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Abstract

Elimination of CD25 * T cells, which constitute 5-10% of peripheral CD4

* T cells in normal naive

mice, leads to spontaneous development of various autoimmune diseases. These

immunoregulatory CD25 *tCD4t T cells are naturally unresponsive (anergic)
stimulation, and, upon stimulation, suppress proliferation of CD25
TCD4* T cells to exert suppression is

~CD4* T cells to proliferate. The suppression,
~“CD4t T cells, is dependent on cellular

The antigen concentration required for stimulating CD25
much lower than that required for stimulating CD25
which results in reduced IL-2 production by CD25

in vitro to TCR
“CD4* T cells and CD8 * T cells.

interactions on antigen-presenting cells (and not mediated by far-reaching or long-lasting humoral
factors or apoptosis-inducing signals) and antigen non-specific in its effector phase. Addition of

high doses of IL-2 or anti-CD28 antibody to the

in vitro T cell stimulation culture not only breaks

the anergic state of CD25 *CD4* T cells, but also abrogates their suppressive activity

simultaneously. Importantly, the anergic/suppressive state of CD25

*CD4t T cells appeared to be

their basal default condition, since removal of IL-2 or anti-CD28 antibody from the culture milieu
allows them to revert to the original anergic/suppressive state. Furthermore, transfer of such
anergy/suppression-broken T cells from normal mice produces various autoimmune diseases in
syngeneic athymic nude mice. These results taken together indicate that one aspect of

immunologic self-tolerance is maintained by this unique CD25

+*CD4* naturally anergic/

suppressive T cell population and its functional abnormality directly leads to the development of

autoimmune disease.

Introduction

Self-reactive T cells mediate various autoimmune diseases in
humans and animals (reviewed in 1). T cells with high-
affinity TCR for intrathymically expressed self-antigens may
be clonally deleted in the thymus. It is obscure, however, how
the normal immune system controls the self-reactive T cells
having escaped the thymic clonal deletion or those reactive
with extrathymically expressed self-antigens (2-4). One of the
possible mechanisms of the control would be T cell-mediated

suppression of the activation/expansion of self-reactive T cells
in the periphery, although there is much controversy regarding
the role of T cell-mediated suppression in immunologic toler-
ance (reviewed in 5-8). Supporting the contribution of this
mechanism to self-tolerance, there are accumulating demon-
strations that autoimmune disease can be produced in normal
rodents by simply eliminating a subpopulation of peripheral
CD4* T cells and reconstitution of the eliminated population
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can prevent the autoimmune development (9-15). For
example, elimination of CD25 (IL-2 receptor a chain)-
expressing T cells, which constitute 5-10% of CD4" T cells
and <1% of CD8™ T cells in normal naive mice and in normal
humans (14-19), produced various autoimmune diseases
immunopathologically similar to human counterparts (such
as autoimmune gastritis, thyroiditis and insulin-dependent
diabetes mellitus) (14,15). This indicates that an abnormality
in the T cell-mediated control of self-reactive T cells may
directly lead to development of autoimmune disease in genet-
ically susceptible hosts. To further elucidate this mechanism
of self-tolerance, we have investigated in vitro how a particular
subpopulation of CD4* T cells, e.g. CD257CD4" T cells,
physiologically controls other T cells, including self-reactive
T cells.

We show in this report that peripheral CD25TCD4* T
cells in normal naive mice exhibit virtually no proliferative
responses to TCR stimulation in vitro and, upon stimulation,
suppress activation/proliferation of other T cells. Based on
this finding, we address the following key issues regarding
the cellular and molecular basis of this unresponsiveness
(anergy) and suppression. Where and how do the
CD257CD4* T cells suppress other T cells? Do they require
antigen stimulation to exert suppression? If so, do they
specifically suppress the T cells with the same antigen
specificity or non-specifically any T cells? Can this T cell
anergy and suppression be functionally broken, and thereby
autoimmune disease be induced?

Methods

Mice

Eight-week-old BALB/c or BALB/c nu/+ mice and 6-week-old
BALB/c nude (nu/nu) mice were purchased from Japan SLC
(Shizuoka, Japan). DO11.10 transgenic mice were a gift of
Dr D. Y. Loh (Roche Japan, Kamakura, Japan) (20). The
transgene constructs for BOG1 transgenic mice (M. lwata
et al., manuscript in preparation) were made by ligating
genomic DNA fragments of TCR a or B chains from a T cell
hybridoma BOG8 specific for an ovalbumin (OVA 271-285)
peptide in an I-Ad-restricted manner to pCaE or C41/45
construct (21), as previously reported (22,23). The founder
mouse was backcrossed 6 times to BALB/c mice and used
in the present experiments. All these mice were maintained
in our animal facility and cared for in accordance with the
institutional guideline for animal welfare.

Preparation of lymphocytes

Lymph node and spleen cell suspensions prepared from
8-week-old BALB/c mice, DO11.10 or BOG1 transgenic
mice were stained with FITC-conjugated anti-CD25 (7D4) (24)
and phycoerythrin (PE)-conjugated anti-CD4 (H129.19) or
PE-conjugated anti-CD45RB (16A) (25) (purchased from
PharMingen, San Diego, CA), and sorted by a FACS (Epics
Elite, Coulter Electronics, Miami, FL). Purity of sorted
CD25*CD4* T cells or CD25°CD4* T cells was >95 and
~99% respectively. To sort CD25" or CD25~ CD45RB°CD4*
T cells, CD4™ T cells were first enriched from spleen and
lymph node cells by removing B cells, CD8* T cells and

adherent cells by panning on antibody-coated plastic dishes,
as previously described (14).

Assessment of the expression of TCR Vy and Vg families by
RT-PCR

PCR primers for detecting cDNA coding for particular TCR
Vq or Vg families were synthesized according to the sequences
used by J.-L. Casanova et al. (26). RNA extraction, cDNA
synthesis and PCR were also performed according to their
methods from 1x10° cells purified by FACS.

