
CD4
+ CD5

+ regulatory T cells render naive CD4
+ CD25

– T cells
anergic and suppressive

Introduction

CD4+ CD25+ Foxp3+ naturally occurring regulatory T

cells (nTreg) are crucial for the control of autoimmune

disease and the maintenance of immunological homeosta-

sis and self-tolerance.1 Early studies demonstrated that

transfer of CD4+ CD25– T cells into nu/nu mouse recipi-

ents resulted in the development of organ-specific auto-

immune diseases that could be prevented by cotransfer of

nTreg.2 The nTreg are potent suppressors of the activa-

tion of naive CD4+ CD25– and CD8+ CD25– cells in vitro

by inhibiting the induction of interleukin-2 (IL-2) mRNA

synthesis in a cytokine-independent, but cell-contact-

dependent, manner.3 The biochemical pathways that

mediate suppression in vivo or in vitro remain unknown.

It is widely accepted that nTreg must be activated via

their T-cell receptor (TCR) to exert their suppressive

effects.3 However, this result raises the question of how

the very small number of antigen-specific nTreg in the

polyclonal populations used to inhibit autoimmune dis-

ease can be so efficient in their suppressive effects in vivo.

Studies with nTreg from TCR transgenic mice demon-

strate that nTreg preferentially accumulate or expand

in vivo at sites of immune responses such as inflamed
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Summary

CD4+ CD25+ Foxp3+ naturally occurring regulatory T cells (nTreg) are

potent inhibitors of almost all immune responses. However, it is unclear

how this minor population of cells is capable of exerting its powerful sup-

pressor effects. To determine whether nTreg mediate part of their sup-

pressor function by rendering naive T cells anergic or by converting them

to the suppressor phenotype, we cocultured mouse nTreg with naive

CD4+ CD25– T cells from T-cell receptor (TCR) transgenic mice on a

RAG deficient (RAG–/––) background in the presence of anti-CD3 and

interleukin-4 (IL-4) to promote cell viability. Two distinct responder cell

populations could be recovered from the cocultures. One population

remained undivided in the coculture and was non-responsive to restimu-

lation with anti-CD3 or exogenous IL-2, and could not up-regulate IL-2

mRNA or CD25 expression upon TCR restimulation. Those responder

cells that had divided in the coculture were anergic to restimulation with

anti-CD3 but responded to restimulation with IL-2. The undivided popu-

lation was capable of suppressing the response of fresh CD4+ CD25– T

cells and CD8+ T cells, while the divided population was only marginally

suppressive. Although cell contact between the induced regulatory T cell

(iTreg) and the responders was required for suppression to be observed,

anti-transforming growth factor-b partially abrogated their suppressive

function. The iTreg did not express Foxp3. Therefore nTreg are not only

able to suppress immune responses by inhibiting cytokine production by

CD4+ CD25– responder cells, but also appear to modulate the responder

cells to render them both anergic and suppressive.

Keywords: regulatory T cells; T-cell activation; tolerance; suppression;

anergy

Abbreviations: APC, antigen-presenting cells; CFSE, carboxyfluorescein diacetate succinimidyl ester; iTreg, induced T regulatory
cell; nTreg, naturally occurring regulatory T cells; TdS, T-depleted spleen cells.
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tissues.4 It is possible that the small number of antigen-

specific or organ-specific nTreg in a polyclonal popula-

tion might also be expanded. Activated nTreg might then

mediate their effects by acting on antigen-presenting

dendritic cells to render them tolerogenic.5,6 Alternatively,

it remains possible that nTreg might directly or indirectly

(via the dendritic cells) exert potent and permanent

effects on effector T cells, rendering them refractory or

anergic to stimulation via the TCR. Ermann et al.7 repor-

ted several years ago that CD4+ CD25– T cells isolated

after a 24-hr coculture with nTreg failed to proliferate or

produce IL-2 when restimulated via the TCR although

they did respond to exogenous IL-2.

Several studies have demonstrated that coculture of

human nTreg with naive CD4+ CD25– T cells converts

potential effector T cells into suppressors.8,9 Although the

conversion of effectors into suppressors was cytokine-inde-

pendent, the converted effectors mediated suppression pri-

marily by secreting IL-10 and/or transforming growth

factor-b (TGF-b). Different nTreg subpopulations have

been proposed to be involved in the induction of effectors

that produce distinct profiles of suppressor cytokines.10

The goal of the present study was to develop in vitro a

mouse model system to test if coculture of nTreg with

effectors rendered them anergic and/or suppressive. One

advantage of the mouse model is that the effector cells can

be obtained from TCR transgenic mice on a RAG-deficient

(RAG–/–) background, which contain no Foxp3+ nTreg,11

ruling out the possibility that the effects of the coculture

are secondary to selection of a minor population of

CD25– Foxp3+ cells that contaminate the responder T cells.

