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Absorption of IL-2 is one proposed mechanism of CD4+CD25+FoxP3+ regulatory T cell (Treg) suppression. Direct in vivo
experimental evidence for this has recently been obtained. While modulation of IL-2 bioavailability controls CD8+ T-cell
effector differentiation under strongly immunogenic conditions it is not known whether Treg modulate CD8+ T cell
responses through this mechanism under steady-state conditions. Here we assess this using a mouse model in which
dendritic cells (DC) are manipulated to present cognate antigen to CD8+ T cells either in the steady-state or after activation.
Our observations show that Treg exert a check on expansion and effector differentiation of CD8+ T cells under strongly
immunogenic conditions associated with TLR ligand activation of DC, and this is mediated by limiting IL-2 availability. In
contrast, when DC remain unactivated, depletion of Treg has little apparent effect on effector differentiation or IL-2
homeostasis. We conclude that while modulation of IL-2 homeostasis is an important mechanism through which Treg
control CD8+ effector differentiation under immunogenic conditions, this mechanism plays little role in modulating CD8+ T-
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Introduction

Multiple mechanisms of peripheral tolerance overlap to prevent
uncontrolled immune responses to pathogen infection and
environmental- or self-antigens. Pathogen-associated signals such
as Toll-like receptors (TLR) ligands or other PAMPs can convert
DC from steady-state, tolerogenic cells, to ‘licensed” APC with a
strong capacity to induce effector responses. In the absence of
infection or inflammation, antigen presentation by steady-state
dendritic cells (DC) leads to T cell tolerance where T cells are
driven to apoptosis or rendered unresponsive, and this is an
important mechanism preventing progression to autoimmune
diseases [1,2]. In addition to APC-mediated control of naive T-cell
differentiation, CD4+CD25+FoxP3+ regulatory T cells (Treg)
prevent overexuberant T-cell responses by limiting T-cell activa-
tion and differentiation in lymphoid tissues and effector function at
target sites [3,4]. Treg also participate in immune regulation and
tolerance through mechanisms that include promoting Treg
differentiation from naive CD4+ T cells [5] and modulating DC
phenotype and function [6-8].

Treg exert their influence through diverse immunosuppressive
mechanisms (reviewed in [9,10]) that may differ depending on the
context. It has been elegantly shown in a tumour setting, that Treg
directly inhibit CD8+ T-cell-mediated cytolysis through mecha-
nisms including TGF-B-dependent inhibition of degranulation
[11,12]. Interestingly, in this setting where antigen-presentation to
naive T-cells may occur principally under steady-state or weakly-
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immunogenic conditions Treg act principally to inhibit effector
function whereas priming and effector differentiation appears
unaltered [11,12]. However, in settings that lead to strongly
immunogenic priming, such as vaccination, Treg restrain CD8+
T-cell expansion and effector differentiation [13,14]. Such
disparate observations could reflect differences between T-cell
activation occurring when DC exist in the steady-state or are
strongly activated, for example, by TLR ligands respectively.
Alternatively, effector T cells or T cells undergoing effector
differentiation may act to promote Treg function which in turn
permits control of effector responses. We and others have shown
that modulation of IL-2 homeostasis is one key mechanism by
which Treg control effector differentiation of CD8+ T cells
whereby uptake of IL-2 by Treg both limits CD8+ effector
differentiation and promotes Treg expansion [14-17]. It is clear
that this mechanism is a powerful controller of CD8+ T cells
undergoing effector differentiation but it remains unclear whether
this contributes to control of the CD8+ T cells responding to
steady-state antigen presentation.

Here we determined the role of Treg in modulating CD8+ T
cells responses in a murine model of DC antigen presentation
under conditions promoting either tolerance or immunity. In
steady-state conditions, expansion and transient development of
effector function of CD8+ T cells activated by steady-state DC was
unaltered by depletion of Treg by aCD25 administration. In
contrast, under immunogenic conditions when DC were ‘licensed’
by TLR stimulation, depletion of Treg increased CD8+ effector
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differentiation. Blockade of IL-2 in vivo did not affect CD8+
responses under conditions of steady-state antigen presentation,
but reversed the additional T cell expansion induced by Treg
depletion under immunogenic conditions. Together the data
indicate that control of IL-2 homeostasis by Treg modulates
immunogenic but not steady-state T-cell responses.