In vitro proliferation assay

Lymph node and spleen cells (2.5%10%) sorted as described
above, and erythrocyte-depleted, mitomycin C (MMC)-treated
BALB/c or CB.17-SCID spleen cells (5x10%) as antigen-
presenting cells (APC) were cultured for 3 days in 96-well
round-bottom plates (Corning Coster, Cambridge, MA) in
RPMI 1640 medium supplemented with 10% FCS (Gibco/
BRL, Gaithersburg, MD), penicillin (100 U/ml), streptomycin
(100 pg/ml) and 50 mM 2-mercaptoethanol. In some experi-
ments (Figs 4 and 6), CD86 cDNA-transfected P815 cells
(27), a gift from Dr M. Azuma (National Center for Pediatric
Diseases), were fixed with 1% paraformaldehyde for 15 min
or MMC-treated and used as APC. Anti-CD3 antibody (145-
2C11) (Cederlane, Hornby, Ontario, Canada) at a final
concentration of 10 pg/ml, concanavalin A (Con A) at
1.0 pg/ml or OVA peptides at various concentrations was
added to the culture for stimulation. Anti-CD28 antibody
(37.51) (28) was purchased from PharMingen. Incorporation
of [BHJthymidine (1 uCi/well) by proliferating lymphocytes
during the last 6 h of the culture was measured. Recom-
binant murine IL-2 (rIL-2) with 3.89x 10% U/mg of IL-2 activity,
a gift of Shionogi (Osaka, Japan), was added to the culture
at the final concentration of 100 U/ml. Monoclonal anti-IL-4
antibody (11B11) or anti-IL-10 antibody (JES5-2A5), pur-
chased from PharMingen, or polyclonal anti-transforming
growth factor (TGF)-B antibody, purchased from R & D
Systems (Minneapolis, MN), was used at 10 pg/ml in cell
culture. The concentration of the antibodies was sufficient
for neutralizing 100 pg/ml of IL-4, 1000 pg/ml of IL-10 and
200 pg/ml of TGF-B. Antibodies for Fas ligand (FaslL)
(MFL-1) (29), a gift of Dr. H. Yagita (Juntendo University) or
tumor necrosis factor (TNF)-a (R & D Systems) were used at
10 pg/ml. In transmembrane culture, 2.5x10* CD25CD4* T
cells with 5x10* APC in the inner well and 2.5x10% CD25"
or CD25°CD4™" T cells with 5x108 APC in the outer well were
stimulated with anti-CD3 antibody in 24-well transwell culture
plates (Corning Coster). For the last 6 h of 3 day cultures,
cells in the inner wells were pulsed with [3H]thymidine after
transfer to 96-well plates.

Cytokine assay

IL-2 activity was assessed by bioassay utilizing the
CTLL-2 T cell line (30). The ELISA for IL-4 or IL-10 (Endogen,
Cambridge, MA) or TGF-B (Seikagaku, Tokyo, Japan) was
performed according to the manufacturer’s instructions.
RT-PCR of the IL-2 gene transcript was performed as previ-
ously described (15).



In vivo transfer of activated spleen cells

Spleen and lymph node cells of 8-week-old BALB/c nu/+
mice were stimulated with Con A (2.5 pg/ml) (Sigma, St Louis,
MQO) and rIL-2 (50 U/ml), or Con A alone, for 3 days, and
3x107 blastic cells (90% of which were CD3%) were i.v.
transferred to BALB/c athymic nude mice, which were histo-
logically and serologically examined 3 months later (14).

Histology and serology

For immunohistochemical staining, cryostat sections of the
stomachs were stained with monoclonal anti-parietal cell
autoantibody, with immunoperoxidase-conjugated affinity-
purified mouse anti-rat 1gG (Jackson ImmunoResearch,
Philadelphia, PA) as the secondary reagent (31). Stomachs
and other organs were fixed with 10% formalin and processed
for hematoxylin & eosin staining. Serum titers of autoantibodies
specific for the gastric parietal cells were assessed by ELISA
(82). Gastritis was graded 0 to 2+ depending on macroscopic
and histological severity; 0 = the gastric mucosa was histo-
logically intact; 1+ = gastritis with histologically evident
destruction of parietal cells and cellular infiltration of the
gastric mucosa; 2+ = severe destruction of the gastric
mucosa accompanying the formation of giant rugae due to
compensatory hyperplasia of mucous-secreting cells (31,32).

Results

CD25%TCD4* T cells are unresponsive to TCR stimulation and
suppressive to other T cells

The CD257CD4™" T cell population purified by a FACS, to our
surprise, exhibited virtually no proliferative response to in vitro
stimulation with anti-CD3 antibody or Con A, which activates
T cells by aggregating TCR molecules (33) (Fig. 1A). In
contrast, the purified CD25"CD4* T cells showed significantly
(2- to 3-fold) higher responses than the unseparated CD4* T
cells. Furthermore, the CD257CD4* T cells suppressed the
responses of the CD25"CD4* T cells in a dose-dependent
fashion when the two populations were mixed in various ratios
and stimulated with anti-CD3 antibody or Con A. They also
suppressed the proliferative responses of CD8' T cells. In
these experiments, the attachment of anti-CD25 mAb (7D4,
rat IgM) (24) to the cell surface CD25 molecules during
and after cell sorting did not seem to be responsible for
rendering CD257CD4™" T cells unresponsive and suppres-
sive, since CD45RB'°CD4* T cells, one-third of which were
CD25* (Fig. 1B) (14), purified by utilizing anti-CD45RB mAb
(25) showed a similar hyporesponsiveness to anti-CD3
stimulation and a similar suppressive activity on CD25-CD4™*
T cells. Further dissection of the CD45RB'°CD4* T cells
into the CD25%" or CD25  population revealed that
CD25%*CD45RB°CD4* T cells were unresponsive and sup-
pressive but CD25-CD45RB°CD4* T cells were not, indicating
that the hyporesponsiveness and the suppressive activity
of the CD45RB°CD4* population could be attributed to
CD25*CD4* T cells included in it. Taken together, the
CD25*CD4* population in normal naive mice appears to be
naturally unresponsive to TCR stimulation and suppress the
activation/proliferation of other T cells.
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Vo/Vs TCR repertoire of CD257 CD4™* T cells

To characterize this unresponsive/suppressive CD257CD4*
population in terms of the TCR repertoire or clonality, the
composition of T cells transcribing particular Vy or Vg TCR
gene segments was compared between the CD25" or CD25~
CD4" population by RT-PCR (Fig. 2). Judging from the
spectrum and intensity of the bands of individual Vg or Vg
PCR products in agarose gels, there appeared to be no
significant differences in the Vy/Vg TCR repertoire, indicating
that the CD25*CD4™" population is not mono- or oligoclonal
and may not be significantly skewed in the TCR repertoire.
The result, together with the profile of cell surface markers
(14), indicates that this population is distinct from NK1.1* T
cells, another CD4™" population with immunoregulatory activity
(34). Indeed, the CD257CD4" population in C57BL/6 mice
was NK1.17 (J. Shimizu, unpublished data).

CD25"CD4% T cells suppress antigen-specific immune
responses and require TCR stimulation to exert suppression

To determine whether CD257CD4" T cells control antigen-
specific immune responses as well, we analyzed the functions
of CD257CD4" T cells in TCR transgenic mice expressing
transgenic TCR of known antigen specificity (Fig. 3A). Two
strains of TCR transgenic mice, DO11.10 and BOG1, express
different transgenic af TCR specific for different OVA peptides
(OVA-P) [OVA-P(323-339) or OVA-P(271-285) respectively]
in an I-A%restricted fashion (20,22). Both strains harbored
CD25*7CD4" T cells constituting ~5% of peripheral CD4% T
cells as observed in non-transgenic mice (see Fig. 1). These
CD25*CD4* T cells were unresponsive to the respective OVA
peptides in vitro and potently suppressed antigen-specific
proliferative responses of co-cultured transgenic CD25-CD4™*
cells in a cell dose-dependent manner (Fig. 3A).

This non-proliferative CD25*CD4* population in TCR-
transgenic mice as well as normal mice, on the other hand,
seemed to require activation signals via TCR to exert
suppression, since stimulation with OVA peptides induced
strong suppressive activity in CD257CD4" T cells from
DO11.10 transgenic mice, but not in those from non-
transgenic littermates, whereas polyclonal stimulation with
anti-CD3 antibody efficiently induced the suppressive activity
in both (Fig. 3B). Indeed, anti-CD3 stimulation increased the
cell size and the CD25 expression level of the non-proliferative
CD25*CD4* population from non-transgenic mice, whereas
stimulation of the same population with OVA peptides did not
(data not shown).

