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Maintenance of homeostasis in the immune system involves competition for resources between
T lymphocytes, which avoids the development of immune pathology seen in lymphopenic mice.
CD251CD41 T cells are important for homeostasis, but there is as yet no consensus on their
mechanisms of action. Although CD251CD41 T cells cause substantial down-regulation of IL-2 mRNA
in responder T cells in an in vitro co-culture system, the presence of IL- protein can be demonstrated by
intracellular staining. As a consequence of competition for IL-2, CD251CD41 T cells further up-regulate
the IL-2R a chain (CD25), a process that is strictly dependent on IL-2, whereas responder T cells fail to
up-regulate CD25. Similarly, adoptive transfer into lymphopenic mice showed that CD251CD41 T cells
interfere with CD25 up-regulation on co-transferred naive T cells, while increasing their own CD25
levels. IL-2 sequestration by CD251CD41 T cells is not a passive phenomenon but instead initiates—in
conjunction with signals through the TCR—their differentiation to IL-10 production. Although IL-10 is
not required for in vitro suppression, it is vital for the in vivo function of regulatory T cells. Our data
provide a link explaining the apparent difference in regulatory mechanisms in vitro and in vivo.

Introduction
An essential feature of the immune system is the control of cell
numbers in peripheral lymphoid compartments. T cell homeostasis in naive and memory pools is maintained by competition
for shared resources, such as access to antigen-presenting
cells (APC), cytokines, chemokines or ligands for co-stimulatory
molecules (1, 2). In the past 15 years, the concept of immune
regulation by a dedicated sub-population of T cells has gained
considerable support and influence. CD25+CD4+ Tcells, a subpopulation representing 5–10% of the total CD4 Tcell pool, have
been attributed with an important role in maintaining peripheral
self-tolerance and control of immune pathology (3, 4). Discrepancies exist concerning the putative mechanisms underlying
the regulatory effect of CD25+CD4+ T cells in vivo and in vitro.
While in vivo regulatory activity of CD25+CD4+ T cells is linked
to cytokines such as IL-10 and transforming growth factor-b
(TGF-b) (3), their action in vitro is reported to be contact
dependent, but cytokine independent (4–6), and the mechanism of suppression is thought to be inhibition of IL-2
production in the responder T cell population (5).

The protective effect of CD25+CD4+ T cells in a number of
experimental models of organ-specific immune responses
provided the basis on which the concept of active immune
regulation by this T cell sub-population was established (7, 8)
and their role in maintaining T cell homeostasis was established subsequently (9, 10).
CD25+CD4+ T cells have been shown to regulate CD4 T cell
responses in vivo and in vitro. The basis for in vitro suppression is thought to be distinct from that of in vivo regulation
since blocking of cytokines such as IL-10 and TGF-b does not
affect suppression in vitro, but interferes with regulation of
some inflammatory processes in vivo (3), and CD25+CD4+
T cells are thought to suppress IL-2 transcription in vitro (5).
CD25+CD4+ T cells co-express all three subunits required for
a functional high-affinity IL-2R (11). Their dependence on IL-2
signaling for their generation, maintenance and function is well
documented (9, 12, 13). In this paper, we show that despite
down-regulation of IL-2 mRNA, responder T cells produce
some IL-2 protein, which is scavenged by CD25+CD4+ T cells
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and contributes to their regulatory activity. Competition for IL-2
by CD25+CD4+ T cells causes failure in responder T cells to
up-regulate CD25 and thereby interferes with the autocrine
feedback loop that drives responder T cells to full effector
function. In contrast, CD25 levels on CD25+CD4+ T cells increase even further in co-culture or following co-transfer in vivo
with responder T cells. Importantly, however, competition for
IL-2 is not a passive process, since CD25+CD4+ T cells exposed to IL-2 and TCR signals initiate cell division and IL-10
cytokine production. Thus, competition for an important
lymphocyte growth factor and its exploitation for the induction
of the immunoregulatory cytokine IL-10 contributes to the
regulatory activity of CD25+CD4+ T cells in vitro and may
provide the explanatory link for the seemingly unrelated
mechanisms of suppression in vitro and in vivo.
Methods
Mice

Antibodies and flow cytometry
Anti-CD4 APC (RM4-5), anti-CD25 PE (PC61), anti-CD44 biotin
(IM7), anti-CD45RB FITC (30-F11), anti-CD45.1 biotin (A20),
anti-CD45.2 biotin (104), anti-IL-2 PE (JES6-5H4), anti-IL-10
APC (JES5-16E3), anti-IFNc-PE (XMG1.2), anti-IL-4 PE
(11B11) and streptavidin PerCP were purchased from BD
Pharmingen (San Diego, CA, USA). Anti-CD3 (145-2C11) and
anti-CD28 (37.51) mAb were produced and purified in our
laboratory using standard procedures. Cells were analyzed on
a FACSCalibur (Becton Dickinson, San Jose, CA, USA) using
Cellquest software (Becton Dickinson). Dead cells were
excluded using forward and side scatter.
T cell purification
Single-cell suspensions from spleens and lymph nodes were
stained with CD4 APC, CD25 PE and CD45RB FITC followed by
anti-PE microbeads (Miltenyi Biotec, Surrey, UK) and positively
selected on an AutoMACS (Miltenyi Biotec) according to the
manufacturer’s procedures. The positive fraction was then
sorted on a Moflo cytometer (Cytomation, Fort Collins, CO,
USA) to obtain pure populations of CD25+CD45RBloCD4 Tcells,
the negative fraction was sorted into CD25ÿCD45RBloCD4
T cells and into CD25ÿCD45RBhiCD4 T cells.
Cell lines, in vitro assays and cytokine production assays
The B cell myeloma X63-Ag8 transfected with IL-2 cDNA (X63IL-2) was used as an IL-2-producing cell line. X63-IL-2 cells
(1 3 102) were cultured with sorted CD4 T cell subpopulations. Supernatants were taken after overnight culture
and assessed for IL-2 content using an Alamar Blue-based
(Biosource, Camarillo, CA, USA) CTLL-2 assay. Consumption
of exogenous IL-2 (X63-IL-2 supernatant used at 0.5 U mlÿ1)
was assessed in flat-bottom 96-well plates with 5 3 104
accessory cells (irradiated C57BL/10 Ragÿ/ÿ splenocytes) in