We demonstrate here that coculture of CD4+ CD25–

Foxp3– T cells with nTreg, in the presence of IL-4 to pro-

mote cell viability, renders them non-responsive to subse-

quent stimulation via the TCR. The non-responsive state is

secondary to their inability to up-regulate both IL-2 and

CD25 expression. In addition, the anergic responder T cells

can suppress the activation of both fresh naive CD4+ and

CD8+ T cells in a cell-contact-dependent manner.

Materials and methods

Mice

Female, 6- to 8-week-old BALB/c mice (H-2Kd) were pur-

chased from the National Cancer Institute (Frederick, MD).

B10.A 5CC7 TCR transgenic RAG2–/– mice (H-2Kk)12 and

C57BL/6 OT-I mice13 were obtained from Taconic

(Germantown, NY) under National Institute of Allergy and

Infectious Diseases (NIAID) contract.

Antibodies and reagents

Biotin-anti-CD25 (7D4), phycoerythrin (PE)-streptavi-

din, anti-CD3e (2C11), PE-anti-H2Kd and anti-CD28

were purchased from BD PharMingen (San Diego, CA).

Human recombinant IL-2 was obtained from the Pre-

clinical Repository of the Biological Resources Branch,

National Cancer Institute. Anti-TGF-b and IL-4 were

purchased from R & D Systems (Minneapolis, MN).

Anti-CD8, anti-CD4, anti-PE magnetic microbeads and

the CD4+ isolation kit were purchased from Miltenyi

Biotec (Auburn, CA). Cells were grown in RPMI-1640

with 10% heat-inactivated fetal calf serum, penicillin

(100 U/ml), streptomycin (100 lg/ml), 2 mM L-glut-

amine, 10 mM HEPES, 0�1 mM non-essential amino

acids, 1 mM sodium pyruvate and 50 lM 2-mercapto-

ethanol.

Cell purification

Cells were purified as described previously.3 Briefly,

lymph node cells were enriched for T cells on T-cell col-

umns (R & D Systems). The enriched T cells were incu-

bated with biotin-conjugated anti-CD25 and subsequently

stained with PE-conjugated streptavidin. The cells were

then labelled with anti-PE magnetic microbeads and puri-

fied on autoMACs (Miltenyi Biotec). The purity of

CD4+ CD25+ regulatory T cells was between 96% and

99%. Naive CD4+ CD25– cells were purified using the

CD4+ T-cell isolation kit. T-cell-depleted splenocytes

(TdS) were used as antigen-presenting cells (APC) and

prepared by depleting CD90+ cells using magnetic anti-

body cell sorting on the autoMACS.

Coculture of naive CD4+ CD25– T cells and nTreg

Naive CD4+ CD25– T cells obtained from 5CC7 TCR

transgenic RAG2–/– mice were prepared on the auto-

MACS as described above. Cells were then labelled with

carboxyfluorescein diacetate succinimidyl ester (CFSE,

5 lM for 5 min). CD4+ CD25– T cells (5 · 104/well) were

cultured with CD25+ T cells (5 · 104/well) from BALB/c

mice or CD4+ CD25– T cells (5 · 104/well) from BALB/c

mice (as control) in the presence of IL-4 (5 ng/ml) in

96-well plates with APC (5 · 104) and 0�5 lg/ml anti-

CD3 for 4–5 days. Cells were then harvested and stained

with PE-anti-H2Kd, and the CFSEhigh and CFSElow frac-

tions were purified by cell sorting. The induced T cells

were > 99�7% H-2Kd negative.

Proliferation assays

Induced cells (5 · 104/well) were cultured in 96-well

plates with APC (5 · 104) and 0�5 lg/ml anti-CD3 in the

presence or absence of IL-2 (100 U/ml) for 1–3 days.

Triplicate wells were pulsed with 1 lCi [3H]thymidine

([3H]TdR) for the last 6 hr of the culture. Freshly isolated

CD4+ T cells (2�5 · 104/well) or CD8 T cells (2�5 · 104/

well) were CFSE-labelled and cocultured with induced
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cells (5 · 104/well) in 96-well plates for 66 hr, and CFSE

dilution was analysed by flow cytometry.

