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Induction of Tumor Immunity by Removing CD251CD41 T
Cells: A Common Basis Between Tumor Immunity and
Autoimmunity1
Jun Shimizu,* Sayuri Yamazaki,† and Shimon Sakaguchi2*†

T

here are accumulating demonstrations that many tumor
Ags recognized by autologous CTLs are antigenically
normal self-constituents (reviewed in ref. 1, 2). Furthermore, immunotherapy of cancer by vaccination with tumor Ags or
transfusion of ex vivo propagated cytotoxic lymphocytes often
leads to the appearance of autoimmunity because of antigenic
cross-reactions between tumor Ags and normal tissue Ags (3–5).
These findings indicate that a part of tumor immunity can be an
autoimmunity, and suggest the possibility that the mechanisms
maintaining immunologic tolerance to self-constituents may impede generation of effective immunity against autologous tumor
cells. If it is the case, a particular way of breaking immunologic
self-tolerance may evoke effective tumor immunity in otherwise
nonresponding individuals.
Accumulating evidence indicates that not only clonal deletion or
anergy, but also T cell-mediated control of self-reactive T cells
contributes to the maintenance of immunologic self-tolerance (reviewed in Refs. 6 and 7). Indeed, depletion of a CD41 T cell
subpopulation defined by an expression level of a particular cell
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moval of CD5high41, CD45RB/Clow41, or CD25141 T cells,
without deliberate immunization with self Ags, produced in mice
or rats autoimmune gastritis, thyroiditis, insulin-dependent diabetes, and other autoimmune diseases immunopathologically similar
to human counterparts; reconstitution of the eliminated population
prevented the autoimmunities (8 –15). This immunoregulatory activity of CD5high or CD45RB/Clow CD41 T cells can be attributed
to CD25141 T cells included in the CD5high or CD45RB/Clow 41
T cell population (13, 16, 17). Recent studies have shown that the
CD25141 population in normal naive mice is nonproliferative (anergic) to antigenic stimulation in vitro, and, upon stimulation, potently suppresses the activation/proliferation of other CD41 or
CD81 T cells in an Ag-nonspecific manner through cell to cell
interactions on APCs (16, 17). Furthermore, removal of CD25141
T cells not only elicits autoimmunity, but also enhances immune
responses to non-self Ags such as allogeneic tissue grafts (13).
These in vivo and in vitro findings make it likely that removal of
the CD25141 immunoregulatory T cells may also evoke effective
immune responses to autologous tumor cells in vivo and in vitro by
activating effector cells of tumor immunity (18, 19).
In this study, we demonstrate that elimination of CD251 T cells,
which constitute 5–10% of peripheral CD41 T cells in normal
mice and humans (13, 20 –23), indeed elicits potent tumor-specific
immune responses to syngeneic tumors in vivo and eradicates
them. Furthermore, in vitro culture of CD25141 T cell-depleted
splenic cell suspensions prepared from tumor-unsensitized normal
mice leads to spontaneous generation of active NK cells capable of
killing a broad spectrum of tumors. Our results indicate that removal of immunoregulatory CD25141 T cells can break immunological unresponsiveness to autologous tumors in vivo and in
vitro, leading to spontaneous development of tumor-specific effector cells as well as tumor-nonspecific ones in otherwise nonresponding individuals. This finding is instrumental in devising effective immunotherapy for cancer in humans.
0022-1767/99/$02.00
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This study shows that removal of a T cell subpopulation can evoke effective tumor immunity in otherwise nonresponding animals.
Elimination of CD25-expressing T cells, which constitute 5–10% of peripheral CD41 T cells in normal naive mice, elicited potent
immune responses to syngeneic tumors in vivo and eradicated them. The responses were mediated by tumor-specific CD81 CTLs
and tumor-nonspecific CD4282 cytotoxic cells akin to NK cells. Furthermore, in vitro culture of CD25141 T cell-depleted splenic
cell suspensions prepared from tumor-unsensitized normal mice led to spontaneous generation of similar CD4282 cytotoxic cells
capable of killing a broad spectrum of tumors; reconstitution of CD25141 T cells inhibited the generation. In this culture,
self-reactive CD25241 T cells responding to self peptides/class II MHC complexes on APCs spontaneously proliferated upon
removal of CD25141 T cells, secreting large amounts of IL-2. The IL-2 thus produced appeared to be responsible for the
generation of CD4282 NK cells as lymphokine-activated killer cells, because direct addition of an equivalent amount of IL-2 to
the culture of CD4282 cells generated similar lymphokine-activated killer/NK cells, whereas coculture of normal CD4282 cells
with CD25241 T cells from IL-2-deficient mice did not. Thus, removal of immunoregulatory CD25141 T cells can abrogate
immunological unresponsiveness to syngeneic tumors in vivo and in vitro, leading to spontaneous development of tumor-specific
effector cells as well as tumor-nonspecific ones. This novel way of evoking tumor immunity would help to devise effective immunotherapy for cancer in humans. The Journal of Immunology, 1999, 163: 5211–5218.
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Materials and Methods
Mice
BALB/c, BALB/c-nu/nu, C57BL/6 (B6), and C3H/He mice of 6 wk of age
were purchased from Japan SLC (Shizuoka, Japan), maintained in our animal facility, and treated in accordance with the institutional guidelines for
animal care. IL-2, IL-4, or IFN-g gene knockout mice (IL-22/2, IL-42/2,
and IFN-g2/2 mice, respectively (3)) were purchased from The Jackson
Laboratory (Bar Harbor, ME) (24 –26). B6-beige (bg/bg)3 mice were purchased from Clea Japan (Tokyo, Japan).

Tumor cells
RL?1 (BALB/c-derived radiation leukemia) (27–30), B16 (B6-derived
melanoma) (31), X5563 (C3H-derived plasmacytoma) (32), and P815
(DBA/2-derived mastocytoma) were gifts from Drs. E. Nakayama
(Okayama University, Okayama, Japan), H. Fujiwara (Osaka University,
Osaka, Japan), or T. Takahashi (Aichi Cancer Center, Nagoya, Japan).

Monoclonal Abs

Preparation of T cell subpopulations
Spleen cells were depleted of CD41, CD81, or CD251 cells, as previously
described (13, 14). Briefly, spleen cells were incubated at 5 3 106/ml for
45 min at 37°C with the culture supernatant of the hybridoma cells secreting anti-CD4 (RL172.4), anti-CD8 (3.155), or anti-CD25 (7D4) Ab, or the
mixture of the supernatants, and rabbit complement (C) 1/10 diluted at the
final concentration (Cedarlane Laboratories, Ontario, Canada). The treatment was repeated twice. To purify CD41 T cells, anti-CD8 plus C-treated
cells were removed of B cells and adherent cells by panning on anti-mouse
Ig-coated dishes, as previously described (13, 14). To purify CD251CD41
T cells, BALB/c spleen cells stained with PE-labeled anti-CD4 (H129.19)
(PharMingen) and FITC-labeled anti-CD25 (7D4) were sorted by an EPICS ELITE cell sorter (Coulter Electronics, Miami, FL) with .90% purity,
as previously described (16).

