
An early age-related increase in the frequency of CD4
+ Foxp3

+ cells
in BDC2�5NOD mice

Introduction

The BDC2�5NOD transgenic mouse expresses a T-cell

receptor (TCR) that is specific for an islet autoantigen.1

The TCR DNA is that of an islet-reactive CD4+ clone,

BDC2�5, which was identified in wild-type NOD mice.2

The clone is able to transfer diabetes to neonatal NOD

mice.3 A recent publication has suggested that the TCR

may recognize the glutamic acid decarboxylase (GAD)-65

autoantigen.4 Despite their highly autoreactive repertoire,

BDC2�5NOD mice are protected from diabetes5 and are

thus an excellent model of dominant immune regulation.

Interestingly, these mice appear to become less reactive to

islet cell autoantigens as they age. Old mice (aged over

20 weeks) are less susceptible than young mice to cyclo-

phosphamide-induced diabetes.6 In addition, the ability

of splenocytes from BDC2�5NOD mice to transfer disease

to NOD.severe combined immunodeficiency (scid) recipi-

ents declines in an age-dependent manner.7 Splenocytes

from 20-week-old mice are far less efficacious in transfer-

ring diabetes to NOD.scid recipients than are those from

4-week-old mice.7

The role of regulatory T cells (Treg) in the prevention

of autoimmune disease has been emphasized by recent

studies of Foxp3. Both mice and humans with mutations

in this gene develop widespread autoimmunity early in

life.8,9 Expression of the gene is highly enriched within

the CD4+ CD25+ regulatory subset10,11 and retroviral

transduction of CD4+ CD25– cells with Foxp3 confers

regulatory expression upon them.10,12 In wild-type NOD

mice, several reports have described an age-related decline

in Treg function as contributing to the development of

diabetes. Gregori et al. found that splenic CD4+ CD25+ T

cells from 16-week-old mice did not behave as suppressor

cells either in vitro or in vivo.13 These results were con-

firmed in a recent study by Chatenoud et al.14. Diabetic

NOD mice were shown to re-acquire regulatory activity

in their CD4+ CD25+ T-cell population following treat-

ment with anti-CD3 antibody.15 A recent study showed

that CD4+ CD25+ T cells in the pancreatic lymph nodes
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Summary

The role of regulatory T cells (Treg) in maintaining tolerance to self has

been intensively scrutinized, particularly since the discovery of Foxp3 as a

Treg-specific transcription factor. The BDC2�5NOD transgenic mouse is

an excellent model of immunoregulation because it has a very low inci-

dence of diabetes despite a highly autoreactive T-cell repertoire. It has

previously been shown that reactivity against islets decreases with age in

BDC2�5NOD mice. Here we show that there is a markedly higher fre-

quency of Foxp3+ Treg in the CD4+ subset of 16–20-week-old mice com-

pared with 4- or 8-week-old mice. This phenomenon can be observed in

the spleen, thymus, pancreatic draining lymph nodes and the pancreas

itself. We show that this early age-related increase in the frequency of

Foxp3+ cells does not occur in wild-type NOD, BALB/c or C57BL/6 mice.

Further, we show that, in contrast to some reports on Treg in wild-type

NOD mice, the suppressive function of BDC2�5NOD Treg from 16- to

20-week-old mice is intact and comparable to that from 4- to 8-week-old

mice both in vitro and in vivo. Our data offer insights into the long-term

protection of BDC2�5NOD mice from diabetes and an explanation for the

age-related decrease in anti-islet responses seen in BDC2�5NOD mice.
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of female but not male NOD mice exhibited an age-rela-

ted decline in the expression of mRNA coding for Foxp3

and transforming growth factor (TGF)-b116. Nevertheless,

it is clear that, in BDC2�5NOD mice, tolerance to islet cell

autoantigens appears to strengthen rather than diminish

between 4 and 16–20 weeks of age, in contrast to those

reports in wild-type NOD mice. Furthermore, reports in

other mouse strains have described age-related hypo-

responsiveness in the CD4+ subset of T cells, which has

been ascribed to increases in the frequency of regulatory

T cells.17,18 We therefore examined the frequency and

function of Treg from BDC2�5NOD mice of various ages.

We found that not only is Treg function intact in vivo

and in vitro in old BDC2�5NOD mice but the percentage

of peripheral CD4+ CD25+ and CD4+ Foxp3+ regulatory

T cells rises in BDC2�5NOD mice in an age-dependent

manner in the spleen, thymus, pancreatic lymph nodes

(PLNs) and pancreas. These changes occur much earlier

than any age-related increases in Treg frequency in other

strains and coincide with the time at which splenocytes

from the BDC2�5NOD mice become less diabetogenic.

Materials and methods

Mice

BALB/c and C57BL/6 mice were purchased from Harlan

(Oxon, UK). NOD, BDC2�5NOD and NOD.scid mice were

bred and maintained under barrier conditions in the Bio-

logical Services facility of the Department of Pathology,

University of Cambridge, Cambridge, UK. They received

standard laboratory food and water ad libitum. NOD.scid

mice were maintained in microisolator cages with filtered

air and handled under sterile conditions in a laminar flow

hood. All animal experiments were approved by the Ethical

Review Committee of the University of Cambridge.