Quantitative mRNA analysis for IL-2
Cultures were set up in 24-well plates containing 1 3 106
CD25ÿCD45RBhiCD4 T cells with or without equal numbers of
5,6 carboxyfluorescein diacetate succinimidyl ester (CFSE)labeled CD25+CD45RBloCD4 T cells or 1 3 106 CD25+CD45RBloCD4 T cells together with 1 3 106 accessory cells
and anti-CD3 as above. RNA was extracted using RNeasy Kit
(Qiagen, Hilden, Germany), DNase treated (Roche, East
Sussex, UK) and reverse transcribed with oligo poly deoxythymine (pdT) 12–18 (Amersham, Bucks, UK) according to the
manufacturers’ protocol. cDNA was analyzed for the expression of IL-2 and 36B4 by real-time PCR using the ABIPRISM
7000 Sequence detection system (Applied Biosystems, Foster
City, CA, USA). Quantification of target gene expression was
by comparison with the housekeeping gene 36B4 (14) using
SYBR Green (Applied Biosystems). The primer sequences
were as follows: IL-2 forward CAG GAT GGA GAA TTA CAG
GAA CCT, IL-2 reverse TTT CAA TTC TGT GGC CTG CTT,
36B4 forward GGA CCT GAC GGA CTA CCT CAT G and 36B4
reverse TCT TTG ATG TCA CGC ACG ATT T.
Cytokine detection by intracellular staining and ELISA
For in vitro intracellular IL-2 detection, cultures were set up in
96-well plates. During the last 6 h of culture, Brefeldin A (10 lg
mlÿ1, Sigma, Poole, UK) was added. For in vitro intracellular
IL-10 detection, cultures were set up in 24-well plates as
described above. Exogenous IL-2 was added at 20 U mlÿ1 at
the beginning and on day 3 of culture. During the last 4 h of
culture, cells were re-stimulated with phorbol 12,13 dibutyra
(PdBU) and ionomycin (both at 50 ng mlÿ1, Sigma) in the
presence of Brefeldin A (10 lg mlÿ1). Intracellular stainings
were performed as described (15). To determine IL-10 in the
supernatant, 1 3 106 CD25+CD45RBloCD4 T cells were
activated in 96-well plates in the absence of accessory cells
by plate-bound anti-CD3 (0.5 lg mlÿ1) with or without platebound anti-CD28 (5 lg mlÿ1) in the presence of 20 U mlÿ1 IL-2.
IL-10 ELISA was done with ready-SET-Go kit (eBioscience, San
Diego, CA, USA) according to the manufacturer’s procedure.
Adoptive transfers
C57BL/10 Ragÿ/ÿ mice were injected intravenously with 2 3
106 CD25ÿCD45RBhiCD4 T cells (CD45.1), 2 3 106
CD25+CD45RBloCD4 T cells (CD45.2) or a mixture of both
(CD45.2). Mesenteric lymph nodes were isolated 2–3 weeks
after transfer and analyzed by flow cytometry. For intracellular
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Mice of strains C57BL/10, C57BL/6 CD45.1, BALB/c and
C57BL/10 Ragÿ/ÿ were obtained from the specific pathogen
free (SPF) facilities at the National Institute for Medical Research
(NIMR). Mice were bred and kept according to the institute’s
guidelines.

the absence or presence of 0.5 lg mlÿ1 soluble anti-CD3 mAb.
Supernatants were assessed for remaining IL-2 content after
48 h as described above. To assess the roles of TCR and IL-2
signals, 1 3 105 CD25+CD45RBloCD4 T cells were cultured in
flat-bottom 96-well plates with 5 3 104 accessory cells in the
presence or absence of 0.5 lg mlÿ1 soluble anti-CD3 and 5 U
mlÿ1 exogenous IL-2. For standard T cell activation assays,
5 3 104 naive CD25ÿCD45RBhiCD4 T cells were activated with
or without equal numbers of regulatory CD25+CD45RBloCD4
T cells in flat-bottom 96-well plates with 0.5 lg mlÿ1 soluble
anti-CD3 and 5 3 104 accessory cells. Unless mentioned
otherwise, supernatants were tested 2 days later for IL-2
content as described above and cultures were pulsed for 8 h
with 5 lCi [3H]thymidine to assess T cell proliferation.
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IL-2 detection, cells were re-stimulated with PdBU and
ionomycin in the presence of Brefeldin A as described.
Results
CD25+CD4+ T cells consume IL-2 in vitro

Responder T cells continue to make IL-2 protein in the
presence of CD25+CD4 T cells despite reduced IL-2
mRNA levels
If CD25+CD4+ T cells indeed exert their suppressive effect
through IL-2 consumption, it follows that the naive CD4 T cell
population, when activated, produces IL-2 even in the presence of the regulatory population, since CD25+CD4+ T cells
cannot make IL-2 themselves. However, the mechanism of
in vitro suppression is thought to be inhibition of IL-2 transcription in the responder population (5) which might pre-

Fig. 1. CD25+CD4 T cells consume IL-2 in vitro. (a) Purity of CD4
T cells sorted either for CD45RBhiCD25ÿ, CD45RBloCD25ÿ or
CD45RBloCD25+ expression. (b) X63-IL-2 cells were cultured overnight in either medium alone or in the presence of increasing numbers
of sorted CD4 T cells with the indicated phenotype and the
supernatants were assessed for IL-2 content. (c) Graded numbers
of CD25+CD4+ T cells were cultured in the presence of accessory cells
with or without anti-CD3 in medium containing 1 U mlÿ1 exogenous IL2. Culture supernatants were assessed for IL-2 content over a 3-day
culture period. (d) CD45RBhiCD4+ T cells were activated in the
absence or presence of equal numbers of CD25+CD4+ T cells and IL-2
content was determined after 48 h (white bars). Supernatants from
stimulated CD45RBhiCD4+ T cells were removed after 48 h and added
to accessory cells in the absence or presence of freshly sorted
CD25+CD4+ T cells (at the same concentrations and absolute
numbers as in the first culture). After 48 h, the remaining IL-2 content
in the supernatants was determined (black bars).

