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Thymus and Autoimmunity: Production of CD25"CD4*
Naturally Anergic and Suppressive T Cells as a Key Function
of the Thymus in Maintaining Immunologic Self-Tolerance"

Misako Itoh,* T Takeshi Takahashi,* Noriko Sakaguchi,* Yuhshi Kuniyasu,* Jun Shimizu,*
Fujio Otsuka,” and Shimon Sakagucht*

This study shows that the normal thymus produces immunoregulatory CD2%54*8~ thymocytes capable of controlling self-reactive
T cells. Transfer of thymocyte suspensions depleted of CD28*8~ thymocytes, which constitute~5% of steroid-resistant mature
CD4%8~ thymocytes in normal naive mice, produces various autoimmune diseases in syngeneic athymic nude mice. These
CD25*4*8~ thymocytes are nonproliferative (anergic) to TCR stimulation in vitro, but potently suppress the proliferation of
other CD4*8~ or CD4~8" thymocytes; breakage of their anergic state in vitro by high doses of IL-2 or anti-CD28 Ab simulta-
neously abrogates their suppressive activity; and transfer of such suppression-abrogated thymocyte suspensions produces autog
immune disease in nude mice. These immunoregulatory CD2%*8~ thymocytes/T cells are functionally distinct from activated g
CD25%4™ T cells derived from CD25 4" thymocytes/T cells in that the latter scarcely exhibits suppressive activity in vitro, %
although both CD25"4* populations express a similar profile of cell surface markers. Furthermore, the CD254*8~ thymocytes &
appear to acquire their anergic and suppressive property through the thymic selection process, since TCR transgenic mice develop <
similar anergic/suppressive CD284%8~ thymocytes and CD25 4* T cells that predominantly express TCRs utilizing endogenous
a-chains, but RAG-2-deficient TCR transgenic mice do not. These results taken together indicate that anergic/suppressive
CD25%4%8~ thymocytes and peripheral T cells in normal naive mice may constitute a common T cell lineage functionally and
developmentally distinct from other T cells, and that production of this unique immunoregulatory T cell population can be another
key function of the thymus in maintaining immunologic self-tolerance. The Journal of Immunology,1999, 162: 5317-5326.
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avidity TCRs for self Ags expressed in the thymus (1, 2). development of disease can be prevented by inoculating periphergl

It may also render some self-reactive T cells anergic (3-CD4" T cells from normal histocompatible animals (14, 16—20). Py
5). Although our understanding of the mechanism of clonal deleNormal thymocytes, CD48~ thymocytes in particular, also bear <
tion or anergy has substantially advanced recently, these mechénis autoimmune-preventive activity (16, 21). These findings whe®&
nisms alone may not be sufficient for controlling self-reactive Ttaken together suggest that the thymus may play another essentgl
cells, especially those that react with self Ags expressed outsidgle in maintaining natural self-tolerance by producing an immu-&
the thymus. For example, there is mounting evidence that potemoregulatory population of T cells (22, 23). S
tially pathogenic self-reactive T cells are present in the periphery \we have shown previously that elimination of CD2periph-
of normal individuals, and that they can be activated by immuni-gra| T cells, which constitute 5-10% of peripheral CD# cells
zation with self constituents along with potent adjuvant or by re-gnq jess than 1% of CDST cells in normal naive mice, produces ™
peated stimulation with self Ags in vitro (6, 7). Furthermore, T y4rious autoimmune diseases in otherwise normal mice; and thg
cell-mediated autoimmune diseases (such as insulin-dependent glisconstitution of the eliminated population prevents the autoim®
abetes, thyroiditis, and gastritis) can be produced in normal rodents, ;e development (13, 14). These naturally present immunoregu-
by simply eliminating a peripheral CD4T cell subpopulation latory CD2574" T cells are unique in that 1) they are anergic to

defined by an expression level of a particular cell surf_ace moleculerCR stimulation in vitro (24), if one defines anergy as a reversible
such as CD5, CD45RB/C, or CD25 (8-15). There is also aCCU?alntiproliferative state (25); 2) upon TCR stimulation, however,

they potently suppress the activation/proliferation of other CD4
T cells and CD8 T cells in an Ag-nonspecific manner (24); fur-
thermore, 3) in contrast to other regulatory T cells exerting cyto-

T he thymus clonally deletes self-reactive T cells with high mulating evidence in various models of autoimmune disease th%
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CD25%4" anergic/suppressive T cells, that the latter are rendereduring the las6 h of theculture was measured. In expressing the degree
anergic and suppressive through the thymic selection process, arffi suppression exerted by CD28"8" thymocytes on CD254"8" thy-

that physical elimination of such immunoregulatory CD2%g~  Mocytes, percentage of suppression was defined as>dq@cpm of

h f . | K f thei . . 5478 thymocytes — cpm of the mixed population)/cpm of

t ymocytes_ or un(_:tlona brga age 0 their _anerglc/supp_ressw%ngysf thymocytes].

state can elicit autoimmune disease in otherwise normal mice. Our Murine rIL-2 (3.89x 10° U/mg) was a gift of Shionogi (Osaka, Japan).
results indicate that, besides clonal deletion and clonal anergyAnti-CD28 mAb (37.51) (47) was purchased from PharMingen. To prepare
production of this naturally anergic and suppressive CDP5T Con A blasts for in vivo transfer, thymocytes 5 10°/ml) were cultured

cell population is another key function of the thymus in maintain-Wlth 5 ug/ml Con A for 3 days.

ing immunologic self-tolerance. Steroid treatment of mice
. Eight-week-old BALB/c mice were i.p. injected with 2.5 mg of hydrocor-
Materials and Methods tisone acetate (Sigma) 2 days before use.

