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Abstract
Recent studies have emphasized the importance of T cells with regulatory/suppressor properties in
controlling autoimmune diseases. A number of different types of regulatory T cells have been
described with the best characterized being the CD25+ population. In addition, it has been shown
that regulatory T cells can be induced by specific Ag administration. In this study, we investigate
the relationship between peptide-induced, CD4+ regulatory T cells and naturally occurring
CD4+CD25+ cells derived from the Tg4 TCR-transgenic mouse. Peptide-induced cells were
FoxP3− and responded to Ag by secreting IL-10, whereas CD25+ cells failed to secrete this
cytokine. Both cell types were able to suppress the proliferation of naive lymphocytes in vitro
although with distinct activation sensitivities. Depletion of CD25+ cells did not affect the
suppressive properties of peptide-induced regulators. Furthermore, peptide-induced regulatory/
suppressor T cells could be generated in RAG−/−, TCR-transgenic mice that do not spontaneously
generate CD25+ regulatory cells. These results demonstrate that these natural and induced
regulatory cells fall into distinct subsets.

Regulatory/suppressor T cells play an important role in both preventing the collateral
damage that can arise from the immune response to infection (1) and controlling the immune
response to self-Ags that may lead to autoimmune disease (2, 3). A number of different
types of regulatory cells have been described (3), and these may, for convenience, be
defined as natural or induced. Natural regulatory cells are part of the normal T cell repertoire
and are fully functional, whereas induced regulatory cells may be generated from naive T
cells by deliberate administration of Ag. Possibly the best-characterized subset of natural
regulators is the CD4+CD25+FoxP3+ population. These cells are most probably selected in
the thymus (4, 5), and there is evidence that recognition of Ag presented by cortical
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epithelium is sufficient for their generation (6). Their induction is Ag specific but their
suppressive function is Ag nonspecific (7). These cells can be generated from either IL-10
(8) or TGF-β knockout (2) mice but are dependent on cell-cell contact for their function in
vitro (8).

Some natural regulatory cells require lymphokines for their function. This has been
demonstrated in models of immune pathology where disease is induced by the transfer of
naive lymphocytes into lymphopenic animals. Interestingly, IL-10-secreting regulatory cells
were required for suppression of inflammatory bowel disease (9), whereas CD25+ regulatory
cells were sufficient for prevention of gastritis (10). Belkaid et al. (11) tested whether
CD25+ cells, derived from wild-type or IL-10 deficient mice, would mediate suppression in
vivo in an infectious disease model. They found that suppression of immunity to Leishmania
major, resulting in maintenance of a persistent infection, was dependent on the presence of
CD25+ cells and that these cells needed to produce IL-10 to function. These independent
models, therefore, demonstrate that IL-10 may play a more important role in the function of
regulatory T (TReg)6 cells in vivo. Furthermore, transfer experiments in TCR-transgenic
models of experimental autoimmune encephalomyelitis (EAE) have shown that both CD25+

and CD25− fractions of cells can suppress disease (12).

TReg cells can be induced by the administration of Ags in different forms and by various
routes. Thus, TGF-β-secreting Th3 cells were induced following mucosal administration of
whole proteins (13), whereas administration of peptides by the same route tended to induce
IL-10-secreting cells (14). IL-10-producing regulatory cells can be grown in vitro by culture
in either IL-10 (15) or a combination of vitamin D3, dexamethasone, and cognate Ag (16).
Furthermore, IL-10-secreting TReg cells can be induced in vivo following transplantation
under the cover of immunosuppressive agents (17, 18) or by repeated administration of
either superantigens (19, 20) or soluble peptide Ags (21).

The diversity of different regulatory/suppressor T cell types raises fundamental questions. In
particular, it is important to understand the relationship between the induced regulators and
naturally occurring populations of regulatory cells. Previously (22, 23), we have shown that
soluble peptide administration suppresses immune responses to Ag. Tolerance could be
induced in thymectomized mice (24) and the induced regulatory cells could mediate linked
(25) and bystander suppression (26). Peripheral tolerance was induced in the Tg4 TCR-
transgenic mouse by repeated intranasal (i.n.) administration of a high-affinity, Au-binding
analog of the N-terminal peptide of myelin basic protein (MBP) (21). Repeated i.n.
administration of Ac1-9[4Y] rendered Tg4 T cells unresponsive, as measured by
proliferation. The peptide-induced regulatory (PI-TReg) T cells, nevertheless, responded to
Ag by secreting IL-10, although the production of other cytokines, including IL-2, IL-4,
TGF-β, and IFN-γ, was suppressed (21, 27). Furthermore, suppression of proliferation and
IL-2 production by PI-TReg cells in vivo was abrogated by neutralization of IL-10 (27).