clude any production of IL-2 protein. We assessed mRNA for
IL-2 at intervals up to 20 h after the onset of culture by realtime PCR. Responder CD4 T cells were cultured with APC
and anti-CD3 on their own or in the presence of CD25+CD4+
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Since regulatory T cells express the IL-2R a chain in addition to
the b and cc chains (11), they are well equipped to bind and
consume IL-2. In order to test this, we cultured CD4 T cells
sorted on the basis of their CD25 and CD45RB expression
patterns (Fig. 1a) with a B cell myeloma (X63-Ag8) cell line
transfected with IL-2 cDNA (X63-IL-2) (16). In these cells, IL-2
is expressed under the heterologous cytomegalovirus promoter and endogenous regulatory sequences are missing.
Any reduction in IL-2 levels following co-culture with
CD25+CD4+ T cells is therefore unlikely to be due to inhibition
of transcription by CD25+CD4+ T cells but more likely to
indicate IL-2 consumption by these cells. Co-culture of X63-IL2 myeloma cells, which constitutively secrete IL-2, with
CD25+CD4+ T cells decreased the amount of IL-2 measurable
in the cell culture supernatants; no changes in IL-2 were
observed in co-cultures with CD25ÿCD45RBhi naive T cells or
activated CD45RBloCD4 T cells lacking CD25 expression
compared with control wells containing X63-IL-2 myeloma
cells in medium (Fig. 1b). Similarly, addition of exogenous IL-2
to graded numbers of CD25+CD4+ T cells resulted in the
reduction of IL-2 amounts over a 3-day culture period, an
effect that was not enhanced by stimulation of CD25+CD4+
T cells by anti-CD3 (Fig. 1c).
To assess if IL-2 consumption by CD25+CD4+ T cells is
taking place in standard in vitro assays used to determine
regulatory activity, naive CD4 T cells were stimulated with antiCD3 antibody in the presence or absence of CD25+CD4+
T cells. After 48 h, supernatants were harvested and analyzed
for IL-2 content (Fig. 1d, white bars). As expected, co-culture
of naive and regulatory Tcells led to a pronounced decrease of
IL-2 production and strongly suppressed proliferation (data
not shown). Supernatant collected from cultures which only
had the naive CD4 T cell input was re-cultured with freshly
sorted CD25+CD4+ T cells or accessory cells only. Forty-eight
hours later, culture supernatants were again assessed for IL-2
content (Fig. 1d, black bars). Additional culture with accessory
cells alone did not lead to a decrease in IL-2 levels compared
with the first culture period, indicating that IL-2 was not
degraded during the second culture step (left black bar).
However, addition of CD25+CD4+ T cells reduced the IL-2
content to levels similar to those observed in the primary coculture of naive and regulatory T cells (right black bar).
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T cells. At intervals of 1–2 h following in vitro activation, the
cells were subjected to quantitative PCR (Fig. 2a). IL-2 mRNA
is induced by ligation of TCR and co-stimulatory molecules
within 2 h in naive T cells, peaks around 5 h and is rapidly
diminished thereafter. The presence of CD25+CD4+ T cells did
not interfere with the early onset of IL-2 transcription but
drastically reduced peak expressions of IL-2 mRNA compared
with mRNA levels in CD4 T cells cultured on their own. Despite
the strong reduction, levels of IL-2 mRNA in the co-cultures
were clearly above those of CD25+CD4+ T cells on their own,
which showed no IL-2 mRNA activity.
To directly assess whether responder T cells make IL-2
protein despite the reduction in IL-2 mRNA levels, we
activated naive CD4 T cells in the presence or absence of
CFSE-labeled CD25+CD4 T cells and determined their IL-2

production over a 3-day period of culture by measuring IL-2
content of supernatants as well as intracellular protein. While
the amount of IL-2 detectable in the supernatant of cultures
containing CD25+CD4 T cells was negligible at all time points
(Fig. 2b, left), the proportion of responder T cells expressing
intracellular IL-2 protein, while reduced to some extent in the
presence of CD25+CD4 T cells, gradually increased throughout the 3-day culture period (Fig. 2b, right).
Effect of IL-2 competition on responder and regulatory
T cell phenotype
In order to determine phenotypic consequences of the
supposed effects of IL-2 competition on responder as well
as regulatory T cells, we took advantage of the fact that
CD25+CD4+ T cells behave like anergic cells in vitro and do
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Fig. 2. IL-2 production and transcription by CD45RBhiCD4 T cells. (a) CD45RBhiCD4+ T cells were activated as above in the absence or presence
of CD25+CD4+ T cells. IL-2 transcription was analyzed by real-time PCR at 1–2 h intervals after the onset of culture. The graph shows relative IL-2
mRNA expression of responder CD4 T cells cultured on their own (diamonds), in the presence of CD25+CD4+ T cells (squares) or IL-2 mRNA in
CD25+CD4+ T cells (triangles). Mean values of duplicate cultures normalized to the housekeeping gene 36B4 are shown. (b) CD45RBhiCD4+
T cells were activated with anti-CD3 and accessory cells in the absence or presence of CD25+CD4 T cells. On d1, d2 and d3 of culture, supernatants were assessed for IL-2 content and cells were stained for intracellular IL-2 after a 4-h pulse with PdBU/ionomycin. Staining with isotype
control antibody is shown for comparison. Dot plots are gated on CFSE-negative CD4 T cells (naive CD45RBhi input). Percentages are indicated
in the respective dot plots.
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Reciprocal regulation of CD25 expression in vivo
In order to test whether similar reciprocal regulation of CD25
expression on naive and regulatory CD4 T cells can be
observed in vivo, naive CD45RBhiCD4 T cells and CD25+CD4
T cells were adoptively transferred either alone or in a 1 : 1 ratio
into Ragÿ/ÿ mice. After 3 weeks, CD4 T cells were isolated and