Specificity of CD25TCD4% T cell-mediated suppression

CD25CD4" T cells from BOG1 or DO11.10 specifically
responded to OVA-P(271-285) or OVA-P(323-339) respec-
tively, without cross-reactions, and responded well to the
mixtures of the two peptides without competitively inhibiting
each other’'s response (Fig. 4A and B). With these two
strains, we attempted to determine whether CD257CD4* T
cells stimulated by a specific antigen specifically suppress
CD25CD4™" T cells with the same antigen specificity or non-
specifically suppress those with other antigen specificities
as well (Fig. 4C). The concentration of each peptide for
stimulating CD25"CD4* T cells was chosen to elicit an
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Fig. 1. CD25*CD4" T cells are unresponsive to TCR stimulation and suppressive on CD25"CD4" T cells. (A) CD25% or CD25-CD4* T cells
(enclosed in figure) purified by FACS (to >95% purity) from BALB/c spleen and lymph node cells, or these two populations mixed at various
ratios, were cultured for 3 days with anti-CD3 mAb (hatched bars) or Con A (black bars), along with MMC-treated spleen cells as APC. CD8"
T cells purified by FACS were similarly stimulated alone or after being mixed with an equal number of CD257CD4* T cells. (B) CD45RB or
CD45RB"9" CD4* cells (designated as CD45RB!° or CD45RB" respectively) purified from BALB/c spleen and lymph node cells were cultured
with anti-CD3 antibody. Purified CD25% or CD25"CD45RB" cells (enclosed in figure) of the CD4* population, or the mixtures of either
population with CD25-CD4™ T cells at an equal ratio, were similarly cultured. A representative result of more than five independent experiments
is shown in (A) and (B). In these experiments (including those shown in Figs 3-9 below), background counts in the wells with APC only were
<2000 c.p.m. The means of duplicate cultures are shown in each figure, and the standard errors of the mean were all within 10% of the mean

in Fig. 1 and 3-9.
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Fig. 2. Usage of TCR V, or Vg gene families by CD25" or CD25"
CD4™" T cells. Transcription of particular V, or Vg TCR genes was
assessed by RT-PCR for 1x10°8 CD25% or CD25CD4" T cells or
unseparated CD4* T cells purified by FACS from spleens and lymph
nodes of 2-month-old BALB/c mice. A representative result of three
independent experiments is shown.

equivalent degree of responses in each CD25-CD4* T cell
population [i.e. 0.1 mM of OVA-P(323-339) and 0.6 uM
of OVA-P(271-285)]. DO11.10-derived CD257CD4* T cells
stimulated with the peptide mixture markedly suppressed the
responses of BOG1-derived CD25"CD4" T cells depending
on the concentration of OVA-P(323-339) (to which DO11.10
responded, but BOG1 did not) in the mixture, whereas
stimulation of the culture with OVA-P(271-285) alone (to
which BOG1 responded, but DO11.10 did not) did not elicit
suppression. Likewise, BOG1-derived CD257CD4* T cells
stimulated with the mixed peptides suppressed the responses
of DO11.10-derived CD25°CD4* T cells, but failed to exert
suppression when stimulated with OVA-P(323-339) alone. A
similar result was obtained with a combination of DO11.10
mice and 3A9 transgenic mice expressing transgenic TCR
specific for hen egg lysozyme in an I-Ak-restricted manner
(data not shown). It was noted that the concentration of the
peptides required for eliciting suppression was 10- to 100-
fold lower than that required for triggering proliferation of
CD25°CD4™" T cells. For example, the concentration of OVA-
P(323-339) required for DO11.10-derived CD25*CD4* T cells
to elicit significant suppression was <0.001 uM (Fig. 4C),
whereas the peptide concentration needed for triggering
proliferation of DO11.10-derived CD25°CD4* T cells was
~0.1 uM (Fig. 4A). A similar difference was also observed
with BOG1 mice. Taken together, these results indicate that,
upon stimulation of CD25*CD4" T cells with a specific
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Fig. 3. Suppressive activity of CD257CD4" T cells from TCR transgenic mice. (A) CD25% or CD25°CD4™" T cells, or two populations mixed at
various ratios, purified from the spleens of DO11.10 or BOG1 transgenic mice, were cultured for 3 days with 0.3 uM OVA-P(323-339) or
0.6 UM OVA-P(271-285) respectively. (B) CD257CD4* T cells purified from DO11.10 transgenic mice (DO) (which are on BALB/c background)
or non-transgenic littermates (BALB), or either population mixed at an equal ratio with CD25-CD4* T cells from transgenic mice, were cultured
for 3 days with OVA-P(323-339) or anti-CD3 antibody. A representative result of three independent experiments is shown in (A) and (B).

antigen, the target of their suppression may not be confined
to the T cells specific for the same antigen and that much
lower concentration of antigen can stimulate CD25*CD4* T
cells to exert suppression than the antigen concentration
required for the activation/proliferation of CD25-CD4* T cells.

The mechanism of CD25% CD4% T cell-mediated suppression

In the kinetic study of cell proliferation, IL-2 formation and
IL-2 gene transcription, CD25-CD4" T cells co-cultured with
CD257CD4* T cells under anti-CD3 stimulation constantly
exhibited a low degree of proliferation on day 2, followed by
reduced proliferation and IL-2 transcription on day 3 (Fig. 5).
It contrasted with CD25"CD4™" T cells that showed vigorous
proliferation, active IL-2 production (~100 U/ml) and active
IL-2 gene transcription from the beginning or CD257CD4* T
cells that showed undetectable levels of proliferation, IL-2
production (<1 U/ml) and IL-2 gene transcription during the
assay. Thus, CD257CD4* T cells, upon stimulation, appeared
to potently suppress proliferation of CD25-CD4" T cells even
if the latter have already received activation signals from APC,
although it remains to be determined whether reduced IL-2
gene transcription in CD25-CD4* T cells is the immediate
consequence of the suppressive signal from CD257CD4* T
cells or an indirect consequence of inhibited proliferation.
To determine the molecular basis of the suppression,
we first examined the possible role of immunosuppressive
cytokines, such as IL-4, IL-10 and TGF-B, since the peripheral
CD257CD4* population of normal naive BALB/c mice indeed
transcribed IL-4, IL-10 and TGF-B gene more actively than the
CD25CD4™" population as previously shown (15). However,
addition of anti-IL-4, anti-IL-10 or anti-TGF-B mAb (or their