Materials and Methods

Ethics Statement

This study was carried out in accordance with the guidelines of
the Australian Code of Practice for the Care and Use of Animals
for Scientific Purposes. All experiments were approved by The
University of Queensland Animal Ethics Committee (projects
251/08, 185/11).

Mice

Mice were from the Animal Resources Centre (Perth, WA,
Australia) or bred and maintained at the Biological Research
Facility (Woolloongabba, QLD, Australia). OT-I mice carrying a
transgenic TCR for H-2K"/ OVAys7 964 [18] were bred with
C57BL/6.SJLptprca mice to generate CD45.1+ OT-I mice.
CD11c.OVA mice have been described [19].

Antibodies and in vitro Analyses

mAb for cytometry were from Biolegend (San Diego, CA, USA)
or BD (San Jose, CA). aCD25 (PC61) and aphytochrome (Avena
satwa) (MAC49) were purified from hybridoma supernatants in
house and all-2 (JES6-1, S4B6) was purchased from BioXcell
(Lebanon, NH, USA). FoxP3 staining reagents and ELISA mAb
were from eBioscience (San Diego, CA, USA). For DC
phenotyping, spleens were collected, digested with collagenase/
DNAse and cells collected for flow cytometric analysis [20]. For
Treg suppression assays CD4+CD25— T cells and CD4+CD25+
Treg were enriched using magnetic separation (CD4"CD25"
Regulatory T Cell Isolation Kit, Miltenyi Biotec Australia) and
CDI1lc+ DC collected by magnetic separation (Miltenyi Biotec
Australia, Macquarie Park, NSW, Australia) according to manu-
facturer’s recommendations. Treg suppression assays were estab-
lished using CD4+CD25— responders, CD11lc+ DC and titrated
numbers of CD4+CD25+ Treg as described [21]. For flow
cytometry, cells were stained and analyzed as described previously
[19] using a flow bead based counting assay [22] where indicated.
Flow cytometric data were collected using BD FACSCalibur or
BD FACSCanto cytometers and analysed using CellQuest or Diva
software (BD) and displays for publication prepared using or
FlowJo (TreeStar).

In vivo Analyses

CD25" cells were depleted using oCD25 (PC61, 1 mg)
administration every 3 days. Controls were treated identically
with isotype-matched aphytochrome mAb (MAC-4). For in vivo
IL-2 blockade alL-2 mAb (JES6-1, S4B6 50) were mixed (200 ug
of each) and injected ip. daily as described [14]. For DC
activation, 10 nmol CpG 1668 (Geneworks, Australia) was
injected i.v. at the time of OT-I transfer. When DC phenotype
was analysed CpG was injected 18 hours before spleen collection.
For OT-I transfer, brachial, axillary, inguinal and mesenteric LN
were collected from CD45.1+ OT-I mice and CD8+ T- cells
purified (>90% CD8+, <3% CD4+) by negative selection using
magnetic beads (Miltenyi Biotec, Auburn, CA) and 2x10° cells
injected 1i.v. In a small number of experiments OT-I donor mice
were treated with aCD25 and bulk LN cells containing 2x10°
CD8+ (OT-I) T cells transferred. Serum was prepared from blood
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obtained by cardiac puncture and ELISA performed using JES6-
1A12/JES6-5H4 (capture/detection) using a standard protocols.

Statistical Analyses

Students #test was used to compare means and one way
ANOVA followed by Newman-Keuls post test (GraphPad 5, San
Diego, CA) for multiple pairwise comparisons.

