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T cells recognizing self proteins exist without causing autoimmunity in healthy individuals. These autoreactive T cells are kept in

check by peripheral tolerance. Using a model for peripheral CD8+ T cell tolerance resulting from antigen presentation by resting

dendritic cells in vivo, we show here that CD8+ T cell tolerance operates through T cell–intrinsic mechanisms such as deletion

or functional inactivation. Peripheral CD8+ T cell tolerance depended on signaling via the costimulatory molecule PD-1, as

an absence of PD-1 converted tolerance induction into priming. Blocking of the costimulatory molecule CTLA-4 resulted in

impaired tolerance and enhanced the effect of the absence of PD-1, suggesting that PD-1 and CTLA-4 act synergistically.

Thus PD-1 and CTLA-4 are crucial molecules for peripheral CD8+ T cell tolerance induced by resting dendritic cells.

Self-tolerance of T cells is induced and maintained in different
compartments of the immune system1. Developing T cells can be
clonally deleted in the thymus as a result of negative selection, which
requires the presence of relevant autoantigens. Many tissue-specific
autoantigens are present in the thymus2, probably because of random
derepression of genes encoding tissue-specific antigens3, regulated by
the transcription factor Aire4,5. However, it is unlikely that every
autoantigen will be present in sufficient amounts to guarantee the
deletion of all self-reactive T cells, and it has been shown that healthy
individuals have autoreactive T cells in the periphery6. Peripheral
tolerance is therefore a mechanism supplementary to central tolerance
and is presumably crucial to prevent autoimmunity7. The mechanisms
responsible for peripheral CD8+ T cell tolerance can be divided into
those acting directly on the responding T cells, such as inactivation or
deletion of specific T cells7–9 (T cell intrinsic), and those that act
through additional cells or factors, such as regulatory T cells or
suppressive cytokines10 (T cell extrinsic).

Coinhibitory molecules of the CD28 family are essential for the
maintenance of T cell homeostasis and self-tolerance. Mice deficient in
cytotoxic T lymphocyte (CTL)–associated antigen 4 (CTLA-4; CD152)
develop lethal autoimmunity and lymphoproliferation11,12, suggesting
that the maintenance of T cell tolerance in vivo depends on ligation
of CTLA-4, a molecule homologous to CD28, by CD80 (B7-1) and
CD86 (B7-2)13,14. CTLA-4 is rapidly expressed by T cells after T cell
receptor ligation15, but there is evidence that naive T cells also express
CTLA-4 to some extent16. Another molecule that is presumably
involved in the control of T cell responsiveness is programmed cell
death 1 (PD-1)17, a member of the immunoglobulin superfamily that
is expressed by T cells, B cells and myeloid cells18. Evidence for its
possible involvement in the negative regulation of immune responses
came from PD-1-deficient mice, which spontaneously develop

autoimmune disorders such as glomerulonephritis19 and lethal dilated
cardiomyopathy20. The ligands for PD-1 are B7-H1 (PD-L1)21 and
B7-DC (PD-L2)22, which are expressed by DCs, macrophages,
lymphocytes and nonlymphoid tissues23,24.

Dendritic cells (DCs) are crucial in the induction of T cell immunity
as well as in peripheral T cell tolerance. Interaction of naive T cells
with resting, antigen-presenting DCs results in antigen-specific T cell
tolerance, whereas activated DCs induce priming9,25–29. A system that
allows inducible antigen presentation by resting or by activated DCs
in vivo has been described: injection of double-transgenic DIETER
mice (‘DC-specific inducible expression of T cell epitopes by recom-
bination’ mice) with tamoxifen induces the presentation of three
transgenic CTL epitopes by 5% of all DCs, which results in robust
peripheral T cell tolerance if the DCs are resting and in protective
immunity if the DCs are activated in vivo by coinjection of agonistic
CD40 antibodies25. Here we use DIETER mice to investigate mole-
cular mechanisms involved in the induction of peripheral CD8+ T cell
tolerance in vivo. We report that peripheral CD8+ T cell tolerance
induced by resting DCs is T cell intrinsic and depends on the
engagement of PD-1 and CTLA-4.