Quantitative real-time polymerase chain reaction (PCR)
for IL-2 mRNA analysis

Total RNA was prepared by the TRIzol method (Invitro-

gen, Carlsbad, CA) followed by DNase I treatment (Invi-

trogen). The cDNA was made using Superscript II

(Invitrogen) with random primers (Invitrogen) and ana-

lysed for IL-2, interferon-c (IFN-c) and Foxp3 gene

expression by real-time PCR assay using an ABI Prism

7700 Sequence Detection System (Applied Biosystems,

Foster City, CA). An internal control for normalization,

18S ribosomal RNA (rRNA) (Applied Biosystems) was

used. Unstimulated CD4+ CD25– cells were given an arbi-

trary value of 1�0 for the normalization and the remain-

ing samples were plotted relative to that value. All PCRs

were performed in triplicate with a TaqMan Universal

PCR Master Mix (Applied Biosystems).

Results

NTreg cells anergize naive CD4+ CD25– T cells

In preliminary experiments, we attempted to determine

what effects were induced in CD4+ CD25– Foxp3– T cells

following coculture with nTreg. We initially cultured

CD4+ CD25– T cells from TCR transgenic mice on

a RAG–/– background that lack both conventional

CD4+ CD25+ Foxp3+ cells and the newly described

CD4+ CD25– Foxp3+ regulatory cells11 with nTreg from

conventional mice under conditions in which maximum

suppression of proliferation is observed. Unfortunately,

very few viable responder T cells were recovered from the

cocultures after 4–5 days and the numbers were insuffi-

cient for further functional studies. To enhance cell viab-

ility in the cocultures, we supplemented them with

exogenous IL-4. IL-4 has been previously shown to be a

major viability promoting factor for both resting and sti-

mulated T cells.14 We first analysed the proliferation of

CFSE-labelled responders in the cocultures in the pres-

ence of IL-4 (Fig. 1a). Almost all of the responder popu-

lation diluted CFSE in the absence of the regulatory cells,

although a small peak of undivided cells was always

detected. In contrast, when the responders were cultured

in the presence of the regulatory cells, a significant per-

centage of the responders remained in the undivided

peak. The number of viable cells recovered from cultures

performed in the presence of nTreg was 50% of the num-

ber seen in cultures of CD25– cells alone, a result that is

consistent with the decrease in proliferation seen in the

CFSE studies.

After removal of the nTreg from the cocultures by cell

sorting, we further separated the divided and undivided

populations. Both the CFSEhigh and the CFSElow popula-

tions from the control cultures responded vigorously to all

three stimuli (Fig. 1b). In contrast, the CFSElow cells from

the induced cultures responded only to IL-2, but not anti-

CD3, while the CFSEhigh cells isolated from the induced

cultures were non-responsive to all stimuli. Coculture

of naive CD4+ CD25– T cells with nTreg resulted in pro-

found anergy to restimulation via the TCR and differential

responses to IL-2 depending on the whether the cells had

divided in the initial culture. Although these studies were

performed with major histocompatibility complex (MHC)

mismatched cell populations, culture of the TCR trans-

genic CD4+ CD25– T cells with CD4+ CD25– T cells from

BALB/c mice had no effect on the response. Thus, it is

unlikely that allogeneic effects contribute to the induction

of the anergic state. For simplicity we will refer to the T

cells recovered from the cocultures as induced T regulatory

cells (iTreg, see below).

One trivial explanation for these results is that the

iTreg rapidly die in the second cultures. However, when

the CFSEhigh fractions of the control cells and the iTreg

were kept in IL-2 for at least 2 days, the number of dead

cells detected in both groups was similar (21–24% at

24 hr or 28–29% at 48 hr) and the cultured iTreg were

still non-responsive to stimulation with IL-2 or anti-CD3

(data not shown).
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Figure 1. CD4+ CD25– T cells cocultured with nTreg become unres-

ponsive to restimulation. nTreg were isolated from BALB/c mice

(H-2Kd). Naive CD4+ CD25– T cells were isolated from 5CC7 TCR

transgenic RAG–/– mice (H-2Kk), CFSE-labelled, and cultured with

IL-4 (5 ng/ml) in the presence (induced) or absence (control) of

freshly isolated nTreg at a ratio of 1 : 1 for 4 or 5 days. (a) Prolifer-

ation of naive CD4+ CD25– T cells in the cocultures was measured

by CFSE dilution. (b) iTreg were separated from the nTreg, sorted

into CFSEhigh and CFSElow populations, and restimulated (2�5 · 104/

well) with anti-CD3 (0�5 lg/ml) and TdS (5 · 104/well) in the

absence or presence of IL-2 (100 U/ml) for 28 hr. Proliferation was

measured by [3H]TdR uptake. Results are expressed as the mean of

triplicate cultures and are representative of at least three independent

experiments.
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CFSEhigh iTreg fail to up-regulate both IL-2 mRNA
and CD25 on restimulation

To determine the mechanisms responsible for the non-

responsiveness of the CFSEhigh iTreg, we first restimulated

them with anti-CD3 and measured their capacity to pro-

duce IL-2 mRNA by quantitative real-time PCR (Fig. 2a).