Mice Lo

Intrathymic injection
Eight-week-old BALB/c or BALB/cnu/+ mice and six-week-old BALB/c B »
nude (nu/nu) mice were purchased from SLC (Shizuoka, Japan). BALBA 25 pl volume of CD4 CD8" thymocytes (1X 10°) purified by FACS
c-Thy-F congenic mice were established in our laboratory (14). DO11.10T0M BALB/c thymocyte suspensions stained with PE anti-CD4 Ab and
transgenic mice were the gift of Dr. D. Y. Loh, Roche Japan (Kamakura,FlTC anti-CD8 Ab, as dg;crlbed above, was injected into ea_ch lobe of the
Japan) (32). DO11.10-RAG-2 knockout mice were provided by Drs. K.thy_mus exposed by incision of th_e sternum. The thymic region o_f the re-
Iwabuchi (Hokkaido University, Sapporo, Japan) and O. Kanagawa (Wash¢iPient BALB/c-Thy- mice was irradiated at 6 Gy before injection by
ington University, St. Louis, MO) (33). All of these mice were maintained COVering extremities with lead plates (15).
in ‘our‘animal fagility and cared for in accordance with the institutional Histology and serology
guidelines for animal welfare. o
Stomachs and other organs were fixed with 10% Formalin and processegl
for hematoxylin and eosin staining. Serum titers of autoantibodies specifi&

; for the gastric parietal cells were assessed by ELISA (48). Gastritis wa
Thymocyte suspensions (6 10°), or spleen and lymph node cell suspen- ; ; . . -
sions (5% 107) were incubated in 12< 75-mm glass tubes (Corning, 9raded 0-2, depending on macroscopic and histologic severity: the %
Corning, NY) with 100w of 1/10-diluted ascites of anti-CD25 (7D4, rat 92Stric mucosa was histologically intact 1= gastritis with histologically =
IgM) (34') or anti-CD8a.2 (mouse 1gG2a) (35) for 45 min on ice Wé\shed evident destruction of parietal cells and cellular infiltration of the gastricg
once with HBSS (Life Technologies, Gaithersburg, MD), incubat;ed with 1 MUcosa; 2 —severe destruction of the gastric mucosa acgompanying thes
ml of nontoxic rabbit serum (as C source) (Life Technologies) 1/5 dilutedformation of giant rugae due to compensatory hyperplasia of mut_:us-se_st-f
with Medium 199 (Life Technologies) for 30 min in a 37°C water bath with creting cells (8'.13' 14). Th_yr0|d|t|s and oophqutlg were h|stolog|cally =
occasional vigorous shakings, with 10@ of DNase | (Sigma, St. Louis graded, as previously described (48). Adrenalitis, insulitis, and siaload
MO) added for the last 5 min (')f the incubation. washed twi(;e with HBéS nitis were assessed as histologically positive when destruction of adren
and then i.v. injected into 6—8-wk-old femahm’/nu mice, as previously "corical cells, Langerhans islet cells, or acinar cells in the submandibular,

Preparation of lymphocytes

described (13) glands, respectively, was histologically evident with infiltration of inflam- 3’
' matory cells to these tissues (48, 49). Glomerulonephritis was assessed 8s
Serologic analysis histologically positive when more than 50% of the renal glomeruli on asS

section were damaged with deposition of PAS (periodic acid-Schiff) stain—
For flow-cytometric analysis, X 10° cells were incubated with FITC- ing-positive material (see Ref. 22).

labeled or biotinylated mAbs, with PE-streptavidin (BioMeda, Foster City,

CA) as the secondary reagent for biotinylated Abs, and analyzed by a flovR esults

cytometer (Epics-XL; Coulter, Miami, FL) with exclusion of dead cells by +
propidium iodide staining. R-Phycoerythrin (RPE)-Cy5-conjugated Presence of CD25CD4
streptavidin (Dako, Glostrup, Denmark) was used as the secondary reageitymus

for biotinylated Abs in three-color analyses. FITC-labeled or biotinylated £y 1A shows th ignifican rcen % n = 32
anti-CD25 (7D4) (34), and biotinylated Abs for CD4 (H129.19), CD54 —9- TAShows that a significant percentage (3.4..9%,n = 32)

(ICAM-1) (3E2) (36), CD5 (53-7.3) (37), CD8 (53-6.7) (37), CD11a/cD1g ©f CD478™ thymocytes and less than 0.3% of CD8+ thymo-
(LFA-1) (2D7) (38), CD24 (heat-stable Ag) (M1/69), CD44 (IM7) (39), cytes in normal adult BALB/c mice expressed the CD25 moleculgy
CD45RB (16A) (40), CD62L (L-selectin) (Mel-14) (41), CD69 (H1.2F3) at equivalent levels as peripheral CD2E5™ T cells (Fig. 1B) and N

(42), CD90.2 (Thy-1.2) (30-H12), CD2 (RM2.5), or TCRBB.1, 8.2, 8.3 5t lesser levels compared with the high level expression in the&y

(F23.1) (43) were purchased from PharMingen (San Diego, CA). Anti- —a— - . . S )
CD122 (IL-2R B-chain) (TM1) (44) and anti-DO11.10 clonotypic Ab CD4 8 population (50, 51). Immunohistologic examination re

(KJ1-26) (45) were the gifts of Dr. T. Tanaka (Osaka University, Osaka,vealed that these CD28"8" thymocytes located in the thymic

Japan) and Dr. O. Kanagawa (Washington University, St. Louis, MO),medulla, in contrast to CD2%"4~8~ thymocytes in the subcor-

respectively. tical area (data not shown).

Cell sorting To further characterize the CD28"8~ thymocytes, we com-
pared between CD250r CD25 48~ thymocytes the expression

Spleen and lymph node suspensions or thymocyte suspensions prepaiRye|s of various cell surface molecules, including those that are
from 8-wk-old BALB/c mice were stained with FITC-conjugated anti-

CD25 (7D4) (PharMingen) and PE-conjugated anti-CDA4 (legllg)expressed on immunoregulatory T cells (e.g., CD5, CD45R_B, and
(PharMingen), and sorted by a FACS (Epics-Elite; Coulter), as previouslycP62L (810, 12, 52, 53)), those that correspond to activated,
described (14). Purity of the CD25and CD25 CD4" populations was  Ag-primed, or memory states (e.g., CD11a/CD18, CD44, CD54,
>90 and~99%, respectively. CD62L, CD69, and CD122 (54-56)), or those that correlate with
In vitro proliferation assay the stages of maturation or selection in the thymus (e.g., CD3,
A ith RBC-Ivsed and mit i Cotreated BALB/ | I CD4, CD8, CD24, CD28, CD62L, CD69, CD90, and Qa-2 (57—
ong wi -lysed and mitomycin C-treate c spleen cells ; P +a—
(5~10 x 10% as APCs, thymocytes or lymph node/spleen celis25 X 6.0)) (Fig. 1B). The +m§jorlty of CD2.54 8 thymoc_ytes were
10%), sorted as described above, were cultured for 3 days in 96-well roungPigher than CD25478" thymocytes in the expre_'ssmn of CD5,
bottom plates (Costar, Cambridge, MA) in RPMI 1640 medium supple-CD44, CD54, CD62L, and CD122; comparable in CD3, CD11a/
mented with 10% FCS (Life Technologies), penicillin (100 U/ml), strep- CD18, CD28, CD45RB, CD90, and CD2 expressions; and slightly