RESULTS

Resting DCs induce peripheral CD8+ T cell tolerance

Injection of DIETER mice with 2 mg tamoxifen results in the
presentation of three transgenic CTL epitopes by DCs: lymphocytic
choriomeningitis virus (LCMV) glycoprotein, amino acids 33–41
(GP(33–41)), LCMV nucleoprotein, amino acids 396–404 (NP(396–
404)), and b-galactosidase, amino acids 497–504. Inducible antigen
presentation by DCs in DIETER mice is achieved by the expression of
a tamoxifen-inducible Cre recombinase under the control of the mouse
CD11c promoter. Because this promoter is also active on activated
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T cells30, we wanted to exclude the possibility of an influence of
antigen presentation by lymphocytes in this system. Therefore, we
bred DIETER mice onto a recombination activating gene–deficient
background (RAG-DIETER). We then generated mixed bone marrow
chimeras by injecting a 2:1 mixture of RAG-DIETER and C57BL/6
(B6) wild-type bone marrow into lethally irradiated B6 mice. In these
chimeras, all lymphocytes were derived from B6 bone marrow,
whereas DCs were derived from both B6 and RAG-DIETER bone
marrow. At 6 weeks after reconstitution, we injected RAG-DIETER-B6
mixed bone marrow chimeras with 2 mg tamoxifen or with solvent
(day –7) and infected them 7 d later (day 0) with 100 plaque-forming
units (PFU) of LCMV, strain WE (LCMV-WE). LCMV infection of
B6 (H-2b) mice induces CTLs specific for three immunodominant
epitopes: GP(33–41), GP(276–286) and NP(396–404)31, two of which,
GP(33–41) and NP(396–404), are presented by DIETER DCs after
tamoxifen injection. We analyzed priming by LCMV 12 d after
infection by intracellular staining for interferon-g (IFN-g; Fig. 1a),
by tetramer staining (Fig. 1b) and by a CTL assay after restimulation
in vitro, which is a highly sensitive ‘readout’ that allows the detection
of very low numbers of antigen-specific CD8+ T cells (Fig. 1c). We

found greatly reduced GP(33–41)-specific and NP(396–404)-specific
CTLs in tamoxifen-treated, LCMV-infected RAG-DIETER-B6 mixed
bone marrow chimeras compared with solvent-treated mice, but a
normal GP(276–286) response. This result shows that antigen pre-
sentation by resting DCs resulted in tolerance of specific CD8+ T cells,
which could not be broken by subsequent infection with LCMV,
confirming published results in a situation in which antigen presenta-
tion on lymphocytes was formally excluded25.

Resting DCs induce tolerance by a T cell–intrinsic mechanism

Two possible mechanisms for the induction of peripheral tolerance of
CD8+ T cells after antigen presentation by resting DCs can be
envisaged. Tolerance induction could be a T cell–extrinsic process
that involves regulatory cells, or it could be a T cell–intrinsic process
such as the induction of unresponsiveness or deletion of the T cells
specific for the CD8+ T cell epitopes presented by resting DCs. The
strict antigen specificity of CD8+ T cell tolerance in DIETER mice
provides strong evidence for a T cell–intrinsic mechanism of tolerance
induction DCs (Fig. 1). Nevertheless, to address this issue formally, we
analyzed whether CD8+ T cell tolerance induced in DIETER mice
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Figure 1 Antigen presentation by resting DCs induces antigen-specific CD8+ T cell tolerance. RAG-DIETER-B6 mixed bone marrow chimeras were injected

intraperitoneally at day –7 with tamoxifen (solid lines, means) or with solvent (dashed lines, means). They were infected intravenously on day 0 with LCMV-

WE, and the LCMV-induced CTL response was measured on day 12 in the spleen by intracellular staining for IFN-g after restimulation in vitro with LCMV-

derived peptides (left) for quantification of peptide-specific CD8+ T cell responses, or with phorbol 12-myristate 13-acetate (PMA) plus ionomycin (right)

for quantification of the total LCMV-specific CD8+ T cell response (a), by tetramer staining (b) and by a cytotoxicity assay after restimulation in vitro25 (c).

Lysis of EL-4 targets without peptide was less than 10% of the specific lysis. Spontaneous lysis of targets was less than 15%. Data are one representative

experiment of four. Symbols or curves represent individual mice. GP33, GP(33–41); GP276, GP(276–286); NP396, NP(396–404).
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Figure 2 CD8+ T cell tolerance induced by antigen-presenting resting DCs operates through

T cell–intrinsic mechanisms. (a–c) RAG-DIETER-B6 mixed bone marrow chimeras were

injected intraperitoneally at day –12 with tamoxifen (b,c: solid lines, means) or with

solvent (b,c: dashed lines, means). At day 0, naive, allotypically different splenocytes were

adoptively transferred into tolerized or control mixed bone marrow chimeras. Mice were
infected with 1 � 102 PFU LCMV-WE at day +1 (a,b) or day +7 (c), and the expansion of

endogenous (Thy-1.1—) and of transferred (Thy-1.1+) CD8+ T cell populations specific for

LCMV epitopes encoded by transgenes (GP(33–41) and NP(396–404)) as well as for the

control epitope (GP(276–286)) was measured by tetramer staining 12 d after infection.