While the CFSEhigh cells from the control cultures pro-

duced IL-2 mRNA after 4 hr of restimulation, only very

low levels of IL-2 mRNA could be detected in cultures of

CFSEhigh iTreg after 4 hr or 20 hr of restimulation. As the

CFSEhigh iTreg also failed to respond to exogenous IL-2,

we analysed their level of CD25 expression immediately

after 4 days of coculture or following 24 hr or 48 hr of

restimulation with anti-CD3. The CFSEhigh iTreg isolated

from the cocultures expressed higher levels of CD25 com-

pared to naive T cells (Fig. 2b, compare left and right

panels), but failed to up-regulate expression at any time-

point after TCR stimulation. In contrast, CFSElow iTreg

expressed higher levels of CD25 following the coculture,

which is consistent with their ability to respond to exogen-

ous IL-2 (Fig. 2b, middle panel); they also up-regulated

CD25 expression following stimulation with anti-CD3.

T cells isolated from the control cultures already expressed

high levels of CD25 that did not increase or decreased

slightly following restimulation (data not shown).

iTreg suppress the activation of both CD4+ CD25–

and CD8+ responders

To evaluate whether iTreg would also exhibit suppressor

activity, we separated them from the CD4+ CD25+ T cells

after 4 days of coculture and evaluated their ability to sup-

press the response of freshly isolated CD4+ CD25– or

CD8+ T cells. Significant suppression of the proliferative

responses of both CD4+ and CD8+ T cells was seen in cul-

tures containing CFSEhigh iTreg. CFSElow iTreg exhibited

marginal suppressive effects on the response of CD4+ cells,

but still suppressed CD8+ cells (Fig. 3a). In multiple

experiments of this type, CFSEhigh iTreg also suppressed

the responses of CD8+ T cells to a greater extent than

CD4+ T cells. Neither CFSEhigh nor CFSElow cells from the

control cultures exhibited suppressive activity and they

frequently augmented proliferative responses because they

produced IL-2 upon restimulation. Although CFSEhigh

iTreg reproducibly suppressed T-cell activation, they were

never as potent on a per cell basis as freshly isolated

CD4+ CD25+ nTreg (Fig. 3b, CD8+ T cells as responders).

The iTreg could be maintained in IL-2 for 3 days and

remained anergic and suppressive (data not shown).

The hallmarks of the suppressive effects of CD4+

CD25+ nTreg in vitro are suppression of IL-2 mRNA

induction in CD4+ CD25– and CD8+ responders as well

as the suppression of the production of effector cytokines

such as IFN-c. CFSEhigh iTreg, but not control CFSEhigh

cells, suppressed the ability of CD8+ responders to pro-

duce both IL-2 and IFN-c mRNA in cocultures as meas-

ured by real-time PCR (Fig. 3c). Taken together these

studies suggest that CFSEhigh iTreg resemble nTreg in

many of their properties. However, we could not detect

significant expression of Foxp3 as measured by real-time

PCR immediately after separation or after restimulation

with anti-CD3 (Fig. 3d), while nTreg as expected

expressed high levels of Foxp3 mRNA. Foxp3 could also

not be detected by intracellular staining in CFSEhigh iTreg

(data not shown).

The generation of iTreg can be mediated by
preactivated nTreg in the absence of TCR
restimulation

Previous studies15,16 have demonstrated that CD4+ CD25+

nTreg can be expanded in short-term cultures by stimula-

tion with anti-CD3 and IL-2. Such preactivated nTreg

are capable of mediating potent suppressor activity in an

antigen-non-specific manner without a requirement for

restimulation via their TCR. It was therefore of interest

to determine if preactivated nTreg were also capable of
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Figure 2. CFSEhigh iTreg express low levels of both IL-2 and IL-2

receptor. Naive CD4+ CD25– T cells (TCR transgenic RAG–/– mice)

labelled with CFSE were cultured in presence or absence (control) of

freshly isolated CD4+ CD25+ T cells (BALB/c) at a ratio of 1 : 1 in

the presence of IL-4 (5 ng/ml) for 4 days. The TCR transgenic iTreg

were then separated from the CD4+ CD25+ T cells and were sorted

into CFSEhigh and CFSElow populations. (a) CFSEhigh iTreg were

restimulated for 4 hr and 20 hr. Quantitative PCR for IL-2 mRNA

was performed on CFSEhigh iTregs. Samples were normalized to 18S

rRNA and a relative value of 1�0 was given to unstimulated

CD4+ CD25– cells. (b) CFSEhigh and CFSElow iTreg were restimulated

with anti-CD3 (0�5 lg/ml) and irradiated TdS for 0, 24 and 48 hr.

