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FIGURE 3. Schematic diagrams of the protocol for retrovirus infection
to splenocytes. The mixture of both viral supernatants was placed on non-
tissue culture 24-well plates coated with RetroNectin and centrifuged for
3 h at room temperature. This step was repeated three times. Then spleno-
cytes were placed into the plates and cultured for 24 h,

B-chain plus IRES/GFP, the TCR af-chain-introduced CD8* T
cells were found to more efficiently accumulate at the P815 tumor
site than the cells introduced with the TCR B-chain alone. The
GFP*/VB10™ populations in the CD8* TIL from each group are
summarized in Fig. 58. This observation suggests that, like the
P09-2C clone, TCR af-chain-introduced T cells accumulate at the

original tumor site, when reconstituted CD&8" T cells are adop-

tively transferred to tumeor-bearing nude mice.

Discussion

In this study, we demonstrated that the TCR «fB-chains from
clonally expanded TIL can be detected by the combination of the
RT-PCR/SSCP method and the singie-cell PCR method. Further-
more, when functional tumor-specific CTL were reconstituted by
retroviral transfer of TCR «p-chain genes from clonally expanded
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FIGURE 5. Analysis of the reconstituted T cell accumulation at the

original tumor site in nude mice. The DBA/2 splenocytes were retrovirally
transferred with IRES/GFP (mock), TCR B-chain gene pius IRES/GFP (B),
or TCR af-chain genes (af), and CD8" cells were isolated from the
splenocytes. Nude mice (n = 4) were injected s.c. with | X 10° tumor cells
and i.v, with 2 X 10° CD8* gene-transduced T cells. After 12 days, CD8*
TIL were isolated, stained with PE anti-V10, and subsequently analyzed
by flow cytometry. 4, Flow cytometric analysis of P§15-infiltrating CD8™*
T cells. The horizontal axis shows GFP intensity (TCRa-1RES/GFP or
IRES/GFP for the controls), and the vertical axis shows V310 expressions.
Eight individual mice were examined, and representative data are shown.
8, The ratio of GFP*/VB10™ TIL in CD8™ TIL from P815-bearing mice.
Values represent the mean of two independent experiments.

TIL, we proved that the TCR af-chain-introduced CD8* T cells
lyse the tumor cells in vitro and accumulate at the tumeor site in
vivo. This is the first approach for simultaneously determining the
individual TCR a- and 8-chains of tumor-infiltrating CD8* T cells
and for investigating the immune response of such TCR to the
original tumor under both in vitro and in vivo conditions. Several
studies have been made on the reconstitution of functional T cells
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by TCR afi-chain gene transfer, but most of these studies have
involved the reconstitution of TCRs into T cell hybridomas and T
cell lines (20-24). Gene transfer into peripheral T lymphocytes has
been achieved in the last few years (25, 26-29). Furthermore,
these studies have used cloned TCR already proven to have a func-
tional specificity to Ag, such as OVA and influenza nucleoprotein
(25, 28, 29). In this report, we reconstituted the functional CD8™
T cells by gene transfer of the functionally unknown TCR, which
was supposed to recognize an unknown tumor Ag. This kind of
approaches would enable us to reconstitute CTL specifically for an
individual patient.

Several studies have shown that TIL are able to recognize tumor
Ags and in some cases to lyse the malignant cells. These findings
provided a basis for the use of in vitro cultured TIL in adoptive
immunotherapy (15, 36). However, the efficacy of such cultured
TIL is not sufficient for clinical use. For example, even when the
freshly isolated TIL exhibited an activated phenotype and dis-
played strong cytotoxic activity in vitro, the TIL failed to prevent
melanoma cell growth in vivo (37). Moreover, even in cases of
clones capable of exerting strong antitumeor cytetoxicity in vitro,
these tumor-specific CTL were not sufficient to suppress tumor
growth (38). The discrepancy between in vitro tumor lytic activity
and in vive tumor progression in the presence of such TIL remains
to be clarified. Several studics suggest that ftumeors may escape
from immune recognition by a variety of pathways, e.g., release of
factors that inhibit the functioning of TIL.

In our previous experiments, we showed that the antigenic stim-
ulation of a T cell population leads to clonal expansion, detected as
a band by the RT-PCR/SSCP method (17, 39). Each band corre-
sponds to an accumulated T cell clone in the heterogeneous T cell
population (17). We have previously reported that, by this RT-
PCR/SSCP method, distinct T cell clonotypes were detected in
patients with solid tumors (18) as well as in samples from rheu-
matoid arthritis or systemic lupus erythematosus (35, 40). In mu-
rine P815 solid tumors, the clonal expansion of T cells with VI,
2,4,7,10, 13, and 14 was repeatedly detected by the SSCP method
(Fig. 1). It is likely that these clones react to a tumor Ag. Previ-
ously, Levraud et al. (41) reported that T cells with VB1/J81.2 or
VR1/J32.5 were found in P815-infiltrating lymphocytes, and the
V31/181.2 rearrangement was bome by CTL directed against an
Ag derived from P1A, a self protein expressed in P815. Likewise,
clonally expanded T cells using V81 were reproducibly detected in
our system. However, it was difficult to simultaneously determine
the TCR a- and B-chains derived from a CD8*/VS1™ single TIL
because no murine anti-V31 Ab is available,