Antibodies

Commercially available monoclonal antibodies used in

this study were fluorescein isothiocyanate (FITC), phyco-

erythrin (PE), peridinin chlorophyll protein (PerCP) or

biotin conjugates raised against CD4 (RM4-5), CD25

(PC61), CD62L (MEL-14), CD103 (M290), CTLA-4

(UC10), interferon (IFN)-c (XMG1�2) and interleukin

(IL)-10 (JES5–16E3) obtained from BD Biosciences (San

Diego, CA). Fc receptors were blocked with a 1/100 dilu-

tion of supernatant from the hybridoma 2�4G2 on ice for

30 min except where an anti-rat immunoglobulin was used

for secondary staining. The anticlonotype antibody

(aBDC, mouse IGg2b) as described in Kanagawa et al.6

was a gift of Dr O. Kanagawa. This antibody was used as

a supernatant and detected with FITC anti-mouse IgG2b

(Serotec, Kidlington, UK). Anti-glucocorticoid-induced

tumour necrosis factor receptor (GITR) (DTA-1, rat

IgG2b) was a gift from Professor S. Sakaguchi. It was

used as a supernatant and detected with FITC goat anti-

rat immunoglobulin (Serotec).

Fluorescence-activated cell sorter (FACS) analysis

Single cell suspensions were made from the spleen and

PLNs, red blood cells were lysed using an ammonium

chloride buffer and the cells were then re-suspended in

FACS buffer [phosphate-buffered saline (PBS), 2% fetal calf

serum (FCS) and 0�05% sodium azide (Sigma Aldrich,

Poole, UK)]. Fc receptors were blocked with supernatant

from the hybridoma 2�4G2 and stained with the appropri-

ate antibodies at the concentrations recommended by the

manufacturers for 30 min at 4�. The presence of the tran-

scription factor Foxp3 was detected using a Foxp3 staining

set according to the manufacturer’s instructions (eBio-

science, San Diego, CA). For determination of intracellular

cytokine production, cells were restimulated with 500 ng/

ml PdBu, 500 ng/ml ionomycin and 1 lg/ml Brefeldin A

(all from Sigma-Aldrich) at 37� for 4 hr. Cells were stained

for surface markers and fixed overnight in Fix/Perm buffer

(eBioscience). Cells were then permeabilized with eBio-

science buffer and stained for IL-10, IFN-c or cytotoxic

T-lymphocyte antigen (CTLA)-4. The stained cells were

analysed using a FACScan or LSR-2 analyser (Becton Dick-

inson Biosciences, Erembodegem, Belgium) and CELLQUEST

(Becton Dickinson Biosciences) or FLOWJO (Tree Star, Inc.,

Ashland, OR) software.

Analysis of pancreatic infiltrates

Each pancreas was harvested individually and cut into

small pieces in cold PBS containing 5% FCS, 56 mM glu-

cose and complete mini protease inhibitors (Roche, Wel-

wyn Garden City, UK) The protease inhibitor cocktail

was then washed off using cold sterile PBS (Invitrogen,

Paisley, UK). The tissues were incubated in 2 ml of PBS

containing 15% FCS, 0�3 mg/ml Liberase CI (Boehringer

Mannheim, Ingelheim, Germany) and 10 lg/ml DNAase

(Sigma Aldrich) for 10 min at 37�. After digestion, the

tissues were washed and cell suspensions were prepared

by forcing them through a cell strainer. Suspensions were

left to settle for 5 min to remove stromal debris. The sup-

ernatants were then harvested. The cells were then washed

with PBS and used for FACS analysis.

In vitro Treg assay

CD4+ CD25+ and CD4+ CD25– T cells were isolated using

a Regulatory T Cell Isolation Kit (Miltenyi Biotec, Auburn,

CA) according to the manufacturer’s instructions. CD4+

CD25– T cells were suspended at 5 · 107 cells/ml in PBS

with 5 lM 5,6-carboxyfluorescein diacetate succinimidyl

ester (CFSE) and incubated at 37� for 20 min. Cells were
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washed with PBS and then resuspended in complete med-

ium [IMDM (Gibco, Paisley, UK) supplemented with 10%

FCS (Harlan), 100 lg/ml streptomycin (Sigma) and 60 lg/

ml penicillin (Sigma)]. Triplicate cultures of the stated

number of CFSE-labelled CD4+ CD25– T cells were incuba-

ted for 72 hr in round-bottom 96-well plates (Falcon; Bec-

ton Dickinson, San Jose, CA) with the stated number of

antigen-presenting cells (irradiated, CD4+ T-cell depleted,

red cell lysed splenocytes), 1 lg/ml anti-CD3 and the stated

number of CD4+ CD25+ T cells. Cells from each well were

harvested after 72 hr, stained for CD4 and analysed by flow

cytometry.

In vivo transfer experiments with NOD.scid mice

Single cell suspensions were made from the spleens of

4-week-old, 8-week-old or 16–20-week-old BDC2�5NOD

mice. CD4+ CD25+ and CD4+ CD25– T cells were isola-

ted using a Regulatory T Cell Isolation Kit (Miltentyi

Biotec) according to the manufacturer’s instructions.

CD4+ CD25+ and CD4+ CD25– T cells were injected

intravenously either alone or together at the ratios indica-

ted into 4-week-old or 8-week-old male NOD.scid reci-

pients. The incidence of diabetes was monitored by

assessment of glycosuria using Diastix (Bayer, Newbury,

UK). Mice were considered diabetic if they tested positive

for glycosuria on two consecutive occasions. Typically,

there were 5 or 10 mice per group in each experiment.

Statistics

Data were analysed using the GRAPHPAD PRISM computer

package (GraphPad, San Jose, CA). The Mann–Whitney

U-test was used to assess differences between non-para-

metric data groups. Log rank analysis of Kaplan–Meier

survival curves was used to compare time of onset of dia-

betes between the two treatment regimes. Results were

considered to be significant if P < 0�05.