Data are one representative experiment of two. Symbols represent individual mice. Numbers

in dot plots in a indicate the percentage of cells in each quadrant. (d,e) Data from b and c,

respectively, expressed relative to the mean of the respective solvent-treated groups, which

were set to 100%. Error bars represent the s.d. *, P o 0.005; **, P o 0.05.
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affected the responsiveness of naive CD8+ T cells transferred into
tolerant DIETER mice.

We injected naive Thy-1.1+ T cells into Thy-1.2+ RAG-DIETER-B6
chimeras that were tolerized by the injection of tamoxifen or solvent
12 d before and then analyzed whether the transferred T cells became
unresponsive as a result of being in a tolerant environment. By waiting
12 d after tamoxifen injection before transferring naive splenocytes, we
avoided tolerization of transferred T cells by resting, antigen-present-
ing DIETER DCs, because the half-life of DCs is limited32,33, as is the
serum half-life of tamoxifen34. We infected mice with 100 PFU LCMV-
WE 1 d or 7 d after transfer of naive splenocytes and analyzed priming
by LCMV using tetramer staining. As expected, endogenous (Thy-
1.2+) CD8+ T cell populations specific for the transgene-encoded
epitopes did not expand in tamoxifen-treated RAG-DIETER-B6 mice
because of tolerance, whereas those specific for the control LCMV
epitope GP(276–286) did (Fig. 2). In contrast, LCMV infection
induced normal expansion of adoptively transferred Thy-1.1+ CD8+

T cell populations specific for all three LCMV-derived epitopes in
tamoxifen- and in solvent-treated RAG-DIETER-B6 mice, indepen-
dently of whether they had been exposed to a tolerant environment for
1 d (Fig. 2a,b,d) or for 7 d (Fig. 2c,e). These data show that peripheral
tolerance lasts for at least 19 d. Analysis of tolerance beyond this time
point in the presence of an intact thymus is complicated by the
appearance of naive T cells from the thymus. Thus, CD8+ T cell
tolerance induced by resting DCs operates through a T cell–intrinsic
mechanism whereby the total T cell repertoire is functionally depleted
of T cells specific for the epitopes presented by the resting DCs.

Peripheral CD8+ T cell tolerance DCs depends on PD-1

We next sought to determine the molecular mechanism by which
resting antigen-presenting DCs induce unresponsiveness or deletion of
antigen-specific CD8+ T cells. Based on the autoimmune phenotype
of knockout mice11,12,19,20 and on data obtained with blocking
reagents13,14,21,22,35, we considered the involvement of PD-1 and
CTLA-4 in transmission of the negative signals from resting DCs.

To investigate the function of PD-1 in peripheral tolerance induc-
tion by resting DCs, we made mixed bone marrow chimeras of
RAG-DIETER and PD-1-deficient mice. PD-1-deficient mice develop

a spontaneous lupus-like autoimmune disease19. Although disease in
PD-1-deficient mice does not develop before 6 months of age, younger
PD-1-deficient mice may nonetheless have some subclinical inflam-
mation and T cell activation, which could lead to DC activation and to
inhibition of tolerance induction in PD-1-deficient–RAG-DIETER
mixed bone marrow chimeras. To exclude the possibility of such
nonspecific effects of the PD-1 deficiency, we included bone marrow
cells from wild-type B6 (Thy-1.1+) mice in the mixed bone marrow
chimeras. This mixture allowed us to analyze the response of PD-1-
deficient (Thy-1.2+) and wild-type (Thy-1.1+) CD8+ T cells in the
same mouse. We lethally irradiated B6–Thy-1.1+ recipient mice and
reconstituted them with 70% RAG-DIETER, 15% B6–Thy-1.1 and
15% PD-1-deficient (Thy-1.2+) bone marrow. The resulting chimeras
expressed the DIETER transgene on 70% of their DCs, whereas the
T cells were derived in equal proportions from PD-1-deficient (Thy-
1.2) and B6–Thy-1.1 bone marrow, as shown by flow cytometry of
peripheral blood lymphocytes 6 weeks after bone marrow transplanta-
tion (Fig. 3a). At 6 weeks after reconstitution, we injected chimeras at
day –7 with tamoxifen to induce antigen presentation by resting
DCs or as control with solvent. At d 0, we infected mice with
100 PFU LCMV-WE, and 12 d later we analyzed the LCMV-specific
CTL response against the DIETER transgene–encoded epitopes
GP(33–41) and NP(396–404) and against the additional LCMV-
derived epitope GP(276–286) using major histocompatibility complex
(MHC) class I tetramers.