In this study, one of the principal problems involved the quan-
titative assessment of the RT-PCR/SSCP method. The dominant
band on an SSCP gel may not reflect the dominant population in
TIL because of differences in primer efficiencies among the Vs
and in clone numbers of each population, although it is reasonable
to suppose that a dominant band in a distinct VB represents the
dominant clone in the V8 population. Therefore, we analyzed the
VB usage of P815-infiltrating CD8* T cells by flow ¢ytometry.
Given that a clone using a certain V8 displays clonal expansion on
an SSCP gel and that the usage of the V3 is predominant in TIL,
it secems quite probable that the clone recognizes a P815 tumor Ag.
In our system, the usage of VB10 was increased in TIL when
compared with that in spleen (Table I). Recently, several investi-
gators studied the VB usage of TIL {42, 43), but few attempts have
been made to simultaneously determine the Ve and V3 usage of
such cells. In this swudy, we also tried to deternvine the Vor se-
quence of clonally expanded TIL by the single-cell PCR method,
As shown in Fig. 24, the Vo scquences were rendercd by 5
poly(A) addition and subscquent PCR amplification (31). It has
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been reported that the frequency of clomally expanded T cells
could be analyzed by the single-cell PCR method (44-46). The
efficiency for obtaining sequenceable PCR products from single
cells is low (~10-30%) in our system compared with a previous
report (46). The difference may be due to less abundant mRNA in
TIL, because sequenceable PCR products were obtained from sin-
gle spleen T cells in our system at the same efficiency as previously
reported (46).

When the P09-2C TCR ¢f-chain genes were transferred retro-
virally to splenocytes, the ability of the transduced cells to secrete
IFN-y was not significant (data not shown). This finding may be
due to the relatively weak activity of the CTL. However, the re-
constituted CD8™ T cells positively lysed P815 tumor cells and
accumulated at the original tumor site. Hence, it is quite likely that
the reconstituted CD8™ T cells recognized a P815 tumor Ag. In
fact, the MHC molecule presenting P815A and B Ags was shown
to be H-2L7 (8), so it is possible that the reconstituted CTL rec-
ognized the P815A or B Ag. Stronger activity against the tumor
may be achieved by transferring another set of TCR af-chains,
because CD8™ T cells introduced with the H2-KP-specific TCR
ap-chain genes strongly lysed the H2.K® gene-transfected P815
cells (unpublished data).

Although the TCR af-chain-introduced CD8™ cells accumu-
lated at the P815 tumor site, such T cells did not reject the onginal
tumor in vivo (data not shown). This finding may be due to the
character of P815 tumor cells. In fact, escape vadants have been
known to emerge from the original P815 tumor cells in vivo (47).

The P09-2C TCR af-chain-introduced CD8* T cells were def-
initely accumulated at the P81S tumor site. Recently, lymph node
T cells transduced with IL-10 (48) and myelin basic protein-spe-
cific Thi clone transduced with TGFB! (49) have been shown to
ameliorate experimental autoimmune encephalomyelitis develop-
ment. Tn addition, type IT collagen-specific CD4™ T cells or hy-
bridomas with IL-12 antagonist (IL-12p40} significantly inhibited
the development of collagen-induced arthritis, and these CD4™ T
cells accumulated in the inflamed joints in mice with collagen-
induced arthritis (50). Moreover, when virus-specific TCRa8
genes were introduced into peripheral T cells, such T cells ex-
panded upon viral infection of mice and efficiently homed to ef-
fector sites (28). These observations suggest that the Ag-specific T
cells would be useful as a therapeutic vehicle. Likewise, this ap-
proach may be effective in tumors.

The study presented in this work demonstrates that it is possible
to reconstitute functional tumor-specific T cells accurnulating at a
tumor site. We expect that using the reconstituted tumor-specific T
cells as a therapeutic vehicle will make possible the development
of gene therapy for patients with malignant tumors.
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Peripheral Tolerance to a Nuclear Autoantigen: Dendritic Cells
Expressing a Nuclear Autoantigen Lead to Persistent Anergic
State of CD4™ Autoreactive T Cells After Proliferation’

Kimito Kawahata,* Yoshikata Misaki,’* Michike Yamauchi,* Shinji Tsunekawa,’
Keigo Setoguchi,* Jun-ichi Miyazaki,* and Kazuhiko Yamamoto*

It remains unknown why the T cell tolerance to nuclear autoantigens is impaired in systemic autoimmune diseases. To clarify this,
we generated transgenic mice expressing OVA mainly in the nuclei (I.d-nQVA mice), When CD4"* T cells from DO11.10 mice
expressing a TCR specific for OVA, ;4 33, were transferred into Ld-nOVA mice, they were rendered anergic, but persisted in vivo
for at least 3 mo. These cells expressed CD44"#" CD45RB'*", and were generated after multiple cell divisions, suggesting that
anergy is not the result of insufficient proliferative stimuli. Whereas dendritic cells (DCs) from Ld-nOVA (DCs derived from
transgenic mice (TgDCs)), which present rather low amount of the self-peptide, efficiently induced proliferation of DO11.10 T cells,
divided T cells stimulated in vivo by TgDCs exhibited a lower memory response than T cells stimulated in vitro by peptide-pulsed
DCs. Furthermore, we found that repeated transfer of either TgDCs or DCs derived from wild-type mice pulsed with a lower
concentration of OVA,,,_,,, induced a lower response of DO11.10 T cells in Ag-free wild-type recipients than DCs derived from
wild-type mice. These results suggest that peripheral tolerance to a nuclear autoantigen is achieved by continuous presentation of
the self-peptide by DCs, and that the low expression level of the peptide might also be involved in the induction of

hyporesponsiveness.

ne of the prominent features of systemic autoimmune

diseases such as systemic lupus erythematosus is the

preserice of immune responses against ubiquitous nu-
clear autoantigens, such as spliceosomal components (Ul
snRNP-A, 70K, C, B/B’, etc.) and nucleosomal components
(dsDNA, histones). These systemic autoimmune responses are
driven by autoantigen-specific CD4™ T cells (1, 2). Although Ag
compartmentation within cells could influence the processing and
loading of antigenic determinants onto MHC molecules (3-6),
only a few studies have focused on the mechanism of T cell tol-
erance to nuclear autoantigens (7, 8).