CD25 expression was measured by flow cytometry. The results are

representative of at least three independent experiments.
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inducing iTreg in an antigen-non-specific manner in the

absence of TCR stimulation. nTreg from normal BALB/c

mice were preactivated with anti-CD3 and IL-2 for

4–5 days, washed, and then cocultured with naive

CD4+ CD25– T cells from mice expressing a transgenic

TCR specific for a cytochrome C peptide on a RAG–/–

background in the presence of APC and their cognate

peptide. Following 4 days of coculture the responder cells

were isolated and tested for their ability to suppress

the proliferative response of CD8+ T cells to anti-CD3

(Fig. 4). CFSEhigh iTreg, but not control CFSEhigh cells,

markedly suppressed the response of CD8+ T cells. This

result suggests that once nTreg are activated via their

TCR they are capable of both directly suppressing the

responses of any type of responder T cells and of indu-

cing the responders to develop into iTreg in the absence

of a requirement for restimulation of the preactivated

nTreg via their TCR.

iTreg require TCR stimulation to mediate suppression

In the studies above, all the experiments involved stimula-

tion of the induction of the iTreg via the TCR and TCR

restimulation in the assays of their suppressive function.

To determine whether they resembled preactivated nTreg,

which do not require TCR restimulation to mediate sup-

pression, we generated iTreg from 5CC7 TCR transgenic
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Figure 3. CFSEhigh iTreg inhibit the responses of CD4 and CD8 T cells. (a) CFSEhigh iTreg, CFSElow iTreg or freshly isolated CD4+ CD25+ T cells

(5 · 104/well) were cocultured with CFSE-labeled CD4+ CD25– or CD8+ T cells (2�5 · 104/well) and stimulated with anti-CD3 (0�5 lg/ml) and

TdS. Proliferation of responder cells was measured by CFSE dilution at 66 hr. (b) CFSE dilution is represented as percentage of divided progeni-

tors when the indicated numbers of Tregs are added to the coculture. The percentage of divided responder cells among the initial progenitors

was calculated using flowjo software. (c) CD8+ T cells were cocultured with CFSEhigh iTreg or control cells for 24 hr. CD8+ T responder cells

were separated from the coculture and quantitative PCR for IL-2 mRNA and IFN-c mRNA was performed (d). CFSEhigh and CFSElow iTreg were

left unstimulated or were restimulated with anti-CD3 and TdS. Quantitative PCR for Foxp3 was performed. Samples were normalized to 18S

rRNA and a relative value of 1�0 was given to unstimulated CD8+ or CD4+ CD25– T cells. The results are representative of at least three inde-

pendent experiments.
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18·9% 39·6% 6·46%

Figure 4. Induction of iTreg by preactivated nTreg is not antigen-

specific. CD4+ CD25+ T cells were isolated from BALB/c mice and

were activated by plate-bound anti-CD3 (0�5 lg/ml) and IL-2

(100 U/ml) for 4 or 5 days. CFSE-labelled CD4+ CD25– T cells

(5 · 104/well) from 5CC7 TCR transgenic RAG–/– mice were stimu-

lated with peptide (0�05 lm) and TdS (BALB/c, 5 · 104/well) and

IL-4 (5 ng/ml) in the presence (iTreg) or absence (control) of pre-

activated CD4+ CD25+ T cells (5 · 104/well). After 4 or 5 days

coculture, iTreg were separated from the CD4+ CD25+ T cells and

were sorted into CFSEhigh and CFSElow populations. CFSEhigh iTreg

and control cells (5 · 104/well) were then cocultured with CFSE-

labelled CD8+ responder cells (2�5 · 104/well) stimulated with anti-

CD3 (0�5 lg/ml) and TdS for 66 hr. The results are representative of

at least three independent experiments.
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RAG–/– mice as described above by anti-CD3 stimulation

of cocultures, and then tested their suppressive funct

ion in cultures of CD8+ OT-I cells stimulated with

SIINFEKL-pulsed T-depleted spleen cells. We failed to

observe suppression when the iTreg were cocultured with

OT-I T cells stimulated by antigen (SIINFEKL) (Fig. 5a),

but suppression was manifest when the same cultures

were stimulated with anti-CD3 (Fig. 5b). In Fig. 5(a), it

was difficult to reliably observe suppression in CFSE dilu-

tion assays under the given conditions because some of

the OT-I cells divided very rapidly before suppression was

manifest. Subsequent cell divisions are more easily inhib-

ited and detected in the [3H]TdR incorporation assay.