Results

An early age-related increase in the frequency
of CD4+ CD25+ cells in spleen and pancreatic
lymph nodes of BDC2�5NOD mice

We examined the CD4+ CD25+ population in the spleens,

pancreatic lymph nodes and pancreata of old and young

BDC2�5NOD mice by FACS analysis (Fig. 1). There was a

striking age-related increase in the frequency of splenic

CD4+ CD25+ T cells in BDC2�5NOD mice (Fig. 1a). The

percentage of the CD4+ subset that expressed CD25 was

around 8–10% in 4–5-week-old mice. This increased sig-

nificantly to 12–13% in 8-week-old mice (P < 0�02).

However, in 16–20-week-old mice, the percentage of

CD25-expressing cells in the CD4+ subset was over 20%,

twofold greater than that observed in 4–5-week-old mice.

The difference between 16–20-week-old mice and 4- or

8-week-old mice was highly significant (P < 0�001) in both

cases.

Pancreatic lymph node cells from old BDC2�5NOD

mice also exhibited a higher frequency of CD4+ CD25+

cells than those of young mice (Fig. 1b). Interestingly, in

both young (4- and 8-week-old) and older (16–20-week-

old) mice, the percentage of CD25+ cells within the CD4+

subset was lower than that observed in the spleen. How-

ever, the presence of an age-related rise in the frequency

of CD4+ CD25+ cells was consistent between spleen and

pancreatic lymph nodes. In both 4–5-week-old mice and

8-week-old mice, the frequency of CD25+ cells within the

CD4+ subset was 6–7% (no significant difference in fre-

quency), whereas in 16–20-week-old mice this figure

was significantly higher, ranging from 10 to over 20%

(P < 0�001). We also noted an age-related increase in the

proportion of CD4+ cells that expressed CD25 in the pan-

creas. The frequency of CD4+ CD25+ cells was signi-

ficantly higher (P < 0�01) amongst CD4+ cells from

pancreatic infiltrates of 20-week-old mice compared with

those from 8-week-old mice (Fig. 1c).

The data we obtained on CD25 expression contrast

with those obtained by other groups who have examined

the frequencies of CD4+ CD25+ cells in other mouse

strains. Sakaguchi et al. noted a slight increase in the
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Figure 1. There is an early age-related increase in the frequency of

CD25+ cells in the CD4+ subset of BDC2�5NOD mice in the spleen,

pancreatic lymph nodes and pancreas. Single cell suspensions from

the spleens, pancreatic lymph nodes and pancreata of BDC2�5NOD

mice of various ages were co-stained for CD4 and CD25. Results are

given as the percentage of CD25+ cells in the CD4+ subset for the

spleen (a), pancreatic lymph nodes (b) and pancreas (c).
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frequency of CD4+ CD25+ cells with age in C57BL/6

mice, but this occurred over a much longer time frame.

Our data were suggestive, but not confirmatory, of an

age-related increase in the frequency of Treg in the CD4+

compartment of BDC2�5NOD mice, as expression of

CD25 is not an absolute marker of regulatory cells but

can represent activated cells too.

An early age-related increase in the CD4+ Foxp3+

populations in the spleens, pancreatic lymph nodes,
pancreata and thymi of BDC2�5NOD mice

The most specific marker of Treg is the transcription fac-

tor Foxp3.10,11 We therefore analysed Foxp3 expression at

the single-cell level by FACS analysis of the spleens from

4-week-old, 8-week-old and 16–20-week-old BDC2�5NOD

mice (Fig. 2). The proportion of Foxp3+ cells in the

CD4+ subset was consistently higher in the spleens of 16–

20-week-old mice than in those of 4- or 8-week-old mice

(Fig. 2a). In 4-week-old mice, approximately 10% of the

CD4+ T cells were Foxp3+, similar to the percentage of

CD25+ T cells in the CD4+ subset of such mice. There

was a slight and statistically significant increase in the

proportion CD4+ cells expressing Foxp3 in 8-week-old

mice to around 12–13% (P < 0�01). By contrast, the pro-

portion of Foxp3+ T cells in the CD4+ compartment of

older (16–20-week-old) mice was between 25 and 30%,

significantly higher than in 4-week-old (P < 0�05) or

8-week-old (P < 0�005) mice. We also examined the abso-

lute numbers of CD4+ and CD4+ Foxp3+ cells in the

spleens of 8-week-old and 16-week-old BDC2�5NOD mice.

We found that there was no significant difference in the

number of CD4+ cells between 8- and 16-week-old

BDC2�5NOD mice but that there was a significant increase

in the absolute number of CD4+ Foxp3+ cells from around

1 · 106 to around 2�7 · 106 (P < 0�05) (Fig. 2b).

Having established that BDC2�5NOD mice exhibit

an early age-related increase in the frequency of

CD4+ Foxp3+ cells in the spleen, we sought to establish

whether this phenomenon also occurred in the pancreatic

lymph nodes and pancreas. In the pancreatic lymph

nodes (Fig. 2c), we found that, although the percentage

of Foxp3+ cells in the CD4+ subset was lower in the pan-

creatic lymph nodes than in the spleen in both young

and old mice (as we had observed for CD25 expression),

the proportion of CD4+ cells that were Foxp3+ was con-

sistently higher in the pancreatic lymph nodes of 16–20-

week-old mice compared with young 4-week-old or

8-week-old BDC2�5NOD mice (P < 0�0001 in both cases).