combination) to the anti-CD3 stimulation culture at sufficient
concentrations to neutralize the cytokines was unable to
abrogate the suppression (Fig. 6A). IL-4, IL-10 and TGF-B
were also undetectable by ELISA in the culture super-
natants of anti-CD3- or Con A-stimulated CD257CD4* T cells:
<15 pg/ml for IL-4, <40 pg/ml for IL-10 and <160 pg/ml for
TGF-B; and these supernatants were not suppressive when
added to the culture of anti-CD3-stimulated CD25°CD4* T
cells (Fig. 6B). Furthermore, CD257CD4* T cells, even when
outnumbering CD25"CD4* T cells 10-fold, failed to suppress
the proliferation of CD25"CD4™" cells across a 0.45 pm pore
size membrane, contrasting with marked suppression when
the two populations were on the same side of the membrane
(Fig. 6C). It is thus unlikely that the suppression is mediated
by far-reaching and long-lasting humoral factors secreted
by CD257CD4* T cells. Failure of suppression across the
membrane would also make it implausible that the suppres-
sion is due to absorption of IL-2 by CD257CD4* T cells and
resulting deprivation of IL-2 available for CD25-CD4* T cells.
CD257CD4" T cells in normal mice did not appear to
induce apoptosis in CD25-CD4™" T cells and thereby control
them, since the number of viable (i.e. propidium iodide non-
stained) CD25°CD4* T cells was comparable with that of
CD25*CD4" T cells after 3 days of anti-CD3-stimulated co-
culture (data not shown), and addition of antibodies blocking
FasL or TNF-a failed to annul the suppression (Fig. 6D).
Furthermore, no detectable expression of CD80/CD86 on
anti-CD3-stimulated CD257CD4" T cells (T. Takahashi,
unpublished data) would make it unlikely that the suppression
was mediated by a negative signal through the CTLA-4
molecules, if any, expressed on CD25-CD4* T cells (35).
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Fig. 4. Antigen specificity of CD257CD4%* T cell-mediated
suppression. (A) CD25°CD4* T cells purified from the spleens of
DO11.10 or BOG1 mice were stimulated with various concentrations
of OVA peptides for 3 days. (B) CD25-CD4" T cells from DO11.10
mice or BOG1 mice were stimulated for 3 days with indicated
concentration of OVA-P(323-339), OVA-P(271-285) or the mixtures
of these two peptides. (C) CD25°CD4" T cells from DO11.10 or
BOG1 mice were mixed with an equal number of CD25*CD4* T
cells from BOG1 or DO11.10 mice respectively, and stimulated for
3 days with the mixtures of OVA-P(271-285) and OVA-P(323-339) at
various concentrations as indicated. A representative result exhibiting
the means of duplicate cultures of more than three independent
experiments is shown in these figures.

On the other hand, the suppression was significantly
reduced by increasing the number of splenic APC or P815
mastocytoma cells transfected with CD86 cDNA, suggesting
that a cognate interaction among three elements
(CD257CD4* T cells, CD25"CD4* T cells and APC) may be
required for suppression (Fig. 7A and B). This effective
suppression on the CDB86-transfectants, which were also
expressing class Il MHC, ICAM-1 and CD2, but no CD40,
indicates that CD40-CD40 ligand interaction may not be
required for the suppression. Furthermore, fixation of the
transfectants with paraformaldehyde did not affect the degree
of suppression, indicating that APC do not need to be viable
for the suppression.

These results collectively indicate that CD257CD4* T cells
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Fig. 5. IL-2 formation and IL-2 gene transcription in CD25" or CD25~
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cells (hatched bars), CD257CD4™ T cells (open bars), or the mixtures
of the two populations at an equal ratio (black bars) were stimulated
with anti-CD3 antibody and assessed on various days for cell
proliferation as shown in Fig. 1(A) for IL-2 concentration of the culture
supernatants by bioassay, and for transcription of IL-2 gene by RT-
PCR with transcription of HPRT gene as control. Paraformaldehyde-
fixed CD86-transfected P815 cells (see Fig. 7 below) were used as
APC to avoid contamination of IL-2 message from APC in RT-PCR. A
representative result of three independent experiments is shown.
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interact with CD25-CD4* T cells on the surface of APC in a
cell-contact manner, leading to reduced IL-2 formation and
proliferation of the latter.

Effects of IL-2 or anti-CD28 antibody on the unresponsiveness
and suppressive activity of CD25T CD4* T cells

Given the inhibition of IL-2 formation in CD25°CD4* T cells
(Fig. 5) and the findings by others that exogenous IL-2 can
break T cell unresponsiveness (36,37), we examined the
effect of IL-2 on the unresponsiveness of CD251CD4* T cells
and their suppressive activity. In the presence of exogenously
added rlL-2 at the concentration >10 U/ml, stimulation with
anti-CD3 antibody, or with OVA peptides in the case of utilizing
DO11.10 TCR transgenic mice, elicited proliferation not only
in CD25*CD4* T cells but also the mixtures of CD257CD4™*
T cells and CD25°CD4* T cells in an IL-2 dose-dependent
fashion (Fig. 8A and B). Likewise, addition of anti-CD28 mAb,
which was reported to prevent the induction of anergy in T
cell clones (28), broke the unresponsiveness of CD251CD4*
T cells and elicited proliferation of the cell mixtures stimulated
with anti-CD3 antibody in BALB/c mice (Fig. 8C) or OVA
peptides in DO11.10 transgenic mice (Fig. 8D). The suppres-
sion was easily abrogated at low concentrations of anti-
CD28 antibody, whereas higher antibody concentrations were
required for triggering proliferation of CD257CD4* T cells.
This indicates that proliferation of the cell mixtures at high
anti-CD28 concentrations is due to proliferation of both
CD25*CD4* T cells and CD25°CD4™" T cells included in the
mixtures—not due to proliferation of either population alone.
Thus, high doses of IL-2 and anti-CD28 antibody not only
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cells as 75% of the culture volume and stimulated with anti-CD3
antibody. (C) In transmembrane culture, CD25CD4* T cells or a
mixture of CD257CD4™" T cells and CD25°CD4™" T cells at an equal
ratio (inner well) were separated from 10 times the number of CD25™
or CD25°CD4™" T cells or APC only (outer well) by a 0.45 um pore
size membrane and stimulated with anti-CD3 antibody for 3 days.
(D) Anti-FasL antibody or anti-TNF-a antibody was added at
concentrations sufficient to block FasL or neutralize TNF-a
respectively to the culture of CD25% or CD25CD4* T cells or the
mixtures of the two populations, which were stimulated with anti-CD3
antibody for 3 days. A representative result exhibiting the means of
duplicate cultures of three independent experiments is shown.

break the unresponsiveness of CD25*CD4" T cells but also
abrogate their suppressive activity.

When these proliferating CD257CD4% T cells stimulated
with anti-CD3 antibody and rIL-2 or anti-CD28 antibody were
harvested on day 7 and re-stimulated with anti-CD3 antibody
along with fresh APC, but without exogenous rIL-2 or anti-
CD28 antibody, they showed no proliferative response and
strongly suppressed the responses of freshly co-cultured
CD25°CD4™" T cells (Fig. 9A and B). This indicated that, upon
removal of IL-2 or anti-CD28 antibody, the CD257CD4* T
cells reverted to the original unresponsive/suppressive state.