Fig. 3. Phenotype of CD45RBhi and CD25+CD4 T cells after activation.
(a) CD45RBhiCD4+ T cells (black histograms), CD45RBhi and CFSElabeled CD25+CD4+ T cells (gray histograms) or CFSE-labeled
CD25+CD4+ T cells (white histograms) were activated with anti-CD3
in the presence of accessory cells and analyzed after 48 h. CFSE
profiles on CD4 T cells are shown. (b) CD45RBhiCD4+ T cells were
activated in the absence (white histograms) or presence (black
histograms) of equal numbers of CFSE-labeled CD25+CD4+ T cells.
Activation markers were assessed on the CFSE-negative CD4 T cell
population over a 3-day period. (c) Assessment of activation markers
on the corresponding CFSE-labeled CD25+ population cultured on its
own (white histograms) or with equal numbers of unlabeled
CD45RBhiCD4+ T cells (black histograms). (d) CD45RBhiCD4+ T cells
were activated with anti-CD3 and accessory cells in the absence
(white histograms) or presence (black histograms) of equal numbers
of CFSE-labeled CD25+CD4+ T cells. Cultures were set up in medium
alone or medium containing exogenous IL-2 (20 U mlÿ1). After 48 h
CD25 expression on the naive CD4 T cell input (CFSE-negative) was
determined by flow cytometry. CD25 expression on the CD25+CD4+
T cell input (CFSE-positive) cultured with CD45RBhiCD4 T cells in
medium alone (white histogram) or medium containing exogenous
IL-2 (black histogram) is shown in the right panel.
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not divide in response to anti-CD3 stimulation (6, 17).
CD25+CD4+ T cells were labeled with CFSE and added into
a standard regulatory in vitro assay as described above. Nonlabeled responder CD4 T cells and CFSE-labeled CD25+CD4+
T cells are readily distinguishable based on their CFSE profile
(Fig. 3a). Assessment of suppression by measuring thymidine
incorporation as well as IL-2 content of supernatants showed
pronounced suppression throughout the 3-day assay period
(data not shown).
When gating on the CFSE-negative responder T cells during
a 3-day time course, there were fewer blast cells in the
responder CD4 T cell population in the presence of
CD25+CD4+ T cells. Initial increase in cell size was similar on
day 1 and day 2, but responder T cells failed to differentiate
into full blasts in the presence of CD25+CD4 T cells on day 3
of culture (Fig. 3b, left panel). CD44 levels, however, were
similarly up-regulated in the absence or presence of
CD25+CD4 T cells, indicating that responder T cells did get
activated (Fig. 3b, middle panel). The most prominent
difference was the absence of CD25 up-regulation in the
responder CD4 T cell population, when co-cultured with
CD25+CD4+ T cells (Fig. 3b, right panel). Since up-regulation
of the IL-2 a chain is strictly dependent on IL-2 (18, 19), this
suggests that responder Tcells were lacking this crucial signal.
Analysis of the CFSE-positive CD25+CD4+ T cells showed
firstly that they increased in size when co-cultured in the
presence of responder T cells but not when cultured on their
own (Fig. 3c, left panel). Furthermore, cell division became
visible after 3 days of co-culture with responder CD4 T cells
(Fig. 3c, middle panel). CD25 levels on the CD25+CD4+ T cells
(Fig. 3c, right panel) increased further when the cells were
activated in the presence of naive CD4 T cells but not when
they were activated on their own. Given the IL-2 dependency
of CD25 expression on the one hand and the fact that
CD25+CD4+ T cells do not themselves produce IL-2 (12, 20),
this strongly suggests that the responder T cell population
produced IL-2, which was sequestered by CD25+CD4+ T cells
at the expense of the responder population.
In order to test what effect the presence or withdrawal of
IL-2 has on CD25 expression by both responder T cells and
CD25+CD4+ T cells, naive CD4 T cells were cultured with or
without regulatory CD4 T cells in the presence or absence of
recombinant exogenous IL-2 and CD25 levels were assessed
48 h later. Exogenous IL-2 can overcome the inhibitory effect
regulatory cells exert on CD25 expression by responder CD4
T cells (Fig. 3d, left) and CD25+CD4+ T cells up-regulate CD25
even further if additional exogenous IL-2 is present (Fig. 3d,
right). Taken together, these results strongly suggest that naive
CD4 T cells, cultured in the presence of CD25+CD4+ T cells are
producing some IL-2 and that the seeming absence of IL-2
detectable in culture supernatants is due to its consumption
by the regulatory population.
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analyzed for CD25 expression using the allotypic CD45
marker to distinguish the naive CD4 T cell input from the
regulatory CD4 T cell input. As expected, transfer of naive CD4
T cells alone led to a proportion of activated CD25+ T cells
which fails to develop when regulatory CD4 T cells are cotransferred (Fig. 4a, left panel). The majority of regulatory T
cells lose CD25 expression when transferred on their own into
lymphopenic hosts. However, CD25 expression is maintained
on the majority of regulatory T cells when naive CD4 T cells are
co-transferred (Fig. 4a, right panel), an observation also noted
by others (21, 22). As previously seen in vitro, IL-2-producing
CD4 T cells derived from the naive input can be found by
intracellular staining despite the presence of regulatory CD4
T cells in vivo (Fig. 4b).
TCR signals and IL-2 drive CD25+CD4+ T cells to division
and IL-10 production

Discussion
Regulation of size is a universally important problem in biology
and a number of principles defined in ecology can be applied
to a wide variety of biological systems including the immune
system. Cells compete for limited resources with members of
the same population, which have different efficiencies in
making use of the resource. An example for this is the welldocumented difference of naive T cells for homeostatic
expansion in response to peptide/MHC epitopes and IL-7
when transferred into lymphopenic hosts which results in
drastic repertoire shifts (23–26). Furthermore, interference
competition may limit access to a resource. An example in the
immune system is competition for access to APCs during
maturation of the immune response (27). Interference strategies common in the immune system are secretion of cytokines