Tg4 mice treated with i.n. peptide showed raised levels of T cells expressing CD25 and
CTLA-4 (28). There are two possible explanations for this enhanced expression. First, the
i.n. peptide treatment could expand an existing population of CD25+ cells. Second, the i.n.
peptide treatment might act on naive CD25− lymphocytes, stimulating them to transiently
up-regulate CD25 and CTLA-4 and to differentiate into IL-10-secreting regulatory cells.
Recent studies, using T cell lines in vitro, suggest that human CD25+ cells can be distinct
from cytokine-selected type 1 T regulatory cells (29). The latter IL-10-secreting regulatory
cells were generated from CD25− cells. Contrasting data from Dieckmann et al. (30)

6 Abbreviations used in this paper: TReg, regulatory T; EAE, experimental autoimmune encephalomyelitis; MBP, myelin basic
protein; i.n., intranasal.
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suggest, however, that CD25+ cells serve to promote the generation of IL-10-secreting
regulatory cells in vitro. In this study, we investigate the origin and function of peptide-
induced, IL-10-secreting regulatory cells in vivo. We compare and contrast these cells with
natural, CD25+ regulatory cells derived from the same animal.

Materials and Methods
Mice

All mice were bred under specific pathogen-free conditions and housed in a barrier unit. The
Tg4-transgenic mouse expresses TCR α- and β-chains derived from the 1934.4 T cell
hybridoma, specific for the N-terminal, acetylated CD4 T cell epitope of MBP (Ac1-9). This
mouse strain was established as previously described (31) and backcrossed onto the B10.PL
(H-2u) background. RAG−/− Tg4 mice were generated by breeding Tg4 mice with a RAG−/−

B10 strain, originally bred by Dr. D. Kioussis (Mill Hill, London, U.K.) and provided by Dr.
A. Pullen (University of Bristol, Bristol, U.K.) to the F generation. RAG−/−, H-2u+, and
Tg4+ offspring were selected and bred to provide a homozygous line.

Peptides
The acetylated N-terminal peptide of murine MBP (Ac1-9, AcASQKRPSQR) and the high
MHC-affinity analog with a tyrosine substituting the wild-type lysine in position four
(Ac1-9[4Y]) were synthesized using standard F-moc chemistry on an AMS 422 multiple
peptide synthesizer (Abimed).

Tolerance induction
Tolerance was induced by treating the Tg4 mice with 10 i.n. doses of 100 μg Ac1-9[4Y] in
PBS at regular intervals over a period of 5 wk.

Cell separation
PI-TReg splenocytes were routinely expanded in the presence of recombinant human IL-2 for
5 days before CD4 cell isolation (32). Spleens were isolated from tolerant mice and cells
were cultured in IMDM medium supplemented with 5 × 10−5 M 2-ME, 100 U/ml penicillin,
100 μg/ml streptomycin (all from Invitrogen Life Technologies), and 5% FCS (Sigma-
Aldrich) (complete medium). Ac1-9 was added at a final concentration of 10 μg/ml and
rhIL-2 was added at 20 U/ml. Cultures were incubated in upright tissue culture flasks for 5
days before isolation of CD4+ T cells. Purified CD4+ T cells (>95% CD4+ as determined by
FACS analysis) were obtained by positive selection using magnetic beads coated with anti-
CD4 mAb (Miltenyi Biotec) according to the manufacturer's instructions. Depletion of
CD25+ cells was performed by negative selection using anti-CD25-biotin (BD Pharmingen)
followed by streptavidin-coated magnetic beads (Miltenyi Biotec). CD4+ T cells were then
obtained by positive selection as stated above. Purified CD25+ T cells were obtained by first
negatively selecting CD8+ and CD19+ cells using Ab-coated magnetic beads (Miltenyi
Biotec). The remaining fraction was then separated into CD4+CD25+ and CD4+CD25−

populations by staining with anti-CD4-FITC and anti-CD25-PE (BD Pharmingen) and
sorting on the FACSVantage cell sorter (BD Biosciences).

CD4 T cell proliferation assays
For proliferation assays, T cells were cultured in complete medium at 5 × 104 cells/well,
unless stated otherwise, at 37°C in the presence of different concentrations of Ac1-9.
Irradiated CD4-depleted splenocytes at 1 × 105 cells/well were used as APC. At the
indicated times, cells were pulsed with 0.5 μCi [3H]thymidine overnight, and the
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incorporated radioactivity was measured on a liquid scintillation beta counter (1450
Microbeta; Wallac).