Thus, in contrast to preactivated nTreg, iTreg must be re-

stimulated via their TCR to mediate their suppressive

effects.

The generation of iTreg is independent of IL-10
and TGF-b

As a number of studies17,18 have demonstrated that regu-

latory T cells can be generated from naive CD4+ CD25–

precursors in the presence of TGF-b and/or IL-10, we

determined whether these cytokines play a role in the

induction of iTreg in our model. We added anti-TGF-b
and anti-IL-10 to the cocultures, isolated the iTreg after

4 days and tested their ability to suppress the proliferative

responses of CD4+ CD25– or CD8+ responders. Neither

anti-TGF-b nor anti-IL-10, separately or together (data

not shown), had any effect on the generation of iTreg

(Fig. 6).

The suppressive effects of iTreg are cell-contact-
dependent and partially TGF-b-dependent

Previous studies7–9 have demonstrated that iTreg gener-

ated from cocultures of human nTreg and CD4+ CD25–

T cells exert their suppressive effects, in part, by secreting

TGF-b and/or IL-10. To determine if soluble factors

played a role in the suppressor effector function of iTreg

in our model, we first determined if suppression could be

observed when the iTreg were separated from the respon-

der population across a semipermeable membrane in a

trans-well. Both cell populations were stimulated in the

presence of APC and soluble anti-CD3. Suppression was

only observed when both populations were cocultured in

the bottom well (Fig. 7a). This result strongly suggested

that suppression by iTreg was cell-contact-dependent,

which we have previously shown for the nTreg.3 How-

ever, when anti-TGF-b was added to cocultures of the

iTreg with either CD4+ CD25– (Fig. 7b) or CD8+

(Fig. 7c), the responders partial reversal of the suppressive

effects of the iTreg was observed, suggesting that TGF-b
plays some role in this model.

Discussion

We initially attempted to duplicate the protocol used for

the induction of regulatory T cells by human nTreg8,9 by

simply coculturing nTreg with naive responder T cells.

We believed it was important to achieve maximum

suppression of responder T-cell activation by nTreg to

observe the induction of anergy or suppressive activity in

the responders and therefore set up the cocultures as a

(b)

CD25– alone α-IL-10No antibody

CD8 alone α-IL-10No antibody

responders/CFSEhigh iTreg

α-TGF-βNo antibodyCD8 alone

(a) responders/CFSEhigh iTreg

α-TGF-βNo antibodyCD25– alone

21·8% 10·6% 12·3%

30·8% 10·9% 12·5%

21·8% 11·5% 11·1%

30·5% 11·8% 11·9%

Figure 6. Anti-TGF-b and anti-IL-10 do not inhibit the generation

of iTreg. Naive CD4+ CD25– T cells (5 · 104/well) purified from

TCR transgenic RAG–/– mice were cocultured with CD4+ CD25+ T

cells isolated from BALB/c mice (5 · 104/well) and IL-4 (5 ng/ml) in

the presence or absence of anti-TGF-b (a) or anti-IL-10 (b), and

anti-CD3 (0�5 lg/ml) and TdS (BALB/c (5 · 104/well). After 4 or

5 days, the coculture was sorted for CFSEhigh and CFSElow iTreg.

Freshly isolated CFSE-labelled CD4+ CD25– T cells or CD8+ T cells

were stimulated with soluble anti-CD3 (0�5 lg/ml) and TdS in the

presence or absence of CFSEhigh iTreg for 66 hr. Proliferation was

measured as the percentage of divided responder cells. The experi-

ment was repeated at least three times, a representative result was

chosen.
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Figure 5. iTreg require TCR restimulation to mediate their suppres-

sive function in vitro. CFSE-labelled CD8+ T cells were isolated from

OT-I mice and stimulated with peptide pulsed TdS (a) or soluble

anti-CD3 (0�5 lg/ml) and TdS (b) in the absence or presence of

CFSEhigh iTreg. Proliferation was measured by [3H]TdR incorpor-

ation (a), or by the percentage of divided responder cells among the

progenitors calculated by CFSE dilution peaks (b). The results are

representative of at least three independent experiments.

