune conditions.
ACKNOWLEDGMENTS

This study was supported by Diabetes U.K. (grant RD01/
0002126) through the provision of a Ph.D. studentship (to
S.L.), Senior Clinical Research Fellowship (to M.P.), and
project support for the South West of England Newly
Diagnosed Collection (SWENDIC).
We are grateful to the patients and control subjects who
donated blood samples.
REFERENCES
1. Castano L, Eisenbarth GS: Type-I diabetes: a chronic autoimmune disease
of human, mouse, and rat. Annu Rev Immunol 8:647– 679, 1990
2. Bonifacio E, Bingley PJ: Islet autoantibodies and their use in predicting
insulin-dependent diabetes. Acta Diabetol 34:185–193, 1997
3. Atkinson MA, Kaufman DL, Campbell L, Gibbs KA, Shah SC, Bu DF,
Erlander MG, Tobin AJ, Maclaren NK: Response of peripheral-blood
mononuclear cells to glutamate decarboxylase in insulin-dependent diabetes. Lancet 339:458 – 459, 1992
4. Naquet P, Ellis J, Tibensky D, Kenshole A, Singh B, Hodges R, Delovitch
TL: T-cell autoreactivity to insulin in diabetic and related non-diabetic
individuals. J Immunol 140:2569 –2578, 1988
5. Hawkes CJ, Schloot NC, Marks J, Willemen SJ, Drijfhout JW, Mayer EK,
Christie MR, Roep BO: T-cell lines reactive to an immunodominant epitope
of the tyrosine phosphatase-like autoantigen IA-2 in type 1 diabetes. Diabetes 49:356 –366, 2000
6. Roep BO: The role of T-cells in the pathogenesis of type 1 diabetes: from
cause to cure. Diabetologia 46:305–321, 2003
7. Herold KC, Hagopian W, Auger JA, Poumian-Ruiz E, Taylor L, Donaldson
D, Gitelman SE, Harlan DM, Xu D, Zivin RA, Bluestone JA: Anti-CD3
monoclonal antibody in new-onset type 1 diabetes mellitus. N Engl J Med
346:1692–1698, 2002
8. Feutren G, Papoz L, Assan R, Vialettes B, Karsenty G, Vexiau P, Du Rostu
H, Rodier M, Sirmai J, Lallemand A, et al.: Cyclosporin increases the rate
and length of remissions in insulin-dependent diabetes of recent onset:
results of a multicentre double-blind trial. Lancet 2:119 –124, 1986
9. Anderson MS, Venanzi ES, Klein L, Chen Z, Berzins SP, Turley SJ, von
Boehmer H, Bronson R, Dierich A, Benoist C, Mathis D: Projection of an
immunological self shadow within the thymus by the aire protein. Science
298:1395–1401, 2002
10. Leiter EH, Serreze DV: Antigen presenting cells and the immunogenetics of
autoimmune diabetes in NOD mice. Reg Immunol 4:263–273, 1992
11. von Herrath MG: Regulation of virally induced autoimmunity and immunopathology: contribution of LCMV transgenic models to understanding
autoimmune insulin-dependent diabetes mellitus. Curr Top Microbiol
Immunol 263:145–175, 2002
DIABETES, VOL. 54, JANUARY 2005