There was no significant difference between 4- and

8-week-old mice in the proportion of CD4+ Foxp3+ cells

in the CD4+ subset. The same pattern was also observed

in the pancreas itself (Fig. 2d). There was no significant

difference in the frequency of CD4+ Foxp3+ cells in the

pancreata of 4- and 8-week-old mice. However, the

frequencies of Foxp3+ cells within the CD4+ subset were

significantly higher in 16–18-week-old mice than in

4- and 8-week-old mice (P < 0�05) and in 22-week-old

mice than in 4- and 8-week-old mice (P < 0�05).

In order to determine whether the rise in the absolute

number and frequency of peripheral Foxp3+ cells amongst

the CD4+ subset is a result of increasing thymic export of

Treg, we determined the frequency of Foxp3+ Treg in

the CD4+ single positive (SP) thymic population of
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Figure 2. There is an early age-related increase in the frequency of

Foxp3+ cells in the CD4+ subset of BDC2�5NOD mice in the spleen,

pancreatic lymph nodes, pancreas and thymus. Single cell suspen-

sions were prepared from the spleens, pancreatic lymph nodes, pan-

creata and thymi of BDC2�5NOD mice of various ages. They were

stained for CD4 and Foxp3. Results are given as the percentage of

Foxp3+ cells in the CD4+ subset for the spleen (a) and the absolute

number of CD4+ Foxp3+ cells in the spleen (b). The percentage of

Foxp3+ cells in the CD4+ subset of pancreatic lymph nodes (c), pan-

creas (d) and thymus (e) is shown. There are no differences in the

relative frequencies of Foxp3+ cells in the CD4+ splenic T-cell subset

from male and female BDC2�5NOD mice at 6–8 weeks of age and

16–20 weeks of age (f).
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6–8-week-old and 20-week-old BDC2�5NOD mice. We

found that the proportion of Foxp3+ Treg among the

CD4SP cells was higher in 20-week-old than in 6–8-week-

old BDC2�5NOD mice (P < 0.05) (Fig. 2e).

Experiments in wild-type NOD mice have shown that

there are sex-related differences in the Treg function of

16-week-old mice.16 Therefore, we evaluated the fre-

quency of CD4+ Foxp3+ cells in the spleen and the PLNs

of 6–8-week-old and 20-week-old male and female

BDC2�5NOD mice (Fig. 2f). We found that, in both male

and female 6–8-week-old BDC2�5NOD mice, the fre-

quency of CD4+ Foxp3+ cells was approximately 13–15%

in the spleen and 4–6% in the PLNs. Furthermore, there

was no significant difference between male and female

BDC2�5NOD mice at 20 weeks of age. Both sexes exhib-

ited a Treg frequency of approximately 10–14% in the

PLNs and 25–30% in the spleen.

No early age-related increase in the frequencies
of CD4+ Foxp3+ in BALB/c, C57BL/6 or wild-type
NOD mice

One publication has demonstrated an age-related increase

in the proportion of CD4+ Foxp3+ cells in wild-type

C57BL/6 mice.17 This publication examined the immune

systems of very aged mice – comparing 8-week-old mice

with those that were 1 or 2 years of age. It did not dem-

onstrate a rise in the frequency of peripheral Treg cells

at such a young age as that noted in BDC2�5NOD

mice. Therefore, we determined whether this early (by

16 weeks) age-related increase in the frequency of Treg

cells is unique to BDC2�5NOD mice or whether it occurs

in other strains.

We compared the splenic and PLN frequencies of

Foxp3+ cells in 8- and 16 week-old BALB/c, C57BL/6

and wild-type NOD mice with those observed in

BDC2�5NOD mice (Fig. 3). We found that only

BDC2�5NOD mice exhibit such an early age-related

increase in the frequency of Foxp3+ cells in the CD4+

subset. There was no significant difference in the frequen-

cies of Foxp3+ cells in the CD4+ subset observed in the

spleens or pancreatic lymph nodes of C57BL/6 (Fig. 3a),

BALB/c (Fig. 3b) or NOD (Fig. 3c) mice at 8 and

16 weeks of age. Consistent with the results obtained by

Sakaguchi’s group in their paper on age-related changes

in C57BL/6 mice,17 we found that, in mice approaching

1 year of age, there was an increase in the frequency of

Foxp3+ cells within the CD4+ subset.

Additionally, we compared the splenic T-cell popula-

tions of 16-week-old BDC2�5NOD, BALB/c, C57BL/6 and

NOD mice in a parallel experiment. The frequency of

splenic CD4+ Foxp3+ cells was significantly higher in

16-week-old BDC2�5NOD mice than in 16-week-old

C57BL/6, BALB/c or wild-type NOD mice (P < 0�0005 in

all cases).