Analysis of the response in the PD-1-deficient compartment
(Thy-1.1–) showed that tolerance was impaired in CD8+ T cells lacking
the PD-1 receptor, indicating that PD-1 is important in the induction
of peripheral CD8+ T cell tolerance by resting DCs (Fig. 3b, left).
We found normal tolerance induction in the wild-type compart-
ment (Thy-1.1+) of the same individual mice, excluding the possibility
that impaired tolerance in CD8+ T cells lacking PD-1 was due to a
nonspecific effect resulting from PD-1 deficiency. As described
before25, an enhanced response against GP(276–286) compensated
for the reduced response against GP(33–41) and NP(396–404) in the
case of both wild-type and PD-1-deficient CD8+ T cells in tamoxifen-
treated mice (Fig. 3b, right).

CTLA-4 contributes to peripheral CD8+ T cell tolerance induction

To investigate the involvement of CTLA-4 in peripheral CD8+ T cell
tolerance induced by resting DCs, we used a monoclonal antibody that

Pdcd1–/– WT WT

10

20

30

40

50

60

0

GP33 + NP396 GP276

Te
tr

am
er

+
 C

D
8+

 T
 c

el
ls

 (
%

)

CD8

T
hy

-1
.2

WT

KO
a b

2.7
2.586.6

8.2

*

Pdcd1–/–

Figure 3 An absence of PD-1 engagement impairs peripheral tolerance by

resting DCs. (a) Reconstitution of ‘RAG-DIETER (Thy-1.2) + B6–Thy-1.1 +

PD-1-deficient (Thy-1.2) - B6–Thy-1.1’ mixed bone marrow chimeras was

assessed 6 weeks after transplantation by staining of blood lymphocytes

for CD8 and Thy-1.2. Numbers indicate the percentage of cells in each

quadrant. (b) Chimeras were injected intraperitoneally at day –7 with
tamoxifen (filled symbols; solid lines, means) or with solvent (open symbols;

dashed lines, means). They were infected intravenously on day 0 with LCMV-

WE, and the LCMV-induced response of wild-type CD8+ (Thy-1.1) and of

PD-1-deficient CD8+ (Thy-1.2) cells specific for transgene-encoded epitopes

(GP(33–41) and NP(396–404)) as well as for the control epitope (GP(276–

286)) was measured in the spleen on day 12 by tetramer staining. KO and

Pdcd1–/–, PD-1-deficient; WT, wild-type. Data are one representative

experiment of three. Symbols represent individual mice. *, P o 0.0001.

0

10

20

30

40

50

60

Cont Tam Tam +
αCTLA4

Cont Tam Tam +
αCTLA4

Te
tr

am
er

+
 C

D
8+

 T
 c

el
ls

 (
%

) GP33 + NP396 GP276

*

Figure 4 Blocking of CTLA-4 diminishes peripheral CD8+ T cell tolerance

induced by resting DCs. ‘RAG-DIETER + B6’ mixed bone marrow chimeras

were injected intraperitoneally at day –7 with tamoxifen (Tam; filled circles),

with tamoxifen plus anti-CTLA-4 (Tam + aCTLA4; filled triangles) or with

solvent (Cont; open circles). They were infected intravenously on day 0

with LCMV-WE, and the LCMV-induced CTL response specific for epitopes

encoded by transgenes (GP(33–41) and NP(396–404)) as well as for the

control epitope (GP(276–286)) was measured in the spleen on day 12 by

tetramer staining. Data are one representative experiment of four. Symbols

represent individual mice. *, P o 0.05.