In vitro culture of lymphocytes and cytotoxicity assay
Spleen cells (5 3 106 cells in 2 ml) were cultured with or without 5 3 105
mitomycin C-treated tumor cells in DMEM containing 10% FCS in 24well plates (Costar, Cambridge, MA). Five or seven days later, viable cells
were harvested and used as effectors in the 51Cr release cytotoxicity assay,
in which target cells (1 3 106) were labeled with 3.7 MBq of sodium
chromate (DuPont/NEN, Wilmington, DE) for 60 min at 37°C, washed
three times, and incubated at 1 3 104 cells/well with various numbers of
effector cells in 96-well round-bottom plates (Costar) for 4 or 6 h at 37°C.
The mean percentage specific lysis of triplicate culture was calculated from
the radioactivity of the supernatants: percent specific lysis 5 100 3 [(cpm
experimental release 2 cpm spontaneous release)/(cpm maximum release 2 cpm spontaneous release)]. Spontaneous release from the target
cells incubated in medium alone was always ,20% of the maximum release obtained by adding 1 N HCl to the labeled target cells.
To examine the activity of anti-CD4 (RL172.4), anti-CD8 (3.155), antia/b-TCR (H57-597), or anti-g/d-TCR Ab (GL3) to block the tumor killing
mediated by cytotoxic cells, these mAbs as culture supernatants were
added to the 4-h 51Cr release assay described above.

In vitro measurement of cell proliferation and IL-2 activity
Spleen cells (5 3 105/well in 96-well flat-bottom plates (Costar)) were
cultured for 3 to 10 days, and pulsed with [3H]thymidine (37 kBq/well)
(DuPont/NEN) for the last 6 h. IL-2 activity in the culture supernatants was
assessed with the CTLL-2 cell line (35). Murine rIL-2 (3.89 3 106 U/mg)
was a gift from Shionogi (Osaka, Japan).
3
Abbreviations used in this paper: bg, beige; C, complement; LAK, lymphokineactivated killer.

To examine blocking of in vitro proliferation with anti-class II MHC
Ab, graded concentrations of pan anti-class II MHC mAb CA4 (36) (a gift
from Dr. O. Kanagawa, Washington University, St. Louis, MO) were
added to the culture of CD252 spleen cells.

Histological and serological assessment of autoimmune disease
Tissues and organs (thyroid, lung, pancreas, stomach, adrenal gland, kidney, ovaries, or testes) were fixed in 10% Formalin and processed for
hematoxylin and eosin staining. Gastritis was graded 0 to 21, depending on
macroscopic and histological severity: 0 5 the gastric mucosa was histologically intact; 11 5 mild gastritis with histologically evident destruction
of parietal cells and cellular infiltration of the gastric mucosa; 21 5 severe
destruction of the gastric mucosa accompanying the formation of giant
rugae due to compensatory hyperplasia of mucous-secreting cells (see Ref.
8 for the giant rugae) (13, 14). Thyroiditis was also graded 0 to 21: 0 5 the
thyroid gland was histologically intact; 11 5 mild thyroiditis with histologically evident destruction of the thyroid follicles and interstitial infiltration of inflammatory cells; 21 5 severe destruction of the thyroid gland
accompanying goiter formation (see Ref. 8 for the goiter) (13, 14). The
ELISA (using alkaline phosphatase-conjugated secondary Ab and p-nitrophenyl disodium hexahydrate as the substrate) for detecting autoantibodies
specific for the gastric parietal cell Ags or mouse thyroglobulins was previously described (13, 14).

Results
In vivo induction of effective tumor immunity by removing
CD25141 T cells
To determine whether elimination of CD25141 cells is able to
elicit primary immune responses to syngeneic tumors, we transferred to BALB/c athymic nude mice BALB/c splenic cell suspensions depleted of CD251 cells (hereafter designated to be CD252
cells (see the insets in Fig. 1A for cytofluorometric profiles)), and
then, on the same day, s.c. transplanted BALB/c-derived RL?1
leukemia cells (Fig. 1A). In the majority of mice, the tumors first
grew and then regressed within 1 mo, allowing the hosts to survive
a long-term (.80 days), whereas all the nude mice transferred with
nondepleted spleen cells or the mixture of CD252 cells and CD41
T cells (10% of which were CD251 cells) in the ratio 3:1 died of
tumor progression within 40 days (Fig. 1B). Upon rechallenge with
larger doses of RL?1, the CD252 cell-transferred nude mice rejected the tumor inocula more rapidly and vigorously than the
primary rejection, indicating that they had become immune to the
tumor (Fig. 1A, middle panel).
In the nude mice having rejected RL?1, in vitro stimulation of
their spleen cells with RL?1 revealed two types of cytotoxic cells
(type I and II in Fig. 2, A and B). The stimulated spleen cells from
some mice specifically killed RL?1, but not allogeneic tumor cells
such as B6-derived B16 melanoma cells (type I), while similarly
stimulated spleen cells from other mice killed not only RL?1 but
also B16 (type II). The former type required in vitro stimulation
with RL?1 to become detectable, whereas the latter did not. Furthermore, the former RL?1-specific killing was mediated by
CD81 CTLs: elimination of CD81 cells completely abolished the
killing activity, but that of CD41 cells did not (Fig. 2C). On the
other hand, the latter promiscuous killing activity appeared to be
mainly mediated by CD4282 cells because elimination of both
CD41 cells and CD81 cells did not abrogate the activity (Fig. 2C).
In these nude mice having developed CD4282 killer cells, the
retention of the killer activity after eliminating CD81 cells from
the cultured spleen cells does not necessarily mean that they did
not harbor CD81 CTLs, because tumor-specific CD81 CTL clones
could be easily prepared in vitro from their spleens (29, and our
unpublished data).
These results taken together indicate that elimination of CD251
T cells alone, without prior deliberate immunizations, can evoke
potent immune responses to tumor cells in vivo by generating two
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FITC- or PE-labeled anti-CD25 (7D4) (33), anti-CD4 (GK1.5), anti-NK1.1
(2B4), anti-a/b-TCR (H57-597), anti-g/d-TCR (GL3), anti-CD24 (M1/69),
or anti-CD16 Ab (2.4G2) was purchased from PharMingen (San Diego,
CA). Hybridomas secreting anti-CD4 (RL172.4), anti-CD8 (3.155), or antiCD25 (PC61) Ab were purchased from American Type Culture Collection
(Manassas, VA) . For three-color staining, R-PE-Cy5-conjugated streptavidin (Dako/Japan, Kyoto, Japan) was used as the secondary reagent for
biotinylated Abs. For in vivo injection of anti-CD25 mAb, PC61 (rat IgG1)
(34) was made ascitic form in SCID mice and purified from the ascites by
40% ammonium sulfate precipitation twice. Purified rat IgG for control
injections was purchased from Sigma (St. Louis, MO).
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types, at least, of effector cells, which are different in the cell
surface phenotype, the specificity of tumor killing, and the requirement of Ag stimulation for their development.
In vivo induction of tumor immunity by administration of antiCD25 mAb
To determine whether transient elimination of CD251 cells from
normal mice can also elicit immunity to syngeneic tumors, we
administered anti-CD25 mAb (PC61) twice (on 4 and 2 days before tumor inoculation) to BALB/c or B6 mice, and subsequently
inoculated RL?1 or B16 tumor cells, respectively (Fig. 3). In the
majority (.90%) of PC61-treated BALB/c mice, the s.c. inocu-