Results

Treg Control Expansion and Contraction of CD8+ T cell
Responses when Antigen is Presented by Activated, but
not Steady-state, DC

Here we set out to test the Treg control of CD8+ T-cell
responses under highly- or poorly-immunogenic conditions. To
achieve this, we used 11c.OVA mouse model of steady-state DC
antigen presentation we have described previously [19]. In this
model, in the absence of DC activation, DC present OVA-derived
peptides in the steady-state leading to abortive activation of OVA-
specific T cells and CD8+ T-cell tolerance induction through
deletion and induction of unresponsiveness. In order to compare
CD8+ T-cell activation by steady-state and activated DC, we first
established suitable experimental conditions for DC activation by
comparing DC activation with various TLR ligands. In response
to systemic CpG1668 expression of the classic activation markers
CD40, CD80, CD86 and MHC class II by each of the major
conventional DC subsets in spleen was upregulated (Fig. 1A).

To test the effect of Treg depletion on OVA-specific CD8+ T-
cell accumulation in response to antigen presentation by activated
or steady-state DC, CD8+ TCR transgenic (OT-I) T cells were
transferred to 11c.OVA mice treated with or without CpG and
Treg depletion. In the absence of CpG treatment OT-I T cells
transiently expanded in number, peaking 3 days post-transfer in
spleen and LN (Fig. 1B, C). This was followed by contraction of
the OT-I population (Fig. 1B, C). Typically, residual OVA-specific
T cells that remain after population contraction are unresponsive
to further antigen stimulation [19]. When DC were activated by
CpG administration, accumulation of OT-I T cells was signifi-
cantly increased in spleen (Fig. 1B) at days 3, 7 and 10 after
transfer. Intriguingly, CpG administration slightly increase OT-I
accumulation in iLN at day3 (Fig. 1C) but this was not significant.
This may be due to the greater activation of DC in spleen that in
LN results from iv. injected TLR ligands [23,24] and our
unpublished observations that i.v. CpG leads to a higher degree of
DC activation in spleen than LN.

Depletion of Treg by administration of «CD25 antibody did not
alter the scale and kinetics of OT-I expansion nor the onset of
population contraction in 11c.OVA mice (Fig. 1B, C). Depletion
of CD4+CD25+ Treg typically exceeded 95% at the commence-
ment of the experiments (5.93+0.8 vs 0.23+0.15x10° CD4+/
CD25+/FoxP3+ per spleen in undepleted and depleted non-Tg
mice respectively) and this was sustained throughout the exper-
iments (e.g Fig. 1D). This indicates that Treg exerted little if any
influence over OT-I T cell activation in the absence of DC
activation. In 11c.OVA mice administered CpG and OT-I T cells,
Treg depletion sustained the accumulation of OT-I T cells and a
delayed onset of deletion-induced contraction in both spleen and
LN relative to mice with intact Treg populations. The number of
OVA-specific CD8+ T cells remained substantially greater in both
LN and spleen of Treg-depleted mice 7 days after transfer (Iig. 1B,
C). However, the prolonged accumulation of OT-I T cells was
transient and by 10 days after transfer, OT-I T cells were present
in similar numbers regardless of whether Treg were depleted or
not. A similar increased accumulation of differentiating CD8+
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Figure 1. Treg limit CD8+ T-cell expansion when antigen is
presented by activated but not steady-state DC. A) C57BI/6 mice
were administered 10 nmol CpG i.v. or left untreated. Eighteen hours
later spleens were harvested, digested and DC subsets analysed by flow
cytometry. Plots are representative of one mouse of 2-3 analysed in
each of 2 separate experiments. B-D) 11c.OVA mice were injected with
aCD25 or isotype-control mAb and 3 days later 2x10° CD45.1+ OT-l T-
cells were transferred with or without CpG administration at the time of
transfer. Additional aCD25 or isotype-control mAb (iso) were adminis-
tered every 3 days after the initial injection. At the times shown the
total number of OT-I (CD45.1*CD8"Va2*) T cells in the inguinal LN (B) or
spleen (C) or at day 7 the number of CD4+CD25+FoxP3+ Treg in spleen
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were determined using a FACS-based assay. Data were pooled from
more than 2 independent experiments (B,C; n=5-12/group except day
1 where n=2/group) and bars show mean = SEM or 2 experiments (D;
n=5 or 6). (B)***: 11c+CpG+aCD25 is greater than others at day 7
(p<<0.001) (C) **: 11c+CpG+aCD25 and 11c+CpG are greater than others
at day 3 and day 10 (p<<0.01), ***: 11c+CpG+aCD25 is greater than
others at day 7 (p<<0.001).