Expression of the transgenic TCR in young
and old BDC2�5NOD mice

The expression of the Va1Vb4 clonotype TCR on T cells

from BDC2�5NOD mice can be assessed using a mono-

clonal antibody directed against the Va1Vb4 TCR that

was developed by Kanagawa and colleagues6. They

showed that, as BDC2�5NOD mice age, a population of

CD4+ T cells emerges that expresses low levels of the

Va1Vb4 clonotype. However, the importance of the

Foxp3 gene in Treg biology was not documented at this

time. Using monoclonal antibodies against the relevant

targets and FACS analysis, we costained for Foxp3 and

the Va1Vb4 TCR in order to determine whether Foxp3+

cells express the clonotype and whether clonotypelo cells

are Foxp3+. Consistent with their data, we found that,

when the populations were divided into clonotypehi and

clonotypelo, a higher proportion of CD4+ cells were

clonotypelo in 20-week-old than in 6–8-week-old mice

(data not shown). The Foxp3+ population of cells did

express the transgenic TCR. The Foxp3+ population was

comprised of both clonotypelo and clonotypehi positive

cells. A higher proportion of Foxp3+ cells were clono-

typelo in 20-week-old than in 6–8-week-old mice

(Fig. 4a). These data were significant in the pancreatic

lymph nodes (P < 0�05) but a non-significant trend was

also demonstrable in the spleen. In the CD4+ Foxp3–

8-
wee

k-
old

16
-w

ee
k-

old

40
-w

ee
k-

old

8-
wee

k-
old

16
-w

ee
k-

old

40
-w

ee
k-

old

7-
wee

k-
old

20
-w

ee
k-

old

7-
wee

k-
old

20
-w

ee
k-

old

9-
wee

k-
old

16
-w

ee
k-

old

45
-w

ee
k-

old

9-
wee

k-
old

16
-w

ee
k-

old

45
-w

ee
k-

old
0

10

20

30

40

(a) (b)

(c)

%
 F

ox
p3

+
 c

el
ls

 in

C
D

4+
 s

ub
se

t

%
 F

ox
p3

+
 c

el
ls

 in

C
D

4+
 s

ub
se

t

0

10

20

30

%
 F

ox
p3

+
 c

el
ls

 in

C
D

4+
 s

ub
se

t

0

10

20

30

Spleen PLN

Spleen PLN

Spleen PLN

Figure 3. C57BL/6, BALB/c and NOD mice do not exhibit the early

age-related increase in regulatory T-cell (Treg) frequency noted in

BDC2�5NOD mice. Single cell suspensions were made from the

spleens and pancreatic lymph nodes cells of C57BL/6, BALB/c and

NOD mice of various ages and were stained for the expression of

CD4 and Foxp3 according to the protocols detailed in the Materials

and methods. Results are given as percentage of Foxp3+ cells in the

CD4+ subset in C57BL/6 (a), BALB/c (b) and NOD (c) mice.

� 2007 Blackwell Publishing Ltd, Immunology, 121, 565–576 569

Age-related increases in regulatory T cells in BDC2�5NOD mice



population, there was no significant difference in the per-

centage of clonotypelo cells in the spleen (Fig. 4b) at

different ages but significantly more cells were clonotypelo

in the PLNs (P < 0�05).

Phenotype of Treg in old versus young
BDC2�5NOD mice

Given that there is an increase in the frequency of

CD4+ Foxp3+ cells between young and older BDC2�
5NOD mice, we sought to determine whether there were

any differences in the surface marker phenotype of these

cells. In addition to CD25, other cell surface markers have

been postulated to be expressed on Treg.

Previous studies have shown that CTLA-4 is preferen-

tially expressed by Treg19,20 and that this molecule may

be important in their function.21–23 In BDC2�5NOD mice,

blockade of CTLA-4 early in life precipitates autoimmune

diabetes.24 Therefore, we evaluated whether expression of

this molecule differs between 6–8-week-old and 16–20-

week-old BDC2�5NOD mice. We found that expression

of CTLA-4 was largely confined to the Foxp3+ subset of

cells in mice of both ages. However, we found no signifi-

cant differences between 6–8-week-old and 16–20-week-

old mice in either the geometric mean fluorescence

intensity (GMFI) of CTLA-4 expression (data not shown)

or the percentage of Foxp3+ cells that were CTLA-4+

(Fig. 5a). This was the case in both the spleen and the

PLNs. The percentage of Foxp3+ cells that was CTLA-4+

was similar between the spleen and the PLNs.

The GITR molecule10,20,25 has also been proposed as a

marker of Treg and has been shown to be expressed

at higher levels on CD4+ Foxp3+ cells than on CD4+

Foxp3– cells. We evaluated the surface expression of

GITR in both 6–8-week-old and 16–20-week-old

BDC2�5NOD mice (Fig. 5b). We found that GITR was

expressed at a higher level in the CD4+ Foxp3+ popula-

tion than in the CD4+ Foxp3– population, consistent

with those data from other laboratories. Within the

Foxp3+ population of cells, we found that, while the

percentage of GITRhi cells was marginally lower in 16–

20-week-old than in 6–8-week-old mice (P < 0�05), there

was no significant difference in the percentage of GITRhi

cells in the PLNs.

We also examined the expression of two other surface

markers that have been implicated in Treg function,

CD62L and CD103, in young and old BDC2�5 NOD

mice. We found that, in the spleens of 16–20 week-old

BDC2�5NOD mice, the vast majority of Foxp3+ Treg

did not express CD62L, while in 4–6-week-old mice

approximately 45% of the splenic Foxp3+ population also

expressed CD62L (P < 0�01) (Fig. 5c). These age-related

differences in CD62L expression were also apparent in

the pancreatic lymph nodes (P < 0�01). Very few

CD4+ Foxp3+ cells expressed CD62L in 16–18-week-old

NOD mice, despite this being a key molecule governing

entry of T cells to secondary lymphoid organs.