Induction of autoimmune disease by breaking the anergic/
suppressive state of CD25TCD4% T cells

The in vitro analyses described above raise the possibility
that autoimmune disease may develop in normal animals if
the breakage of the anergy/suppression of CD257CD4* T
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cells leads to activation of self-reactive T cells from CD25~
dormant states. To test this, spleen and lymph node cell
suspensions from euthymic BALB/c nu/+ mice were stimu-
lated with Con A and exogenous rlL-2 (or Con A alone) for 3
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CD25*CD4™ T cells pre-stimulated with anti-CD3 antibody and rIL-2
(A) or anti-CD28 antibody (B) for 7 days were washed and re-
stimulated with anti-CD3 antibody along with fresh APC, but without
exogenous rlL-2 or anti-CD28 antibody, for 3 days. These pre-
stimulated CD257CD4™" T cells were also mixed with freshly prepared
CD25°CD4* T cells at an equal ratio and stimulated. A representative
result of three independent experiments is shown.

days and then transferred to BALB/c athymic nude (nu/nu)
mice (14). The majority (92%, n = 12) of the nude mice
transferred with Con A/IL-2-stimulated T cells indeed
developed histologically evident autoimmune gastritis with
massive infiltration of inflammatory cells and high titers of
anti-parietal cell autoantibodies in the circulation (for histology
and autoantibodies, see 7,29) (Fig. 10A). Immunohisto-
chemical staining of the affected gastric mucosa by anti-
parietal cell autoantibodies showed a specific loss of and
damage to parietal cells (Fig. 10B, C). The gastritis was thus
immunopathologically similar to autoimmune gastritis with
pernicious anemia in humans (38). Some (30%) of the nude
mice also developed histologically evident oophoritis with
anti-oocyte autoantibodies and 17% of the mice had thyroiditis
with anti-thyroglobulin autoantibodies (9,31,32). Few auto-
immune diseases developed in the nude mice transferred
with the same number of T cells stimulated with Con A alone.
The IL-2 activity in the culture supernatants of spleen cells
stimulated with Con A alone for 3 days was 30 times less
than the dose of rlL-2 added to the Con A/IL-2 culture, being
insufficient for breaking unresponsiveness of CD257CD4™"
T cells in vitro (data not shown). Thus, breakage of the
unresponsiveness/suppression in CD257CD4* T cells could
elicit autoimmune diseases similar to those produced by
direct removal of CD257CD4™" T cells (14,15).

Discussion

We showed in this report that CD25tCD4™ T cells present in
the periphery of normal naive mice are naturally anergic, if
one defines anergy as a reversible anti-proliferative state (39).
This natural anergy is closely linked with the suppressive
activity in CD257CD4* T cells, as illustrated by the simul-

taneous abrogation of suppression upon breaking their
anergic state. It remains to be determined, however, whether
every T cell in the CD25*CD4™" population is anergic and
suppressive or the unresponsiveness of the CD257CD4*
population as a whole is due to a suppression exerted by a
small number of suppressive T cells included in the
CD25*CD4* population, as hyporesponsiveness of the
CD45RB!°CD4* population could be attributed to suppressive
CD25*CD4* cells included in it (Fig. 1B). Even if the latter is
the case and the anergic/suppressive CD4" population can
be further reduced to a smaller subpopulation included in the
CD257CD4* population, such a subpopulation itself may
well be unresponsive (unless it is too small to detect its
proliferation), since the CD257CD4% population freshly
prepared (Fig. 1) or expanded once or several times in vitro
with Con A and IL-2 (Fig. 9) showed virtually no proliferation
upon TCR stimulation irrespective of their high responsiveness
as suppressive cells to low concentration of antigens (Fig. 4).
Furthermore, the T cell lines and clones we have so far
established in vitro from CD25*CD4* T cells are all anergic
(J. Shimizu et al., unpublished data). It is hence likely that
the normal immune system harbors a unique CD4% T cell
population that is naturally anergic and suppressive.

IL-4, 1L-10 and/or TGF-B play roles in T cell-mediated
suppression in various models of autoimmune or inflammatory
disease (40-46). In the present study, in vitro neutralization
of these cytokines with specific antibodies did not exhibit
any significant effects on the CD257CD4* T cell-mediated
suppression. CD257CD4* T cells did not appear to induce
apoptosis in CD25°CD4* T cells either, although it was
reported that the CD25 gene knockout mice developed
autoimmunity possibly due to abnormality in apoptosis (47,48).
On the other hand, no suppressive activity in the culture
supernatants of CD257CD4™ T cells (or the cell mixtures)
and the failure to elicit suppression across a factor-permeable
but cell-impermeable membrane, together with the depend-
ency of the suppression upon the number of APC in vitro,
suggest that cognate interactions among CD257CD4* T
cells, CD25CD4* T cells and APC may be required for the
suppression (49,50). Furthermore, no significant effects of
parafolmaldehyde fixation of APC on the degree of suppres-
sion indicates that the suppression is not exerted through
modifying intracellular antigen processing by APC or their de
novo synthesis of cell surface molecules or cytokines. Based
on these findings and the antigen non-specific property of
the CD257CD4* T cell-mediated suppression, the possible
mechanism of the suppression would be: (i) on APC,
CD257CD4* T cells may directly deliver to CD25-CD4 ™ T cells
a negative signal for activation/proliferation; (i) CD25TCD4* T
cells, which are expressing various adhesion molecules (such
as ICAM-1, LFA-1 and CD2) at higher levels than CD25-CD4*
T cells (12), may physically interfere with the interaction of
the latter with APC (e.g. by competing for co-stimulatory
molecules, such as CD80/86), although no significant differ-
ence was observed between the two populations in the
expression levels of CD28 (T. Takahashi et al., unpublished
data); or (i) CD25TCD4" T cells may chemically modify
functions of cell surface molecules already expressed on
APC and thereby interfere with activation/proliferation of
CD25CD4™" T cells on APC. It is currently under investigation
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Fig. 10. Induction of autoimmune disease in athymic nude mice by transferring T cells stimulated with Con A and IL-2. (A) Spleen and lymph
node cells of BALB/c nu/+ mice were stimulated with Con A and rIL-2, or Con A alone, for 3 days, and 3x107 blastic cells (90% of which
were CD3™) were i.v. transferred to BALB/c athymic nude mice. The recipients were histologically examined 3 months later and titers of anti-
parietal cell autoantibdoies were assessed by ELISA. The gastric lesion was histologically graded as macroscopically and histologically
evident gastritis (closed symbols), histologically evident gastritis (gray symbols) or intact gastric mucosa (open symbols). (for details of
histological grading of gastritis, see 31,32.) The gastric mucosa of a gastritis-bearing mouse after transfer of Con A/IL-2-stimulated cells (B)
or intact gastric mucosa of a mouse transferred with Con A-stimulated cells (C) was stained by immunohistochemistry with anti-parietal cell
autoantibody (original magnification: X250). Note loss and damage of parietal cells in (B), but not in (C).

which of these plausible mechanisms directly or indirectly of IL-2 or anti-CD28 antibody abolish the CD257CD4* T cell-
leads to reduced IL-2 formation and non-proliferation of CD25~ mediated suppression, i.e. either by abrogating the suppres-
CD4™ cells. It also remains to be determined how high doses sive activity of CD257CD4™" T cells or by stimulating CD25~
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CD4* T cells to overwhelm suppressive signals from
CD25*CD4™" T cells, or both.