doi:10.1371/journal.pone.0085455.g001

effector T cells has been shown in immunised Treg-depleted mice
[14].

Next, to test whether the accumulating OT-I T cells displayed
effector function, production of the effector cytokine IFN-y was
measured. Accumulation of IFN-y-producing OT-I T cells in
spleen across days 3, 7 and 10 after transfer was increased by CpG
administration (Fig. 2A). Treg depletion further increased accu-
mulation of IFN-y-producing OT-I T cells in spleen of CpG-
treated 11c.OVA mice 7 days after transfer (Fig. 2A, B).
Polyfunctional CD8+ T cells, those simultaneously producing
multiple cytokines, are considered more potent effectors than those
producing IFN-y alone. Depletion of Treg also increased the
accumulation of TNF-a and IL-2 producing OT-I T cells over
that in 11c.OVA recipients treated with CpG alone (Fig. 2C, D).
Co-staining showed that many of these cells coexpressed IFN-y
and TNF-a (Fig. 2E). Notably, depletion of Treg alone in the
absence of CpG had little effect on accumulation of cytokine
producing OT-I T cells (Fig. 2B—E). Intracellular cytokine staining
was used to determine the predominant cellular source of IL-2.
Under both steady-state and immunogenic conditions in spleen,
specific IL-2 staining was restricted principally to CD45.1+ve OT-
I T cells (Fig. 2F, right quadrants of each plot) whereas IL-2
staining was similar to background isotype control staining in
CD45.1-ve cells (Fig. 2F, left hand quadrants in each plot). The
proportion of OT-I producing IL-2 was increased in CpG treated
11c.OVA mice relative to controls (Fig. 2F, proportion of IL-2+ve
for non-OT-I and OT-I cells shown in cytometry plots). Overall,
these data indicate accumulation of differentiating OT-I effector
cells was increased by Treg depletion under immunogenic
conditions.

The data indicate that Treg provide a strong modulatory effect
on CD8+ T cell responses initiated under immunogenic but not
steady-state conditions. This suggests that activation of CD8+
effector differentiation licenses Treg for suppression either by
increasing their number and/or function or by providing an
opportunity for Treg to exert suppressive mechanisms that are
ineffective under poorly-immunogenic conditions. As the presence
of a potent immune response can lead to expansion of Treg
populations [14,25] we tested whether Treg were expanded as a
consequence of OT-I activation by CpG-activated DC. The total
number of Treg recovered from the iLN and spleen of 11c.OVA
mice treated with CpG and/or OT-I transfer and untreated
controls was compared. Five days after OT-I transfer the total
number of Treg was significantly increased in ILN and spleen of
11c.OVA recipients of OT-1 T cells and CpG relative to recipients
of OT-I T cells without CpG or CpG without OT-I T cells.
Therefore, presentation of OVA to OT-I T cells by CpG-
activated, but not steady-state DC led to a systemic increase in
Treg number. We next determined whether this increase reflected
a change in the activation or functional state of Treg under
immunogenic conditions. Expression of CD69 and CD62L,
surface markers that correlate with Treg activation, did not differ
between groups (Fig. 3C, D). In a conventional in vitro
suppression assay, there was no substantial difference in the
suppressive capacity of Treg from steady-state non-transgenic or
11c.OVA mice and 11c.OVA mice with or without CpG
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Figure 2. Treg limit effector differentiation of CD8+ T cells activated under immunogenic conditions. A-D) 11c.OVA mice were injected
with «CD25 or isotype-control mAb and 3 days later 2 x10° CD45.1+ OT-I T-cells transferred with or without CpG administration. Additional «CD25 or
isotype-control mAb (iso) was administered every 3 days after the initial injection. At the times shown (A) or 7 days after OT-I transfer (B-F) the total
number of OT-I (CD45.1°CD8" Va2™ ) T cells in spleen producing IFN-y, TNF-g, IL-2 or co-producing IFN-y and TNF-o. was determined by ICC and a
FACS-based counting assay. IL-2 production 7 days after transfer in OVA,s;_»64 restimulated cultures is displayed for host (CD45.-ve left quadrants) or
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OT-I (CD45.1+ve, right quadrants) cells. Numbers depict the proportion of host (CD45.1-ve) or OT-I cells (CD45.1+ve) staining positively for IL-2. Data
shown are (A) mean * SEM (n =4) or (B-E) the actual cytokine producing cell numbers for each individual cytokine from individual mice pooled from
at least two independent experiments. (A) **: 11c+CpG+aCD25 is greater than 11c+CpG+iso (p<<0.05) and greater than 11c+aCD25 and 11c+iso
(p<<0.01), *11c+CpG+aCD25 and 11c+CpG+iso are greater than others (p<<0.05) (one-way ANOVA, Newman-Keuls post-test. GraphPad Prism V5.03).