S. LINDLEY AND ASSOCIATES

12. Walker LS, Abbas AK: The enemy within: keeping self-reactive T-cells at
bay in the periphery. Nat Rev Immunol 2:11–19, 2002
13. Francois Bach J: Regulatory T-cells under scrutiny. Nat Rev Immunol
3:189 –198, 2003
14. Shevach EM: CD4⫹ CD25⫹ suppressor T-cells: more questions than
answers. Nat Rev Immunol 2:389 – 400, 2002
15. Chatenoud L, Salomon B, Bluestone JA: Suppressor T-cells—they’re back
and critical for regulation of autoimmunity! Immunol Rev 182:149 –163,
2001
16. Sakaguchi S: Regulatory T-cells: key controllers of immunologic selftolerance. Cell 101:455– 458, 2000
17. Jonuleit H, Schmitt E, Stassen M, Tuettenberg A, Knop J, Enk AH:
Identification and functional characterization of human CD4(⫹)CD25(⫹)
T-cells with regulatory properties isolated from peripheral blood. J Exp
Med 193:1285–1294, 2001
18. Dieckmann D, Plottner H, Berchtold S, Berger T, Schuler G: Ex vivo
isolation and characterization of CD4(⫹)CD25(⫹) T-cells with regulatory
properties from human blood. J Exp Med 193:1303–1310, 2001
19. Levings MK, Sangregorio R, Roncarolo MG: Human cd25(⫹)cd4(⫹) t
regulatory cells suppress naive and memory T-cell proliferation and can be
expanded in vitro without loss of function. J Exp Med 193:1295–1302, 2001
20. Ng WF, Duggan PJ, Ponchel F, Matarese G, Lombardi G, Edwards AD,
Isaacs JD, Lechler RI: Human CD4(⫹)CD25(⫹) cells: a naturally occurring
population of regulatory T-cells. Blood 98:2736 –2744, 2001
21. Piccirillo CA, Shevach EM: Cutting edge: control of CD8⫹ T-cell activation
by CD4⫹CD25⫹ immunoregulatory cells. J Immunol 167:1137–1140, 2001
22. Viglietta V, Baecher-Allan C, Weiner HL, Hafler DA: Loss of functional
suppression by CD4⫹CD25⫹ regulatory T-cells in patients with multiple
sclerosis. J Exp Med 199:971–979, 2004
23. Kriegel MA, Lohmann T, Gabler C, Blank N, Kalden JR, Lorenz HM:
Defective suppressor function of human CD4⫹ CD25⫹ regulatory T-cells
in autoimmune polyglandular syndrome type II. J Exp Med 199:1285–1291,
2004
24. Expert Committee on the Diagnosis and Classification of Diabetes Mellitus: Report of the Expert Committee on the Diagnosis and Classification of
Diabetes Mellitus. Diabetes Care 20:1183–1197, 1997
25. Baecher-Allan C, Brown JA, Freeman GJ, Hafler DA: CD4⫹CD25 high
regulatory cells in human peripheral blood. J Immunol 167:1245–1253, 2001
26. Baecher-Allan C, Viglietta V, Hafler DA: Inhibition of human CD4(⫹)
CD25(⫹high) regulatory T-cell function. J Immunol 169:6210 – 6217, 2002
27. Egen JG, Allison JP: Cytotoxic T lymphocyte antigen-4 accumulation in the
immunological synapse is regulated by TCR signal strength. Immunity
16:23–35, 2002
28. Egen JG, Kuhns MS, Allison JP: CTLA-4: new insights into its biological
function and use in tumor immunotherapy. Nat Immunol 3:611– 618, 2002
29. Donner H, Rau H, Walfish PG, Braun J, Siegmund T, Finke R, Herwig J,
Usadel KH, Badenhoop K: CTLA4 alanine-17 confers genetic susceptibility
to Graves’ disease and to type 1 diabetes mellitus. J Clin Endocrinol Metab
82:143–146, 1997
30. Maurer M, Loserth S, Kolb-Maurer A, Ponath A, Wiese S, Kruse N, Rieckmann P: A polymorphism in the human cytotoxic T-lymphocyte antigen 4
(CTLA4) gene (exon 1 ⫹49) alters T-cell activation. Immunogenetics 54:
1– 8, 2002