Cytokine protein levels
Cell culture supernatants were tested for cytokine content by specific ELISA (BD
Pharmingen) according to instructions from the manufacturer.

FACS analysis (flow cytometry)
Cells were stained by direct immunofluorescence for two-color flow cytometry. Data were
analyzed using CellQuest software (BD Pharmingen) or FCS Express (De Novo software).
Intracellular staining for FoxP3 was performed using the PE anti-mouse/rat FoxP3 staining
set and an isotype control from eBioscience.

CFSE staining and cell transfer
Labeling of naive Tg4 splenocytes with CFSE was performed as described previously (33).
A total of 5 × 107 CFSE-labeled splenocytes was transferred i.v. into the tail vein of naive or
tolerant RAG−/− Tg4 recipients. One day after the transfer, mice received one i.n. treatment
of Ac1-9[4Y] or PBS, and T cell proliferation was monitored 2 days later in the spleen.
Chimerism of CFSE+ cells in the spleen of recipient mice varied between 1 and 3% in all
instances.

Quantitative real-time PCR
Cells for FoxP3 RNA analysis included MACS-purified CD4+CD25+ cells from a naive Tg4
mouse and MACS-purified CD4 cells from either naive Tg4, PI-tolerant RAG+/+ Tg4, or PI-
tolerant RAG−/− Tg4. Total RNA was extracted from the cell pellets with TRIzol (Invitrogen
Life Technologies) as described by the manufacturer. Extracted RNA was reverse
transcribed with Superscript III RNase H− Reverse Transcriptase (20 U/μl−1) and random
primer oligonucleotides (15 ng/μl−1) (Invitrogen Life Technologies). To exclude the
contribution of genomic DNA in PCR amplification, Superscript III RTase was omitted
from control reactions. The expression level of FoxP3 and the housekeeping gene β2-
microglobulin was measured by amplification of cDNA generated. FoxP3 primers were
purchased from Qiagen (QT00138369) and used as directed. For β2-microglobulin, the
forward primer sequence was 5′-GCTATCCAGAAAACCCCTCAA-3′ and the reverse
primer sequence was 5′-CGGGTGGAACTGTGTTACGT-3′, synthesized by Sigma
Genosys and used at a concentration of 0.2 μM. PCR were conducted in a final volume of
20 μl containing cDNA, PCR buffer, 3 mM MgCl2, 0.4 mM dNTP mix, forward and reverse
primers, 0.05 U/μl−1 platinum Taq polymerase (Invitrogen Life Technologies) and
quantitated with SYBR Green I (X30000 dilution of stock; Molecular Probes). The PCR
cycling conditions were as follows: an initial denaturation step at 95°C for 2 min, followed
by amplification of 35 cycles of 15 s at 94°C, annealing for 30 s at 58°C or 63°C for β2-
microglobulin and FoxP3, respectively, and extension for 30 s at 72°C.

Results
Both CD25+ and PI-TReg cells are anergic to antigenic stimulation in vitro

Previous results from our laboratory have shown that PI-TReg cells are predominantly
CD25− (27), although these cells do up-regulate cell surface CD25 on exposure to Ag (32).
In this study, we have analyzed the role of natural CD25+ cells in both the function and
generation of PI-TReg cells. A direct comparison of the anergic state of purified CD25+ and
PI-TReg cells was made. CD25+ cells were purified by FACS from the spleens of naive Tg4
mice and the resulting population proved to be >98% pure (data not shown). PI-TReg cells
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were collected from the spleens of Tg4 mice treated with soluble peptide as previously
described (27). Both populations of cells were expanded briefly in vitro by stimulation with
Ac1-9 peptide Ag in the presence of IL-2 for 5 days (32). The cells were harvested from
culture by magnetic bead purification of CD4 cells. As shown in Fig. 1, both natural CD25+

TReg and PI-TReg cells were profoundly anergic to restimulation with Ac1-9 in vitro,
whereas Tg4 cells responded vigorously to the same Ag. Previous experiments (21, 27, 32)
from our laboratory demonstrated that PI-TReg cells fail to secrete IL-2, IL-4, TGF-β, or
IFN-γ but selectively secrete IL-10. ELISA analysis of the culture supernatants from the
experiment shown in Fig. 1 revealed that while naive Tg4 cells secreted IL-2 but no IL-10,
PI-TReg cells secreted IL-10 and no IL-2, whereas Ag-stimulated CD25+ TReg cells did not
secrete either IL-2 or IL-10 at detectable levels (data not shown). This, therefore, suggests a
fundamental difference between natural and induced TReg cells from Tg4 mice. Thus,
although both TReg populations are able to suppress naive cell proliferation in vitro, PITReg
cells secrete IL-10 at high levels whereas Tg4 CD25+ cells do not.