2 82 VOLUME 6 NUMBER 3 MARCH 2005 NATURE IMMUNOLOGY

A R T I C L E S
©

20
05

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

ei
m

m
un

ol
og

y



blocks signaling through CTLA-4 in vivo. At day –7, we injected
RAG-DIETER-B6 mixed bone marrow chimeras with tamoxifen, with
tamoxifen plus 0.5 mg hamster antibody to CTLA-4 (anti-CTLA-4;
4F10) or with solvent and infected the mice at day 0 with 100 PFU
LCMV-WE. Here we used mice treated with tamoxifen rather than
with tamoxifen plus hamster immunoglobulin G (IgG) as a control;
however, we excluded the possibility that injection of 4F10 resulted in
activation of DCs (Methods).

Blocking of CTLA-4 at the time of tolerance induction resulted in a
moderate but consistent reduction in tolerance (Fig. 4, left). The
responses against the control epitope GP(276–286) were comparable
in all three situations (Fig. 4, right). Thus, CTLA-4 is also essential for
complete tolerance induction after the presentation of CTL epitopes
on resting DCs.

Lack of PD-1 and CTLA-4 results in priming rather than tolerance

Antigen presentation by resting DCs induces CD8+ T cell tolerance
only if the responding CD8+ T cells can receive signals through PD-1
and CTLA-4. If either of these inhibitory signals were missing, the
T cells remained responsive to stimulation by LCMV infection. To
determine whether presentation of CTL epitopes by resting DCs in the
absence of these inhibitory signals had left the CD8+ T cells naive or

whether it had induced priming, we examined the expansion of
specific CTL populations in these circumstances. We prevented either
of these inhibitory signals alone or simultaneously. We used mixed
chimeras that had been reconstituted with 70% RAG-DIETER, 15%
PD-1-deficient and 15% B6–Thy-1.1 bone marrow and injected them
with tamoxifen to induce antigen presentation by resting DCs. In
some of the mice, we blocked CTLA-4 signaling by injection with 0.5
mg anti-CTLA4 (4F10) together with the tamoxifen treatment. At 7 d
after tamoxifen treatment, we analyzed peripheral blood lymphocytes
with tetramers for the expansion of antigen-specific CD8+ T cell
populations. Substantial expansion of antigen-specific CD8+ PD-1-
deficient T cell populations occurred after tamoxifen treatment,
whereas wild-type CD8+ T cell populations did not expand (Fig. 5,
middle). The expansion of specific CD8+ T cell populations in the
PD-1-deficient compartment was significantly enhanced (P o 0.05)
when CTLA-4 signaling was also blocked, suggesting an additive effect
of signals through PD-1 and CTLA-4 in CD8+ T cell tolerance (Fig. 5,
right). We found only limited expansion of specific CTL populations
in wild-type CD8+ T cells of mice treated with tamoxifen plus anti-
CTLA-4. Thus, antigen presentation by resting DCs induced priming
of endogenous CD8+ T cells in the absence of PD-1 signaling and
additional blocking of CTLA-4 substantially enhanced this priming.
Blocking CTLA-4 in the presence of normal PD-1 signaling resulted in
weak but consistent priming.

To examine whether antigen presentation by resting DCs in the
absence of PD-1 and CTLA-4 signaling resulted only in expansion of
specific CD8+ T cell populations or in genuine CTL priming, we
repeated the experiment described above and treated bone marrow
chimeras (70% RAG-DIETER, 15% PD-1-deficient and 15% B6–Thy-
1.1 bone marrow) with tamoxifen plus anti-CTLA-4 or with tamox-
ifen plus control hamster IgG. We monitored the expansion of CD8+

T cell populations specific for all three transgene-encoded epitopes
(Fig. 6a) and analyzed their effector function using intracellular
staining for IFN-g after 6 h of restimulation with the antigenic peptide
in vitro (Fig. 6b). We found that the expanded transgene-specific
CD8+ T cell populations indeed produced IFN-g in an antigen-specific
manner. As an additional test of the effector function of the CTL
populations that had expanded in the absence of inhibitory costimu-
lation, at 7 d after tamoxifen and antibody treatment we infected these
mixed bone marrow chimeras with 100 PFU LCMV-WE. We mea-
sured virus titers 4 d after infection and found that mixed bone
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marrow chimeras treated with tamoxifen or with tamoxifen plus anti-
CTLA-4 had controlled LCMV to undetectable levels, whereas
untreated mixed bone marrow chimeras contained large amounts of
virus (Fig. 6c). Thus, antigen presentation by resting DCs induces
protective immunity if signaling through PD-1 alone or PD-1 and
CTLA-4 is absent.