tomycin (100ug/ml), and 50uM 2-ME (24). Anti-CD3 Ab (145-2C11)  |ower in CD4 expression (Fig.B, and unpublished data). The two
(46) (Cedarlane Laboratories, Hornby, Ontario, Canada) at a final concen;

tration of 10ug/ml, Con A at 1ug/ml, or OVA peptides (residue 323—-339) r{hymocyte popu!aﬂons.wgre also different in the expression pat-
(27) at 0.3uM were added to the culture for stimulation (24). Incorporation terns of some differentiation markers. For example, a lower pro-
of [3H]thymidine (PH]JTdR) (1 uCi/well) by proliferating lymphocytes  portion of CD254*8~ thymocytes was CD&Y", compared with

CD8  thymocytes in the normal

aunc uo 1s9nb Aq /B0’ jol
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together, the phenotype of CD26D4 "8~ thymocytes (e.g., their
CD5"" CD11a/CD189" CD44"" CD45RB°", CD62L"9",
and CD549" expression) suggests that they may be in a more
mature, activated, or primed state than CD258~ thymocytes
(54-56); CD69 and/or Qa-2 expression on some CR2B ™~ thy-
mocytes, together with their no CD24 expression (data not shown),
suggests that they may have been recently selected (57—-60); and
CD5"9" CD45RB, and CD62[M9" phenotype of CD25478~
thymocytes isimilar to the phenotype of immunoregulatory T cell pop-
] ulations previously reported by us and others (8—10, 12-16, 52, 53).
/cb4a4lcD1tal CD62L . T
cD18 These expression patterns of cell surface molecules were similar
‘ 4/{ t& /- & M_ between CD254"8~ thymocytes and CD254" T cells in the
1. CDasRB| .. cDsa | . CD69 lymph nodes (Fig. 1B and C). Furthermore, both CD2% "8~
% ‘ m thymocytes and CD254™ T cells did not express NK1.1 Ag in
SN C57BL/6 mice (data not shown), indicating that they are different
from NKT cells (61, 62).

_cD5 P oPA coital cDe2L Induction of autoimmune disease by eliminating CD258~
1. ‘ thymocytes

o o

o

| o122 |- CD45RB|. D54 cD69 To determine W_hether CDZ_&*S thymocytes suppressively g
SN M A control pathogenic self-reactive thymocytes/T cells, we removed}
TA WAL N L CD25" thymocytes from thymocyte suspensions prepared frong

normal BALB/c nu/+ mice by in vitro treatment with anti-CD25 &
FIGURE 1. CD25'4"8" population in the thymus and peripher, mAb and C, and then transferred the remaining cellx (50°) to =
Thymocyte suspensions prepared from a 2-mo-old BALB/c mouse Wergs| /¢ athymicnu/numice (Table I, Fig. 2). In 3 mo, the transfer 3
stained with PE anti-CD4, FITC anti-CD8, and biotinylated anti-CD25 \,qy,ced histologically and serologically evident autoimmune dis=
with R-phycoerythrin (RPE)-Cy5-conjugated streptavidin as the secondar\galses at higher incidences and in a wider spectrum of organs (su&
reagent. Expression of CD25 on the thymocytes in fracted] on thdeft as the gastric mucosa, thyroid glands, salivary glands adren%

is shown on theight as a histogram. Percentage of CD2¢ells in each . .
fraction is also shown. To examine expression of various cell surface mol9!@nds, and ovaries (see Refs. 8 and 22 for histology)) than th

ecules onB, CD25" or CD25 48~ thymocytes, orC, CD25" or transfer of nondepleted thymocyte suspensions, which produce@'
CD25 4* lymph node cells, thymocyte suspensions depleted of TD8 Only autoimmune gastritis in some nude mice, but no other autog
cells by anti-CD8 and C treatment, or nondepleted lymph node cell susimmune diseases. Glomerulonephritis that developed in some @&
pensions, were stained with PE anti-CD4, FITC anti-CD25, and biotinyl-the CD25" thymocyte-transferred nude mice was due to the depg
ated Abs specific for various cell surface molecules. Expression of indigsition of immune Comp|exes in the renal g|0meru|i, as previouswg
cated molecules on CD2%or CD25 CD4" thymocytes/T cells enclosed  described (13, 22). Hemolytic anemia or inflammatory bowel dis:2
on theleftis shown on th_ezlght as hlstogranzs:_bold line is for CD28*8 ease as reported in CD25 gene-knockout mice was not observed‘%
thymocytes/T cells, solid I_m_e for'CDZBI' 8~ thymocytes/T cells, ano! the thymocyte-transferred nude mice (63).
dotted Ilng fqr control staining Wlth an |rre|evan_t Ab. A representative Transfer of CD254*8~ thymocytes prepared from steroid-re- o)
result of five independent experiments is showi\C. . . . oY .

sistant thymocytes, in which a similar proportion (5:2.1%,n =

5) of CD4"8~ thymocytes was CD25as in normal thymuses (see
CD25 4%8~ thymocytes (30% vs 60%); and some CD258~ above), also produced a wide spectrum of autoimmune diseasesm
thymocytes (~20%) were Qa*2 compared with<1% of Qa-2" nude mice as with the transfer of CD2%eripheral T cells (13).
cells among CD25478~ thymocytes (data not shown). Taken On the other hand, transfer of CD25hymocytes (5< 10”) mixed

aunp

810¢

Table I. Induction of autoimmune disease by eliminating CD2Bymocyte®

Number of Mice with Autoimmune Disead3e

Total Number

Expt. Group Inoculated Cells of Mice Gas Oop Thr Sial Adr Ins Gn
A Whole thymocytes (5< 10°) 12 7 (58.3) 0 0 0 0 0 0
B CD25" thymocytes (5x 10%) 12 12 (100) 12(100) 4(33.3) 3(25.00 1(8.3) 1(8.3) 3(25.0)
C CD4"8~ SR thymocytes (5 10°) 5 4 (80.0) 0 0 0 0 0 0
D CD25 4" SR thymocytes (5< 10°) 5 5 (100) 5(100) 2(40.0) 1(20.0) 2(40.0) 0 1(20.0)
E Whole SP/LN cells (5 107) 8 0 0 0 0 0 0 0
F CD25 SP/LN cells (5x 10%) 8 8 (100) 8(100) 5(62.5) 5(62.5) 2(25.0) 0 2(25.0)
G CD25 thymocytes (5% 10°) 8 0 0 0 0 0 0 0

and CD4" SP/LN cells (2x 10%)