Both CD25+ and PI-TReg cells suppress proliferation of naive Tg4 cells
T cells from mice rendered tolerant by i.n. peptide treatment are capable of linked (25) and/
or bystander suppression (26). Previous experiments from this laboratory had shown that PI-
TReg cells were capable of suppressing proliferation of naive Tg4 cells both in vitro and in
vivo (27). We wished to compare the suppressive properties of purified CD25+ and PI-TReg
cells. A titration was established whereby naive CD4+ cells were stimulated in vitro with
Ac1-9 in the presence of APCs and varying ratios of regulatory T cells. As shown in Fig.
2A, purified CD25+ cells suppressed proliferation of naive CD4+ cells at ratios ranging from
1:1 to 1:16. PI-TReg cells routinely displayed a similar degree of regulation and gave
significant suppression at a ratio of 1:32 (p = 0.002) over a series of three experiments (Fig.
2B).

Depletion of CD25+ cells does not abrogate the suppressive function of PI-TReg cells
PI-TReg cells from peptide-treated Tg4 mice contain ∼10% CD25+ cells (27). It is, therefore,
possible that suppression mediated by PI-TReg cells could be accounted for by this residual
population of CD25+ cells. A further experiment involved removal of CD25+ cells from the
PI-TReg population before expansion in vitro. Levels of CD25+ cells in this depleted
population were below the level of detection (data not shown). Nevertheless, we needed to
confirm that undetectable natural TReg cells would not grow out during the in vitro
expansion of these cells in IL-2-containing medium. This could not be assessed by
measuring CD25 expression because PI-TReg cells transiently up-regulate CD25 following
Ag stimulation (32). PI-TReg cells do not, however, express FoxP3 when stimulated with Ag
(34). FoxP3 expression was therefore chosen as a marker for contaminating natural CD25+

TReg cells. As shown in Fig. 3, CD25-depleted, PI-TReg cells did not up-regulate FoxP3 over
the 5-day period of expansion in the presence of IL-2. Fig. 4 reveals the degree of
suppression mediated by PI-TReg cells when compared with a population of CD25-depleted
PI-TReg cells. There was no significant difference in the suppression generated by these two
cell populations in vitro. As such, we can conclude that CD25+ TReg cells are not required
for the in vitro suppression mediated by PI-TReg cells.

RAG knockout Tg4 mice fail to generate CD25+ TReg cells
Cell depletion experiments revealed that CD25+ cells are not required for the suppressive
phenotype of PI-TReg cells. This does not, however, guarantee that the two cell types
represent distinct lineages. It could be, for example, that the CD25− PI-TReg cells are
derived from CD25+ TReg cells that simply down-regulate CD25 as a result of repeated Ag
encounter. Furthermore, it could be that CD25+ cells are required for the induction of PI-
TReg cells in vivo as suggested by recent studies of human CD25+ cells in vitro (30). We
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therefore studied different cell populations in the RAG−/− Tg4 mouse. RAG+/+ Tg4 mice are
highly susceptible to induction of EAE and yet do not suffer from spontaneous disease (31).
Tg4 mice bred onto the RAG−/− background, however, develop EAE spontaneously, as
previously shown in an independent line of transgenic mice bearing a similar TCR specific
for the N-terminal peptide of MBP (35). Recent studies have shown that TCR-transgenic
mice bred onto the RAG−/− background tend not to generate CD25high TReg cells (5, 36). We
have therefore compared the proportion of CD25high cells in the peripheral lymphoid organs
of RAG−/− and RAG+/+ mice by FACS staining. Splenic CD4+ cells from a RAG+/+ Tg4
mouse contained a distinct population of CD25high cells (Fig. 5A). CD4+CD25high cells
were, however, barely detectable in the RAG−/− splenocyte population (Fig. 5B). Therefore,
RAG−/− Tg4 mice are devoid of natural CD25+ TReg cells.

Induction of peripheral tolerance in the RAG−/− Tg4 mouse
RAG−/− Tg4 mice were subjected to the same tolerance induction protocol known to induce
tolerance and the generation of TReg cells in RAG+/+ mice. This resulted in the generation of
a profoundly anergic T cell population as revealed by their incapacity to respond to Ac1-9
(Fig. 5C). The anergic RAG−/− cells were also capable of functioning as TReg cells as shown
by the suppression of the normal response of naive Tg4 cells. Previous experiments from
this laboratory demonstrated that PI-TReg cells fail to secrete IL-2, IL-4, TGF-β, or IFN-γ
but selectively secrete IL-10 (20, 26, 31). Supernatants from the cultures of the naive or PI-
TReg RAG−/− cells, stimulated in vitro with Ac1-9, were collected to assess whether cells
from these mice shared similar properties. As shown in Fig. 5, D and E, naive RAG−/− Tg4
cells produced high levels of IL-2 but relatively little IL-10. By contrast, cells from tolerant
RAG−/− Tg4 mice produced little IL-2 but secreted IL-10 at relatively high levels.