(F) Data are representative of analyses shown in D-E.
doi:10.1371/journal.pone.0085455.g002

treatment or OT-I transfer. There was no significant change in the
ratio of OT-I to Treg in OT-I recipient spleens (Fig. 3F) or ILN
(Fig. 3G) whether DC were activated (+CpG) or not (no CpG).
Collectively, these data indicate that differential regulation of
CD8+ effector differentiation between conditions where DC are
activated (immunogenic conditions) or not (tolerogenic conditions)
is unlikely to be due to major differences in the ratio of Treg to
differentiating effectors, activation state, or function although a
role for an increase in the overall number of Treg cannot be ruled
out.

Treg Control of IL-2 Homeostasis is a Key Regulator of
Immunogenic, but not Steady-state, CD8+ T-cell
Responses

Modulation of IL-2 homeostasis is an important mechanism by
which Treg modulate CD8+ effector differentiation under strongly
immunogenic conditions. IL-2 is normally regulated tightly and
present at only very low or undetectable levels in serum.

Consistent with this, IL.-2 was undetectable in the serum of non-
transgenic and 11c.OVA recipients of OT-I T cells (Fig. 4A).
Previously we have shown that depletion of Treg permits systemic
accumulation of IL-2 under immunogenic conditions. Here,
however, in the absence of DC activation 1L.-2 was undetectable
or present at low levels in serum with or without depletion of Treg
with aCD25 antibody (Fig. 4A). As CD25+ Treg are a key ‘sink’
for IL-2, this data indicates that IL-2 production is minimal under
steady-state conditions. Depletion of Treg, however, significantly
increased serum IL-2 levels in CpG-treated OT-I recipients
(Fig. 4A). This indicated that under CpG-activated conditions
substantial IL-2 was produced by activated OT-I T cells as
indicated in Figure 2F and, that when present, Treg contributed to
absorption of this IL-2. To determine whether the IL-2 that
accumulated in CpG-treated OT-I recipients in the absence of
Treg might be responsible for increased CD8+ effector accumu-
lation under these conditions, we blocked IL-2 from binding its
receptor using a combination of all.-2 mAb [14]. IL-2 blockade
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Figure 3. nTreg expand but suppressive activity is similar between immunogenic and steady state conditions. A-D) Non-transgenic
(non-Tg) and 11c.OVA mice were administered CpG or not and CD45.1+ OT-I T cells (2x10° mice were transferred as indicated. Five days later,
inguinal LN (ILN) and spleens were collected and (A,B) the total number of CD4*CD25*Foxp3™ cells and their expression of (C) CD69 and (D) CD62L
determined by flow cytometry. E) Non-transgenic (non-Tg) and 11c.OVA mice were administered CpG or not and CD45.1+ OT-I T cells (2x10°) were
transferred as indicated. Five days later, spleens were collected and CD4+CD25+ Treg were isolated and added to suppression assays as described in
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doi:10.1371/journal.pone.0085455.9003
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Figure 4. Treg control effector differentiation by modulating
IL-2 homeostasis under immunogenic, but not steady state
conditions. A) Non-transgenic (non-Tg) and 11c.OVA mice were
injected with aCD25 or isotype-control mAb (iso) and 3 days later
2x10° CD45.1+ OT-l T-cells transferred with or without CpG adminis-
tration. Additional «CD25 or isotype-control mAb were administered
every 3 days after the initial injection. 7 days after OT-I transfer, blood
was collected and serum prepared. Serum IL-2 concentration was
determined by ELISA. Dotted line indicates detection limit. B-D) Non-
transgenic (non-Tg) and 11c.OVA mice were injected with aCD25 or
isotype-control mAb (iso) and 3 days later 2x10° CD45.1+ OT-l T-cells
transferred with or without CpG administration as indicated. aCD25 or
isotype-control mAb was administered every 3 days throughout the