T cell wlerance is established and maintained by eliminating
(9-12) and silencing (13-17) autoreactive T cells both in the thy-
mus and in the periphery. In the thymus, TCR interactions with
self-Ags presented on MHC molecules are known to be crucial for
the selection of immature T cells. Recent studies also suggest that
self-Ags presented in the periphery might play an important role in
the maintenance of peripheral tolerance (13-17), the survival of
naive mature T cells (18, [9), and the induction of autoimmunity
(20, 21). It remains unclear what mechanism determines whether
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in vivo self-presentation leads to activation or to peripheral toler-
ance of autoreactive T cells.

To date, in vitro studies have demonstrated that TCR engage-
ment of T cell clones in the absence of costimulation induces an-
ergy (22-25). In this context, it has been suggested that the re-
sponse of autoreactive T cells depends on either the activation
status (resting or activated) or maturation stage of APCs (26},
which influence the expression level of costimulatory molecules.
As for dendritic cells (DCs),? it was demonstrated that immature
DCs, which are able to efficiently phagocytose apoptotic (27) as
well as necrotic cells (28), undergo maturation only when exposed
to the latter (29) or to massive apoptotic cells (30). Thus, under
inflammation-free conditions, in which few necrotic cells are gen-
erated, maturation of DCs that phagocytosed apoptotic cells de-
rived from self-tissues might be impaired (31), resulting in avoid-
ance of stimulatory self-presentation. Resting B cells are also
suggested to be involved in T cell tolerance (32, 33), probably due
to their low expression of costimulatory molecules.

It has been documented that this tolerizing stimulus induces pro-
liferation of T cell clones either weakly {25) or not at all (22, 23),
suggesting that generation of anergic T cells in vitro is not linked
to cell cycle progression. However, previous studies using neo-self
transgenic mice indicated that autoreactive T cells undergo tran-
sient clonal expansion followed by clonal elimination and anergy
of the remaining population (10, 11, 14-16). Furthermore, self-
Ags were shown to be highly expressed on DCs in vivo (34, 35),
and were able to be presented to CD4* T cells in vivo by DCs
which included DCs expressing B7 costimulatory molecules (36—
38), compared with immature DCs generated in vitro by cytokines
(39, 40). Thus, to understand in vivo CD4* T cell tolerance, it is

* Abbreviations used in this paper: DC, dendritic ccl}; TgDC, DC derived from trans-
genic mice; WTDC, DC derived from wild-type mice; pepDC, OVA;p,. 350-pulscd
WTDC,
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important to elucidate the association between cell cycle progres-
sion and differentiation into effector/memory T cells vs anergic T
cells. In most studies using in vivo models, it was not clear
whether anergy might be a transient state which precedes elimi-
nation, or if anergic T cells might be a distinct subpopulation that
did not proliferate, probably due to the absence of costimulation or
other ontogeny.

It has been demonstrated that altered peptide ligands induce T
cell unresponsiveness (41, 42). In this context, a recent study re-
ported that low numbers of agonist ligands induced T cell anergy
(43). Regarding the case of Ag-presentation on MHC class IT mol-
ecules to CD4™" T cells, Ag localization (extracellular vs intracel-
lular) was demonstrated to significantly influence the expression
level (6) and processing (4—6) of Ags. Especially among intracel-
lular Ags, compartmentalized Ags appeared to be expressed at
lower levels, as shown in the model of hen egg white lysozyme (6).
Thus, the findings of previous experiments, most of which used
peptide-pulsed APCs or mice bearing scluble/membrane-bound
neo-self Ags, might be difficult to apply directly to understanding
CD4™ T cell tolerance to intracellular autoantigens.

To investigate how a nuclear autoantigen leads to peripheral
CD4* T cell tolerance, we generated transgenic mice (Ld-nOVA
mice) expressing chicken egg OVA mainly in the nuclei. We used
CD4* T cells obtained from DO11.10 TCR mice, which express a
TCR specific for the OV A, 350 dominant epitope bound to 1-A°
class IT MHC molecules (44, 45}, and performed adoptive transfer
experiments, Our results show that proliferation stimulated by nu-
clear autoantigen-bearing DCs leads to a persistent anergic state of
autoreactive CD4 ™ T cells in vivo, suggesting that the property of
nuclear autoantigens which controls the tolerance of CD4 T cells
might be the low and continuous expression of a self-peptide
on DCs,

Materials and Methods
Mice

BALB/c mice were obtained from Japan SLC (Shizuoka, Japan). Mice
were maintained in a temperature- and light-controlled environment with
free access 1o food and water under specific pathogen-free conditions, Fe-
male age-matched mice were used in all experiments, and the mice were 7-
to 10-wk cld at the start of each experiment. DO11.10 transgenic mice,
whose T cells express receptors specific for OV A, were kindly provided by
Dr. T. Watanabe (Institute of Bioregulation, Kyushu University, Fukuoka,
Japan), and were bred in our animal facility.

Generation of transgenic mice

Chicken egg OVA ¢DNA (kindly provided by Dr. P. Chambon, Institut de
Genetique et de Biologie Moleculaire et Cellulaire, Universite Louis Pas-
teur, Strasbourg, France) fused with the nuclear localization signal at the
3'-end was subcloned into pLG-Ege, which had been produced by inserting
a human Ep enhancer into the 5'-end of the L? class [ promoter of pLG-2
plasmid. This OVA transgene construct was microinjected into the pronu-
clei of fertilized eggs from C5S7BL/6 mice. The microinjected epgs were
transferred into the oviducts of pseudopregnant females. Mice canying the
transgene were identified by either Southemn blot analysis or PCR analysis
of tail DNA, Ld-nOVA BALB/c mice were produced by crossing Ld-
nOVA C57BL/6 mice with normal BALB/c mice for less than eight
generations.