Specific antigens as well as polyclonal T cell activators can
stimulate CD257CD4™" T cells to exert suppression, as shown
with OVA-TCR transgenic mice (Fig. 3 and 4). It does not
necessarily mean, however, that any CD4% T cells specific
for non-self antigens can become CD25*CD4" anergic/sup-
pressive T cells. In an accompanying study, we show that
anergic/suppressive CD257CD47CD8~ thymocytes are
generated in the thymus of TCR-transgenic mice as well as
non-transgenic normal mice, but not in RAG-2 gene-deficient
TCR transgenic mice, which lack endogenous rearrange-
ments of TCR genes, and that the CD25*CD4" T cell/
thymocyte population in TCR transgenic mice harbored a
higher proportion of T cells expressing endogenous TCR
a chains than the CD25CD4* population (M. ltoh et al,
submitted). These findings suggest that CD257CD4* T cells
exhibiting suppressive activity upon OVA stimulation may be
expressing dual TCR, one composed of the transgenic af3
chains, and the other composed of an endogenous a chain
and the transgenic B chain (31,51,52); while the former
recognizes OVA peptide, the latter might contribute to render-
ing CD257CD4" T cells anergic and suppressive through
interacting with self-peptides in association with class Il
MHC molecules in the thymic selection process. Thus, the
CD257CD4™ T cells in the thymus and periphery may not be
mere activated T cells, but constitute a functionally distinct
subpopulation of T cells (15).

The degree of the CD251*CD4™ T cell-mediated suppression
is dependent on the number of CD257CD4* T cells (Figs 1
and 3) and their suppressive activity, which depends on the
concentration of the antigens to which they respond (Fig. 4).
The physiological number (5-10% of CD4" T cells) and
activity of CD257CD4" T cells suffice to inhibit autoimmune
development (Fig. 10) (14,15), while allowing other T cells to
respond to antigen-specific or non-specific TCR stimuli in vitro
(Figs 1 and 3) and in vivo (14), although the suppression is
antigen non-specific in its effector phase. For the following
reasons, the anergic/suppressive CD25TCD4* T cells
responsible for maintaining self-tolerance may be potentially
self-reactive in antigen specificity and being continuously
stimulated by tissue-specific or ubiquitous self-antigens,
although they themselves may be harmless and show no
significant changes in TCR repertoire because of their anergic
non-proliferative property. First, judging from the finding that
CD257CD4* T cells require TCR stimulation to exert suppres-
sion, the autoimmune-preventive/anergic CD25*CD4* T cells
should also require TCR stimulation to suppress self-reactive
T cells. Second, the requirement of a cognate interaction
between CD257CD4™" T cells and other T cells on the surface
of APC (and no contribution of far-reaching humoral factors
to the suppression) indicates that the autoimmune-preventive/
anergic CD257CD4" T cells should be guided to the same
APC (or its very vicinity) on which self-reactive CD4" or CD8*
T cells are activated. Third, the majority of CD257CD4* T
cells in normal naive mice in a specific pathogen-free condition
appear to be in an ‘activated’ state (i.e. CD5"9" CD45RB',
ICAM-1high | FA-1high and partially CD69"9M) (14), suggesting
that the autoimmune-preventive/anergic CD25*CD4" T cells
may be continuously stimulated in the internal environment.

Furthermore, the antigen concentration required for stimulat-
ing CD257CD4™ T cells to exert suppression was much lower
than the concentration required for triggering other T cells to
proliferate, indicating that the autoimmune-preventive/anergic
CD25*CD4* T cells could be stimulated by self-antigens
even at too low antigen concentration to stimulate self-reactive
T cells. This possible self-reactivity and high antigen sensitivity
of anergic/suppressive CD257CD4™ T cells would make it
possible for them to be guided to the APC presenting self-
antigens, easily stimulated there and able to control stably
the activation/expansion of CD25-CD4* or CD8™ self-reactive
T cells on the same APC.

One of the unique characteristics of CD251CD4" T cells is
that the anergic/suppressive state is apparently their basal
default condition, as illustrated by the finding that removal of
IL-2 or anti-CD28 antibody from the culture milieu allowed the
anergy-broken and non-suppressive CD257CD4* T cells to
revert to the original anergic state and to reacquire their
suppressive activity. It contrasts with artificially induced T cell
anergy, which will never spontaneously return to an anergic
state once it is broken (53-57). It is of note, on the other
hand, that autoimmune disease could be induced by breaking
the anergic/suppressive state of CD257CD4" T cells for a
limited period, as illustrated by the development of auto-
immune disease in nu/nu mice transferred with T cells treated
in vitro with Con A and IL-2 for 3 days (Fig. 10). This indicates
that transient breakage of the anergic/suppressive state of
CD257CD4* T cells may suffice to elicit autoimmune disease
in genetically susceptible animals if a sufficient number of
CD4* pathogenic self-reactive T cells are allowed to expand
and/or differentiate to autoimmune effector T cells before
suppressive activity recovers in the CD257CD4* T cells.

In conclusion, we have shown that naturally anergic and
suppressive T cells are present in the normal immune system
as a functionally and phenotypically distinct subpopulation
of T cells and actively preventing autoimmune disease by
suppressing activation/expansion of self-reactive T cells.
Further analysis of this T cell-mediated mechanism of self-
tolerance would contribute to our understanding of the cause
and mechanism of autoimmune disease and help in devising
new strategies for treating or preventing it. Manipulation of
the CD257CD4™" T cell population would also make it possible
to suppress or enhance immune responses to non-self anti-
gens in general.

Acknowledgements

We thank Drs D. Y. Loh (Hoffmann La-Roche), T. Saito (Chiba
University), K. Iwabuchi (Hokkaido University) and O. Kanagawa
(Washington University) for providing us transgenic mice; Dr M.
Azuma (National Center for Peditric Diseases) for CD86 transfectants;
Drs H. Yagita and K. Okumura (Juntendo University) for anti-FasL
antibody; Dr T. Tanaka (Osaka University) for anti-IL-2 receptor
antibody; Dr |. Foerster (University of Cologne) for discussion; and
Ms E. Moriizumi for immunohistochemistry and histology. This work
was supported by grants-in-aid from the Ministry of Education,
Science, Sports and Culture, the Ministry of Human Welfare, and the
Organization for Pharmaceutical Safety and Research of Japan.
This work was presented at the International Kyoto T Cell Conference,
2-4 October 1997, and the Annual Meeting of the Japanese Society
for Immunologists [Proc. Jon Soc. Immunol. 27:p116 and p143
(abstr.)], 29-31 October 1997, and International ThymOz Meeting in
Australia, 25-28 March 1998.