experiment. In addition, mice were administered either PBS or IL-2
blocking antibodies (JES6.1/54B6 combined) daily. Seven days after OT-I
transfer, inguinal LN (ILN) and spleens were collected and the total
number of OT-l (CD45.1+CD8+Va2+) T cells and the total number of IL-
2-producing OT-I T cells determined using a FACS-based counting assay
and ICC. Data portray values of individual mice pooled from at least 2
independent experiments.

doi:10.1371/journal.pone.0085455.g004
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reversed the accumulation of OT-I T cells in LN (Fig. 4B) and
spleen (Fig. 4C) resulting from Treg depletion indicating that the
sustained accumulation of differentiating CD8+ OT-I effectors
was mediated by IL-2 available as a consequence of Treg
depletion.

Discussion

Treg are critical controllers of adaptive immune responses and
limit the exuberance of T-cell responses to prevent pathology. As
we and others have shown [14,15] regulation of IL-2 availability
by Treg is an important controller of CD8+ effector accumulation
and differentiation under highly immunogenic conditions. How-
ever, the specific mechanisms by which Treg control CD8+ T-cell
responses may differ between immunogenic and non-immuno-
genic conditions. In a model of constitutive DC antigen expression
we demonstrate that modulation of IL-2 availability by Treg is an
active control mechanism during strongly-immunogenic responses
but not under poorly-immunogenic conditions.

Previous reports suggest that under weakly immunogenic or
tolerogenic conditions Treg control over CD8+ effector differen-
tiation may be minimal whereas potent Treg inhibition of CD8+
T-cell effector differentiation is observed when strong effector
responses are generated. For instance in a tumour setting, where
antigen presentation occurs in the absence of strong innate
activating signals, Treg can directly inhibit CD8+ T-cell-mediated
cytolysis through TGF-B-dependent inhibition of degranulation
[11,12] but appear not to modulate effector differentiation. In
contrast to this, in settings that lead to strong priming, such as
vaccination or viral infection, Treg restrain CD8+ T cell
expansion and effector differentiation [13,26]. These disparate
observations could reflect antigen presentation by ‘resting’
(tolerogenic) or ‘activated’ (immunogenic) DC respectively. It is
also possible that Treg suppressive function is facilitated by T-cell
effector differentiation, for example, in response to strongly
immunogenic T-cell priming and that only under these conditions
does Treg suppression of the response become readily apparent.
We manipulated a previously described model of constitutive DC
antigen presentation so that steady-state and CpG-activated DC
could be compared directly without the introduction of artefacts
associated with immunisations such as antigen-processing and
trafficking. Our data clearly demonstrate that Treg exert a check
on the expansion and effector differentiation of CD8+ T cells
under strongly immunogenic conditions associated with DC
activation by a TLR ligand. Depletion of CD4+CD25+ Treg
under these conditions was associated with increased levels of IL-2
and blockade of I1.-2 reversed increased effector differentiation,
indicating a direct role for IL-2 in driving effector differentiation.
Together this showed Treg were exerting control over CD8+
effector differentiation through control of IL-2 availability. In
contrast, when DC remained unactivated, depletion of Treg had
no apparent effect on effector differentiation or IL-2 production/
accumulation. Therefore, Treg control CD8+ effector differenti-
ation by modulation of IL-2 availability when DC are ‘activated’
but Treg play litle or no role in regulating CD8+ effector
differentiation under resting conditions. Our data suggest that this
context-dependent difference is most likely due to the limited
production of IL-2 by CD8+ T cells activated by resting DC.