Preparation of cell populations

A CD4™ T cell population was prepared by negative sclection with MACS
{Miltenyi Biotech, Bergisch Gladbach, Germany) using anti-CD19 mAb
(BD PharMingen, San Diego, CA), anti-I-AY mAb (BD PharMingen), and
anti-CD8 mAb (BD PharMingen). Naive CD4™ T cells were positively
selected from purified CD4™ T cells with MACS using anti-CD45RB mAb
{BD PharMingen). DCs were prepared as previously described (34, 36-
38). Bricfly, spleen cells or lymph node cells were digested with cotlage-
nase and DNase ! at 37°C for 20 min, further dissociated in Ca®*-free
medium in the presence of EDTA at 4°C. Low density cells were sclected
by centrifugation in 14.5% metrizamide medium, followed by negative
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selection with MACS using anti-TCR g8 (BD PharMingen), anti-CD19
mAb, and overnight culture. Nonadherent cells were collected and used as
a DC-enriched population. Adherent cells were collected as macrophages.
Alrernatively, DCs were freshly prepared by positive selection with MACS
using N418 mAb (American Type Culture Collection, Manassas, VA) from
low density cells. For peptide-pulsing, DCs were incubated in a tissue
culture medium containing the indicated concentration of OV A, 35, pep-
tide for 2 h at 37°C, and then washed twice before injection.

Transfer experiments

For the transfer of KJ1-267CD4™ cells into Ld-nOVA mice, naive CD4*
T cells from the spleens of DOT1.10 mice were prepared and resuspended
in PBS. Then 5 X 10° cells were i.v. injected into Ld-nOVA mice and
nontransgenic littermates. Cell viability was always <97%, as determined
by trypan blue exclusion.

Proliferation assay

CD4* T cells from spleens were cultured at 4 X 10° cells/well with various
concentrations of OV A and irradiated syngeneic spleen cells (5 x 10°
cells/well) in RPMI 1640 medium supplemented with 2 mM L-glutamine,
100 U/ml penicillin, 100 pg/ml streptomyein, 10% heat-inactivated FCS,
and 5 X 107* M 2-ME for 3 days, followed by a final 16 h of culture in
the presence of 1 pCi of [*HJTdR per well. The incorporated radioactivity
was counted with a gamma scintillation counter. The proliferative response
was expressed as A cpm (mean cpm of the test cultures minus mean cpm
of the control cultures without Ag) *+ SD.

Assay for suppressive activity

Anergic KJ1-26™ T cells positively setected from the Ld-nOVA recipients
(2 X 10 cells/well) and CD4*CD25™ T cells from wild-type mice (2 X
10" cellsfwell) were cultured with iradiated syngeneic spleen cells (5 X
10* cells/well) in the presence of anti-CD3 mAb (10 pg/m) for 3 days,
followed by a final 6 h of culture in the presence of | pCi of [*H]TdR per
well. Three individual recipients were used. The proliferative response was
expressed as A cpm (mean cpm of the test cultures minus mean cpm of the
control cultures without anti-CD3 mAb) = SD.

Flow cytometry

The following Abs were used for identification and phenotypic analysis of
transferred T cells: FITC-conjugated or biotinylated KJ1-26; PE-conju-
gated anti-CD4, -CD25, -CD44, -CD62L, and -CD45RB (BD PharMin-
gen); and streptavidin-Tricolor (Caltag Laboratories, Burlingame, CA). For
CFSE-labeling (Molecular Probes, Eugene, OR), cells were resuspended in
PBS at 107/ml and incubated with CFSE at a final concentration of 5 uM
for 30 min at 37°C, followed by two washes in PBS. :

Immunoprecipitation

Thymus, spleen, liver, and kidney were homogenized and solubilized in
RIPA lysis buffer (20 mM Tris, pH 8.0, 0.15 M NaC), 0.1% SDS, 1%
Nonidet P40, 0.5% deoxycholate, 1 mM EDTA, 10 ug/ml leupeptin, and
1 mM PMSFE). Whole cell lysates were immunoprecipitated with either
anti-OVA polyclonal Ab (Cappel, Aurora, OH) or anti-OVA mAb (gifts
from Dr. H. Karasuyama (Department of Immune Regulation, Tokyo Med-
ical and Dental University, Tokyo, Japan) and Dr, T. Azuma (Research
Institute for Biological Sciences, Science University of Tokyo, Noda,
Chiba, Japan)). The immunoprecipitates were resolved by 12.5% SDS-
PAGE and subsequently transferred to nitrocellulose membranes. The
membranes were incubated with anti-OVA polyclonal Ab and visualized
with HRP-conjugated secondary Ab and ECL Western blotting detection
reagents (Amersham Pharmacia Biotech, Piscataway, NJ).

ELISA

The serum OVA concentration was assayed by sandwich ELISA. Briefly,
96-well plates (Immulond; Dynatech, Chantilly, VA) were coated with
anti-OVA capture mAb (Sigma Aldrich, St. Louis, MO} in 0.03 M car-
bonate buffer at pH 9.6 by overnight incubation at 4°C. After blocking with
19 BSA for 2 h at 37°C, the plates were incubated with mouse serum
samples for 1 h at 37°C. After washing five times with 0.05% Tween 20 in
PBS, the plates were incubated with rabbit anti-OVA detection polyclonal
Ab (Cappel). The bound OVA was visualized with anti-rabbit 1gG Ab
coupled to HRP (Zymed Laberatories, San Francisco, CA), followed by
development with 3,535 -tetramethylbenzidine (Kirkegoard & Perry
Luboratories, Gaithersburg, MD). The OD was read at 450 nm, AR samples
were tested in duplicate.
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Intracellular cytokine staining

CD4* T cells (5 X 10° cells) were stimulated with plate-bound anti-CD3
mAb for 20 h. Brefeldin A (10 pg/ml) and monensin (1 M) were added
10 h before harvesting. Cells were first stained with FITC-conjugated
KJt-26 and bictinylated anti-CD4, followed by streptavidin-Tricolor.
Stained cells were fixed in 4% paraformaldehyde, lysed in 0.5% sapo-
nin/1% B3A/0.1% NaN;_and incubated with PE-conjugated anti-1L-2 (BD
PharMingen).