lated RL?1 first grew and then regressed within 1 mo, whereas all
of the BALB/c mice treated with normal rat Ig as a control died of
tumor progression within 1 mo. Likewise, administration of PC61
to B6 mice significantly suppressed the growth of B16 when compared with control B6 mice treated with normal rat IgG, allowing
the former to survive a longer term (.60 days) compared with the
latter (,40 days). This PC61 treatment reduced the number of
peripheral CD25141 T cells to a quarter of control mice for nearly
1 mo (our manuscript in preparation). Furthermore, this in vitro
anti-CD25 treatment evoked rejection of various other syngeneic
tumors in various other strains (S. Onizuka, et al., manuscript in
preparation).

FIGURE 2. Two types of tumor-killing activity in the nude mice having rejected tumors after transfer of CD252 cells. A, Spleen cells from individual
nude mice (n 5 6) that had received CD252 cells and rejected RL?1 (as shown in Fig. 1) were cultured for 7 days with or without RL?1 (filled or open
circles, respectively) and assessed for killing activity against RL?1 or B16. The group of mice enclosed with circles or rectangles (designated I or II,
respectively) in the right and left figures are the same. Dotted lines connect cytotoxic activities of RL?1-stimulated or nonstimulated cultures from the same
mice. B, Activity to kill RL?1 or B16 in each representative mouse from the group enclosed with circles (type I) or rectangles (type II) in A is shown.
Spleen cells from each mouse were cultured for 7 days with (F) or without RL?1 (E). C, CD4/CD8 phenotype of cytotoxic cells. Individual mice from
group I or II in A were assessed for cytotoxic activity at E:T ratio of 100 after depleting CD41 cells, CD81 cells, or both (designated CD42 cells, CD82
cells, or CD4282 cells, respectively) from the spleen cells cultured for 7 days with RL?1, as shown in B.
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FIGURE 1. Eradication of tumor transplants in nude mice by transferring CD251
cell-depleted splenic cell (CD252 cell) suspensions. A, Tumor growth was monitored
for individual BALB/c nude mice s.c. transplanted with 1.5 3 105 RL?1 cells (arrow)
immediately after i.v. transfer of 3 3 107 untreated spleen cells (upper panel), 3 3 107
CD252 spleen cells (middle panel), or mixtures of CD252 spleen cells (3 3 107) and
CD41 spleen cells (1 3 107) (lower panel).
The CD252 spleen cell-transferred nude mice
having rejected the tumors were rechallenged
on day 60 (arrow) with 10 times larger dose
(1.5 3 106) of RL?1 cells and monitored for
tumor growth (middle panel). Insets show
staining of each cell inoculum with FITC-labeled anti-CD4 Ab (ordinate) and PE-labeled
anti-CD25 Ab (abscissa) (logarithmic scale).
B, Percentage of mice surviving in each
group (n 5 9) on various days after tumor
transplantation (total of three independent
experiments).
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as P815) and allogeneic ones (such as X5563 and B16) (Fig. 4B).
This promiscuous killing activity could not be toward calf serum
proteins adsorbed to the target cells during 51Cr labeling, because
tumor cells passaged in vivo and 51Cr labeled in the medium containing normal mouse serum, instead of FCS, were lysed as well by
CD252 cell-derived cytotoxic cells (data not shown). These findings were not confined to the BALB/c strain: CD252 cells from
other strains (including B6 and C3H), when cultured for 1 wk
without tumor cell stimulation, also gave rise to cytotoxic cells
promiscuously killing a broad spectrum of syngeneic or allogeneic
tumor cells (Fig. 4B).
Characterization of cytotoxic cells generated in vitro upon
removal of CD25141 T cells

In vitro induction of cytotoxic cells from normal spleen cells by
removing CD25141 T cells
To examine whether similar cytotoxic lymphocytes as detected in
vivo (Figs. 1 and 2) can also be generated in vitro by simply eliminating CD25141 T cells, CD252 splenic cell suspensions prepared from tumor-unsensitized normal BALB/c mice were cultured for several days with or without RL?1 cells and assessed for
killing activity (Fig. 4). Cells harvested on day 5 from the RL?1stimulated culture indeed exhibited significant killing activity
against RL?1 cells (Fig. 4A). Interestingly, when CD252 spleen
cells were cultured for 7 days, potent cytotoxic activity was detected even in the cultures not stimulated with RL?1. By contrast,
similarly cultured nondepleted spleen cells or the mixtures of
CD252 cells and purified CD251CD41 T cells (in the ratio 25:1
(see the inset in Fig. 4A)) showed no cytotoxicity. Furthermore, the
cells harvested from the 7-day culture killed not only RL?1,
which is NK sensitive (27), but also NK-resistant tumor cells (such

FIGURE 4. In vitro induction of cytotoxic lymphocytes by eliminating CD25141 T cells. A, CD252 or uneliminated spleen cells prepared from normal
BALB/c mice were cultured with or without RL?1 for 5 or 7 days and assessed for activity to kill RL?1 at E:T ratio of 100. Each circle represents the
activity of a single culture. Vertical bars are SDs of the mean. The inset shows a representative cytotoxic activity of CD252 (square) or uneliminated (circle)
spleen cells, or CD252 cells mixed with purified CD251CD41 T cells (triangle), cultured for 7 days with (filled symbols) or without RL?1 (open symbols).
B, CD252 spleen cells from various strains were cultured for 7 days and assessed at E:T ratio of 100 for activity to kill various syngeneic or allogeneic
tumor cells. Average activity of four independent experiments and SDs is shown.
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FIGURE 3. Induction of tumor immunity by administering anti-CD25
mAb to normal mice. Eight-week-old BALB/c or B6 mice were i.v. injected with 1 mg each of purified PC61 on 4 and 2 days (filled arrows)
before s.c. inoculation of 1 3 105 RL?1 or B16 cells (open arrow), and
tumor growth was monitored for individual mice (five mice per group).