Treg can control T-cell activation through inhibition of DC
function and this may be mediated in part through CTLA4 on
Treg [27]. Depletion of Treg can promote DC activation and this
could be mediated either directly in the short term, or more
chronically via activation of autoreactive T cells [6,7,28]. It is
plausible that such mechanisms act to promote CD8+ effector
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green arrow upper right-hand side). Abundant IL-2 also boosts CD25 expression by CD8+ T cells. Treg still limit IL-2 availability under these
conditions, possibly because they expand or upregulate CD25 in response to the more abundant IL-2. When Treg are depleted, IL-2 is available in
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express the low affinity IL-2R as CD25 expression wanes on post-activated CD8+ T cells. Size of the lettering represents relative expression of IL-2R

subunits.
doi:10.1371/journal.pone.0085455.9g005

differentiation in the absence of Treg. However, our own
observations showed no significant change in DC activation
markers after anti-CD25 administration in these studies (unpub-
lished observations) suggesting this mechanism played little role
here. Depletion of FoxP3+ Treg rather than CD25+ cells might be
required and differences resulting from Treg depletion by FoxP3-
directed or CD25-directed means cannot be ruled out. However, it
is also possible that activation of DC by TLR ligands obviates Treg
effects on DC. Certainly, ligation of CD40 can overcome Treg
control of immature DC activation and function [29]. However, in
either case, DC activation by, for example, TLR ligands may be
required for effective CD8+ T-cell effector differentiation as
depletion of Treg does not reverse the requirement for costimu-
lation via CD28 for CD8+ T-cell activation [30]. Interestingly,
under some conditions, TLR stimulation could not only activate
DC to promote effector T-cell priming, but also act to inhibit Treg
function thereby further promoting T-cell effector differentiation
by the co-incidentally activated DC [31-33] this is likely
counterbalanced by DC activation acting to increase IL-2
production by differentiating CD8+ effectors. Overall, the data
suggest that the ultimate effect on development of CD8+ effector
T cell responses of DC activation is influenced not only by DC
activation, but also by the balance of factors acting upon Treg.