Results
Generation of Ld-nOVA mice systemically expressing a nuclear
neo-autoantigen

To generate transgenic mice showing systemic expression of a
nuclear nec-autoantigen, we fused a nuclear localization signal to
the 3'-end of chicken egg OVA ¢DNA and then subcloned into the
¢DNA downstream of the human Eg enhancer and L class T pro-
moter. Mice carrying this OVA transgene construct were gener-
ated, backcrossed to BALB/c background, and termed Ld-nOVA
mice. We examined the subcellular localization of OVA in Ld-
nOVA mice by immunoftuorescence microscopy (Fig. 14). Nu-
clear expression of OVA was confirmed in most spleen cells, al-
though OVA was expressed not only in the nuclei but also in the
cytoplasm to a lesser extent. When whole cell lysates of spleen,
thymus, liver, and kidney from Ld-nOVA mice were immunopre-
cipitated and probed with anti-OVA Ab, OVA expression was de-
tected in multiple organs, probably due to the L? class I promoter
(Fig. 1B). To exclude the possibility that OVA is secreted into the
peripheral blood at a significant level, we examined whether OVA
could be detected in the peripheral blood by sandwich ELISA.
OVA was not detected in the sera of Ld-nOVA mice (>2 ng/ml}
(data not shown). These results indicated that Ld-nOVA mice are
a novel transgenic model which expresses a systemic intracellular,
predominantly nuclcar, neo-autoantigen.

Ld-nOVA mice are tolerant 1o OVA

To investigate whether the nuclear neo-autoantigen was able to induce
tolerance, Ld-nOVA mice and wild-type mice were s.c. immunized
with 100 g of OVA in CFA at the base of the tail, and the draining
Iymph node cells were stimulated with various doses of OVA or

FIGURE 1. Ld-nOVA mice express
OVA systemically in nuclei and are tol-
erant to OV A. 4, Nuclear localization of
OVA in the spleen cells of Ld-nOVA
mice. OVA expressed in the spleen cells
from Ld-nOVA mice was detected by im-
munofluorescence micrescopy. The band
comesponding to OVA is indicated by an
arrow. B, OVA expression in multiple or-
gans of Ld-nOV A mice. Total cell lysates
of spleen, thymus, liver, and kidney from
Ld-nOVA mice were immunoprecipitated
and detected with anti-OVA polyclonal
Ab. C, Tolerance to OVA in Ld-nQVA B
mice. Ld-nOVA mice (@) and wild-type
mice (W} were immunized with 100 pg of
OVA emulsified 1:1 (v/v) in CFA at the
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OVA ;33 330 10 days after immunization. The proliferative responses
were greatly reduced in Ld-nOVA mice in comparison with wild-type
mice (Fig. 1C). This result indicates that Ld-nOV A mice are tolerant
to OVA as well as to OVA;,; 334, which is a major antigenic deter-
minant of OVA immunized exogenously.

Transferred KJ1-267CD4™ cells persist in Ld-nOVA mice afier
transient proliferation

To investigate peripheral tolerance to a nuclear autoantigen, we per-
formed adoptive transfer experiments using Ld-nOVA mice as recip-
ients. Naive CDM™ T cells (5 X 10° cells) from DO11.10 TCR mice,
which express a TCR specific for OVA,,5 33 bound to 1-A® class 11
MHC molecules, were i.v. transferred to Ld-nOVA mice and non-
transgenic littermates. The fate of the transferred cells was followed
by staining CD4" T cells of the recipients with a clonotype-specific
mAb, KJ1-26. The percentage of KJ1-26*CD4" cells in the total
CD4™ T cells of spleens from the recipients was determined by flow
cytometry at several time points. As shown in Fig. 2, in the Ld-nOVA
recipients, the percentage of KJ1-26"CD4™ cells started to increase 3
days after transfer and peaked on days 10—14. Evaluation of the total
number of KJ1-26* CD4™* cells revealed that the kinetics of the total
cell number was the same as that of the percentage (data not shown).
In contrast, in the nontransgenic recipents, KJ1-267CD4™ cells were
always <0.5%. The number and percentage of KJ1-267CD4™ cells
in Ld-nOVA recipients increased 20-fold by day 14. Although the
majority of KJ1-26"CD4™ cells disappeared after day 14, a substan-
tially larger number of KJ1-26"CD4™ cells remained in the periphery
of the Ld-nOVA recipients than the nontransgenic recipients. This
population was able to be detected at least 3 mo later in the Ld-nOVA
recipients, but not in the nontransgenic littermates. This result shows
that a2 population of KJ1-26" CD4”cells can persist in Ld-nOVA
mice after transient prolifcration.