DISCUSSION

The mechanisms that underlie the induction of peripheral T cell
tolerance by antigen-presenting resting DCs remain elusive. Both
T cell–extrinsic mechanisms, such as the induction of negatively
regulating T cells36–38 or cytokines39, as well as T cell–intrinsic
mechanisms, such as deletion or functional inactivation of specific
T cells40,41, have been suggested. A model has been established, based
on inducible presentation of MHC class I–restricted CTL epitopes by
resting DCs, to investigate the molecular mechanisms of peripheral
tolerance of endogenous CD8+ T cells25. This model is unique in that
it allows the induction of antigen presentation in vivo by a fraction of
DCs in steady-state conditions. There are various possibilities to
explain why DCs are tolerogenic in steady-state conditions: DCs
may be tolerogenic by default until they become activated, or they
may be kept tolerogenic by active mechanisms such as regulatory
T cells42 or the phagocytosis of apoptotic cells43. In this model, antigen
presentation is induced by approximately 5% of all steady-state
CD11c+ cells without discrimination or selection, and it is reasonable
to assume that all mechanisms that are operative to keep DCs
tolerogenic in the steady state in physiological conditions are also at
work in this model. Another advantage of this model is the use of
endogenous CD8+ T cells, which are present as a polyclonal popula-
tion at physiological low precursor frequencies, as a ‘readout’. How-
ever, this model might be different from normal physiology in some
aspects. For example, although antigen presentation is induced on a
limited and presumably physiological number of DCs, these DCs are
equally distributed within the body, whereas normally the presentation
of tissue-specific self antigens by resting DCs most likely happens in
the tissue-draining lymph nodes. In this model, the antigens are
inducibly expressed by the DCs itself and therefore directly presented
by the classical pathway. This allows restriction of antigen presentation
to DCs and precise control of the onset of presentation. In the
physiological situation, however, T cells specific for antigens expressed
by DCs themselves can be deleted by negative selection in the thymus,
whereas peripheral tolerance may be crucial for antigens that are
exclusively expressed in peripheral tissues and are cross-presented in
the draining lymph nodes29,41,44–46. Despite these characteristics of the
model system, the molecular mechanisms of tolerance induction,
which are operative in this model, are likely to be identical to those
in peripheral CD8+ T cell cross-tolerance.

Presentation of GP(33–41) and NP(396–404) by resting DCs
resulted in a severely compromised response against GP(33–41) and
NP(396–404) and a compensatory high GP(276–286) response after
infection with LCMV25: This unambiguously demonstrates that per-
ipheral tolerance of CD8+ T cells induced through antigen presenta-
tion by resting DCs is strictly antigen specific and strongly challenges
the idea of a dominant suppressive mechanism. Formal proof of the
recessive, T cell–intrinsic character of peripheral CD8+ T cell tolerance
came from experiments in which we adoptively transferred naive
CD8+ T cells into tolerant DIETER mice at a time when the tolerizing
stimulus had disappeared, followed by infection with LCMV. Our
results are well in line with other experiments showing functional
inactivation and peripheral deletion of CD8+ T cells29,44,46,47 and of
CD4+ T cells28,41,48 as result of the confrontation of naive adoptively

transferred T cells with resting DCs that present the specific peptide
antigen. Although there are reports suggesting that negatively regulat-
ing T cells mediate peripheral tolerance of CD4+ T cells after antigen
presentation by resting DCs10,37,38, convincing evidence that such cells
are active in peripheral tolerance of CD8+ T cells is lacking29,41,44–46.

The autoimmune phenotype of CTLA-4-deficient mice11,12 and
PD-1-deficient mice19,20 and data obtained with blocking
reagents13,14,21,22,35,49 prompted us to investigate the possible involve-
ment of PD-1 and CTLA-4 in peripheral CD8+ T cell tolerance
induced by resting DCs. Using mixed bone marrow chimeras, we
found that tolerance of PD-1-deficient CD8+ T cells was impaired,
whereas there was normal tolerance induction in the wild-type CD8+

compartment in the same individual mice.
In experiments using T cell receptor–transgenic PD-1-deficient mice,

PD-1 was found to have a moderate effect on thymic selection50,51.
However, negative selection was found to be more stringent rather
than impaired in PD-1-deficient mice51. In addition, by measuring
tetramer-positive cells in blood and spleen and by intracellular staining
for IFN-g, we found no statistically significant difference between the
frequencies of transgene-specific (GP(33–41)- and NP(396–404)-
specific) wild-type and PD-1-deficient CD8+ in solvent-treated
‘RAG-DIETER + PD-1-deficient + B6–Thy-1.1’ bone marrow chimeras
after LCMV infection. Both facts challenge the idea of a contribution of
putative altered thymic selection to the loss of peripheral tolerance in
PD-1-deficient CD8+ T cells. Our data show that in addition to PD-1,
the most prominent member of this family of coinhibitory molecules,
CTLA-4, is also involved in peripheral tolerance induction by resting
DCs. Blocking of CTLA-4 signaling resulted in impaired tolerance
induction and enhanced the effect of PD-1 deficiency.