452 � 2007 Blackwell Publishing Ltd, Immunology, 120, 447–455

M. Qiao et al.



ratio of nTreg : responder of 1 : 1. Using these condi-

tions, recovery of viable responder cells was negligible

after 72–96 hr of coculture. We have previously shown

that nTreg induce a G1-S arrest in the cell cycle in

responder cells and such an arrest is most often followed

by cell death.19 As an alternative approach, we added IL-4

to the cocultures to maintain cell viability. Although IL-4

partially masks the suppression of cell proliferation

induced by the nTreg,20 the induction of IL-2 mRNA in

the responder cells was still completely inhibited.21 Thus,

suppression is maintained in the presence of proliferation

of both the responders and suppressors. After 96 hr of

culture, viability of the recovered responders was similar

to that seen in cultures of responders alone. It is also

possible that IL-4 played some role in the induction of

the iTreg. However, we could not recover cells in the

absence of IL-4 and cell recovery was also low when IL-7

was used in place of IL-4.

In contrast to control cultures, where 80–90% of the

responders proliferated, two distinct populations of cells

were isolated from the cocultures performed in the pres-

ence of IL-4. About one-third of the responders had dilu-

ted CFSE, while two-thirds remained in a resting state.

Most importantly, both cell populations were completely

unresponsive to restimulation via the TCR in the presence

of APC. The population of CFSEhigh cells also failed to

respond to exogenous IL-2, while the responder cells that

had divided in the cocultures responded normally. The

proportion of CFSEhigh and CFSElow cells did not change

when the cocultures were performed for longer time peri-

ods. One important question that must be addressed is

whether the anergic state of the undivided cells was actu-

ally the result of their interaction with nTreg or simply

due to anergy induced by TCR occupancy in the absence

of proliferation as described several years ago.22 The vast

majority of responders in both the control and cocultures

expressed CD69 consistent with their receipt of a TCR

signal. We therefore isolated the minor population of

undivided cells from the control cultures. This cell popu-

lation responded normally to stimulation via their TCR,

indicating that the anergic state of the responders recov-

ered from the cocultures was secondary to their exposure

to nTreg. The anergic state of the undivided cells from

the cocultures was characterized by their failure to syn-

thesize IL-2 mRNA upon restimulation. Although the

CFSEhigh subset expressed low levels of CD25 on their cell

surface following the coculture, they failed to up-regulate

CD25 upon restimulation via the TCR. This failure to

up-regulate CD25 expression closely resembles the defect

induced in CD8+ T cells by nTreg that also fail to up-

regulate CD25 expression when cocultured with nTreg.23

Similar results were obtained by Duthoit et al.24 who

found that CD4+ T cells isolated from cocultures with

preactivated nTreg uniformly expressed high levels of

CD25, but failed to respond to exogenous IL-2. Although

cells isolated from our cocultures performed in the pres-

ence of exogenous IL-4 after 4–5 days were anergic when

restimulated via the TCR in the presence of APC, Duthoit

et al.24 found that responder cells isolated after only 24 hr

of coculture (in the absence of added cytokines) prolifer-

ated normally when restimulated via the TCR; their abil-

ity to both make and respond to IL-2 was restored. There

are numerous differences in the protocols used by

Duthoit et al. and by us that could account for these

differences.

Our ability to readily induce T-cell anergy by coculture

of nTreg with naive responder cells in the presence of

IL-4 differs markedly from recent studies21 that claimed

that IL-4 actually prevented the induction of anergy when

nTreg were cocultured with CD4+ CD25– T cells. In these

studies, only responder cells from IL-4Ra–/– mice that

could not respond to IL-4 failed to respond to restimula-

tion with IL-2 or anti-CD3, while responder cells from

wild-type mice responded normally. There are several dif-

ferences between our studies and those of Pace et al.21

First, we separated the responder T cells into those that

underwent cell division (CFSElow) in the first culture and

those that did not divide (CFSEhigh). Both populations

were anergic to stimulation via the TCR, while only the

latter were anergic to restimulation with IL-2. Second,
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Figure 7. The suppressive function of CFSEhigh iTreg is cell contact-

dependent, but anti-TGF-b partially abrogates suppression. (a) CD8+

T cells were stimulated with anti-CD3 (0�5 lg/ml) and TdS. CFSEhigh

iTreg were added directly to the culture (upper panels) or the tran-

swell (lower panels) in the presence of TdS at a ratio of 1 : 2 respon-

der cells to iTreg. CFSEhigh iTreg were cultured with CFSE-labelled

CD4+ CD25– T cells (b) or CD8+ T cells (c) and stimulated with sol-

uble anti-CD3 (0�5 lg/ml) and TdS in the presence or absence of

anti-TGF-b or anti-IL-10 antibodies. Proliferation was measured by

CFSE dilution of responder cells. Two independent experiments were

performed and the data are expressed as an average of the two

experiments.
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the magnitude of the response to anti-CD3 stimulation in

the Pace et al. study was so low, even in the control cul-

tures, that it was very difficult to conclude that anergy

had actually been induced. As the restimulation assays in

these studies were performed after 3 days of restimula-

tion, it is likely that the peak response that occurs after

24 hr of culture was missed (unpublished observations).