Persisting transferred KJ1-26" CD4™ cells are hyporesponsive
in Ld-nOVA mice

To address the question of whether the persisting transferred KJ1-
26*CD4" cells are anergic or not, the following experiments were
performed. First, we examined the proliferative responses of
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mice, we calculated the values of incorporated thymidine corre-
sponding to the response of 10° KI1-267CD4™ cells. As shown in
Fig. 34, the remaining KJI-26*CD4" cells recovered from Ld-
nOVA mice gave a lower response (~20 times lower on day 14)
than those from nontransgenic mice. These proliferative responses
were not recovered by the addition of IL-2 (data not shown), Sec-
ond, we performed intracellular IL-2 staining of remaining KJ1-
26*CD4™ T cells stimulated by anti-CD3 mADbD in vitro. The IL-2
production gated for KJ1-26™ cells recovered from the Ld-nQOVA
recipients was impaired in contrast to KJ1-26* cells recovered
from the nontransgenic recipients, as shown in Fig. 3B. We were
unable to detect IFN-+y, IL-4, or IL-10 in the culture supernatants,
or by intracellular cytokine staining of KJ1-26™ cells (data not
shown), indicating that the remaining cells in Ld-nOVA mice did
not show immune deviation. Third, we examined the ability of
transferred KJ1-26 Y CD4* T cells to respond to OVA in vivo. To
prevent OVA expression in Ld-nOVA mice from influencing the
outcome of in vivo antigenic stimulation, readoptive transfer ex-
periments were performed. On day 14 after the initiat transfer, 107
CD4™" T cells were collected from Ld-nOVA recipients as well as
from the control, and adoptively transferred into wild-type mice.
The wild-type recipients wete simultaneously injected with OVA/
IFA. Five days after the re-adoptive transfer, draining lymph node
cells were collected from the wild-type recipients and stained with
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FIGURE 3. Transferred KJ1-267CD4* T cells are rendered hyporesponsive in Ld-nOVA recipients. 4, Impaired proliferative responses of KJI-
26*CD4* T cells recovered from Ld-nOVA recipients. At different time points after the transfer, CD4™ T cells from the spleens of the recipients were
cultured with OVA,,, 550 and irradiated syngeneic splenocytes for 3 days. Proliferative responses were measured by thymidine incorporation. All values
were calculated to correspond to the response of 10* K11-26*CD4” cclls. B, Impaired IL-2 production of KJ1-26*CD4" cells recovered from Ld-nOVA
recipients, CD4% T cells {5 X 10° cells) recovered from the recipicnts were stimulated with anti-CD3 mAb for 20 h. Cells were first stained with
FITC-conjugated KJ1-26 and biotinylated anti-CD4, followed by streptavidin-Tricolor. Stained cells were fixed, lysed, and incubated with PE-conjugated
anti-tL-2. C, Impaired proliferation of KJ1-26 ' CD4" celts recovered from Ld-nOVA recipients in readoptive transfer experiments into wild-type mice. On
day 14 after the transfer, CD4* T cells were collected from the spleens of the recipients and adoptively transferred into wild-type mice. Wild-type recipients
were simultaneously injected with OVA/IFA, Five days after readoptive transfer, draining lymph node cells were collected from the recipients and stained

with anti-CD4 mAb and KJ1-26.
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anti-CD4 mAb and KJ1-26. Fig. 3C shows that in vivo accumulation
of KJ1-26*CD4" T cells recovered from the Ld-nOVA recipicnts
(0.1%) was impaired in comparison with KI1-26"CD4" T cells
from the nontransgenic recipients {0.8%). Since the number of
KJ1-26*CD4™ T cells within the retransferred CD4™ T cells re-
covered from the Ld-nOVA recipients was 20-fold larger than that
of KH-26"CD4" T cells from the nontransgenic recipicnts, as
shown in Fig. 2, the ability of KJ1-26"CD4™ T cells recovered
from Ld-nOVA recipients to accumulate and proliferate in vivo by
antigenic stimulation must be greatly impaired in comparison with
the control. These lines of evidence indicate that autoreactive T
cells specific for a nuclear autoantigen are rendered anergic in the
periphery and persist in vivo.

Persistent anergic KJ1-267CD4™ T cells are Ag-experienced
and effectively divided cells

Next, we addressed the question of whether the persisting anergic
KJ1-26*CD4* T cells underwent antigenic stimulation enough to
induce cell division or whether they were rendered anergic due to
ineffective proliferative stimuli. First, we examined the expression
of CD44, CD62L., and CD45RB, indicative of TCR engagement,
on K}1-26*CD4* T cells of recipients 28 days afier the transfer.
Fig. 44 shows that KY1-26"CD4* T cells from the Ld-nOVA
recipients expressed lower levels of CD62L and CD45RB and a
higher level of CD44 than KJ1-26"CD4™ T cells from the non-
transgenic recipients, These results indicate that persistent anergic
KJ1-26YCD4™ T cells are Ag-experienced cells. In addition, we
labeled CD4™ T cells from DO11.10 mice with CFSE before trans-
fer into Ld-nOVA mice and nontransgenic littermates. Since the
progeny of a CFSE-labeled cell retains half of the initial fluores-
cence, the fluorescence intensity provides a quantitative measure-
ment of the strength of the proliferative response. On day 28 after
transfer, histograms of the CFSE fluorescence intensity were gated
for KJ1-267CD4™ cells from the spleens of recipients. As shown
in Fig. 48, the fluorescence intensity of persisting KJ1-26"CD4”
T cells in Ld-nOVA mice decreased almost equally to that of the
nontransgenic recipients with OVA/CFA immunization as a pos-
jitive control. This suggests that all of the persisting KJ1-26* CD4*
T cells underwent multiple cell divisions. These results show that
the persisting KJI-26*CD4™ T cells in the Ld-nOVA recipients
underwent antigenic stimulation which was sufficient to induce
multiple cell divisions. We next investigated whether anergic K-
267CD4™" T cells had the ability to suppress the activation of T
cells as demonstrated in CD4"CD25" regulatory T cells, because
a recent study showed that repeated stimulation by immature DCs
induced CD4*CD25™ regulatory T cells (40). The persisting KJ1-
267CD4™ T cells in the Ld-nOVA recipients did not express
CD25 as shown in Fig. 4C. Positively selected KJ1-26™ T cells
from the Ld-nOVA recipients and CD4*CD257 T cells from wild-
type mice were cultured with imadiated syngeneic spleen cells in
the presence of anti-CD3 mAb for 3 days. Fig. 40 showed that
persisting anergic KI1-267CD4" T cells did not suppress the ac-
tivation of CD4*CD25™ T cells. These results indicated that an-
ergic KJ1-26*CD4" T cells generated in the the Ld-nOVA recip-
ients were not suppressive.