As shown in Fig. 4, there was no significant difference in the killing activity or the killing spectrum of target tumor cells between
CD252 cells in vitro stimulated with tumor cells for 7 days and
those nonstimulated (see the inset in Fig. 4A). We therefore analyzed in the following experiments the mechanism by which killer
cells were generated from CD252 cells cultured for 1 wk without
in vitro antigenic stimulation.
Fig. 5A shows that depletion of either CD41 cells or CD81
cells, or both, from the cell suspensions harvested from 1-wk culture of CD252 BALB/c spleen cells did not abrogate the cytotoxic
activity against RL?1 or B16. The result indicates that the promiscuous killing activity was mainly in the CD4282 population,
although slight reduction of the killing activity by depleting CD81
cells suggests that tumor-nonspecific CD81 cytotoxic cells might
also be generated in the culture.
We then examined whether the activity could be blocked by
adding anti-CD4, CD8, a/b-TCR, or g/d-TCR Ab to the 51Cr release assay (Fig. 5B). None of the Abs blocked the activity, in
contrast to significant degrees of blocking exerted by anti-CD8 or
anti-a/b-TCR Ab on allospecific CD81 CTLs generated in vitro
by stimulating normal B6 spleen cells with BALB/c-derived
RL?1.
The lymphocytes harvested from 1-wk culture of B cell-depleted CD252 spleen cells prepared from B6 mice were composed
of CD41 T cells (;60%), CD81 T cells (;30%), and CD4282
cells (;10%) (Fig. 5C). The CD4282 population contained a/bTCR1 cells (;50%), g/d-TCR1 cells (;20%), and NK1.11 cells
(;30%) (Fig. 5C). The population was mostly (.80%) B2201,
and contained CD122 (IL-2R b-chain)1 cells (;70%), CD161
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cells (;5%), and CD24 (heat stable antigen (HSA))1 cells (;5%)
(data not shown).
Furthermore, culturing CD252 splenic cells prepared from B6bg/bg mice, which are genetically defective in NK cell-killing capacity (37), failed to generate the promiscuous cytotoxic activity in
the 1-wk culture, in contrast to intact generation of allo-specific
CTL activity by B6-bg/bg mouse spleen cells stimulated with allogeneic RL?1 cells (Fig. 6).
These functional and phenotypic studies collectively indicate
that the promiscuous cytotoxic activity generated by culturing
CD252 cells in vitro may be mainly in the TCR2 CD4282 population, presumably in the NK1.11 NK cell population (38, 39).
The mechanism of spontaneous in vitro generation of CD4282
cytotoxic cells
In the course of this in vitro generation of cytotoxic cells, CD252
cells, especially CD25241 T cells, showed spontaneous and vigorous proliferation and secreted large amounts (;500 U/ml) of
IL-2, whereas noneliminated spleen cells did not (Fig. 7, A and B).
This response was not against xenogeneic proteins in the culture
medium, because the use of normal BALB/c serum, instead of
FCS, did not alter the response (data not shown). On the other

FIGURE 6. Absence of promiscuous killing activity of cultured CD252
cells in beige mice. CD252 or uneliminated spleen cells from B6-bg or B6
mice were cultured for 7 days, and assessed for killing activity against
RL?1 or B16 cells. Allospecific killing activity (asterisks) of uneliminated
B6-bg or B6 spleen cells stimulated for 7 days with RL?1 was also assessed against RL?1 cells as the targets.

FIGURE 7. Requirement of CD25241 T cells or IL-2 for induction of
CD4282 NK cells. A and B, CD252 or uneliminated BALB/c spleen cells
(filled or open circle, respectively) were cultured for various days and
assessed for proliferative activity (A) and IL-2 activity in supernatants (B).
These activities in the culture of CD252 cells were also assessed after
depleting CD41 cells or CD81 cells (filled or open triangle, respectively)
on day 7 or 5 at the peak of proliferation or IL-2 secretion, respectively. C,
Pan anti-class II MHC mAb (CA4) or control rat IgG was added at graded
concentrations to 1-wk culture of CD252 or uneliminated BALB/c spleen
cells (filled or open columns, respectively) and assessed for the effect on
proliferation. D, BALB/c spleen cells were depleted of a particular cell
population(s) by treatment with specific Ab and C, then cultured for 7 days
and assessed for activity to kill RL?1 at E:T ratio of 100. Treatments of
spleen cells before culture were as follows: a, C treatment alone; b, antiCD25 and C; c, anti-CD25, anti-CD8, and C; d, anti-CD25, anti-CD4, and
C; e, anti-CD4, anti-CD8, and C. IL-2 (1000 U/ml) was added to the culture of spleen cells treated with: f, anti-CD25, anti-CD4 Ab plus C; g,
anti-CD4, anti-CD8 Ab plus C; or h, C alone. A representative result of
three independent experiments is shown.
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FIGURE 5. In vitro generation of TCR2 CD4282 NK cells. A, BALB/c CD252 cells were cultured for 7 days without tumor stimulation and assessed
for activity to kill RL?1 (E) or B16 (F) after depleting CD41 cells, CD81 cells, or both, by treating cells with specific Ab and C: a, C treatment alone;
b, anti-CD4 and C; c, anti-CD8 and C; d, anti-CD4, anti-CD8, and C. The results of five independent experiments are shown. B, Anti-CD4 (E), anti-CD8
(F), anti-a/b-TCR (M), or anti-g/d-TCR Ab (‚) was added at various concentrations to the cytotoxicity assay with BALB/c CD252 cells cultured for 7
days and RL?1 cells as the targets. As a positive control of blocking by anti-CD8 or anti-a/b-TCR Ab, Abs were added to the killing of RL?1 cells by
B6 spleen cells stimulated for 7 days with allogeneic RL?1 cells (asterisks). A representative result of three independent experiments is shown. C, CD252
spleen cells from B6 mice were depleted of B cells, cultured for 7 days with APCs, and stained with FITC anti-CD4, PE anti-CD8, and biotinylated
anti-a/b-TCR, anti-g/d-TCR, or anti-NK1.1 Ab with Cy5-streptavidin as the secondary reagent. Expression of a/b-TCR, g/d-TCR, or NK1.1 on CD4282
cells in the left figure is shown as histograms (abscissa is staining intensity in logarithmic scale; ordinate is the number of cells as arbitrary units). A
representative staining of three independent experiments is shown.
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FIGURE 8. Inability of CD25241 T cells from IL-2-deficient mice to
generate LAK/NK-like cells from normal CD4282 cells. CD25241 spleen
cells from IL-22/2, IL-42/2, IFN-g2/2, or control BALB/c mice were
mixed with an equal number of CD4282 spleen cells prepared from normal
BALB/c mice, cultured for 7 days, and assessed for the activity to kill
RL?1 or B16 cells. A representative result of three independent experiments is shown.