Anergic and suppressive T cells in self-tolerance 1979

Abbreviations function of autoreactive T cells and represent a unique lineage
of immunoregulatory cells. J. Immunol. 160:1212.
APC antigen-presenting cell 18 Jackson, A. L., Matsumoto, H., Janszen, M., Maino, V., Blidy, A.
Con A concanavalin A and Sheye, S. 1990. Restricted expression of p55 interleukin 2
FasL Fas ligand receptor (CD25) on human T cells. Clin. Immunol.
MMC mitomycin C Immunopathol. 54:126.
OVA ovalbumin 19 Kanegane, H., Miyawaki, T., Kato, K., Yokoi, T., Uehara, T.,
PE phycoerythrin Yachie, A. and Taniguchi, N. 1991. A novel subpopulation of
TGF transforming growth factor CD45RA*CDA4™ T cells expressing IL-2 receptor a-chain (CD25)
TNF tumor necrosis factor and having a functionally transitional nature into memory cells.
Int. Immunol. 3:1349.
20 Murphy, K. M., Heimberger, A. B. and Loh, D. Y. 1990. Induction by
References antigen of intrathymic apoptosis of CD4*CD8* TCR!° thymocytes

1. Schwartz, R. S. 1993. Autoimmunity and autoimmune diseases.
In Paul, W. E., ed., Fundamental Immunology, 3rd edn, p. 1033.
Raven Press, New York.

2 Sinha, A. A., Lopez, M. T. and McDevitt, H. O. 1990. Autoimmune
diseases: the failure of self tolerance. Science 248:1380.

3 Arnold, B., Schoenrich, G. and Haemmerling, G. J. 1993. Multiple
levels of peripheral tolerance. Immunol. Today 14:12.

4 Modigliani, Y., Bandeira, A. and Coutinho, A. 1996. A model of
developmentally acquired thymus-dependent tolerance to central
and peripheral antigens. Immunol. Rev. 149:155.

5 Tada, T., Hu, F. Y., Kishimoto, H., Furutani-Seiki, M. and Asano,
Y. 1991. Molecular events in the T cell-mediated suppression of
the immune response. Ann. NY Acad. Sci. 636:20.

6 Bloom, B. R.,, Modlin, R. L. and Salgame, P. 1992. Stigma
variations: observations on suppressor T cells and leprosy. Annu.
Rev. Immunol. 10:453.

7 Fowell, D., McKnight, A. J., Powrie, F., Dyke, R. and Mason, D.
1991. Subsets of CD4™ T cells and their roles in the induction
and prevention of autoimmunity. /mmunol. Rev. 123:37.

8 Sakaguchi, S. and Sakaguchi, N. 1994. Thymus, T cells and
autoimmunity: various causes but a common mechanism of
autoimmune disease. In Coutinho, A. and Kazatchkine, M., eds,
Autoimmunity: Physiology and Disease, p. 203. Wiley-Liss, New
York.

9 Sakaguchi, S., Fukuma, K., Kuribayashi, K. and Masuda, M.
1985. Organ-specific autoimmune diseases induced in mice by
elimination of T cell subset. |. Evidence for the active participation
of T cells in natural self-tolerance: deficit of a T cell subset as a
possible cause of autoimmune disease. J. Exp. Med. 161:72.

10 Sugihara, S., Izumi, Y., Yoshioka, T., Yagi, H., Tsujimura, T,
Tarutani, O., Kohno, Y., Murakami, S., Hamaoka, T. and Fujiwara,
H. 1988. Autoimmune thyroiditis induced in mice depleted of
particular T cell subsets. |. Requirement of Lyt-1dul | 3T4bright
normal T cells for the induction of thyroiditis. J. Immunol. 141:105.

11 Smith, H., Lou, Y.-H., Lacy, P. and Tung, K. S. K. 1992. Tolerance
mechanism in experimental ovarian and gastric autoimmune
disease. J. Immunol. 149:2212.

12 McKeever, U., Mordes, J. P., Greiner, D. L., Appel, M. C., Rozing,
J., Handler, E. S. and Rossini, A. A. 1990. Adoptive transfer of
autoimmune diabetes and thyroiditis to athymic rats. Proc. Natl
Acad. Sci. USA 87:7618. '

13 Powrie, F. and Mason, D. 1990. OX-22N9" CD4* T cells induce
wasting disease with multiple organ pathology: prevention by
OX-22"° subset. J. Exp. Med. 172:1701.

14 Sakaguchi, S., Sakaguchi, N., Asano, M., Itoh, M. and Toda, M.
1995. Immunologic tolerance maintained by activated T cells
expressing IL-2 receptor a-chains (CD25): breakdown of a single
mechanism of self-tolerance causes various autoimmune
diseases. J. Immunol. 155:1151.

15 Asano, M., Toda, M., Sakaguchi, N. and Sakaguchi, S. 1996.
Autoimmune disease as a consequence of developmental
abnormality of a T cell subpopulation. J. Exp. Med. 184:387.

16 Papiernik, M., do Carmo, L., Pontoux, C., Joret, A. M., Rocha, B.,
Penit, C. and Dy, M. 1997. T cell deletion induced by chronic
infection with mouse mammary tumor virus spares CD25™ positive,
IL-10-producing T cell population with infectious capacity. J.
Immunol. 158:4642.

17 Suru-Payer, E., Amar, A. Z., Thornton, A. M. and Shevach, E. M.
1998. CD47CD25™ T cells inhibit both the induction and effector

21

22

23

24

25

26

27

28.

29

30

31

32

33

34

35

36

in vivo. Science 250:1720.

Sha, W. C., Nelson, C. A., Newberry, R. D., Kranz, D. M., Russel,
J. H. and Loh, D. Y. 1988. Selective expression of an antigen
receptor on CD8-bearing T lymphocytes in transgenic mice.
Nature 335:271.

Iwata, M., Mukai, M., Nakai, Y. and Iseki, R. 1992. Retinoic acids
inhibit activation-induced apoptosis in T cell hybridomas and
thymocytes. J. Immunol. 149:3302.

Ohoka, Y., Kuwata, T., Tozawa, Y., Zhao, Y., Mukai, M., Motegi,
Y., Suzuki, R., Yokoyama, M. and lwata, M. 1996. In vitro
differentiation and commitment of CD4*CD8* thymocytes to the
CD4 lineage, without TCR engagement. Int. Immunol. 8:297.
Ortega-R, G., Robb, R. J., Shevach, E. M. and Malek, T. R. 1984.
The murine IL-2 receptor. |. Monoclonal antibodies that define
distinct functional epitopes on activated T cells and react with
activated B cells. J. Immunol. 133:1970.

Bottomly, K., Lugman, M., Greenbaum, L., Carding, S., West, J.,
Pasqualini, T. and Murphy, D. B. 1989. A monoclonal antibody to
murine CD45R distinguished CD4 T cell populations that produce
different cytokines. Eur. J. Immunol. 19:617.

Casanova, J.-L., Romero, P., Widmann, C., Kourilsky, P. and
Maryanski, J. 1991. T cell receptor genes in a series of class |
major histocompatibility complex-restricted cytotoxic lymphocyte
clones specific for Plasmodium berghei nonapeptide: implication
for T cell allelic exclusion and antigen-specific repertoire. J. Exp.
Med. 174:1371.

Nakajima, A., Azuma, M., Kodera, S., Nuriya, S., Terashi, A., Abe,
M., Hirose, S., Shirai, T., Yagita, H. and Okumura, K. 1995.
Preferential dependence of autoantibody production in murine
lupus on CD86 costimulatory molecule. Eur. J. Immunol. 25:3060.
Harding, F. A., MxArthur, J. G., Gross, J. A, Raulet, D. H. and
Allison, J. P. 1992. CD28-mediated signalling co-stimulates murine
T cells and prevents induction of anergy in T cell clones. Nature
356:607.