DCs present the nuclear autoantigen most efficiently

Next, we investigated which cell population can present a nuclear
Ag o KJ1-26"CD4™ T cells, leading to multiple cell divisions. To
compare the ability of Ag-presentation of the nuclear autoantigen
in vitro among various populations of APCs, CD4" spleen cells
from DO11.10 mice were cultured with irradiated splenic DCs,
Iymph nede DCs, splenic macrophages, peritoneal macrophages,
and B cells from Ld-nOVA mice, and the proliferative responses
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FIGURE 4. Persistent anergic KJ1-26*CD4* T cells were Ag-experi-
enced and effectively divided cells. 4, Persistent anergic KJ1-267CD4*™ T
cells at day 28 after the transfer show memory/effector phenotype. Expres-
sion of CD44, CD62L, and CD4SRB on KJ1-26*CD4* spleen cells from
wild-type recipients (dashed line) overlaid with the corresponding stain
from Ld-nOVA recipients. B, KJ1-26¥CD4* T cells persist in the Ld-
nOVA recipients after multiple cell divisions. CFSE-labeled CD4* spleen
cells from DO11.10 mice were adoptively transferred into Ld-nOVA mice
and nontransgenic littermates. On day 28 after transfer, CD4™ T cells from
the spleens of the recipients were stained with K11-26, and histograms of
the CFSE fluotescence intensity were gated for KJ1-267CD4™ cells, C,
Persistent KJ1-26*CD4* T cells do not express CD25. Expression of
CD25 in transferred KJ1-267CD4™ spleen T cells and recipient KJI-
267 CD4™ spieen T cells were analyzed by flow cytometry, D, Persisting an-
ergic KJ1-26*CD4™ T cells did not suppress the activation of CD4"CD25~
T cells from wild-type mice. Positively selected KJ1-26" T cells from the
Ld-nOVA recipients (2 % 10* cellswelly and CD4* CD25~ T cells from wild-
type mice (2 X 10 cells/well) were cultured with imadiated syngeneic spleen
cells (5 X 10* cells/well) in the presence of anti-CD3 mAb (10 pg/ml) for 3
days, followed by a final 6 h of culture in the presence of 1 uCi of [*H]-TdR
per well. Three individua! recipients were used. The proliferative response was
expressed as A cpm (mean cpm of the test cultures minus mean cpm of the
control ¢cultures without anti-CD3 mAb) + SD.

were measured. B cells (Fig. 54) and peritoneal macrophages (data
not shown) failed to induce proliferation. Although splenic mac-
rophages induced proliferation to some extent, splenic and lymph
node DCs showed the most efficient induction of proliferation in
vitro, as seen in Fig. 54. The presented data are derived from
experiments using DCs purified after overnight culture. However,
we performed the same experiments using freshly isolated splenic
DCs. Even these DCs could induce proliferation more efficiently
than macrophages (data not shown). Both types of DCs expressed
JA®, CD80, CD86, and CD40, indicating that DCs used in this
paper were not immature DCs but maturing DCs, although DCs
purified after overnight culture showed higher expression levels of

— 305 —



1108

ges

o3
N
k E
thymidine incorporstion _
‘M;ij

[X] 1 3 W0 (x1eq b 1 10
el number of APCa <ol number of APCa

LN DCs

X100

1

SN
‘thymidine incor poration
. &

[X] 1 3 18 (X o4 [ i 3 10 (X104)
cell number of APCs cell number of APCs

= WTCD DOILIOCDA WTCD4 o PO11.10CD4
MWTAPC “rWTAPC /L&-nOVAAPC ~ MLd-nOVAAPC
B Splenic ;
o Beells macrophages = Splenic DCs
WT g E §

L

:1‘6' 1%F§EJ‘ 104 “a* mIC%SE‘ 10* :1.0' "fztﬁﬁa 0*
Ld- . .
nOVA § § £

ol
167 10 10° 10° 10* T1o' 10' it 100 100

FSE

0% D' 10° 1a* 40*

. . A

1Ad Cpso Crs6 CD40
FIGURE 5. DCs most efficiently present the nuclear autcantigen. 4, In
vitro presentation of nuclear Ag by DCs from Ld-nOVA mice. CD4"
spleen cells (5 X 16* cells/well} from DO11.10 mice were cultured with
irradiated (1500 rad) B cells, splenic DCs, lymph node DCs, and splenic
macrophages (5 % 10° cells/well) from Ld-nOVA mice and nontransgenic
littermates (W, WTCD4/WTAPC, A, DO11,10CD4/WTAPC, ¢, WTCD4
Ld-nOVAAPC, and ®, DO11.10CD¥Ld-nOVAAPC). Proliferative re-
sponses were measured by thymidine incorporation. B, In vive presentation
of nuclear Ag by DCs from Ld-nOVA mice. Splenic DCs (10° cells),
macrophages, B cells, and LPS-activated B cells from Ld-nOVA mice and
nontransgenic littermates were i.v. transferred into wild-type mice that had
already been injected with CFSE-labeled CD4* T celis (5 X 10° cells)
from the spleens of DO11.10 mice. On day 5 after the transfer, CD4* T
cells from the spleens of the recipients were stained with KJ1-26, and
histograms of the CFSE fluorescence intensity were gated for KJi-
26°CD4" cells. C, Expression of IAY, CD80, CD86, and CD40 in DCs
purified after overnight culture and freshly isolated DCs. DCs were double
stained for N418 and the indicated markers. Analysis gates were set within
N418* population. Freshly isolated DCs (solid line) were stained for the
indicated markers and with an isotype Ab (dashed line). The expression of
the indicated markers in DCs purified after overnight culture (bold line)
overlaid.