2Thymocytes or spleen/lymph node (SP/LN) cells of indicated numbers were prepared from 2- to 3-mo-old female B&tBitce by treatment with complement
(C) alone (group A) or anti-CD25 and C (groups B and F), and then i.v. transferred to 6-wk-old famfalemice. Steroid-resistant (SR) thymocytes (ddaterials
and Methodpwere treated with anti-CD8 and C (group C) or anti-CD25 and anti-CD8 plus C (group D). Another group of mice received mixed populations of CD25
thymocytes as prepared for group B and CD&P/LN cells prepared by anti-CD8 plus C treatment of nylon wool column-passed SP/LN cells (group G). The recipient
nu/numice were examined 3 mo later for histological and serological development of autoimmune diseases. See also Fig. 2 for histological grades of gastritis and tite
of anti-parietal cell autoantibody. Oophoritides were all grade 2 (22). One mouse in group B and two mice each in group D and F showed grade 2 thyroiditis; histologicall
evident thyroiditides in other mice were grade 1.

® Number of mice bearing respective autoimmune diseases is shown with percentage incidence in parentheses. Gas, gastritis; Oop, oophoritis; Thr, thyroiditis; Sial, sialo
enitis; Adr, adrenalitis; Ins, insulitis; Gn, glomerulonephritis.
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FIGURE 2. Development of autoimmune gastritis in nude mice transferred with Ci2fmocytes or peripheral T cells and its prevention by cotransfer
of normal CD4" T cells. As shown in Table I, BALB/ou/numice 6 wk of age were transferred with indicated cell suspensions, and histologically and
serologically examined 3 mo late®, Grade 2 gastritisi®, grade 1 gastritisD, intact gastric mucosa. Sééaterials and Method$or histologic grading

of gastritis.

with CD4" splenic and lymph node cells (£ 10°), of which
5-10% were CD25 (Fig. 1C), resulted in the complete inhibition
of autoimmune development.

Thus, the normal thymus contains both CD25 pathogenic
self-reactive T cells and CD2%" autoimmune-preventive T cells

in the compartment of mature thymocytes. Furthermore, wherperiment at a 1:1 ratio of cell mixing). CD28"8~ thymocytes

g

5
cytes. Furthermore, CDZ% "8~ thymocytes suppressed the re- §
sponses of CD2%4 78~ thymocytes (and CD48™ thymocytes) in
a dose-dependent fashion when the two populations were mixed @
various ratios and stimulated with anti-CD3 Ab (e.g., percentage OE
suppression (seiaterials and Methods) was95% in every ex-

pa

//:dn

pathogenic self-reactive T cells are released from the thymus, theglso suppressed the responses of CDP5 peripheral T cells;

can be controlled by CD2%* T cells already present in the
periphery.

Origin of CD25"4%8~ thymocytes
To determine the origin of the CD2%"8~ thymocytes (i.e.,

whether they have differentiated in the thymus from immature thy-
mocytes or migrated from the periphery as activated T cells (64,

65)), immature CD48~ thymocytes prepared from BALB/c mice,
in which thymocytes express Thy-1.2 (CD90.2) Ag, were directly
injected into the thymus of BALB/c-Thy2kongenic mice, which
express Thy-1.1 (CD90.1) Ag (FigA3. Staining of the recipient
thymus 1 wk later with anti-Thy-1.2 Ab revealed that the
CD25"4%8~ population indeed contained a significant number of
donor-derived Thy-1.2 cells. This indicates that the inoculated
CD4~8~ thymocytes gave rise to CD2&ED4"8~ thymocytes.
CD25"4"8~ thymocytes also developed in vitro from CD&"
thymocytes in an organ culture of fetal thymus (data not shown)

likewise, CD25 4™ peripheral T cells suppressed the responses qof,
CD25 4*8~ thymocytes as well as CD28" peripheral T cells

(Fig. 4B). These results taken together indicate that th
CD25%4%8~ population in the thymus of normal naive mice is
naturally unresponsive to Ag stimulation, but, upon stimulation,

Ruwi

A CD4" CD8™ Thymocytes

from BALB/c Mice
IT injection

BALB-Thy-1.1
Recipients

8102 ‘Zz 8unr uo 1enb Aq /Blojou

cD4_

7),.
i
1

LCDZS

Furthermore, they were already present in the thymus of newborn

mice before 3 days of age when CD26" T cells could be first

detected in the periphery (14); for example, a significant propor-

tion (0.9% 0.6%,n = 6) of CD4" thymocytes (including CD48*
and CD4"8~ thymocytes) was CD25in 2-day-old mice, whereas
no CD25" T cells were detected in their spleens (Fig)3These
results taken together indicate that most, if not all, CD258~
thymocytes are generated in the thymus rather than having m
grated from the periphery.