PLOS ONE | www.plosone.org

Our data support a suggested model [16,34,35] where the
effects of IL-2 are determined by relative expression of the high
and low affinity IL-2 receptors. As the ofy(CD25/CD122/
CD132) high affinity IL-2 receptor exhibits an IL-2 affinity approx
100-fold higher than that of the low affinity dimeric By (CD122/
CD132) receptor, equilibrium strongly favours IL-2 binding and
uptake by cells bearing the high affinity receptor. Under steady-
state conditions, uptake of the low levels of available IL-2 is
dominated by CD25+ Treg expressing the trimeric offy high
affinity IL-2 receptor. This serves to tightly regulate available IL-2
to low levels (e.g. see Fig. 5). CD8+ T-cell activation under steady-
state conditions induces little IL-2 production and any IL-2
produced is readily absorbed by CD25+ Treg. Under these
conditions IL.-2 cannot feed-forward to antigen-activated T cells
and effector differentiation remains limited (Fig. 5). Because of the
small amounts of IL-2 produced this has little impact on CD25+
Treg homeostasis. However, when DC are activated, CD8
expansion and effector differentiation and IL-2 production is
promoted. Under these conditions, transient high level CD25
expression by differentiating CD8+ effector T cells has the
potential to shift IL-2 equilibrium with the antigen-activated
CD8+ population now able to successfully compete with Treg for
available IL-2. However, our data indicate that Treg still limit IL-2
availability under these conditions, possibly because they expand
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in response to the more abundant IL-2. This, in conjunction with
diminishing expression of CD25 by CD8+ [14], will limit the effect
of IL-2 on CD8+ T cells and the response begins to wane,
controlled by the Treg. Available IL-2 can then be absorbed by
Treg as they now have an advantage over the low-affinity IL-2R
expressing CD8+ T cells at this stage of the response. When Treg
are depleted, excess IL-2 is available and spills into the circulation
and substantially promotes effector differentiation. Notably, under
these circumstances even CD8+ T cells expressing only the low-
affinity By IL-2R can be signalled by IL-2 [14]. Homeostasis of IL-
2 is therefore determined by a highly dynamic balance between
the ratios of Treg and Teff and their relative expression of IL-2R
subunits, but non-cognate IL-2R expressing cells may also
contribute to this (Fig. 5). Interestingly, CD25 expression by
differentiating CD8 is controlled by the presence of antigen and
DC activation levels (reviewed in [36]). While we saw no difference
in expression of CD25 by OT-I in CpG-treated versus untreated
11c.OVA recipients, failure of CD8+ T cells to express CD25 has
been reported in some tolerogenic settings [37,38]. Reduced
CD25 expression under such circumstances may be crucial to limit
effector differentiation of CD8+ T cells during tolerance induction.
In fact, the level of CD25 expression may be correlated with the
extent of effector function exhibited by CD8+ T-cells undergoing
tolerance induction. During tolerance induction induced by DC
constitutively-expressing antigen we have observed CD25 expres-
sion by OT-I T cells during tolerance induction and this coincides
with some effector function [19]. In other settings where CD25
fails to be expressed by CD8+ T cells during tolerance induction
little effector function is observed [37,38]. Conversely, under
conditions of sustained IL2R signalling [39] or DC activation in
the presence of pathogen, IL-2 provides a mechanism to promote
CD8 effector differentiation, and amplify CD8+ effector T-cell
responses. Overall, IL-2 availability and CD25 expression act as a
rheostat for CD8+ effector differentiation, but the scale of the IL-
2/CD25-mediated effects are also modulated by Treg.

Under steady-state conditions it is thought that IL-2 is produced
primarily by activated CD4+ helper T cells and that these cells
therefore serve to maintain CD4+25+ Treg [40,41]. During
strongly immunogenic conditions CD4+ T cells have also been
considered the principal source of IL-2 to maintain Treg (reviewed
in [35,36]) even though both CD4+ and CD8+ T cells can
produce IL-2. Because 11c.OVA mice are devoid of endogenous
OVA-specific T cells, T-cell responses here are restricted to
activation of the transferred OVA-specific CD8+ T cells. At least
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release DC from control of (residual) CD4+CD25—FoxP3+ Treg
that remain after 0CD25-mediated depletion.
CD4+CD25—FoxP3+ Treg have been reported to exert suppres-
sive activity in other settings. In contrast, depletion of both
CD25+FoxP3+ and CD25— FoxP3+ Treg promotes DC ‘activa-
tion’ spontaneously or in response to interaction with activated
self-reactive T cells [6-8]. Under the latter circumstances, Treg
may regulate DC activation rather than the modulation of IL-2
described here that becomes crucial under strongly immunogenic
conditions. Overall, in combination with those of others, our
observations strongly support a conclusion that different mecha-
nisms of Treg suppression dominate in controlling CD8+ T-cell
responses under conditions where DC exist either as ‘steady-state’
or ‘activated’ antigen-presenting cells.
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