T cell subpopulations required for autoimmunity
The CD252 cell-transferred nude mice that had rejected tumor
transplants (as shown in Fig. 1A) developed histologically evident
autoimmune diseases, including gastritis (100% incidence, n 5
14), thyroiditis (42.9%), and oophoritis (64.3%) accompanying respective autoantibodies (such as those specific for gastric parietal
cells, thyroglobulins, or oocytes (8, 13, 14)) (Fig. 9). Transfer of in
vitro cultured CD252 cells also produced similar autoimmune diseases at similar incidences, whereas transfer of CD4281 or
CD4282 cells, or both, prepared by eliminating CD41 cells from
the cultured CD252 cells, did not. Thus, CD41 T cells were indispensable for producing these organ-specific autoimmune diseases; and CD81 or CD4282 cells alone were unable to cause the
autoimmunity.

FIGURE 9. Development of autoimmunity in nude mice after inoculation of CD252 cells. BALB/c nude mice received CD252 BALB/c spleen
cells and inoculation of RL?1 cells, as shown in Fig. 1. Other groups of
mice received uneliminated, CD41 cell-depleted (i.e., CD42), or CD41
cell- and CD81 cell-depleted (i.e., CD4282) cell suspensions (1 3 107
cells) prepared from CD252 cells cultured for 7 days. Three months after
transfer, mice were assessed for histological development of gastritis (circle) and/or thyroiditis (triangle), and titers of autoantibodies specific for
gastric parietal cells or thyroglobulins. Filled symbols mean grade 2 (severe) gastritis or thyroiditis; shaded symbols, grade 1 (mild) gastritis or
thyroiditis; open symbols, intact gastric mucosa or thyroid glands.

In contrast to these CD252 cell-inoculated BALB/c nude mice,
normal BALB/c or B6 mice treated with PC61 (Fig. 3) did not
develop histologically or serologically evident autoimmunity
(S.Y., J.S., S.S., unpublished data).

Discussion
The main conclusion in this study is that removal of immunoregulatory CD25141 T cells can break immunological unresponsiveness to syngeneic tumor cells in vivo and in vitro. The result indicates that tumor immunity and autoimmunity share a common
regulatory basis, because removal of the population also elicits
autoimmunity in vivo (Fig. 9) and in vitro (Fig. 7A).
It has been postulated that one of the elements impeding effective tumor immunity in tumor-bearing hosts may be concomitant
development of a T cell population suppressing the generation or
the action of tumor-killing effector cells (43– 45). Although some
of such suppressor T cells were shown to be CD41, they have been
elusive from further characterization because of the lack of reliable
markers specific for them (46). Our results indicate that these suppressive T cells, at least in part, can be CD25141 T cells. The
CD25141 immunoregulatory T cells, however, bear several characteristics distinct from the suppressor T cells to date reported in
tumor immunity (43, 44). First, removal of CD25141 T cells before tumor implantation was effective in evoking specific tumor
immunity in vivo (Figs. 1 and 3) and in generating cytotoxic cells
in vitro (Fig. 4). Second, their removal elicited not only tumor
immunity, but also various autoimmunities in vivo (Fig. 9) and
self-reactivity in vitro (Fig. 7). The removal also enhanced immune responses to allografts or xenogeneic proteins (13). Third,
they are continuously produced by the normal thymus and already
functional in the thymus, as previously shown (14, 16, 17); and
their depletion from thymocyte suspensions indeed generated
CD4282 NK-like killer cells in vitro (our unpublished data) and
autoimmunity in vivo (17). Furthermore, these CD25141 T cells/
thymocytes are naturally anergic (nonproliferative) to antigenic
stimulation in vitro, and, upon stimulation, potently suppress the
activation/proliferation of other CD41 or CD81 T cells in an Agnonspecific manner through cell to cell interactions on APCs (16,
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hand, the proliferative response was blocked by adding anti-class
II MHC Ab to the culture, indicating that the proliferating CD41
T cells were presumably responding to self peptides/class II MHC
complexes on APCs (Fig. 7C).
The in vitro generation of CD4282 cytotoxic cells appeared to
require the presence of these self-reactive CD25241 T cells, because depletion of CD41 T cells from the CD252 population before culture abrogated the generation (Fig. 7D, treatment d),
whereas removal of CD81 T cells did not (Fig. 7D, treatment c).
On the other hand, addition of IL-2 (1000 U/ml) to the culture of
such CD41 cell-depleted CD252 cells (including CD25281 cells
and CD4282 cells) or CD4282 cells (Fig. 7D, treatment f and g,
respectively) generated marked cytotoxic activity, which was comparable with the activity generated by culturing uneliminated
spleen cells with the same dose of IL-2 (Fig. 7D, treatment h).
To further examine the key role of IL-2 secreted by CD41 T
cells in generating CD4282 cytotoxic cells, CD25241 T cells
prepared from IL-22/2, IL-42/2, or IFN-g2/2 mice on BALB/c
background were mixed with an equal number of CD4282 cells
from normal BALB/c mice and then assessed for cytotoxic activity
after 1-wk culture (Fig. 8). CD25241 T cells from IL-22/2 mice
failed to generate the activity, whereas those from IL-42/2 or IFNg2/2 mice generated nearly equivalent levels of killer activity as
with CD25241 T cells from normal BALB/c mice.
Thus, elimination of CD251 cells leads to spontaneous activation/proliferation of CD25241 self-reactive T cells; and large
amounts of IL-2 produced by them may be responsible for the
generation of CD4282 cytotoxic cells, which are similar to LAK
cells (or IL-2-activated NK cells (Fig. 7D, treatment h)) in their
promiscuous cytotoxic activity and the critical dependency of their
generation upon IL-2 (38 – 42).
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contribute to our devising effective ways to generate them in vitro,
especially tumor-specific CD81 CTLs.
A critical issue in our study is how tumor immunity can be
evoked without autoimmunity when the CD25141 immunoregulatory T cells are manipulated. The present and previous studies by
us and others have shown that, upon introduction of abnormal
control of self-reactive T cells, the intensity and the range of the
autoimmune responses (i.e., which self Ags are more prone to be
aggressed, or which self-reactive clones are more prone to be activated) depend on the effector T cell subpopulations involved, the
degree and duration of depleting CD25141 T cells, and, most
importantly, the host genetic background, which includes MHC as
well as non-MHC genes (7, 13, 18, 50 –53). For example, when
CD41 T cells are depleted from in vitro cultured CD252 cells and
the remaining cells, including CD81 or CD4282 cytotoxic cells,
are adoptively transferred, no histologically and serologically evident autoimmune disease developed in the recipients (Fig. 9), presumably because CD41 effector T cells are required for the development of this organ-specific autoimmunity as in many other
models (8 –14, 50 –54). Furthermore, in BALB/c mice, which are
genetically prone to develop organ-specific autoimmune diseases
(in particular autoimmune gastritis (13, 14, 18, 50 –53)), limiting
the period or the degree of depleting CD251 T cells, for example,
by in vivo administration of anti-CD25 Ab for a short period, could
evoke effective tumor immunity without autoimmunity (Fig. 3, and
our manuscript in preparation). In genetically autoimmune-resistant B6 mice (18, 50 –53), on the other hand, complete depletion of
CD25141 T cells from the cell inocula (as shown in Fig. 1A) led
to tumor rejection, but failed to cause any autoimmune disease in
B6 nude mice (our unpublished result). To further differentiate
tumor immunity from autoimmunity, it is required to elucidate the
molecular basis of the CD251 T cell-mediated immunoregulation
and the host genes determining the susceptibility/resistance to
autoimmunity.
Thus, with a caveat of possible autoimmunity in certain situations (see discussion above), the present findings in mice may help
to devise a novel immunotherapy for cancer in humans or to make
the current immunotherapies more effective. For example, administration of anti-CD25 Ab to cancer-bearing hosts for a limited
period may evoke or enhance tumor immunity. Removal of
CD25141 T cells from PBL or tumor-infiltrating T cells before
their in vitro culture with IL-2 may lead to production of more
potent or a larger number of cytotoxic cells, including CTLs and
LAK/NK cells (40, 45, 55). Furthermore, such in vivo or in vitro
elimination of the CD25141 immunoregulatory T cells may enhance tumor immunity when combined with the current attempts
to augment immunogenicity of tumor cells, for example, by cytokine gene transduction in tumor cells, or vaccination with tumor
Ags/peptides or Ag-pulsed dendritic cells (56, 57).