The alpha E integrin CD103 has been shown to be

expressed on Treg in a number of systems. Some reports
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Figure 4. Clonotype expression on Foxp3+ regulatory T cells (Treg)

in 6–8-week-old and 20-week-old BDC2�5NOD mice. Single cell sus-

pensions were made from the spleens and pancreatic lymph nodes of

6–8- and 20-week-old BDC2�5NOD mice and were stained for the

expression of CD4, Foxp3 and the clonotype antibody. The percent-

age of clonotypelo cells in the CD4+ Foxp3+ population at 6–8 weeks

of age and 20 weeks of age (a) and the percentage of clonotypelo

cells in the CD4+ Foxp3– population at 6–8 weeks of age and

20 weeks of age (b) are shown.
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Figure 5. Surface marker phenotype of Foxp3+ regulatory T cells

(Treg) in 4–8- and 16–20-week-old BDC2�5NOD mice. Single cell sus-

pensions were made from the spleens and pancreatic lymph nodes of

4–8- and 16–20-week-old BDC2�5NOD mice and were stained for the

expression of CD4, Foxp3 and (a) cytotoxic T-lymphocyte antigen

(CTLA)-4, (b) glucocorticoid-induced tumour necrosis factor receptor

(GITR), (c) CD62L or (d) CD103. Results are given as the percentage

of the relevant surface marker in the CD4+ Foxp3+ subset.
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have suggested that the CD103+ subset of CD25+ Treg

has greater suppressive capacity than the CD103– sub-

set.26,27 We found no significant difference in the expres-

sion of CD103 in the spleens of old versus young

BDC2�5NOD mice (P ¼ 0�14) but we did observe a signi-

ficant age-related increase in the percentage of CD103+

cells amongst the Foxp3+ population in the pancreatic

lymph nodes (P < 0�005) (Fig. 5d).

Age-related changes in cytokine expression
by regulatory T cells

To determine whether there were any differences in the

expression of cytokines by BDC2�5NOD Treg from mice

of different ages, we co-stained for the presence of intra-

cellular cytokines in both CD4+ Foxp3+ and CD4+ Foxp3–

cells. We found that, in response to ex vivo stimulation,

CD4+ cells from 20-week-old mice made significantly

more IFN-c than those from 6- to 8-week-old mice

(Fig. 6). This phenomenon was particularly noticeable

in the CD4+ Foxp3– subset (Fig. 6a), where a significant

age-related increase in IFN-c production was present in

both the spleen (P ¼ 0�03) and PLNs (P ¼ 0�03). The

CD4+ Foxp3+ population made less IFN-c than the non-

regulatory cells. However, we did note a small but sig-

nificant age-related increase in the percentage of

CD4+ Foxp3+ cells that were IFN-c+ in the splenic (P ¼
0�03) though not the pancreatic lymph node population

(Fig. 6b). As IL-10 plays an important role in diabetes

prevention in BDC2�5NOD mice, we also assessed the

presence of intracellular IL-10 in T cells following ex vivo

stimulation. We found that a much smaller percentage of

T cells were IL-10+ than IFN-c+ and that there was no

dramatic increase in IL-10 production as the mice aged

(Fig. 6c).

CD4+ CD25+ T cells from old BDC2�5NOD mice
exhibit suppressive capabilities in vitro

Studies in wild-type NOD mice have shown an age-

dependent decrease in Treg function between 8 and

16 weeks of age, while in other strains such as C57BL/6

there are some reports of preservation of function17 and

other reports showing a decline of Treg function with

age.28 We compared the ability of 8- and 20-week-old

CD4+ CD25+ cells to regulate the in vitro responses of

CD4+ CD25– cells from 8-week-old BDC2�5NOD mice

(Figs 7a and b). CD4+ CD25+ cells from either 8- or

20-week-old BDC2�5NOD mice were able to efficiently

suppress the proliferation of 8-week-old BDC2�5NOD

CD4+ CD25– cells at a range of ratios.

CD4+ CD25+ T cells from old BDC2�5NOD mice
exhibit suppressive capabilities in vivo

Those papers that demonstrated an age-related loss of

in vitro suppression in wild-type NOD mice also showed

in vivo defects in Treg activity.13,16 We assessed whether

CD4+ CD25+ T cells from 16-week-old BDC2�5NOD

mice were capable of suppressing BDC2�5NOD CD4+

CD25– T cells in the NOD.scid transfer model. We found

that at CD4+ CD25+:CD4+ CD25– ratios of 1 : 2, Treg

from both 8- and 16–20-week-old mice were able com-

pletely to prevent disease transfer by CD4+ CD25– cells

from 8-week-old BDC2�5NOD mice to 8-week-old male

NOD.scid recipients (Fig. 8a) (P < 0�01). We also found

that CD4+ CD25+ regulatory cells from 16- to 20-week-

old mice could mediate suppression of disease transfer

when CD4+ CD25– cells from 4-week-old BDC2�5NOD

mice were transferred to NOD.scid recipients (Fig. 8b).

Significant suppression was noted even at Treg to T effec-

tor cell ratios of 1 : 3 (P < 0�05).

Discussion

The observation that the frequency of Treg cells rises as

BDC2�5NOD mice age is intriguing. It is well established

that, although CD4+ CD25+ cells account for 5–10% of
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Figure 6. Age-related changes in cytokine expression by regulatory

T cells. Single cell suspensions were made from the spleens and pan-

creatic lymph nodes of 6–8- and 20-week-old BDC2�5NOD mice.