Suppression of naive cell proliferation in tolerant RAG−/− mice
We recently established an in vivo assay for T cell suppression involving transfer of CFSE-
labeled cells (27). Splenocytes obtained from naive Tg4 mice were labeled with CFSE and
transferred either into naive or tolerant RAG−/− recipients by i.v. injection. One day after
cell transfer, the recipient mice were challenged with a single dose of Ac1-9[4Y] by the i.n.
route, a procedure previously shown to cause activation of Tg4 cells (27, 28). A single
mouse in each group was left untreated to determine baseline CFSE levels. The spleens from
these recipient mice were harvested on day 3 after transfer, disaggregated to yield a single-
cell suspension, and counterstained with anti-CD4-tricolor Ab. FACS analysis of these
splenocyte populations was performed by gating on the CD4-tricolor, CFSE double-positive
cells. Fig. 6A shows the response of naive cells transferred into naive RAG−/− recipients; the
cells divided readily in response to Ag with only 10% remaining in the undivided fraction.
Fig. 6B shows that some cells also divided when transferred into tolerant recipients;
however, a greater proportion of these cells (56%) remained in the undivided fraction or
underwent lower numbers of divisions. Taken together with the results shown in Fig. 5, the
results of this transfer model show that regulatory cells from RAG−/− Tg4 mice are capable
of suppressing the proliferation of naive T cells both in vitro and in vivo.

PI-TReg cells from both RAG−/− and RAG+/+ mice do not express FoxP3
Previous studies in TCR-transgenic mice have shown that continuous antigenic stimulation
will induce FoxP3+ regulatory cells among naive CD25− precursors (37). Although
preliminary experiments indicated that PI-TReg cells from RAG+/+ Tg4 mice did not express
FoxP3 (Ref. 34 and see also Fig. 3), we wished to confirm that this was also the case for
tolerant RAG−/− Tg4 mice. Intracellular staining of naive RAG+/+CD4+ cells revealed a
distinct population of FoxP3+ cells in the CD25+ gate (Fig. 7A). Tolerant Tg4 cells were
stimulated with Ag and cultured in the presence of IL-2 for 5 days. The resulting CD4+ cells
were predominantly CD25+ but nevertheless this fraction of cells did not express FoxP3.
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This was also true for cells grown from tolerant RAG−/− Tg4 mice (Fig. 7A). Furthermore,
real-time PCR analysis of FoxP3 gene transcription revealed that neither RAG+/+ nor
RAG−/− CD4+ cells from tolerant Tg4 mice expressed FoxP3 (Fig. 7B). This is in contrast to
CD4+ cells from naive mice that expressed FoxP3 in proportion to the percentage of CD25+,
natural TReg cells. It is notable that the induction of tolerance with soluble peptide led to a
reduction in the proportion of FoxP3-expressing cells (compare to naive CD4+ with
Tol.RAG+/+CD4+). Presumably, the resident population of natural CD25+ cells was
outgrown by PI-TReg cells, as a result of repeated peptide administration in vivo.

Discussion
The major conclusion from this work is that CD4+ cells in the normal peripheral lymphoid
environment can develop into IL-10+FoxP3− regulatory/suppressor cells when their cognate
Ag is delivered in vivo in soluble form. The IL-10+ PI-TReg cells described in this article
were induced by mucosal administration of soluble peptide. The induction of these cells was
not restricted to mucosal surfaces, however, because repeated i.p. administration of peptide
also led to their generation (23). Our aim was to compare these Ag-induced cells with
natural (FoxP3+) regulatory cells.