CD25"4%8~ thymocytes are unresponsive to TCR stimulation
in vitro and suppress proliferative responses of other
thymocytes/T cells

CD25"4*8~ thymocytes purified by FACS (as shown in Fid3)1
from normal adult BALB/c mice exhibited virtually no response to
in vitro stimulation with anti-CD3 Ab or Con A (Fig. 4A andB),
whereas the purified CD2%3"8~ thymocytes showed signifi-
cantly higher responses than the unseparated ‘®D4thymo-
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R

t [T S X
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FIGURE 3. Thymic generation of CD25CD4*CD8™ thymocytes.A,
Thymocyte suspension prepared from the thymus of a BALB/c-Thy-1
congenic mouse that had received intrathymic (IT) inoculation of
CD4 CD8" thymocytes from BALB/c mice 1 wk before they were stained
with PE anti-CD4, FITC-anti-CD25, and biotinylated anti-Thy-1.2. Thy-
1.2 expression on whole CD4or CD25'CD4" population enclosed on
theleft is shown on theight as a histogram with percentage of Thy-1.2
cells in each fractionB, Thymocyte or spleen cell suspension from 2-day-
old newborn (NB) mice was stained with PE anti-CD4 and FITC anti-
CD25. A representative result of three independent experiments is shown
in A andB.
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FIGURE 4. CD25'4*8 thymocytes are unresponsive to TCR stimulation and suppress other thymocytes and &,dg25" or CD25 478~
thymocytes purified by FACS (as enclosed in Fig) from 2-mo-old BALB/c mice, 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 mitomycin C-treated spleen cells as AP8! @4nocytes purified by

FACS were similarly stimulated alone or after being mixed with an equal number of GB& thymocytesB, CD25" or CD25 48~ thymocytes
(designated as CD25(Thy) or CD25 (Thy), respectively) or CD250r CD25 4" spleen cells (designated as CD265pl) or CD25 (Spl), respectively) O
were purified by FACS from 2-mo-old BALB/c mice. They were then mixed in indicated combinations at an equal ratio and stimulated with anti-CD%Ab
along with APCs. A representative result of more than five independent experiments is shdandB. In these experiments (including those shown in %
Figs. 5, 7, and 8 below), background counts in the wells with APC only we@00 cpm. The means of duplicate cultures are shown in each, and the SEs
of the mean were all within 10% of the mean in Fig. 4 and Figs. 5, 7, and 8.
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suppresses the activation/proliferation of other thymocytes/T cellstiters of anti-parietal cell autoantibodies than the transfer of th&s

and it is functionally similar to the peripheral CD25" T cell same number of thymocytes stimulated with Con A alone (Fig. 6)=
population, which is also anergic and suppressive. The former also elicited other autoimmune diseases, such %
) ) ] oophoritis and thyroiditis, in 20% of mice, whereas the latter did=.
Abrogation of unresponsiveness/suppression of Cm28" not. Thus, breakage of the anergic and suppressive state
thymocytes by high doses of IL-2 or anti-CD28 Ab, and CD25478 thymocytes can elicit autoimmune diseases similarg
induction of autoimmune disease by such treatments to those produced by direct removal of CD25 8~ thymocytes

Given that Ag stimulation together with exogenous IL-2 or anti- or T cells.
CD28 Ab breaks T cell unresponsiveness in vitro (47, 66, 67), we ) N )
examined the effect of IL-2 or anti-CD28 Ab on the unresponsive-Phengtyfe and function of CD28" T cells derived from
ness of CD254" thymocytes and their suppressive activity (Fig. CP2° 4 T cells
5, A and B). Stimulation of CD254%8~ thymocytes with anti-  Our previous reports showed that CD26" T cells could differ-
CD3 Ab in the presence of exogenously added rIL-2 (100 U/mlentiate into CD25 T cells in vivo (13, 14). This raises the ques-
concentration) or anti-CD28 Ab (18g/ml) not only elicited their  tion as to whether such CD28" T cell-derived CD254" T cells
proliferation, but also abrogated their suppressive activity. (including activated autoimmune effector T cells) can be phenof3
When these proliferating CD2%" T cells stimulated with anti-  typically and functionally discriminated from the anergic/suppres-g
CD3 Ab and rIL-2 or anti-CD28 Ab were harvested on day 3, sive CD25'4" T cells present in naive mice. To examine this, we 5
washed, and restimulated with anti-CD3 Ab along with freshanalyzed the cell surface phenotype, as well as the in vitro respon-
APCs, but without exogenous IL-2, they showed no proliferativesiveness to TCR stimulation, of CD2%r CD25 4" lymph node
response and markedly suppressed the responses of freshly coctilcells prepared from nude mice that developed autoimmune dis-
tured CD254%8~ thymocytes (Fig. 5C). In contrast, similarly ease after transfer of CD25T cells (as shown in Table | and Ref.
treated CD254%8~ thymocytes did not show unresponsiveness13) (Fig. 7). Compared with CD2%" lymph node T cells in
or suppression in the secondary culture. This indicates that, uponormal naive mice, those in the CD28ell-transferred nude mice,
removal of IL-2 or anti-CD28 Ab, the anergy/suppression-brokenin which CD25" cells constituted 17.1 5.2% (n= 4) of lymph
CD25"4"8" thymocytes revert to their original unresponsive/sup-node CD4 T cells (see also legend to Fig. 7D), were lower in
pressive state. CD62L and CD45RB expression, and higher in CD69 expression,
The in vitro analyses described above suggest the possibilityndicating that they were in activated and/or primed states (Fig.
that autoimmune disease may develop in normal mice if the ab7A). In the paragastric lymph nodes of gastritis-bearing mice,
rogation of the anergic/suppressive state of CD258~ thymo-  CD2574™ T cells expressed CD62L and CD45RB at much lower
cytes leads to the activation of self-reactive T cells from CD25 levels and CD69 at much higher levels than those in other lymph
dormant states. To test this, thymocyte suspensions from euthymitodes, indicating that they were more primed and activated (Fig.
BALB/c nu/+ mice were stimulated with Con A and exogenous 7B). Transfer of CD25 thymocytes (as shown in Table ) also led
riL-2 (at 50 U/ml), or Con A alone, for 3 days and then transferredto the development of CD250r CD25 4™ T cells with similar
to BALB/c athymic nude mice, which were histologically and se- expression patterns of cell surface molecules (data not shown).
rologically examined 3 mo later (13). Transfer of Con A/rlL-2-  Functionally, CD254* lymph node T cells from CD25 T
stimulated thymocyte suspensions XL 107) produced signifi-  cell-transferred nude mice were hyporesponsive to TCR stimula-
cantly higher incidences of histologically evident autoimmunetion in vitro, and unable to suppress the proliferative responses of
gastritis (o = 0.036 by Fisher’s exact probability test) and higher CD25 4" T cells, as shown in a representative mouse (F@), 7
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FIGURE 5. Breaking unresponsiveness and abrogating suppressive activity of ‘@26 cells by T cell stimulation along with exogenous IL-2 or
anti-CD28 Ab and their reversal to the unresponsive/suppressive state after removing IL-2 or anti-CB2hA4B, CD25" or CD25 4*8~ thymocytes,