Fig. 4. IL-2 dependence of CD25 expression on regulatory T cells. (a) CD45RBhiCD4+ T cells (CD45.1, white histograms) and CD25+CD4+ T cells
(CD45.2, gray histograms) were adoptively transferred either alone or together (black histograms) into C57BL/10 Ragÿ/ÿ hosts. Mesenteric lymph
nodes were taken 3 weeks later and CD4 T cells were analyzed for CD25 expression using CD45.1 and CD45.2 markers to distinguish
CD45RBhiCD4 input from CD25+CD4+ input. Data are representative for three mice per group. (b) CD45RBhiCD4 T cells (CD45.1) and CD25+CD4+
T cells (CD45.2) were adoptively transferred either alone or together into C57BL/10 Ragÿ/ÿ hosts. Mesenteric lymph node cells were taken 2 weeks
later and re-stimulated with PdBU/ionomycin. CD4 T cells were analyzed for intracellular IL-2 using the CD45.1 marker to distinguish
CD45RBhiCD4+ input from CD25+CD4+ input. Two mice per group are shown.
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We next tested the effect of exogenous IL-2 on viability and
division potential of CD25+CD4+ T cells. IL-2 has a profound
effect on the viability of CD25+CD4+ T cells (Fig. 5a, left panel),
but it is not sufficient to induce their proliferation in the absence
of a TCR stimulus (Fig. 5a, right panel). Interestingly, in
conjunction with a TCR stimulus, the presence of IL-2 not only
promotes cell division as previously shown (6, 8) but also the
secretion of IL-10 after a 6-day culture period (Fig. 5b). These
effects are seen with sorted CD25+CD4+ T cells in the absence
of any APC, but addition of co-stimulatory signals in the form of
anti-CD28 mAb led to earlier IL-10 production detectable on

day 3 of culture. Figure 5c illustrates the differentiation of
CD25+CD4+ T cells to IL-10 production and the link to cell
division in response to IL-2 and TCR signals. CD25+CD4+
T cells were cultured either with CD45RBhiCD4 T cells or antiCD3 antibody and recombinant IL-2 over 5 days. Substantial
division was seen in co-culture with CD45RBhiCD4 T cells or
anti-CD3+ IL-2 and with increasing cell division a proportion of
the CD25+CD4+ T cells produced IL-10. In contrast, very little
cell division was seen in response to IL-2 alone and no IL-10
production was observed. Furthermore, the expanding IL-10producing cells were not recently activated Th1 or Th2 cells,
since the majority made neither IFNc nor IL-4 (Fig. 5d).
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such as IL-10 and TGF-b, which play an important role in the
down-regulation of inflammatory immune responses and
curtail the expansion or functional properties of other cells
(28, 29). The latter two molecules are important mediators in
the regulatory function of CD25+CD4+ T cells in vivo (3). On the
other hand, their mechanism of action in vitro is considered
a contact-dependent phenomenon which does not involve
cytokines such as IL-4, IL-10 or TGF-b (5, 6) but functions by
down-regulation of IL-2 mRNA, thus suppressing the production of IL-2.
Our data confirm that CD25+CD4+ T cells suppress IL-2
mRNA, although levels remain above the background levels in
CD25+CD4+ T cells. Importantly, however, our data also show
that production of IL-2 protein is not fully abolished irrespective of the reduction in IL-2 mRNA. This was evident firstly by
intracellular staining for IL-2 protein, which showed increasing
proportions of responder T cells expressing the protein over
the 3-day culture period irrespective of the presence of
CD25+CD4+ T cells, even if the proportion of IL-2-positive
responder cells was somewhat lower in the co-cultures.
Furthermore, the phenotypic alterations in CD25 expression,

an IL-2-dependent feature, in both responder and regulatory
T cells implicated IL-2, which could only have been derived
from the source of responder cells given the inability of
CD25+CD4+ T cells to produce IL-2 themselves. CD25+CD4+
T cells constitutively express CTL associated antigen (CTLA)-4
(30–32) which has higher avidity for its ligands CD80 and
CD86 than CD28 (33, 34) so that they might compete for costimulatory molecules on APC. Given that co-stimulatory
signals through CD28 stabilize IL-2 mRNA (35, 36), one could
envisage competition via CTLA-4 to compromise the positive
signal for stabilization of IL-2 mRNA in the responder
population. Recent data, however, provided evidence that
while IL-2 appears critical for the in vitro activation of
regulatory T cells, addition of exogenous IL-2 to the cultures
does not correct the reduction in IL-2 mRNA in the responder
population (37) even though it overcomes in vitro suppression.
The implication of cytokine consumption in the suppressive
activity in vitro seems to contradict earlier data that showed
suppression was contact dependent but not cytokine dependent. However, we would stress that most cytokines will act
over short distances between closely interacting cell types
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Fig. 5. TCR-mediated signals and IL-2 drive CD25+CD4 T cells to division and IL-10 production. (a) CFSE-labeled CD25+CD4+ T cells were
cultured with accessory cells in medium alone, medium containing 20 U mlÿ1 exogenous IL-2, medium containing anti-CD3 or medium containing
both IL-2 and anti-CD3. The percentage of live cells within the CFSE-positive CD4 T cell population and the percentage of dividing CD4 T cells
(determined by CFSE dilution) are shown. (b) CD25+CD4+ T cells were cultured in the absence of accessory cells and activated by plate-bound
anti-CD3 alone or by plate-bound anti-CD3 and anti-CD28 with or without exogenous recombinant IL-2 (20 U mlÿ1). On day 3 and day 6, the
supernatant was analyzed for IL-10 content by ELISA. (c) CFSE-labeled CD25+CD4+ T cells (CD45.2) were either activated by anti-CD3 and
accessory cells in the presence of CD45RBhiCD4+ T cells (CD45.1) or in the presence of IL-2. A control culture contained CFSE-labeled
CD25+CD4+ T cells maintained with IL-2 in the absence of anti-CD3 stimulation. CFSE profiles and intracellular IL-10 staining on CD45.2-positive
CD4 T cells at day 5 of culture are shown (after 4 h PdBU/ionomycin re-stimulation). (d) CD25+CD4+ T cells were activated for 5 days in the
presence of IL-2 and accessory cells and analyzed for IL-10 and IFNc or IL-10 and IL-4 by intracellular staining after a brief re-stimulation.
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of transferred T cell populations influences the outcome of the
physiological immune balance. Thus, homeostatic or antigendriven expansion might be controlled by CD25+CD4+ T cells
irrespective of whether they have access to IL-2, possibly via
competition for APC and co-stimulation. On the other hand, if
the readout is immune pathology, which develops relatively
late after transfer, the absence of IL-2 may more severely
compromise the regulatory function. It is interesting to note
that IL-10 is crucially important for control of the wasting
disease induced by the transferred naive T cells (22), but not
for regulation of autoimmmune gastritis (47), and both IL-10
and TGF-b are implicated in the control of inflammatory bowel
disease (48–50). CD25+CD4+ T cells appear to make use of IL2 generated by co-transferred CD4 T cells as they retain their
CD25 expression after transfer only when other CD4 T cells are
present (22). Similar observations were made with antigenspecific regulatory T cells transferred into normal mice (21).
Sequestering of IL-2 from activated CD4 T cells may contribute
to regulation of their expansion, but more importantly this
interaction may set in motion the program of IL-10 production,
probably linked to cell division, and thus supplant exploitation
competition with interference competition.
We have not been able to detect IL-10 in the CD25+CD4+
T cell population after transfer, but given the low proportion of
cells progressing to IL-10 production in vitro, it is conceivable
that the number of IL-10 producers was below the detection
limit. Alternatively IL-10-producing CD25+CD4+ T cells might
have been located at peripheral sites such as the skin or
intestine in keeping with their expression of the integrin aE b7
(CD103) (51–53). Interestingly, systemic application of recombinant IL-2 in clinical trials, while clinically ineffective,
stimulated a 3-fold increase in serum levels of IL-10 (54).
In conclusion, it is conceivable that IL-2 is one component
of a multi-step process involved in the regulatory function of
CD25+CD4+ T cells that involves both competition for resources (IL-2, APC and co-stimulatory signals) as well as
further differentiation to a functional state that allows interference competition via suppressive cytokines.
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We thank André Boonstra for help with the IL-10 ELISA and Richard
Hocking for technical support.