Both natural (CD25+) and peptide-induced Tg4 regulatory cells were unresponsive to Ag
after expansion with Ag and IL-2 in vitro and were able to suppress the response of naive T
cells. The first notable difference between these populations lies in their cytokine
production. Previous studies have shown that Tg4 PI-TReg cells failed to secrete IL-2, IFN-
γ, TGF-β, and IL-4 but secreted IL-10 at high levels (21, 32). Furthermore, prevention of
EAE, following peptide treatment of the Tg4 mouse, was reversed by coinjection of an anti-
IL-10 Ab (21). The natural CD25+ regulatory cells did not, however, secrete IL-10 in
response to Ag. This result supports previous observations that both mouse (8, 38) and
human (39-42) CD25+ regulatory cells did not depend on this or other cytokines for
suppression in vitro. It seems likely that the cells characterized in these previous studies
were of the natural, thymus-derived phenotype (2, 5, 6). There is, however, evidence for
regulatory cells that express CD25 and depend on cytokines such as IL-10 for their function.
Here one could include CD25+ cells induced by oral tolerance that secrete both IL-10 and
TGF-β in response to Ag (43). Furthermore, CD25+ cells capable of suppressing colitis in a
lymphopenic transfer model were dependent on IL-10 for their function (10). Further work
is required to assess whether or not CD25+ regulatory cell populations identified in different
models share the gene expression profile characteristic of natural FoxP3+ TReg cells (44).
Assessing the precise role of IL-10 in regulatory cell function is further complicated by the
realization that this depends on the nature of the model studied. Two recent reports have
described how regulatory T cells can suppress naive T cell responses in an IL-10-
independent fashion in vitro, whereas their in vivo suppressive properties were IL-10
dependent (11, 27).

Peptide-induced regulatory cells need not express CD25 for their function. We routinely
found <10% of CD4 cells expressing CD25 in the RAG+/+ Tg4 mouse PI-TReg population
(27). The remaining 90% CD25− population was nevertheless highly suppressive in vitro
and, furthermore, secreted IL-10 at high levels. This observation implies that PI-TReg and
CD25+ cells represent distinct subsets of cells. A counterargument would be that both cell
types are derived from the same precursor but that induction of PI-TReg cells leads to down-
regulation of CD25 and coincident up-regulation of IL-10 secretion. It is now widely
accepted, however, that CD25 is not a reliable marker for regulatory cells, whereas FoxP3
has been shown to correlate with regulatory activity in both CD25+ and CD25− populations
of CD4+ T cells (45). Previous experiments (34) showed that PI-TReg cells do not express
FoxP3 at high levels. We, therefore, chose to use FoxP3 expression as a means of
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distinguishing between natural and PI-TReg cells. Depletion of CD25+ cells from PI-TReg
cells produced a population of cells that remained stably FoxP3− in vitro. These cells were
equally as suppressive as unfractionated PI-TReg cells, confirming that CD25+ cells are not
required for the suppressive function of PI-TReg cells in vitro. Furthermore, this
demonstrates that although FoxP3 is an excellent marker for natural TReg cells, its
expression is not a prerequisite for cells with regulatory activity. Thus, IL-10+ TReg cells
generated either in the presence of vitamin D3 and dexamethasone in vitro (34), or by
repetitive Ag administration in vivo, as described in this article, are FoxP3 negative.
Although CD25+ cells are clearly not required for the function of PI-TReg cells in vitro, the
question remains as to the role of CD25+ cells in the generation of PI-TReg in vivo.

A recent study by Dieckmann et al. (30) demonstrated that CD25+ regulatory cells were able
to induce IL-10-secreting Tr1-like cells in vitro. This observation implies that CD25+ cells
may contribute to the generation of PI-TReg cells in vivo. Previous studies had shown that
RAG−/− mice, transgenic for a specific TCR, do not have CD25+ cells in their peripheral
lymphoid organs (5, 7). Mice expressing a TCR specific for MBP, such as the Tg4 mouse
described in this study, generally do not suffer spontaneous disease. The anti-MBP TCR-
transgenic mouse generated by Lafaille et al. (35) behaved similarly and yet suffered a high
incidence of spontaneous disease when bred onto the RAG−/− background. The RAG−/− Tg4
mice used in this study developed spontaneous disease, with all mice showing signs of
encephalomyelitis by 12 wk of age. MBP-specific CD25+ T cells have been shown to
prevent spontaneous EAE in RAG+/+ anti-MBP TCR-transgenic mice (36) and this, in part,
explains why their RAG−/− counterparts suffer from spontaneous disease. Most importantly,
however, we were still able to induce tolerance in RAG−/− Tg4 mice by i.n. administration
of peptide and thereby to prevent spontaneous disease in these mice. This provides proof
that cells of the CD25+ lineage are not required for generation of induced regulatory cells in
vivo and demonstrates that PI-TReg cells are derived from naive CD25− cells. Furthermore,
PI-TReg cells behaved in the same way when derived either from RAG+/+ or RAG−/− mice,
both in terms of cytokine production and their ability to suppress naive cells in vitro. The
implication of this finding is that PI-TReg cells in both types of mouse are identical and that
such cells are normally derived from CD25− precursors in the periphery. We cannot exclude
that CD25+ cells may enhance the generation of PI-TReg cells in RAG+/+ mice, but this
seems unlikely given that there was no difference between the level and function of PI-TReg
cells in RAG+/+ and RAG−/− mice. These observations in vivo therefore support studies by
Vieira et al. (34) using mouse cells and Levings et al. (29), with isolated human blood cells,
both of which implied that CD25+ cells were not required for the generation of IL-10-
secreting regulatory cells in vitro.