DIABETES, VOL. 54, JANUARY 2005

31. Waldmann TA: The interleukin-2 receptor. J Biol Chem 266:2681–2684,
1991
32. De Berardinis P, Londei M, Kahan M, Balsano F, Kontiainen S, Gale EA,
Bottazzo GF, Feldmann M: The majority of the activated T-cells in the
blood of insulin-dependent diabetes mellitus (IDDM) patients are CD4⫹.
Clin Exp Immunol 73:255–259, 1988
33. Kukreja A, Cost G, Marker J, Zhang C, Sun Z, Lin-Su K, Ten S, Sanz M,
Exley M, Wilson B, Porcelli S, Maclaren N: Multiple immuno-regulatory
defects in type-1 diabetes. J Clin Invest 109:131–140, 2002
34. Stephens LA, Mottet C, Mason D, Powrie F: Human CD4(⫹)CD25(⫹)
thymocytes and peripheral T-cells have immune suppressive activity in
vitro. Eur J Immunol 31:1247–1254, 2001
35. Arif S, Tree TI, Astill TP, Tremble JM, Bishop AJ, Dayan CM, Roep BO,
Peakman M: Autoreactive T-cell responses show proinflammatory polarization in diabetes but a regulatory phenotype in health. J Clin Invest
113:451– 463, 2004
36. Alleva DG, Crowe PD, Jin L, Kwok WW, Ling N, Gottschalk M, Conlon PJ,
Gottlieb PA, Putnam AL, Gaur A: A disease-associated cellular immune
response in type 1 diabetics to an immunodominant epitope of insulin.
J Clin Invest 107:173–180, 2001
37. Kotani R, Nagata M, Moriyama H, Nakayama M, Yamada K, Chowdhury SA,
Chakrabarty S, Jin Z, Yasuda H, Yokono K: Detection of GAD65-reactive
T-cells in type 1 diabetes by immunoglobulin-free ELISPOT assays. Diabetes Care 25:1390 –1397, 2002
38. Gessl A, Waldhausl W: Increased CD69 and human leukocyte antigen-DR
expression on T lymphocytes in insulin-dependent diabetes mellitus of
long standing. J Clin Endocrinol Metab 83:2204 –2209, 1998
39. Arva E, Andersson B: Kinetics of cytokine release and expression of
lymphocyte cell-surface activation markers after in vitro stimulation of
human peripheral blood mononuclear cells with Streptococcus pneumoniae. Scand J Immunol 49:237–243, 1999
40. Linsley PS, Greene JL, Tan P, Bradshaw J, Ledbetter JA, Anasetti C, Damle
NK: Coexpression and functional cooperation of CTLA-4 and CD28 on
activated T lymphocytes. J Exp Med 176:1595–1604, 1992
41. van der Merwe PA, Bodian DL, Daenke S, Linsley P, Davis SJ: CD80 (B7–1)
binds both CD28 and CTLA-4 with a low affinity and very fast kinetics.
J Exp Med 185:393– 403, 1997
42. Walunas TL, Lenschow DJ, Bakker CY, Linsley PS, Freeman GJ, Green JM,
Thompson CB, Bluestone JA: CTLA-4 can function as a negative regulator
of T-cell activation. Immunity 1:405– 413, 1994
43. Read S, Powrie F: CD4(⫹) regulatory T-cells. Curr Opin Immunol
13:644 – 649, 2001
44. Ueda H, Howson JM, Esposito L, Heward J, Snook H, Chamberlain G,
Rainbow DB, Hunter KM, Smith AN, Di Genova G, Herr MH, Dahlman I,
Payne F, Smyth D, Lowe C, Twells RC, Howlett S, Healy B, Nutland S,
Rance HE, Everett V, Smink LJ, Lam AC, Cordell HJ, Walker NM, Bordin C,
Hulme J, Motzo C, Cucca F, Hess JF, Metzker ML, Rogers J, Gregory S,
Allahabadia A, Nithiyananthan R, Tuomilehto-Wolf E, Tuomilehto J, Bingley P, Gillespie KM, Undlien DE, Ronningen KS, Guja C, Ionescu-Tirgoviste
C, Savage DA, Maxwell AP, Carson DJ, Patterson CC, Franklyn JA, Clayton
DG, Peterson LB, Wicker LS, Todd JA, Gough SC: Association of the T-cell
regulatory gene CTLA4 with susceptibility to autoimmune disease. Nature
423:506 –511, 2003

99