Abbreviations
APC
CFSE
CTLA
PdBu
TGF-b

antigen-presenting cells
5, 6 carboxyfluorescein diacetate succinimidyl ester
CTL associated antigen 4
phorbol 12, 13 dibutyrate
transforming growth factor-b

References
1 Freitas, A. A. and Rocha, B. 2000. Population biology of
lymphocytes: the flight for survival. Annu. Rev. Immunol. 18:83.
2 Marrack, P., Bender, J., Hildeman, D. et al. 2000. Homeostasis of
alpha beta TCR+ T cells. Nat. Immunol. 1:107.
3 Maloy, K. J. and Powrie, F. 2001. Regulatory T cells in the control of
immune pathology. Nat. Immunol. 2:816.
4 Shevach, E. M. 2002. CD4+ CD25+ suppressor T cells: more
questions than answers. Nat. Rev. Immunol. 2:389.

Downloaded from http://intimm.oxfordjournals.org/ at BBSRC on July 9, 2015

under physiological conditions. Given that regulatory cells
express high-affinity IL-2R while the responder population only
up-regulates CD25 in the course of activation, one can
envisage that close contact of the two cell populations will
favor sequestering of IL-2 by CD25+CD4+ T cells. In contrast,
physical separation by a membrane will inevitably delay
access of IL-2 to CD25+CD4+ T cells, thereby favoring the
autocrine feedback loop (18) leading to the up-regulation of
CD25 in the responder population. Our data as well as those
recently described by de la Rosa et al. (38) clearly show that
IL-2 in conjunction with a TCR trigger drives further differentiation of CD25+CD4+ T cells into IL-10 production. APC do not
seem involved in this process, since differentiation to IL-10
was seen in response to anti-CD3 alone without any APC. The
effect of IL-2 on further differentiation of CD25+CD4+ T cells is
compatible with the notion that IL-2 improves the regulatory
function (37). The fact that anti-IL-10 antibodies do not
abrogate in vitro suppressor function in our opinion indicates
that the effects of IL-2 mRNA suppression and IL-2 protein
sequestration are overriding additional suppressive mediators
such as IL-10 in vitro, whereas these are essential for the
suppressive function in vivo. Our data therefore provide
a unifying basis for the suppressive mechanisms of regulatory
T cells in vivo and in vitro.
While the importance of IL-10 for the in vivo function of
CD25+CD4+ T cells is well recognized, it is as yet less clear
whether sequestration of IL-2 is involved in the differentiation
to IL-10 production. Adoptive transfer of naive and regulatory
T cells confirmed our in vitro observation of reciprocal
regulation of CD25 expression, suggesting that IL-2 is indeed
involved also in vivo.
IL-2 is a major growth and differentiation factor regulating
the duration and magnitude of T cell responses following
antigenic stimulation (39) but is also critical for the downregulation of immune responses through programming T cells
for activation-induced cell death (40, 41). Although it is clear
that T cells in vivo are not absolutely dependent on IL-2 for
proliferation (42–44), there is substantial evidence that IL-2
plays a role for the regulatory action of CD25+CD4+ T cells
in vivo. CD25+CD4+ T cells are unable to engraft and prevent
disease after transfer into neonatal IL-2ÿ/ÿ hosts, but proved
very efficient in neonatal IL-2Rbÿ/ÿ hosts, indicating that IL-2 is
necessary for the expansion and function of adoptively
transferred CD25+CD4+ T cells (11). The importance of
expression of the IL-2Ra and b chains for survival and function
of regulatory T cells is highlighted in numerous studies (9, 11–
13) and the link to IL-2 is conspicuous.
Other studies showed suppression of both antigen-driven
expansion (45) as well as homeostatic expansion (9, 10) in cotransfer of IL-2ÿ/ÿ T cells and CD25+CD4+ T cells from wildtype mice into T cell-deficient hosts. While this seemingly
contradicts a role for IL-2 in the function of regulatory T cells, it
is worth considering that the source of IL-2 need not
obligatorily be T cells and dendritic cells that transiently
make IL-2 (46) could have been present in the experimental
models mentioned above. Furthermore, whether or not IL-2 is
found to be involved in regulatory T cell function may depend
on the experimental readout. In vivo regulation is complicated
by the fact that the majority of experimental models employs
lymphopenic mice in which differential homeostatic expansion