Both regulatory CD25+ cells and naive CD25− cells are generated in the thymus. CD25−

naive cells may then differentiate into a variety of effector cells including Th1, Th2, Th3,
and the more recently described Tr1 cells. We believe that PI-TReg cells differentiate into
IL-10+ TReg cells because they encounter Ag presented by semimature APC. The fact that
these cells can be generated in RAG-deficient mice demonstrates that B cells are not
required for their differentiation. A number of recent articles have shown, however, that
semimature dendritic cells induce naive cells to differentiate into IL-10-secreting regulatory
cells when presenting Ag to them (46-48). In this article, we provide evidence that PI-TReg
cells need neither to express CD25 for their suppressive activity nor to require the presence
of CD25+ TReg cells for their differentiation and expansion in vivo. This clearly places these
two important types of regulatory cells in distinct subsets distinguishable on the basis of
cytokine secretion and FoxP3 expression.

CD25+ TReg cells may be selected in peripheral lymphoid tissues following encounter with
Ag. There is evidence that human CD25+ TReg cells may be generated from CD25−
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precursors (49). Furthermore, continuous peptide release from osmotic pumps led to
expansion of CD25+ cells from CD25− precursors in a thymectomized TCR-transgenic
mouse model (37). These cells were similar in cell surface phenotype to natural CD25+

TReg, expressed high levels of FoxP3, and suppressed immune responses in vitro. T cell
encounters with continuous Ag in the absence of an inflammatory stimulus might thus
mimic conditions under which natural, CD25+ TReg cells are generated in the thymus (5)
and possibly other lymphoid organs (41). These conditions appear to be different, however,
from pulsed, peptide administration that drives the generation of CD25−, FoxP3−, IL-10+

TReg cells in the Tg4 mouse (27, 34). There are two possible explanations for this difference.
It may be that continuous Ag encounter drives cells that escape deletion toward the
CD25+FoxP3+ phenotype, whereas pulsed Ag administration may encourage cells to
differentiate into IL-10-secreting, FoxP3− TReg cells. Alternatively, it may be that the
particular TCR transgenics studied by Apostolou et al. (37) is of an appropriate affinity to
trigger differentiation of CD25+ cells from CD25− precursors. Additional study is required
to distinguish these possibilities.