Acknowledgments
We thank Ms. E. Moriizumi for histology; Dr. N. Sorimachi for staining
reagents and discussion; and Drs. T. Takahashi, E. Nakayama, and
H. Fujiwara for gift of tumor cells. This work was reported at the annual
meeting of Japanese Cancer Society on Oct. 1, 1998, and Keio University
International Symposia for Life Sciences and Medicine on Jan. 21, 1999.

References
1. Boon, T., J.-C. Cerottini, B. Van den Eynde, P. van der Bruggen, and A. Van Pel.
1994. Tumor antigens recognized by T lymphocytes. Annu. Rev. Immunol. 12:
337.
2. Houghton, A. 1994. Cancer antigens: immune recognition of self and altered self.
J. Exp. Med. 180:1.
3. Rosenberg, S. A., and D. E. White. 1996. Vitiligo in patients with melanoma:
normal tissue antigens can be targets for cancer immunotherapy. J. Immunother.
19:81.

Downloaded from http://www.jimmunol.org/ by guest on March 7, 2021

17). These findings when taken together indicate that the
CD25141 immunoregulatory T cells present in normal naive mice
may be engaged in continuously up-regulating the activation
thresholds of other T cells, thereby impeding effective generation
of tumor immunity while inhibiting autoimmunity (16 –19). To
further elucidate how they suppress tumor immunity (and autoimmunity), the natural ligands physiologically stimulating them must
be characterized. Judging from their activated phenotype (e.g.,
being CD251, CD45RBlow, CD44high, and CD5high (8, 9, 11, 13,
16, 17)) in normal naive mice, the CD25141 immunoregulatory
T cells might be inherently reactive with, and continuously stimulated by self Ags in the normal internal environment, although
they themselves may be harmless because of their anergic property
(16, 17).
Removal of CD25141 immunoregulatory cells led to the activation of not only tumor-specific CD81 CTLs (and presumably
tumor-specific CD41 Th cells), but also tumor-nonspecific
CD4282 effector cells in vivo, and predominantly the latter in
vitro. It also led to in vitro vigorous proliferation of CD41 selfreactive T cells presumably responding to self peptides/class II
MHC expressed on APCs, as in the autologous or syngeneic mixed
lymphocyte reaction (47, 48). For the following reasons, it is the
large amounts of IL-2 formed by such CD41 self-reactive T cells
that may be responsible for the generation of the CD4282 effector
cells, at least in vitro. First, similar cytotoxic cells could be generated by adding an equivalent amount of IL-2 to the culture of
normal spleen cells or CD4282 cells. Second, CD25241 T cells
from IL-2-deficient mice failed to generate the cytotoxic cells from
the CD4282 population in normal mice. Third, the TCR2
CD4282 cytotoxic cells generated by culturing CD252 cells killed
not only NK-sensitive target cells (such as RL?1 (27)), but also
NK-resistant ones (such as P815), as IL-2-induced LAK cells can
kill a broader spectrum of tumors than NK cells (49). The majority
of such CD252 cell-derived killer cells indeed appeared to be NK
cells in terms of their cell surface phenotype (e.g., NK1.11,
B2201), marked IL-2 dependency in their generation, and the lack
of tumor-killing activity in beige mice (38 – 42). Taken together,
these results indicate that active NK cells as LAK cells can be
easily generated in vitro by simply eliminating a T cell subpopulation, without exogenous IL-2.
It remains to be determined, however, how in vivo removal of
CD25141 T cells leads to the generation of two distinct types of
effector cells (tumor-specific CD81 CTLs and tumor-nonspecific
CD4282 NK-like cells (Fig. 2)), or whether CD41 self-reactive T
cells play key roles in the in vivo generation of tumor immunity as
well by secreting large amounts of IL-2. By in vivo administration
of anti-CD25 Ab (Fig. 3), CD4282 LAK/NK-like cells indeed
appeared within 1 wk, followed by dominant development of tumor-specific CD81 CTLs, which seemed to play main roles in
ultimate tumor rejection (our manuscript in preparation). The result suggests that in vivo removal of CD25141 cells may first
activate LAK/NK cells by activating CD41 self-reactive T cells
and instigating their IL-2 secretion; and tumor-nonspecific killing
by such LAK/NK cells and consequent release of tumor Ags, together with the IL-2 secreted by CD41 self-reactive T cells, may
contribute to the subsequent development of tumor-specific CD81
CTLs. Alternatively, although mutually not exclusive, the removal
of CD25141 cells may enhance the development of both LAK/NK
cells (through activating CD41 self-reactive T cells) and CD81
CTLs (and tumor-specific CD41 Th cells) at the same time, because the immunoregulatory CD25141 T cells can directly suppress the activation/proliferation of both CD41 T cells and CD81
T cells, at least in vitro (16, 17). Further analysis of the in vivo
interplay of the two types of effector cells in tumor immunity may