Immune regulation via competition 287
27 Kedl, R. M., Rees, W. A., Hildeman, D. A. et al. 2000. T cells
compete for access to antigen-bearing antigen-presenting cells.
J. Exp. Med. 192:1105.
28 Letterio, J. J. and Roberts, A. B. 1998. Regulation of immune
responses by TGF-beta. Annu. Rev. Immunol. 16:137.
29 Moore, K. W., de Waal Malefyt, R., Coffman, R. L. and O’Garra, A.
2001. Interleukin-10 and the interleukin-10 receptor. Annu. Rev.
Immunol. 19:683.
30 Takahashi, T., Tagami, T., Yamazaki, S. et al. 2000. Immunologic
self-tolerance maintained by CD25(+)CD4(+) regulatory T cells
constitutively expressing cytotoxic T lymphocyte-associated antigen 4. J. Exp. Med. 192:303.
31 Read, S., Malmstrom, V. and Powrie, F. 2000. Cytotoxic T
lymphocyte-associated antigen 4 plays an essential role in the
function of CD25(+)CD4(+) regulatory cells that control intestinal
inflammation. J. Exp. Med. 192:295.
32 Salomon, B., Lenschow, D. J., Rhee, L. et al. 2000. B7/CD28
costimulation is essential for the homeostasis of the CD4+CD25+
immunoregulatory T cells that control autoimmune diabetes.
Immunity 12:431.
33 Thompson, C. B. and Allison, J. P. 1997. The emerging role of
CTLA-4 as an immune attenuator. Immunity 7:445.
34 Linsley, P. S., Brady, W., Urnes, M., Grosmaire, L. S., Damle, N. K.
and Ledbetter, J. A. 1991. CTLA-4 is a second receptor for the
B cell activation antigen B7. J. Exp. Med. 174:561.
35 Lindstein, T., June, C. H., Ledbetter, J. A., Stella, G. and Thompson,
C. B. 1989. Regulation of lymphokine messenger RNA stability by
a surface-mediated T cell activation pathway. Science 244:339.
36 Powell, J. D., Ragheb, J. A., Kitagawa-Sakakida, S. and Schwartz,
R. H. 1998. Molecular regulation of interleukin-2 expression by
CD28 co-stimulation and anergy. Immunol. Rev. 165:287.
37 Thornton, A. M., Donovan, E. E., Piccirillo, C. A. and Shevach, E. M.
2004. Cutting edge: IL-2 is critically required for the in vitro activation
of CD4+CD25+ T cell suppressor function. J. Immunol. 172:6519.
38 de la Rosa, M., Rutz, S., Dorninger, H. and Scheffold, A. 2004.
Interleukin-2 is essential for CD4+CD25+ regulatory T cell function.
Eur. J. Immunol. 34:2480.
39 Lin, J. X. and Leonard, W. J. 1997. Signaling from the IL-2 receptor
to the nucleus. Cytokine Growth Factor Rev. 8:313.
40 Lenardo, M. J. 1991. Interleukin-2 programs mouse alpha beta
T lymphocytes for apoptosis. Nature 353:858.
41 Van Parijs, L. and Abbas, A. K. 1998. Homeostasis and selftolerance in the immune system: turning lymphocytes off. Science
280:243.
42 Kramer, S., Mamalaki, C., Horak, I., Schimpl, A., Kioussis, D. and
Hung, T. 1994. Thymic selection and peptide-induced activation of
T cell receptor-transgenic CD8 T cells in interleukin-2-deficient
mice. Eur. J. Immunol. 24:2317.
43 Khoruts, A., Mondino, A., Pape, K. A., Reiner, S. L. and Jenkins, M. K.
1998. A natural immunological adjuvant enhances T cell clonal expansion through a CD28-dependent, interleukin (IL)-2-independent
mechanism. J. Exp. Med. 187:225.
44 Lantz, O., Grandjean, I., Matzinger, P. and Di Santo, J. P. 2000.
Gamma chain required for naive CD4+ T cell survival but not for
antigen proliferation. Nat. Immunol. 1:54.
45 Wolf, M., Schimpl, A. and Hunig, T. 2001. Control of T cell
hyperactivation in IL-2-deficient mice by CD4(+)CD25(ÿ) and
CD4(+)CD25(+) T cells: evidence for two distinct regulatory
mechanisms. Eur. J. Immunol. 31:1637.
46 Granucci, F., Vizzardelli, C., Pavelka, N. et al. 2001. Inducible IL-2
production by dendritic cells revealed by global gene expression
analysis. Nat. Immunol. 2:882.
47 Suri-Payer, E. and Cantor, H. 2001. Differential cytokine requirements for regulation of autoimmune gastritis and colitis by
CD4(+)CD25(+) T cells. J. Autoimmun. 16:115.
48 Powrie, F., Carlino, J., Leach, M. W., Mauze, S. and Coffman, R. L.
1996. A critical role for transforming growth factor-beta but not
interleukin 4 in the suppression of T helper type 1-mediated colitis
by CD45RB (low) CD4+ T cells. J. Exp. Med. 183:2669.
49 Groux, H., O’Garra, A., Bigler, M. et al. 1997. A CD4+ T-cell subset
inhibits antigen-specific T-cell responses and prevents colitis.
Nature 389:737.