or the two populations mixed at an equal ratio, were prepared from normal 2-mo-old BALB/c mice and stimulated with anti-CD3 Ab with rIL-2 (100 U/ml)
or anti-CD28 Ab (10ug/ml). C, CD25" or CD25 478~ thymocytes prestimulated with anti-CD3 Ab and riIL-2, or with anti-CD3 Ab and anti-CD28 Ab,

for 3 days were washed and restimulated with anti-CD3 Ab along with fresh APCs, but without exogenous rlIL-2 or anti-CD28 Ab, for 3 days (closed bars
anti-CD3/IL-2 prestimulation; hatched bars, anti-CD3/anti-CD28 prestimulation). These prestimulated42DR%ells were also mixed with freshly
prepared CD254*8~ thymocytes at an equal ratio and stimulated with anti-CD3. A representative result of three independent experiments ig\siwn in

and in individual mice as percentage of suppression (A. h harbored CD254"8~ thymocytes and CD2%" peripheral T
contrast, CD254" T cells from nude mice transferred with un- cells in a similar proportion of CD48~ thymocytes or CD4 T
eliminated spleen cells were significantly suppressive. Likewisecells (3.5+ 1.2% and 4.2+ 0.9% (n= 5), respectively) (Fig. B).
CD25"4* T cells from nude mice transferred with CD2%hy- In contrast, DO11.10 transgenic mice on RAG-2 gene-deficien
mocytes did not show significant suppressive activity when combackground developed few CD25"8~ thymocytes/T cells
pared with CD254" T cells from nude mice transferred with (<0.1% of CD4"8" thymocytes or CD4 T cells). Furthermore,
uneliminated thymocytes, although the activity was variable inthe CD254*8~ population in the thymus and periphery of
both groups of mice (—2.6- 33.1% vs 63.6+ 22.3%, respec- DO11.10 mice contained a-23-fold lower percentage of KJ1-16
tively, as percentage of suppressions 4). thymocytes/T cells (hence higher percentage of thymocytes/T cel

These results taken together indicate that although CB25T expressing endogenouschains) compared with the thymic or
cells can give rise to activated CD25" T cells (including auto-  peripheral CD254%8~ population (18.3+ 1.5% vs 72.7+ 7.6%
immune effector T cells), they may be unable to generatefor thymocytes (n= 3), 34.0* 8.7% vs 69.7+ 8.9% for lymph
CD25"4" T cells with significant suppressive activity. node cellsif = 4)); in contrast, each population in the thymus and g

) ) periphery contained a comparable percentage @8-€xpressing =]
Development of anergic/suppressive CD258" cells, the majority of which were expressing transgengdiiains 2
thymocytes/T cell in TCR transgenic mice, but not in those on (27) (Fig. ). 2
RAG-2-deficient background Functionally, the CD25478" thymocytes in DO11.10 mice &
CD25"478~ thymocytes and T cells developed in TCR transgenicwere unresponsive to stimulation with OVA peptides in vitro (Fig. S
mice as in nontransgenic mice. DO11.10 transgenic mice expres8B). Upon stimulation with OVA peptides, they potently sup-
ing transgenic TCRs specific for an OVA peptide, for example,pressed Ag-specific proliferative responses of cocultured tran
genic CD25 47" cells. Furthermore, TCR stimulation appeared to!
be required for CD25478~ thymocytes to exert suppression,
since CD254%8~ thymocytes prepared from nontransgenic lit-
termates did not exhibit suppression when stimulated with OVA
peptides.

Thus, high percentages of T cells expressing endogenous TCR
a-chains in the thymic or peripheral CD28" population, to-
gether with the paucity of the population in RAG-2-deficient TCR
transgenic mice, indicate that rearrangement of the endogenous
TCR a-chain genes and consequent expression of TCRs composed
o of endogenous-chains and transgenfg-chains may be required

0 ; . - —
o for the generation of anergic and suppressive CDP®B
thymocytes/T cells in TCR transgenic mice.
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Discussion
FIGURE 6. Induction of autoimmune disease in BALB/c nude mice by 1o main finding in this study is that the normal thymus is con-
transferring BALB/c thymocytes stimulated with Con A and IL-2. Thy- tinuously producing not only pathogenic self-reactive T cells

mocyte suspensions from BALBfw/+ mice were stimulated with Con A but al . . lat CD%8 T cell |
and rlL-2, or Con A alone, for 3 days, andX 10’ blastic cells were i.v. ut also a unique immunoregulatory cell popula-