They were stimulated with PdBu and ionomycin to assess ex vivo

cytokine secretion. (a, b) The percentage of interferon (IFN)-c+ cells

in the CD4+ Foxp3+ (a) and CD4+ Foxp3– (b) populations at

6–8 weeks of age and 20 weeks of age in spleen and pancreatic

draining lymph node (PLNs). (c) The percentage of CD4+ cells

expressing interleukin (IL)-10 from 6- to 8-week-old and 20-week-

old BDC2�5NOD mice in the spleen and PLNs.
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the peripheral CD4 repertoire in most mouse strains

studied, the frequency of this population is plastic and

can be increased by many tolerogenic protocols such as

anti-CD3,15 anti-CD4029 or anti-tumour necrosis factor

(TNF)-a treatment30 and can be decreased by the removal

of key costimulatory pathways.31,32 Similarly, it has been

shown in mice that the frequency of peripheral Treg rises

during pregnancy33 and falls following treatment

with pertussis toxin.34 There is an emerging literature on

age-related changes in Treg frequency and function in

both mice28 and humans.35–38

It had been clear for a number of years that, in certain

mouse strains, the ageing process is associated with a degree

of hyporesponsiveness amongst CD4+ T cells.18 The mecha-

nisms underlying this were clarified in a paper demonstra-

ting that the proportion of Foxp3+ cells in the CD4+ subset

is higher in mice aged 2 years than in 8-week-old mice.17

That report showed only a modest rise in the frequency of

CD25+ cells amongst the CD4+ population over this period.

The rise in the proportion of the Foxp3+ cells appeared

to be largely a result of expansion of the CD25– subset.

By contrast, this study shows that the proportion of

CD25+ Foxp3+ cells rises with age in BDC2�5NOD mice.

Furthermore, we have demonstrated that this age-related

increase in the ratio of CD4+ Foxp3+:CD4+ Foxp3– cells

occurs much earlier than that observed in other studies. In

contrast to other publications that have shown an age-rela-

ted rise in the frequency of Treg in murine models,39 the

rise in the frequency of Foxp3+ cells in BDC2�5NOD mice

does not preferentially occur in diseased tissue and is con-

sistent across all tissues studied.

In contrast to studies that have shown increases in Treg

frequency with age, it has been suggested that an observed

age-related decline in the number of Tregs contributes to
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Figure 7. CD4+ CD25+ T cells from the spleens of 8-week-old and 20-week-old BDC2�5 NOD mice can suppress proliferation of 8-week-old

BDC2�5NOD CD4+ CD25– T cells in vitro. (a) 5 · 104 5,6-carboxyfluorescein diacetate succinimidyl ester (CFSE)-labelled CD4+ CD25– T effector

cells from an 8-week-old BDC2�5NOD donor together with 2�5 · 105 of their own antigen-presenting cells (APCs) and anti-CD3 (1 lg/ml) were

cultured with either no CD4+ CD25+ cells (0 : 1 ratio) or varying numbers of CD4+ CD25+ cells ranging from 5 · 104 (1 : 1 ratio) to

3�125 · 103 (1 : 16 ratio) from either (i) an 8-week-old or (ii) a 20-week-old BDC2�5NOD donor. Representative fluorescence-activated cell sor-

ter (FACS) histogram plots from multiple wells of CFSE and CD4+ cells show a marked reduction of effector T-cell proliferation when regulatory

T cells were added at a 1 : 1 ratio compared with effectors alone irrespective of the source of the regulatory T cells. The suppressive effect of the
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the onset of diabetes in wild-type NOD mice.16 One

investigation into NOD Treg function reported that the

frequency of CD4+ CD25+ was the same in 16-week-old

and 8-week-old mice.13 Similar to the results obtained

in those studies, we found that the frequency

CD4+ CD25+ cells and CD4+ Foxp3+ cells was the same

in wild-type NOD mice whether they were 8 or 16–

20 weeks old. In contrast to those publications in wild-

type NOD mice that showed a decline in the suppressive

function of wild-type NOD Treg function with age, we

found no deficit in the suppressive behaviour of

BDC2�5NOD Treg either in vitro or in vivo. We showed

that Treg from 20-week-old mice were as effective as

those from 6- to 8-week-old mice in vivo using the

NOD.scid transfer system. This experimental system has

been widely used to assess in vivo Treg function in both

wild-type and BDC2�5NOD mice. It is worth noting,

however, that homeostatic expansion of cells is likely to

occur in the lymphopenic setting. We therefore cannot

exclude the possibility that the suppression seen in these

systems may result from competition for niches between

the regulatory and effector populations40,41 and may not

be analogous to the action of Treg in mice that are not

lymphopenic. These lymphopenic systems are widely

used, however, and may be a good surrogate marker for

Treg function in vivo.

We have at present no clear mechanism for the age-

related rise in the peripheral frequency of CD4+ Foxp3+

cells in the periphery of the BDC2�5NOD mouse. Our

data showing that the thymic frequency of CD4+ Foxp3+

cells is higher in 20-week-old compared with 6–8-week-

old BDC2�5NOD mice indicates that increased thymic

export of Treg contributes to the age-related rise in the

peripheral frequency of Treg. These findings do not, how-

ever, rule out a role for increased peripheral survival, pro-

liferation or conversion of Treg with age.

It is interesting to note that the age-related rise in the

peripheral frequency of CD4+ Foxp3+ T cells does not

occur in wild-type NOD mice, despite the two animals

sharing almost all of their genome. It is tempting to

speculate that the restricted T-cell repertoire of the

BDC2�5NOD mouse is particularly conducive to the

expansion and/or the long-term persistence of Treg.

Clearly, the make-up of the T-cell repertoire contributes

to the development of Treg in BDC2�5NOD mice because

no Treg develop when the mouse is crossed to a

NOD.scid or RAG–/– background where endogenous alpha

chain rearrangements are prevented (JP, unpublished

observations; also Gonzalez et al.42 and Chen et al.43).