Kayagaki, N., Yamaguchi, N., Nagao, F., Matsuo, S., Maeda, H.,
Okumura, K. and Yagita, H. 1997. Polymorphism of murine Fas
ligand that affects the biological activity. Proc. Natl Acad. Sci.
USA 94:3914.

Gillis, S., Fern, M. M., Ou, W. and Smith, K. A. 1978. T cell growth
factor: parameters of production and a quantitative microassay
for activity. J. Immunol. 120:2027.

Sakaguchi, S., Ermak, T. H., Toda, M., Berg, L. J., Ho, W., Fazekas
de St Groth, B., Peterson, P. A., Sakaguchi, N. and Davis, M. M.
1994. Induction of autoimmune disease in mice by germline
alteration of the T cell receptor gene expression. J. Immunol.
152:1471.

Sakaguchi, S. and Sakaguchi, N. 1990. Thymus and autoimmunity:
capacity of the normal thymus to produce pathogenic self-reactive
T cells and conditions required for their induction of autoimmune
disease. J. Exp. Med. 172:537.

Weiss, A., Shields, R., Newton, M., Manger, B. and Imboden, J.
1987. Ligand-receptor interactions required for commitment to
the activation of the interleukin 2 gene. J. Immunol. 138: 2169.
MacDonald, H. R. 1995. NK1.1% T cell receptor a/p cells: new
clues to their origin, specificity, and function. J. Exp. Med. 182:633.
Krummel, M. F. and Allison, J. P. 1995. CD28 and CTLA-4 have
opposing effects on the response of T cells to stimulation. J. Exp.
Med. 182:459.

Essery, G., Feldmann, M. and Lamb, J. R. 1988. Interleukin-2 can



1980 Anergic and suppressive T cells in self-tolerance

prevent and reverse antigen-induced unresponsiveness in cloned
human T lymphocytes. Immunology 64:413.

37 Beverly, B., Kang, S-M., Bacon, P. A. and Schwartz, R. H.
1992. Reversal of in vitro clonal anergy by IL-2 stimulation. /nt.
Immunol. 4:661.

38 Gleeson, P. A. and Toh, B. H. 1991. Molecular targets in pernicious
anemia. Immunol. Today 12:233.

39 Schwartz, R. H. 1993. Immunological tolerance. In Paul, W. E.,
ed., Fundamental Immunology, 3rd edn, p. 696. Raven Press,
New York.

40 Chen, Y., Kuchroo, V. K., Inobe, J., Hafler, D. A. and Weiner, H.
L. 1994. Regulatory T cell clones induced by oral tolerance:
suppression of autoimmune encephalitis. Science 265:1237.

41 Rapoport, M. J., Jaramillo, A., Zipris, D., Lazarus, A. H., Serreze,
D. V., Leiter, E. H., Cyopick, P., Danska, J. S. and Delovitch, T. L.
1993. Interleukin 4 reverses T cell proliferative unresponsiveness
and prevents the onset of diabetes in nonobese diabetic mice.
J. Exp. Med. 178:87.

42 Powrie, F., Carlino, J., Leach, M. W., Mauze, S. and Coffman, R.
L. 1996. A critical role for transforming growth factor- but not
interleukin 4 in the suppression of T helper type 1-mediated colitis
by CD45RB°CD4™ T cells. J. Exp. Med. 183:2669.

43 Groux, H., O'Garra, A., Bigler, M., Rouleau, M., Antonenko, S.,
de Vries, J. E. and Roncarolo, M. G. 1997. A CD4" T cell subset
inhibits antigen-specific T cell responses and prevents colitis.
Nature 389:737.

44 Bridoux, F., Badou, A., Saoudi, A., Bernald, I., Druet, E., Pasquier,
R., Druet, P. and Pelletier, L. 1997. Transforming growth factor 3
(TGF-B)-dependent inhibition of T helper 2 (Th2)-induced
autoimmunity by self-major histocompatibility complex (MHC)
class ll-specific, regulatory CD4* T cell lines. J. Exp. Med.
185:1769.

45 Han, H.-S., Jun, H.-S., Utsugi, T. and Yoon, J-W. 1997. Molecular
role of TGF-B, secreted from a new type of CD4" suppressor T
cell, NY4.2, in the prevention of autoimmune IDDM in NOD mice.
J. Autoimmun. 10:299.

46 Liblau, R. S., Singer, S. M. and McDevitt, H. O. 1995. T,1

47

48

49

50

51

52

53

54

55

56

57

and T,2 CD4" T cells in the pathogenesis of organ-specific
autoimmune diseases. Immunol. Today 16:34.

Willerford, D. M., Chen, J., Ferry, J. A., Davidson, L., Ma, A. and
Alt, F. W. 1995. Interleukin 2 receptor a-chain regulates the size
and content of the peripheral lymphoid compartment. Immunity
3:521

Vqn Parijs, L., Biuckians, A., lbragimov, A., Alt, F. W., Willerford,
D. M. and Abbas, A. K. 1997. Functional responses and apoptosis
of CD25 (IL-2R alpha)-deficient T cells expressing a transgenic
antigen receptor. J. Immunol. 158:2738.

Lombardi, G., Sidhu, S., Batchelor, R. and Lechler, R. 1994.
Anergic T cells as suppressor cells in vitro. Science 264:1587.
Davies, J. D., Leong, L. Y., Mellor, A., Cobbold, S. P. and
Waldmann, H. 1996. T cell suppression in transplantation
tolerance through linked recognition. J. Immunol. 156:3602.
Heath, W. R. and Miller, J. F. A. P. 1993. Expression of two alpha
chains on the surface of T cells in T cell receptor transgenic
mice. J. Exp. Med. 178:1807.

Lee, W. T., Cole-Calkins, J. and Street, N. E. 1996. Memory T cell
development in the absence of specific antigen priming. J.
Immunol. 157:5300.

Lamb, J. R., Skidmore, B. J., Green, N., Chiller, J. M. and
Feldmann, M. 1983. Induction of tolerance in influenza virus-
immune T lymphocyte clones with synthetic peptides of influenza
hemagglutinin. J. Exp. Med. 157:1434.

Jenkins, M. K. and Schwartz, R. H. 1987. Antigen presentation
by chemically modified splenocytes induces antigen-specific T
cell unresponsiveness in vitro and in vivo. J. Exp. Med. 165:302.
Rammensee, H.-G., Kroschewski, R. and Frangoulis, B. 1989.
Clonal anergy induced in mature VBG+ T lymphocytes on
immunizing Mis-1° mice with Mis-12 expressing cells. Nature
339:541.

Miller, J. F. A. P., Morahan, G., Allison, J. and Hoffmann, M. 1991.
A transgenic approach to the study of peripheral T cell tolerance.
Immunol. Rev. 122:103.

Burkly, L. C., Lo, D. and Flavell, R. A. 1990. Tolerance in
transgenic mice expressing major histocompatibility molecules
extrathymically on pancreatic cells. Science 248:1364.