transferred to BALB/c athymic nude mice. The recipients were histologi-fion that is unresponsive to TCR stimulation in vitro and, upon
cally examined 3 mo later, and titers of anti-parietal cell autoantibodiesStimulation, suppresses the proliferation of other thymocytes
were assessed by ELIS®, ©, O; see Fig. 2 for pathologic grading of and T cells. Furthermore, physical elimination of the population or
gastritis. functional breakage of its unresponsive/suppressive state leads to
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FIGURE 7. Phenotypic and functional characterization of CH25 T FIGURE 8. Development of anergic/suppressive CD258" thymo- -
cells in nude mice transferred with CD25" T cells. A, Expression of cytes/T cells in TCR transgenic mice, but not in those on RAG-Z-defluen__
various cell surface molecules on CD26r CD25 4" lymph node cells backgroundA, Thymocytes or lymph node cells from DO11.10 transgenic =
from nude mice inoculated with CD28" T cells 3 mo before (Table |, mice or DO11.10 mice on RAG-2 gene-deficient background were staineé
group F). Lymph node cells were stained with PE anti-CD4, FITC antj- With PE anti-CD4 and FI‘TC anti-CD25. Exprgs_sion of TCRs detected b =
CD25, and biotinylated Abs specific for various cell surface molecules.X91-26 clonotype-specific Ab or F23.1 specific fop&.1, 8.2, 8.3 on
Expression of indicated molecules on CD26r CD25 4* cells enclosed ~ CD25" or CD25 478" thymocytes or lymph node cells (enclosed on the 3
on theleftis shown on theight as a histogram: bold line is for cD28*  1€ft) is shown on theight sideas histogramsB, CD25" or CD254'8" 3
cells, solid line for CD254* cells, and dotted line for control staining with ~ thymocytes, or the mixture of the two in equal numbers, from DO11.105
an irrelevant AbB, Cells from paragastric lymph nodes of gastritis-bearing Mice were stimulated with OVA peptides for 3 days. CD258" thymo- @
nude mice were stained as An A representative result of three indepen- Cytes from DO11.10 mice (CD25(Tg)) were also mixed with an equal &
dent experiments is shown andB. C, CD25" or CD25 4" T cells, or number of CD254%8~ _thymocyte§ from nontransgenic Ilttermatgs Q
the mixture of an equal number of these cells, purified (as showpfrom  (CD25" (non-Tg)) and stimulated with OVA peptides. A representative &
the lymph nodes of a nude mouse transferred with CDgpleen cells ~ "esult of three independent experiments is shown.
(group F in Table I) or uneliminated spleen cells (group E in Table I) 3 mo
before were stimulated with anti-CD3 Ab and APCs for 3 ddysThe
degree of suppression by CD25" T cells on the proliferation of
CD25 4™ T cells was calculated as percentage of suppressiorMaée
rials and Methodsand shown for individuahu/numice transferred with
CD25 or uneliminated spleen cells, as shown in Table = 3 each).
Percentage of CD25cells among lymph node CD4cells in these nude
mice transferred with CD25 or uneliminated spleen cells was 18:3
5.6% and 19.5+ 1.4%, respectively. Vertical bars denote SDs.
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selected in the thymus (57—60). Third, the expression of endogeaw
nous TCRa-chains is required for their development in TCR &
transgenic mice, as illustrated by the finding that RAG-2 defi-
ciency abrogated their development (Fig. 8). In these transgenic
mice expressing OVA-specific transgenic TCRs, CD25T cells
exhibiting suppressive activity upon OVA stimulation may be ex-
pressing dual TCRs, one composed of the transgefBechains
the spontaneous activation and expansion of self-reactive thymand the other of an endogenouwschain and the transgenic
cytes/T cells, which mediate various autoimmune diseases immuys-chain; and, while the former recognize the OVA peptide (and
nopathologically similar to their human counterparts (68). These irmay transmit signals required for the cell to exert suppression), the
vivo and in vitro results indicate that the thymus plays key roles inlatter might be responsible for rendering CD28 8~ thymocytes
the nondeletional as well as deletional mechanism of immunologi@nergic and suppressive through the thymic selection process pre-
self-tolerance (Fig. 9). Indeed, when pathogenic self-reactivessumably by interacting with self peptide/class Il MHC (49, 69, 70,
T cells that have escaped thymic clonal deletion are released fromnd see below). These findings in OVA-TCR transgenic mice can
the thymus, they can be controlled in the periphery by CDP5  be generalized to other TCR transgenic mice. For example, in the
T cells that have been already produced by the thymus (Table Inice expressing self-reactive transgenic TCRs specific for the my-
Fig. 4B). elin basic protein or a pancreatic islet cell Ag, the development of
For the following reasons, the anergic and suppressiveutoimmune diseases (such as experimental allergic encephalomy-
CD25"4*8~ thymocytes appear to be generated through the thyelitis and insulin-dependent diabetes mellitus, respectively) was
mic selection process. First, the normal thymus can generate theenhanced significantly by making the transgenic mice RAG-2 de-
in vivo and in vitro from immature thymocytes (Fig. 3, and our ficient or TCR Gx deficient (hence, endogenous T@Rchain de-
unpublished data). Second, the phenotype of cell surface moldicient) (71, 72). To further elucidate how the anergic/suppressive
cules (such as CD69 or Qa-2) suggests that they may be recentyD25"4" 8~ thymocytes are generated in the thymus of normal or
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Bone Marrow cytes or CD253 4% peripheral T cells in normal naive mice appears
to be their basal default condition, since the CD258~ thymo-
cytes/T cells broken of their anergic/suppressive state by TCR
stimulation along with anti-CD28 Ab or a high dose of IL-2 re-
verted to the original anergic/suppressive state upon removal of
anti-CD28 Ab or IL-2 from the culture milieu (Fig.&and Ref.

24). Taken together, these results indicate that, once the
CD25"CD4"8~ thymocytes acquire the suppressive activity in
the thymus, they may stably maintain the activity, and that other T
cells could hardly acquire it upon activation in the periphery (Fig.
9). Our findings, which were mainly obtained from in vitro pro-
liferation assay, would not, however, exclude the possibility that
CD25 cell-derived CD25 activated T cells might somehow sup-
pressively influence functions of other T cells in vivo through the
cytokine network (13, 26—30). Other T cells with activated phe-
FIGURE 9. Thymic production of anergic/suppressive CD25 T notype, for example NKT cells, may also play a regulatory role in
cells as a key function of the thymus in maintaining immunologic self- self-tolerance by secreting immunoregulatory cytokines, although
tolerance. While the normal thymus deletes T cells highly reactive with selfooth CD25"4"8~ thymocytes and CD254" peripheral T cells do

Ags expressed in the thymus, it continuously produces some potentiallyot express NK1.1 Ag, indicating that they are different from NKT
pathogenic self-reactive CD4T cells, which persist in the periphery at g||g (61, 62).

CD25 quiescent state. The normal thymus also continuously produces Together with this possible inability of CD28" T cells to g

anergic and suppressive CD26" T Ce"S.’ which are suppressing the ac- acquire the anergic/suppressive property upon activation, the fog—
tivation and expansion of CD4self-reactive T cells from CD25dormant . - . . _
lowing findings suggest that the anergic/suppressive C228 8

state. When the immunoregulatory CD2E™ T cells are eliminated or . . . . Q
substantially reduced, or their regulatory function is impaired, CD&#f- T cells in the thymus and periphery of normal naive mice may=

reactive T cells become activated, expand, and differentiate to CBes ~ have developmental continuity as a common T cell lineage an@
tivated autoimmune effector T cells (dotted arrow), which may help B cellsconstitute a T cell subpopulation functionally distinct from other T =
to form autoantibodies (Th2 response) or conduct cell-mediated immuneells or thymocytes. First, both the thymic and the peripher&é
responses by recruiting inflammatory cells, including activated macro-CD25"4" T cells are functionally similar in their in vivo autoim- g
e,