Pulsed administration of soluble peptides enhances Ag-specific IL-10-secreting regulatory
cells in humans (50-52). These IL-10-secreting cells may be the human equivalent of the PI-
TReg cells described in this article. Further characterization of this important population of
TReg cells is clearly required whether these cells are to be safely manipulated for treatment
of human autoimmune and allergic conditions.
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FIGURE 1.
Both CD25+ and PI-TReg cells maintain their anergic phenotype following expansion in IL-2
in vitro. CD25+ and PI-TReg cells were cultured with IL-2 and Ac1-9 (10 μg/ml) for 5 days
and CD4+ cells were purified using magnetic beads. Purified CD25+ (A) or PI-TReg cells (B)
were cultured alone (1), with Ac1-9 peptide (2), with irradiated CD4-depleted splenocytes as
APC (3), or with irradiated APC and Ac1-9 peptide for 72 h before addition of tritiated
thymidine. Proliferation of TReg cells was compared with the response of naive Tg4 cells to
Ac1-9 and APC (5). CD4+ T cells were cultured at 5 × 104 cells per well with 1 × 105 cells
per well of APC in vitro with 100 μg/ml Ac1-9. Results are depicted as mean thymidine
incorporation from triplicate samples ± SEM. The experiment has been repeated three times
with similar results.
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FIGURE 2.
Both CD25+ and PI-TReg cells maintain their suppressive phenotype following expansion in
IL-2 in vitro. CD25+ and PI-TReg cells were cultured with IL-2 and Ac1-9 (10 μg/ml) for 5
days and CD4+ cells were purified using magnetic beads. Purified CD25+ (A) or PI-TReg
cells (B) were cultured with freshly isolated naive CD4+ Tg4 T cells at the indicated ratios.
CD4+ T cells were cultured at 5 × 104 cells per well with 1 × 105 cells per well of irradiated
CD4-depleted splenocytes in vitro with 100 μg/ml Ac1-9. Tritiated thymidine was added
after 72 h. Results are depicted as mean thymidine incorporation for duplicate cultures ±
SEM. The experiment has been repeated three times with similar results.
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FIGURE 3.
PI-TReg cells do not express FoxP3.PI-TReg cells depleted of CD25+ cells using magnetic
beads were cultured with Ac1-9 and IL-2 for 5 days. At 24-h intervals, CD4+ cells were
isolated using magnetic beads, RNA was extracted using TRIzol, and RT-PCR performed
for expression of FoxP3 mRNA. Purified CD25+ cells served as a positive control and
equivalent quantities of RNA were compared, as shown for the β-actin control. The
experiment has been repeated three times with similar results.
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FIGURE 4.
Removal of CD25+ T cells does not alter the suppression mediated by PI-TReg cells. Spleens
from peptide-treated mice were either depleted of CD25+ cells or left intact before culture
for 5 days in the presence of IL-2 and Ac1-9. CD4+ T cells were purified using magnetic
beads and cocultures containing 5 × 104 TReg cells were established using freshly isolated
naive CD4+ Tg4 T cells (5 × 104), irradiated APC (1 × 105), and Ac1-9 peptide (100 μg/ml).
Tritiated thymidine was added after 72 h. Results are depicted as mean thymidine
incorporation for triplicate cultures ± SEM. The experiment has been repeated three times
with similar results.
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FIGURE 5.
PI-TReg cells from RAG−/− mice are suppressive in vitro and respond to Ag by IL-10
production. Spleen cells from (A) RAG+/+ and (B) RAG−/− mice were stained with FITC-
anti-CD4 and PE-anti-CD25 and analyzed by FACS. The boxed area denotes
CD4−CD25high cells constituting 1.1% of RAG+/+ and 0.05% of RAG−/− spleen cells. C–E,
RAG−/− mice were rendered tolerant by 10 i.n. doses of Ac1-9[4Y]. Spleen cells were
harvested 3 days after the final treatment and CD4+ T cells purified. CD4+ T cells were
cultured at 5 × 104 cells per well with 1 × 105 cells per well of irradiated CD4-depleted
splenocytes in vitro with 10 μg/ml Ac1-9 unless otherwise indicated. After 3 days,
supernatants were harvested for cytokine ELISA or cultures pulsed with tritiated thymidine.
The results are representative of groups of at least three mice per treatment group, and the
experiment was repeated three times with similar results. Error bars indicate the SEM of
triplicate cultures.

Nicolson et al. Page 17

J Immunol. Author manuscript; available in PMC 2009 January 22.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



FIGURE 6.
In vivo suppression of proliferation by PI-tolerant RAG−/− cells. Splenocytes obtained from
naive Tg4 mice were labeled with CFSE and 5 × 107 cells transferred into either naive or
peptide-treated RAG−/− recipients, containing PI-TReg cells, by i.v. injection. Recipient mice
received a single dose of Ac1-9[4Y] i.n. after 24 h or were left untreated. Splenocytes were
harvested 48 h later and counterstained with anti-CD4-tricolor Ab. FACS analysis was
performed applying a live gate around CD4-tricolor, CFSE double-positive cells. A, Naive
cells transferred into naive RAG−/− recipient. B, Naive cells transferred into peptide-treated
RAG−/− recipient. Percentages indicate the proportion of cells in the undivided fraction. The
dotted lines represent cells from recipients that did not receive peptide challenge. The results
are representative examples of experimental groups containing three mice. The experiment
has been repeated three times with similar results.

Nicolson et al. Page 18

J Immunol. Author manuscript; available in PMC 2009 January 22.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



FIGURE 7.
Expression of FoxP3 in naive and peptide-treated, tolerant Tg4 cellsTg4 cells from naive
and tolerant mice were subjected to surface staining for CD4 and CD25 and intracellular
staining for FoxP3. A, Levels of FoxP3 expression among CD4+CD25+ cells freshly isolated
from a naive mouse or from tolerant mice following culture with Ag and IL-2 for 5 days.
Solid line, isotype control; bold line, gated CD4+CD25+ cells from a naive mouse; dotted
line, gated CD4+CD25+ cells from a RAG+/+ peptide-treated, tolerant mouse, and hatched
line, gated CD4+CD25+ cells from a RAG−/− peptide-treated, tolerant mouse. B, Relative
levels of FoxP3 RNA expression, normalized to β2-microglobulin, in the cell fractions
depicted in A. The results represent the mean of two to three separate analyses and the
experiments were repeated twice with similar results.
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