We propose that the balance between negative and positive costi-
mulation, which changes when DCs undergo activation, controls the
opposing functions of DCs: T cell priming and tolerance induction.
Naive CD8+ T cells simultaneously receive, in addition to signals
through the T cell receptor, activating and inhibitory costimulation
from DCs. If the DC is resting, negative signals through PD-1 and
CTLA-4 dominate and tolerance ensues. If the DC is activated,
positive signals prevail, resulting in CTL priming. If negative signals
through PD-1 and CTLA-4 are absent, resting DCs also induce
priming. Priming rather than tolerance might result because the
weak activating signals provided by a resting DC are not counter-
balanced by inhibitory signals through PD-1 and CTLA-4. Alterna-
tively, few activated DCs, which are present in the steady state even in
healthy individuals, could transmit activating signals. Normally these
activating signals will be overridden by inhibitory signals through PD-
1 and CTLA-4, provided by most DCs, which are resting. If the T cells
cannot receive these inhibitory signals through PD-1 and CTLA-4,
priming will result. We have shown here that PD-1 and CTLA-4 are
central molecules for peripheral CD8+ T cell tolerance induction by
DC in the steady state. An absence of these molecules leads to T cell
priming even in the steady state and may result in autoimmunity.

METHODS
Mice. DIETER mice are double-transgenic offspring of ST33.396 �
CD11cCreERT intercrossing. A single intraperitoneal injection of 2 mg

tamoxifen induces expression of three transgenic CTL epitopes on 5–10%

of CD11c+ cells: GP(33–41) (H-2Db), NP(396–404) (H-2Db), and b-

galactosidase, amino acids 497–504 (H-2Kb)25. Injection of tamoxifen before

LCMV infection did not quantitatively or qualitatively affect the induction of

LCMV-specific CD8+ T cells in B6 mice (data not shown). RAG-DIETER mice

are DIETER mice bred onto the B6 RAG-deficient background. PD-1-deficient

mice have been described19. All mice, including B6 mice and B6 mice carrying

the allotypic marker CD90.1 (B6–Thy-1.1), were bred in the Biologisches
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Zentrallabor (University of Zurich) and were used at an age of 6–10 weeks. We

always used sex- and age-matched animals for adoptive transfers and for bone

marrow chimeras. Animal experiments were done according to institutional

guidelines and to Swiss federal and cantonal laws on animal protection.

Generation of bone marrow chimeras. Recipient mice were lethally irradiated

(10 Gy) with a 60Co source and were injected intravenously with 2 � 106 to

5 � 106 bone marrow cells that were collected from tibias and femurs of donor

mice. Mice were given 1 mg/ml of sulfadoxin and 0.2 mg/ml of trimethoprim in

the drinking water during the first 2 weeks. Chimeras were used in experiments

no earlier than 6 weeks after transplantation. For the generation of ‘RAG-

DIETER + B6’ chimeras, B6 recipients were lethally irradiated and were

reconstituted with 70% RAG-DIETER plus 30% B6 bone marrow. For the

generation of mixed PD-1-deficient chimeras, B6–Thy-1.1 mice were lethally

irradiated and reconstituted with 70% RAG-DIETER plus 15% B6–Thy-1.1 plus

15% PD-1-deficient (Thy-1.2) bone marrow: Wild-type and knockout

T cells are thus present in the same mouse and can be separately analyzed with

the allotypic marker Thy-1. Before use in experiments, flow cytometry was done

on blood samples to verify an equal reconstitution of the CD8+ T cell

compartment with wild-type and knockout T cells.

Antibodies and reagents. All antibodies used for flow cytometry were obtained

from PharMingen (Becton Dickinson Biosciences). The monoclonal antibody

4F10 (Armenian hamster IgG) is directed against mouse CTLA-4 (CD152)52.