On this subject, a paper by Kanagawa et al.6 did describe

the emergence of a clonotypelo (expressing low levels of

the Va1Vb4 TCR) population of Treg with age in

BDC2�5NOD mice. We found that the increase of this

population was also apparent in our colony of

BDC2�5NOD mice. We found that the percentages of

both Foxp3+ and Foxp3– cells that were clonotypelo

increased with age. This clonotypelo population is not

therefore exclusively composed of Foxp3+ cells, although

the proportion of clonotypelo cells that are Foxp3+ does

increase with age. Interestingly, Kanagawa et al.6 did

not report an increase in CD4+ CD25+ cells per se in

BDC2�5NOD mice. This may be attributable to slight dif-

ferences between mouse colonies or may relate to the fact

that the authors confined their observations to lymph

nodes, rather than the spleen, in which the differences in

CD25 expression (rather than Foxp3 expression) between

old and young mice are not quite as pronounced as those

in the spleen.

On the general subject of antigen specificity determin-

ing Treg frequency, it is known that the presence and

degree of cognate antigen expression in the thymus can

affect the Treg to T effector cell ratio observed in the per-

iphery.44,45 Studies in transgenic systems show that Treg

can proliferate in response to their cognate antigen in the

periphery.46,47 Furthermore, encounter with certain anti-

gens in the right context in the periphery can drive the

differentiation of CD4+ CD25– cells into Foxp3-expressing

Treg.48,49 It is therefore possible that the BDC2�5NOD

Treg antigens are expressed in the thymus or periphery at
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Figure 8. CD4+ CD25+ cells from 16- to 20-week-old BDC2�5NOD

mice are suppressive in vivo. (a) 2 · 105 CD4+ CD25– cells from

8-week-old BDC2�5NOD mice were transferred to 8-week-old male

NOD.scid recipients alone (five mice) or in the presence of 1 · 105

CD4+ CD25+ cells from either 8-week-old or 16–20-week-old

BDC2�5NOD mice (five mice in each experiment). (b) 2 · 105

CD4+ CD25– cells from 4-week-old BDC2�5NOD mice were trans-

ferred to 4-week-old male NOD.scid recipients alone or in the pres-

ence of 2 · 105 (five mice), 1 · 105 (10 mice) or 6�6 · 104 (five

mice) CD4+ CD25+ T cells from 16- to 20-week-old BDC2�5NOD

mice. Treg, regulatory T cells.
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a level that is particularly conducive to the persistence of

a regulatory population (through thymic selection and/or

peripheral induction and expansion). By contrast, wild-

type NOD Treg can respond to a greater range of

antigens because of their diverse T-cell repertoire. The

majority of these antigens may not be expressed in a

manner favourable to Treg differentiation or expansion as

the NOD mouse ages and thus wild-type NOD Treg func-

tion could become impaired. In wild-type NOD mice, for

instance, which have spontaneous aggressive infiltrates in

the pancreas and the lacrimal and salivary glands, some

of the Treg antigens may actually be destroyed or their

expression altered as a result of ongoing inflammation.

Aside from differences in the range of T-cell specificities,

some of the surface markers found on Foxp3+ Treg may

differ between wild-type NOD and BDC2�5NOD mice;

these differences may in part account for the increased fre-

quency of Treg in BDC2�5NOD mice. A particular set of

adhesion molecules on the surface of Treg may enable their

preferential extravasation to lymph nodes or tissues where

they can receive antigenic stimulation that might provide

expansion or survival signals. For instance, the expression

of CD62L on the surface of Treg appears important to their

efficacy in some systems, including the NOD mouse.50,51 It

was shown that, in a NOD.scid transfer system, only the

CD62Lhi population were capable of suppressing disease

transfer by CD4+ CD25– cells. It was also shown that differ-

ent surface markers appeared to define the Treg subsets that

were responsible for controlling various autoimmune dis-

eases.52 In particular, Alyanakian et al.52 established that

depletion of CD62Lhi cells prior to transfer of NOD spleno-

cytes to NOD.scid recipients resulted in diabetes but not

gastritis. The importance of CD62Lhi Treg has been empha-

sized in other experimental systems such as murine models

of graft-versus-host disease (GVHD). In these interesting

studies, while CD62Llo and CD62Lhi Treg exhibited similar

suppressive capabilities in vitro, only CD62Lhi cells were

able to efficiently access lymphoid tissues and control

GVHD.53 Nevertheless, CD62L does not appear to be so

important for access to LN or control of autoimmunity in

Treg function in other models,54 including the present one.

We were also intrigued to find that PLN Treg of older

BDC2�5NOD mice were more likely to be CD103+ than

those in younger mice. CD103+ Treg in some systems are

more potent suppressor cells than their CD103– counter-

parts.26,27 In other studies of age-related changes in the

Treg subset, the emergence of CD103+ cells also appears

to be important.17,55

In summary, the results presented in this paper show

an early age-related increase in the frequency and absolute

number of Treg in the BDC2�5NOD mouse. We found

that old BDC2�5NOD mice did not exhibit the documen-

ted regulatory deficiencies of the wild-type mouse either

in vitro or in vivo. These data may explain the relative

protection of this animal from disease in the face of its

highly autoreactive T-cell repertoire, while the wild-type

NOD mouse succumbs to diabetes. Our data may also

offer an explanation for other age-related phenomena in

the BDC2�5NOD mouse, such as their reduced sensitivity

to cyclophosphamide-induced diabetes and the decreased

ability of splenocytes from older mice to transfer disease

to NOD.scid recipients. Our future work will explore the

mechanisms underlying these changes in the CD4+ T-cell

subset. Understanding how such effects occur naturally in

vivo during the life of an animal may aid our understand-

ing of therapeutic interventions that could boost Treg

frequency and efficacy and thus modify or prevent auto-

immune tissue destruction.
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