In addition to the induction of anergy in the

CD4+ CD25– responders, coculture with nTreg also

induced suppressor function in the responders. There are

a number of similarities and differences between the sup-

pressive function of nTreg and iTreg. First, the iTreg fail

to express any detectable Foxp3 mRNA or intracellular

Foxp3 protein (data not shown), while Foxp3 is readily

detected at high levels in nTreg. The suppressive activity

of the iTreg is never as potent as that observed with an

equivalent number of nTreg. The nTreg are, in general,

more effective suppressors of CD8+ responders, and this

is also true of the iTreg. Activated nTreg will exhibit

potent non-specific suppressor effector function in the

absence of restimulation via their TCR. In contrast,

iTreg, although activated, must be restimulated via the

TCR to mediate suppression. There are several possibilit-

ies for the modest level of suppression seen with the

iTreg. Although the anergic state of these cells appears to

be profound, it is likely that we have only converted a

subpopulation of these cells to manifest suppressor func-

tion. The iTreg that had divided in the induction culture

were much less suppressive than the undivided iTreg. It

is also possible that modifying the induction culture

(ratio of nTreg : responders) may result in more potent

suppressor activity. The suppressive activity of both

nTreg and iTreg appeared to require cell contact because

suppression was not observed when the suppressors and

responders were separated in a transwell culture. In

contrast to our failure to neutralize suppression in the

cocultures of nTreg and responders with anti-IL-10 or

anti-TGF-b, we did observe moderate neutralization of

the suppressive activity of iTreg with anti-TGF-b, but

not anti-IL-10. It is possible that cell surface TGF-b25

may be mediating some of the suppressive effects of the

iTreg, but we failed to detect TGF-b on iTreg by fluores-

cence-activated cell sorting (data not shown). As the

magnitude of the suppressive effects of the iTreg is not

high, it remains possible that neutralization of TGF-b
produced by the responder cells in the cocultures simply

raises their threshold for suppression by the iTreg. Some

of the activity of human iTreg appears to be mediated

by TGF-b but this appears to be secreted by the iTreg.10

Although the iTreg failed to express Foxp3, they may

mediate suppression via the same, as yet uncharacterized,

mechanism used by nTreg. Cell contact-dependent sup-

pression has also been observed with Foxp3-like, Tr1-like

cells induced with IL-10, even though the cells are cap-

able of producing IL-10.26

Our results are compatible with the view that some of

the potent effects of nTreg in the suppression of immune

responses in vivo may be secondary to conversion of

potentially autoreactive effector cells to anergic non-

pathogenic cells or to induction of cells with the capacity

to actively suppress. We intentionally used naive respon-

der T cells from TCR transgenic RAG–/– mice as respond-

ers in all studies to definitively rule out the possibility

that the cells isolated from our cocultures were derived

from Foxp3+ CD25– T cells, which comprise about 10%

of the Foxp3+ population in the mouse. Some of the

iTreg in earlier studies8–10 may have been derived from

this Foxp3+ CD25– subset. We have not yet tested whe-

ther iTreg can be generated from memory cells or from T

helper type 1 and 2 effector populations. Neither IL-10

nor TGF-b appeared to be required for the induction of

iTreg, although Foxp3+ regulatory T cells have been

generated in a TGF-b-dependent fashion in vivo from

completely Foxp3– precursors27 and IL-10 has a well-

established role in the generation of Foxp3– Tr-1 cells.27,29

The critical question that remains to be addressed is whe-

ther iTreg are also induced in vivo in the presence of

nTreg. Although an infectious mechanism of action of

nTreg is attractive in explaining how a small number

of cells can exert such potent effects, it is still unclear

whether the immune suppression induced by nTreg

in vivo is permanent or requires the continuous presence

of the nTreg. Only one study has specifically addressed

this question and it appeared that nTreg-mediated protec-

tion from autoimmune oophoritis was completely abol-

ished when the nTreg were depleted from a protected

host.30 At least in this model, it did not appear that the

induction of iTreg played a role in preventing the activa-

tion of autoimmune effectors. Studies in different models

of nTreg function including tumour immunology and

infectious disease are needed to resolve whether they

mediate infectious tolerance.
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