Injection of 0.5 mg or of 2 mg of 4F10 did not induce upregulation of MHC

class II, CD54 or CD86 on CD11c+ cells in vivo, thus excluding the possibility

that treatment of mice with 4F10 resulted in activation of DCs (data not

shown). Control hamster IgG was obtained from MP Biomedicals. The

following peptides were synthesized by Neosystem: GP(33–41) (KAVYNFTAC),

GP(276–286) (SGVENPGGYCL), NP(396–404) (FQPQNGQFI) and

b-galactosidase, amino acids 497–504 (ICPMYARV). Peptides were dissolved

at a concentration of 10 mM in DMSO. Tamoxifen (ICN Biomedicals) was

suspended in 96% ethanol, then 9 volumes of olive oil were added and

tamoxifen was dissolved at 37 1C to obtain a solution of 20 mg/ml. LCMV

strain WE was originally obtained from F. Lehmann-Grube (Heinrich Pette

Institute, Hamburg, Germany)53 and was propagated on L929 cells at a low

multiplicity of infection.

Treatment of mice. For induction of antigen presentation by resting DCs,

DIETER mice or DIETER mixed bone marrow chimeras were injected

intraperitoneally with 2 mg tamoxifen per 0.1 ml solvent or with 0.1 ml

solvent as control. For blocking of CTLA-4 interactions, mice were given 0.5 mg

4F10, or as control, 0.5 mg hamster IgG, intraperitoneally at the same time as

tamoxifen. Injection of mice with 0.5 mg 4F10 or control hamster IgG did not

result in activation of DCs, as measured by flow cytometry staining for CD11c

plus CD86, CD11c plus CD54, and CD11c plus MHC class II (data not shown).

A commonly used control for putative nonspecific effects of 4F10 is commer-

cially available polyclonal hamster IgG, which is derived from Syrian hamsters,

whereas 4F10 was generated from Armenian hamsters. We therefore used mice

treated with tamoxifen rather than tamoxifen plus hamster IgG as controls

in some experiments (Figs. 4 and 5). We nevertheless included hamster IgG

as a control in another experiment (Fig. 6). For LCMV infection, 100 PFU

LCMV-WE was given intravenously.

For adoptive transfer of naive splenocytes, single-cell suspensions equivalent

to one spleen (2 � 107 to 4 � 107 cells) of naive, allotypically different, but age-

and sex-matched mice were adoptively transferred into DIETER bone marrow

chimeras by intravenously injection. The time point of adoptive transfer

relative to tamoxifen injection is stated for each experiment.

Staining with tetrameric MHC class I–peptide complexes. Tetrameric com-

plexes containing biotinylated H-2Db or H-2Kb, b2-microglobulin, the relevant

peptide and extravidin-phycoerythrin were generated, and staining was done as

described54,55. Blood or spleen cells were stained for 10 min at 37 1C in flow

cytometry buffer (PBS containing 2% FCS, 0.03% NaN3 and 2mM EDTA) with

1 mg tetramer, followed by staining with anti-CD8b–fluorescein isothiocyanate

(clone 53-6.7) and anti-Thy-1.2–biotin (clone 53-2.1) followed by staining with

streptavidin-allophycocyanin. Tetramer-positive cells were determined after gat-

ing on live CD8+, allotypic marker–positive or allotypic marker–negative cells.

Intracellular staining for IFN-c. Approximately 1 � 106 splenocytes were

incubated for 6 h at 37 1C in a total volume of 200 ml medium with 2 mM of the

relevant peptide, with medium alone, or with 50 ng/ml phorbol 12-myristate

13-acetate plus 500 ng/ml of ionomycin in the presence of 5 mg/ml of brefeldin

A and 50 U/ml of recombinant mouse IL-2. After incubation, cells were

surface-stained with anti-CD8a–phycoerythrin (clone 5H10-1) and with

anti-Thy-1.2–biotin (clone 53-2.1) followed by staining with streptavidin–

allophycocyanin, if applicable. Cells were then fixed with 2% paraformaldehyde

and were permeabilized with permeabilization buffer (flow cytometry buffer

containing 0.1% saponin) followed by intracellular staining with anti–mouse

IFN-g–fluorescein isothiocyanate (clone AN18). IFN-g+ cells were determined

after gating on CD8+, Thy-1.2+ or Thy-1.2– cells.

Statistical analysis. Statistical analysis was done with Student’s t-test and

Prism 4 software (GraphPad Software).
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