3

Periphery

phages (M) (Th1l response). mune prevention, in vitro suppression, and unresponsiveness
TCR stimulation. Second, they are phenotypically similar in th
expression profile of various cell surface molecules (Fi@ and
TCR transgenic mice, it is necessary to determine their Ag spec€), especially in high CD62L expression, which contrasts with lowE
cificities or the ligands selecting them. We postulate that theCD62L expression on autoimmune effector T cells (Fig. 7) or usual
CD25'4"8" thymocytes may be reactive with self peptides/classactivated or memory T cells (40, 54-56). The finding that8
Il MHC complexes (57, 73) or class || MHC itself (74) expressed CD25"4*8~ thymocytes/T cells are CS", CD45RE°Y, and o
in the thymus and rendered anergic (hence, harmless) because thartially CD621"9" also correlates with the findings made by usq
avidities of their TCRs for self peptides/class 1| MHC might be and others that autoimmune-suppressive CEymocytes/T cells
rather high (but not so high as to be deleted) (Fig. 9). Furthermoreare CD%'9" CD45RB°Y, and CD62I"9" (8-10, 12-16, 52, 53), o
an activated or primed phenotype of CD2B 8~ thymocytes and  although it remains to be determined whether the thymocyte/T ce
T cells in normal naive mice suggests that they might be continpopulation with the anergic/suppressive property can be furtheg
uously stimulated by self Ags in the normal internal environment.reduced to a smaller population, for example, the CD®PLor
This possible self-reactivity of CD25"8~ thymocytes is cur- CD62L'°" population included in the CD2%"8~ population
rently under investigation. (Fig. 1, B and C). Third, both CD25478~ thymocytes and
The CD25 molecule is expressed on activated T cells (34, 75)CD25"4" peripheral T cells are absent in RAG-2-deficient TCR
This poses a question as to whether activated CE25T cells  transgenic mice; and, in TCR transgenic mice, both are constituted
derived from CD254" T cells can also acquire the suppressive of high proportions of thymocytes/T cells expressing endogenous
activity. In our study, the CD254™* T cells that had differentiated TCR «-chains (Fig. 8 and see discussion above). Furthermore,
in nude mice from the inoculated CD28" T cells exhibited the  both were shown to be characteristically resistant to a superanti-
cell surface phenotype generally shared by activated, primed, agen-induced clonal deletion (76, 77).
memory CD4 T cells and similar to the phenotype of CD26" Given the thymic production of the anergic/suppressive
T cells in normal naive mice (Fig. A andB, vs Fig. ). They, = CD25"4" thymocytes, their possible lineage continuity to the pe-
however, scarcely exhibited suppressive activity (Figc andD). ripheral CD25 4" T cells, and possible inability of other T cells
Although these CD25 cell-derived CD254" T cells were hy-  to acquire the anergic/suppressive property (see above), abrogation
poresponsive to TCR stimulation (FigCy, this could be attributed of their peripheral migration from the beginning of their ontogeny
to the refractoriness of chronically stimulated T cells (including may well lead to their paucity in the periphery and, as a conse-
autoimmune effector T cells) to further TCR stimulation, as quence, to the development of autoimmune disease. In the previ-
CD25 4*8~ thymocytes stimulated in vitro were hyporesponsive ous report (14), we showed that CD26" T cells begin to appear
to further stimulation (Fig. 6). Indeed, CD254" T cells pre- in the periphery at about day 3 after birth in normal mice; they are
pared in vitro by activating CD25T cells from normal BALB/c  substantially reduced by thymectomy at about day 3; such neonatal
mice did not exhibit suppressive activity either on the proliferationthymectomy elicited autoimmune diseases similar to those pro-
of other T cells in vitro (Fig. 5C) or on the development of auto- duced in the present experiments; and the inoculation of CB25
immune disease in vivo when cotransferred to nude mice withT cells from normal mice prevented the autoimmune development.
CD25 T cells (Y. Kuniyasu et al., manuscript in preparation). These findings taken together indicate that the neonatal thymec-
Furthermore, the anergic/suppressive state of C@2B~ thymo- tomy may be able to selectively reduce the anergic/suppressive
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CD25%4" T cells in the periphery, leading to activation of self- 8.
reactive T cells that have migrated to the periphery before the
thymectomy (see Fig. 3B), thus resulting in the development of
autoimmune diseases similar to those produced by direct remova®$-
of CD25"4™ T cells from the periphery of adult mice (Table | and
Refs. 13 and 14). Other ways of possibly manipulating the neo-
natal development of the anergic/suppressive CRZ5thymo-
cytes/T cells or reducing them from the periphery in adults can
cause similar autoimmune diseases as well (19, 48, 49, 78).
Our results also indicate that not only physical elimination of

CD25"4"8~ thymocytes/T cells, as discussed above, but alsojs

functional abrogation of their suppressive activity may cause au-
toimmune disease. For example, a high dose of IL-2 locally pro- ,
duced by T cells responding to invading microbes or a high level
of CD80/CD86 expression on APCs might locally break the an-
ergic/suppressive state of CD2%"8~ thymocytes/T cells and al-
low pathogenic self-reactive T cells in the vicinity to be activated
(79). Furthermore, breakage of the anergic/suppressive state of
CD25%4" T cells for a limited period may suffice to elicit auto-
immune disease, as illustrated by the development of autoimmune
disease in nude mice transferred with thymocytes treated in vitrg
with Con A and IL-2 for 3 days (Fig. 6). Itis likely that a sufficient
number of CD4 pathogenic self-reactive T cells in the inocula
have expanded and/or differentiated to autoimmune effector T cell$”
before the anergy/suppression-broken CD25 T cells revert to
the anergic state and reacquire the suppressive activity (Elg. 5

In conclusion, the present results indicate that the thymus con®
tributes to the maintenance of immunologic self-tolerance not only
by clonally deleting or inactivating self-reactive T cells, but also 19
by producing CD254* immunoregulatory T cells that are anergic
and suppressive. Thus, pathogenic self-reactive T cells having es-
caped thymic clonal deletion can be controlled in the periphery by?%:
this T cell-mediated regulatory mechanism. Autoimmune disease
may develop in genetically susceptible individuals as a conse21.
guence of abnormality in the thymic production of these naturally
anergic and suppressive CD26"8™ T cells, their reduction in the
periphery, or their dysfunction in controlling self-reactive T cells.
Environmental agents or genetic abnormalities may cause autoim,
mune disease by affecting CD25"8~ thymocytes/T cells (80).
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