Downloaded from http://intimm.oxfordjournals.org/ at BBSRC on July 9, 2015

5 Thornton, A. M. and Shevach, E. M. 1998. CD4+CD25+
immunoregulatory T cells suppress polyclonal T cell activation
in vitro by inhibiting interleukin 2 production. J. Exp. Med. 188:287.
6 Takahashi, T., Kuniyasu, Y., Toda, M. et al. 1998. Immunologic selftolerance maintained by CD25+CD4+ naturally anergic and
suppressive T cells: induction of autoimmune disease by breaking
their anergic/suppressive state. Int. Immunol. 10:1969.
7 Sakaguchi, S. 2000. Animal models of autoimmunity and their
relevance to human diseases. Curr. Opin. Immunol. 12:684.
8 Shevach, E. M. 2000. Regulatory T cells in autoimmunity. Annu.
Rev. Immunol. 18:423.
9 Almeida, A. R., Legrand, N., Papiernik, M. and Freitas, A. A. 2002.
Homeostasis of peripheral CD4(+) T cells: IL-2R alpha and IL-2
shape a population of regulatory cells that controls CD4(+) T cell
numbers. J. Immunol. 169:4850.
10 Annacker, O., Burlen-Defranoux, O., Pimenta-Araujo, R., Cumano,
A. and Bandeira, A. 2000. Regulatory CD4 T cells control the size
of the peripheral activated/memory CD4 T cell compartment.
J. Immunol. 164:3573.
11 Malek, T. R., Yu, A., Vincek, V., Scibelli, P. and Kong, L. 2002. CD4
regulatory T cells prevent lethal autoimmunity in IL-2R betadeficient mice. Implications for the nonredundant function of IL-2.
Immunity 17:167.
12 Papiernik, M., de Moraes, M. L., Pontoux, C., Vasseur, F. and Penit,
C. 1998. Regulatory CD4 T cells: expression of IL-2R alpha chain,
resistance to clonal deletion and IL-2 dependency. Int. Immunol.
10:371.
13 Furtado, G. C., Curotto de Lafaille, M. A., Kutchukhidze, N. and
Lafaille, J. J. 2002. Interleukin 2 signaling is required for CD4(+)
regulatory T cell function. J. Exp. Med. 196:851.
14 Krowczynska, A. M., Coutts, M., Makrides, S. and Brawerman, G.
1989. The mouse homologue of the human acidic ribosomal
phosphoprotein PO: a highly conserved polypeptide that is under
translational control. Nucleic Acids Res. 17:6408.
15 Barthlott, T., Kassiotis, G. and Stockinger, B. 2003. T cell regulation
as a side effect of homeostasis and competition. J. Exp. Med.
197:451.
16 Karasuyama, H. and Melchers, F. 1988. Establishment of mouse
cell lines which constitutively secrete large quantities of interleukin
2, 3, 4 or 5, using modified cDNA expression vectors. Eur. J.
Immunol. 18:97.
17 Thornton, A. M. and Shevach, E. M. 2000. Suppressor effector
function of CD4+CD25+ immunoregulatory T cells is antigen
nonspecific. J. Immunol. 164:183.
18 Waldmann, T. A. 1989. The multi-subunit interleukin-2 receptor.
Annu. Rev. Biochem. 58:875.
19 Kim, H. P., Kelly, J. and Leonard, W. J. 2001. The basis for IL-2induced IL-2 receptor alpha chain gene regulation: importance of
two widely separated IL-2 response elements. Immunity 15:159.
20 Smith, K. A. and Cantrell, D. A. 1985. Interleukin 2 regulates its own
receptors. Proc. Natl Acad. Sci. USA 82:864.
21 Klein, L., Khazaie, K. and Von Boehmer, H. 2003. In vivo dynamics
of antigen-specific regulatory T cells not predicted from behavior
in vitro. Proc. Natl Acad. Sci. USA 100:8886.
22 Annacker, O., Pimenta-Araujo, R., Burlen-Defranoux, O., Barbosa,
T. C., Cumano, A. and Bandeira, A. 2001. CD25(+) CD4(+) T cells
regulate the expansion of peripheral CD4 T cells through the
production of IL-10. J. Immunol. 166:3008.
23 Ge, Q., Rao, V. P., Cho, B. K., Eisen, H. N. and Chen, J. 2001.
Dependence of lymphopenia-induced T cell proliferation on the
abundance of peptide/MHC epitopes and strength of their
interaction with T cell receptors. Proc. Natl Acad. Sci. USA
98:1728.
24 Mackall, C. L., Hakim, F. T. and Gress, R. E. 1997. Restoration of
T-cell homeostasis after T-cell depletion. Semin. Immunol. 9:339.
25 Ferreira, C., Barthlott, T., Garcia, S., Zamoyska, R. and Stockinger,
B. 2000. Differential survival of naive CD4 and CD8 T cells.
J. Immunol. 165:3689.
26 Kassiotis, G., Zamoyska, R. and Stockinger, B. 2003. Involvement
of avidity for major histocompatibility complex in homeostasis of
naive and memory T cells. J. Exp. Med. 197:1007.

288

Immune regulation via competition

50 Asseman, C., Mauze, S., Leach, M. W., Coffman, R. L. and Powrie,
F. 1999. An essential role for interleukin 10 in the function of
regulatory T cells that inhibit intestinal inflammation. J. Exp. Med.
190:995.
51 McHugh, R. S. and Shevach, E. M. 2002. Cutting edge: depletion
of CD4+CD25+ regulatory T cells is necessary, but not sufficient,
for induction of organ-specific autoimmune disease. J. Immunol.
168:5979.

52 Gavin, M. A., Clarke, S. R., Negrou, E., Gallegos, A. and Rudensky,
A. 2002. Homeostasis and anergy of CD4+CD25+ suppressor
T cells in vivo. Nat. Immunol. 3:33.
53 Zelenika, D., Adams, E., Humm, S. et al. 2002. Regulatory T cells
overexpress a subset of Th2 gene transcripts. J. Immunol. 168:1069.
54 Chi, K. H., Myers, J. N., Chow, K. C. et al. 2001. Phase II trial of
systemic recombinant interleukin-2 in the treatment of refractory
nasopharyngeal carcinoma. Oncology 60:110.

Downloaded from http://intimm.oxfordjournals.org/ at BBSRC on July 9, 2015