5217

5218

30. Uenaka, A., T. Ono, T. Akisawa, H. Wada, T. Yasuda, and E. Nakayama. 1994.
Identification of a unique antigen peptide pRL1 on BALB/c RL?1 leukemia
recognized by cytotoxic T lymphocytes and its relation to the akt oncogene.
J. Exp. Med. 180:1599.
31. Bloom, M. B., D. Perry-Lalley, P. F. Robbins, L. Young, M. El-Gamil,
S. A. Rosenberg, and J. C. Young. 1997. Identification of tyrosinase-related protein 2 as a tumor rejection antigen for the B16 melanoma. J. Exp. Med. 185:453.
32. Yoshioka, T., H. Fujiwara, Y. Takai, M. Ogata, J. Shimizu, and T. Hamaoka.
1987. The role of tumor-specific Lyt-1122 T cells in eradicating tumor cells in
vivo. II. Lyt-1122 T cells have potential to reject antigenically irrelevant (bystander) tumor cells on activation with the specific target tumor cells. Cancer
Immunol. Immunother. 24:8.
33. Ortega-R., G., R. J. Robb, E. M. Shevach, and T. R. Malek. 1984. The murine
IL-2 receptor. I. Monoclonal antibodies that define distinct functional epitopes on
activated T cells and react with activated B cells. J. Immunol. 133:1970.
34. Ceredig, R., J. W. Lowenthal, M. Nabholz, and R. H. MacDonald. 1985. Expression of interleukin-2 receptors as a differentiation marker on intrathymic stem
cells. Nature 314:98.
35. Gillis, S., M. M. Ferm, W. Ou, and K. A. Smith. 1978. T cell growth factor:
parameters of production and a quantitative microassay for activity. J. Immunol.
120:2027.
36. Hsieh, C. S., S. E. Macatonia, A. O’Garra, and K. M. Murphy. 1995. T cell
genetic background determines default T helper phenotype development in vitro.
J. Exp. Med. 181:713.
37. Mosier, D .E., K. L. Stell, R. J. Gulizia, B. E. Torbett, and G. L. Gilmore. 1993.
Homozygous scid/scid;beige/beige mice have low levels of spontaneous or neonatal T cell-induced B cell generation. J. Exp. Med. 177:191.
38. Koyasu, S. 1994. CD31 CD161 NK1.11 B2201 large granular lymphocytes
arise from both a-bTCR1 CD42 CD82 and g-dTCR1 CD42 CD82 cells.
J. Exp. Med. 179:1957.
39. Trinchieri, G. 1989. Biology of natural killer cells. Adv. Immunol. 47:187.
40. Rosenberg, S. A., and M. T. Lotze. 1986. Cancer immunotherapy using interleukin-2 and interleukin-2-activated lymphocytes. Annu. Rev. Immunol. 4:681.
41. Yang, J. C., J. J. Mule, and S. A. Rosenberg. 1986. Murine lymphokine-activated
killer (LAK) cells: phenotypic characterization of the precursor and effector cells.
J. Immunol. 137:715.
42. Phillips, J. H., and L. L. Lanier. 1986. Dissection of the lymphokine-activated
killer phenomenon. J. Exp. Med. 164:814.
43. Fujimoto, S., M. I. Greene, and A. H. Sehon. 1976. Regulation of the immune
response to tumor antigen. I. Immunosuppressor cells in tumor-bearing hosts.
J. Immunol. 116:791.
44. North, R. J. 1982. Cyclophosphamide-facilitated adoptive immunotherapy of an
established tumor depends on elimination of tumor-induced suppressor T cells.
J. Exp. Med. 55:1063.
45. Greenberg, P. D. 1991. Adoptive T cell therapy of tumors: mechanisms operative
in the recognition and elimination of tumor cells. Adv. Immunol. 49:281.
46. Awwad, M., and R. J. North. 1988. Immunologically mediated regression of a
murine lymphoma after treatment with anti-L3T4 antibody: a consequence of
removing L3T41 suppressor T cells from a host generating predominantly
Lyt-21 T cell-mediated immunity. J. Exp. Med. 168:2193.
47. Glimcher, L. H., D. L. Longo, I. Green, and R. H. Schwartz. 1981. Murine
syngeneic mixed lymphocyte response. I. Target antigens are self Ia molecules.
J. Exp. Med. 154:1652.
48. Lattime, E. C., S. Gillis, G. Pecoraro, and O. Stutman. 1982. Ia-dependent interleukin 2 production in syngeneic cellular interactions. J. Immunol. 128:480.
49. Grimm, E. A., A. Mazumder, H. Z. Zhang, and S. A. Rosenberg. 1982. Lymphokine-activated killer cell phenomenon: lysis of natural killer-resistant fresh
solid tumor cells by interleukin 2-activated autologous human peripheral blood
lymphocytes. J. Exp. Med. 155:1823.
50. Sakaguchi, S., and N. Sakaguchi. 1989. Organ-specific autoimmune diseases induced in mice by elimination of T-cell subset. V. Neonatal administration of
cyclosporin A causes autoimmune disease. J. Immunol. 142:471.
51. Sakaguchi, S., E. H. Ermak, M. Toda, L. J. Berg, W. Ho, B. Fazekas de St. Groth,
P. A. Peterson, N. Sakaguchi, and M. M. Davis. 1994. Induction of autoimmune
disease in mice by germline alteration of the T cell receptor gene expression.
J. Immunol. 152:1471.
52. Sakaguchi, N., K. Miyai, and S. Sakaguchi. 1994. Ionizing radiation and autoimmunity: induction of autoimmune disease in mice by high dose fractionated
total lymphoid irradiation and its prevention by inoculating normal T cells. J. Immunol. 152:2586.
53. Morse, S. S., N. Sakaguchi, and S. Sakaguchi. 1999. Virus and autoimmunity:
induction of autoimmune disease in mice by mouse T-lymphotropic virus
(MTLV) destroying CD41 T cells. J. Immunol. 162:5309.
54. Shevach, E. M. 1998. Organ-specific autoimmunity. In Fundamental Immunology, 4th ed. W. E. Paul, ed. Lippincott-Raven, Philadelphia, p. 1089.
55. Rosenberg, S. A., P. Spiess, and R. Lafreniere. 1986. A new approach to the
adoptive immunotherapy of cancer with tumor-infiltrating lymphocytes. Science
233:1318.
56. Young, J. W., and K. Inaba. 1996. Dendritic cells as adjuvants for class I major
histocompatibility complex-restricted antitumor immunity. J. Exp. Med. 183:7.
57. Pardoll, D. M. 1998. Cancer vaccines. Nat. Med. 4:525.

Downloaded from http://www.jimmunol.org/ by guest on March 7, 2021

4. Hara, I., Y. Takechi, and A. N. Houghton. 1995. Implicating a role for immune
recognition of self in tumor rejection: passive immunization against the Brown
locus protein. J. Exp. Med. 182:1609.
5. Morgan, D. J., H. T. V. Kreuwel, S. Fleck, H. I. Levitsky, D. M. Pardoll, and
L. A. Sherman. 1998. Activation of low avidity CTL specific for a self epitope
results in tumor rejection but not autoimmunity. J. Immunol. 160:643.
6. Fowell, D., A. J. McKnight, F. Powrie, R. Dyke, and D. Mason. 1991. Subsets of
CD41 T cells and their roles in the induction and prevention of autoimmunity.
Immunol. Rev. 123:37.
7. Sakaguchi, S., and N. Sakaguchi. 1994. Thymus, T cells and autoimmunity: various causes but a common mechanism of autoimmune disease. In Autoimmunity:
Physiology and Disease. A. Coutinho and M. Kazatchkine, eds. Wiley-Liss, New
York, p. 203.
8. Sakaguchi, S., K. Fukuma, K. Kuribayashi, and T. Masuda. 1985. Organ-specific
autoimmune diseases induced in mice by elimination of T-cell subset. I. 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.
9. Sugihara, S., Y. Izumi, T. Yoshioka, H. Yagi, T. Tsujimura, O. Tarutani,
Y. Kohno, S. Murakami, T. Hamaoka, and H. Fujiwara. 1988. Autoimmune thyroiditis induced in mice depleted of particular T-cell subset. I. Requirement of
Lyt-1dull L3T4bright normal T cells for the induction of thyroiditis. J. Immunol.
141:105.
10. Smith, H., Y.-H. Lou, P. Lacy, and K. S. K. Tung. 1992. Tolerance mechanism
in experimental ovarian and gastric autoimmune disease. J. Immunol. 149:2212.
11. Powrie, F., and D. Mason. 1990. OX-22high CD41 T cells induce wasting disease
with multiple organ pathology: prevention by OX-22low subset. J. Exp. Med.
172:1701.
12. McKeever, U., J. P. Mordes, D. L. Greiner, M. C. Appel, J. Rozing, E. S. Handler,
and A. A. Rossini. 1990. Adoptive transfer of autoimmune diabetes and thyroiditis to athymic rats. Proc. Natl. Acad. Sci. USA 87:7618.
13. Sakaguchi, S., N. Sakaguchi, M. Asano, M. Itoh, and M. Toda. 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.
14. Asano, M., M. Toda, N. Sakaguchi, and S. Sakaguchi. 1996. Autoimmune disease
as a consequence of developmental abnormality of a T cell subpopulation. J. Exp.
Med. 184:387.
15. Suri-Payer, E., A. Z. Amar, A. M. Thornton, and E. M. Shevach. 1998. CD41
CD251 T cells inhibit both the induction and effector function of autoreactive T
cells and represent a unique lineage of immunoregulatory cells. J. Immunol. 160:
1212.
16. Takahashi, T., Y. Kuniyasu, M. Toda, N. Sakaguchi, M. Itoh, M. Iwata,
J. Shimizu, and S. Sakaguchi. 1998. Immunologic self-tolerance maintained by
CD251 CD41 naturally anergic and suppressive T cells; induction of autoimmune disease by breaking their anergic/suppressive state. Int. Immunol. 10:1169.
17. Itoh, M., T. Takahashi, N. Sakaguchi, Y. Kuniyasu, J. Shimizu, F. Otsuka, and
S. Sakaguchi. 1999. Thymus and autoimmunity: production of CD251 CD41
anergic and suppressive T cells as a key function of the thymus in maintaining
immunologic self-tolerance. J. Immunol. 162:5309.
18. Sakaguchi, S., M. Toda, M. Asano, M. Itoh, S. S. Morse, and N. Sakaguchi. 1996.
T-cell mediated maintenance of self-tolerance and its breakdown as a possible
cause of various autoimmune diseases. J. Autoimmun. 9:211.
19. Sakaguchi, S., T. Takahashi, and J. Shimizu. 1999. Breaking immunologic tolerance to tumor cells as a novel immunotherapy for cancer. In Cell Therapy.
Y. Ikeda, ed. Springer-Verlag Tokyo, Tokyo. In press.
20. Waldmann, T. A. 1991. The interleukin-2 receptor. J. Biol. Chem. 266:2681.
21. Uchiyama, T., S. Broder, and T. A. Waldmann. 1981. A monoclonal antibody
(anti-Tac) reactive with activated and functionally mature human T cells. I. Production of anti-Tac monoclonal antibody and distribution of Tac1 cells. J. Immunol. 126:1393.
22. Jackson, A. L., H. Matsumoto, M. Janszen, V. Maino, A. Blidy, and S. Sheye.
1990. Restricted expression of p55 interleukin 2 receptor (CD25) on human T
cells. Clin. Immunol. Immunopathol. 54:126.
23. Kanegane, H., T. Miyawaki, K. Kato, T. Yokoi, T. Uehara, A. Yachie, and
N. Taniguchi. 1991. A novel subpopulation of CD45RA1 CD41 T cells expressing IL-2 receptor a-chain (CD25) and having a functionally transient nature into
memory cells. Int. Immunol. 3:1349.
24. Dalton, D. K., S. Pitts-Meek, S. Keshav, I. S. Figari, A. Bradley, and
T. A. Stewart. 1993. Multiple defects of immune cell function in mice with
disrupted interferon-g genes. Science 259:1739.
25. Noben-Trauth, N., P. Kropf, and I. Muller. 1996. Susceptibility to Leishmania
major infection in interleukin-4-deficient mice. Science 271:987.
26. Schorle, H., T. Holtschke, T. Hunig, A. Schimpl, and I. Horak. 1991. Development and function of T cells in mice rendered interleukin-2 deficient by gene
targeting. Nature 352:621.
27. Sendo, F., T. Aoki, E. A. Boyse, and C. K. Buafo. 1975. Natural occurrence of
lymphocytes showing cytotoxic activity to BALB/c radiation-induced leukemia
RL male 1 cells. J. Natl. Cancer Inst. 55:603.
28. Nakayama, E., H. Shiku, T. Takahashi, H. F. Oettgen, and L. J. Old. 1979.
Definition of a unique cell surface antigen of mouse leukemia RL?1 by cellmediated cytotoxicity. Proc. Natl. Acad. Sci. USA 76:3486.
29. Kuribayashi, K., A. Keyaki, S. Sakaguchi, and T. Masuda. 1985. Effector mechanisms of syngeneic anti-tumor responses in mice. Immunology 56:127.

CD251CD41 REGULATORY T CELLS IN TUMOR IMMUNITY