1A9, CD80, and CD86 than freshly isolated DCs as shown in Fig.
5C. This was consistent with the finding that DCs purificd after
avernight culture had a higher ability for Ag presentation than
freshly isolated DCs (data not shown). To confirm the ability of
DCs to present a nuclear autoantigen in vivo, we performed Ag-
presenting cell transfer into wild-type mice which had already

DCs ACHIEVE PERIPHERAL TOLERANCE TO A NUCLEAR AUTOANTIGEN

been injected with CFSE-labeled CD4™ T cells from DO11.10
mice. On day 5 after APC transfer, CD4" T cells from the spleens
of the recipients were stained with KJ1-26, and histograms of the
CFSE fluorescence intensity were gated for KJ1-26"CD4% cells,
Fig. 5B shows that DCs from Ld-nOVA mice presented the nuclear
Ag most efficiently in vivo, as demonstrated in vitro. Freshly iso-
lated DCs from Ld-nOVA mice could also induce proliferation
(data not shown). By flow cytometry analyses we confirmed that
there is no difference in the expression level of IA9, CD80, and
CD86 between DCs from transgenic mice and from their litter-
mates. These in vitro and in vivo data indicate that DCs are at least
one population of the cells able to present the nuclear Ag effi-
ciently, leading to multiple cell divisions of Ag-specific T cells,

T cells stimulated by DCs from Ld-nOVA failed to elicit an
enhanced secondary in vitro response, wheveas T cells
stimulated by peptide-pulsed DCs did elicit an enhanced
secondary in vitro response

Since DOI11.10 CD4™ T cells efficiently proliferated by stimula-
tion of DCs from Ld-nOVA, we addressed the ability of these
divided T cells to respond to secondary stimulation. We prepared
three sorts of DCs: DCs from Ld-nOV A mice (TgDCs), DCs from
wild-type mice (WTDCs} as an autoantigen-negative control, and
OVA;;; 330-pulsed WTDCs (pepDCs) as an autoantigen-positive
control. These DCs were transferred into wild-type mice that had
already been injected with CD4™ T cells from DO11.10 mice. On
day 21 after transfer, CD4™ T cells from the spleens of the recip-
ients were analyzed. The numbers of remaining KJ1-26*CD4%
cells in the TgDC and pepDC recipients were the same and were
significantly higher than in the WTDC recipients (Fig. 64). The
KJ1-26TCD4™* cells in the TgDC and pepDC recipients showed
the same memory/effector phenotype and >80% of them experi-
enced cell division, suggesting that the majority of the transferred
KI1-26"CD4™ cells encountered the transferred DCs at the almost
same efficiency (data not shown). However, the proliferative re-
sponse of the KJ1-26*CD4" cells in the TgDC recipients was
lower than that in the pepDC recipients, and did not differ from
that in the WTDC recipients (Fig. 68). These results suggest that
despite TgDCs and pepDCs having the same ability to generate
remaining T cells after proliferative stimuli, they had different in-
fluences on the secondary responses of the remaining T cells.

Low expression of OVAj;;5_ 33, on the surface of DCs from Ld-
nOVA mice

Since the preparation of DCs and their MHC class IT and CD80/
CD86 expression levels were almost the same, the expression level
of OV A,,3 330 0n the surface of DCs is thought to be one of the
most likely candidates for explaining their different abilities.
Therefore, we investigated the expression level of OVA,,5 435 0N
the surface of DCs by comparing the proliferative responses of
KI1-26*CD4" clone stimulated by TgDCs with those stimulated
by pepDCs. Fig. 7 shows that the expression of OVA ;55 340 on the
surface of splenic DCs from Ld-nOVA is functionally equivalent
10 50 pM of OV A5, 330 in culture medium. This result confirms
that even low expression of agonistic ligand is sufficient to induce
proliferation of Ag-specific T cells, but not to generate T cells
having the ability to respond cffectively to secondary stimulation,

Repeated encounters with DCs induce tolerance to a nuclear
autoantigen

Principally systemic autoantigens are constitutively expressed in
vivo. However, previous experiments showed the disapearance of
DCs afler Ag-specific interaction with T cells in vitro (46) and in
vivo (47). Even if DCs failed to encounter Ag-specific T cells, DCs
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FIGURE 6. T cells stimulated by DCs
from Ld-nQOVA mice proliferate, but ex-
hibit no enhanced secondary in vitro re-
sponse compared with T cells stimulated
by peptide-pulsed DCs. Wild-type mice
which had already been injected with
CD4' T cells from DOIL10 mice were
injected with DCs from Ld-nOVA mice
(®), WTDCs (H), or pepDCs (A) which
had been incubated in tissue culture me-
dium containing 1 pM OVA,,; 45, peptide
for 2 h at 37°C, then washed twice before
injection. On day 21 after transfer, CD4* T
cells from the spleens of recipients were
stained with KJ1-26 (A4), or stimulated with
OVAjj; 330 and  irradiated  syngeneic
splenocytes for 3 days. Proliferative re-
sponses were measured by thymidine in-
corporation. All values were calculated to
correspond to the response of 10° KJI-
26°CD4™ cells (B).

are shown to have 2 rapid turnover with a ¢;,, of >1 wk (48-50),
except for some DCs such as Langerhans cells. Therefore, to
mimic the physiological conditions in our adoptive transfer model,
DCs were repeatedly transferred four times at 4-day intervals into
wild-type mice which had already been injected with CFSE-la-
beled CD4™ T cells from DOL1.10 mice. To reveal the role of
antigenic peptide concencentration on DCs for the telerance in-
duction, we prepared WTDCs pulsed with various concentrations
of OVA,,3 330 (0, 0.04, and 0.2 pM) and TgDCs. Five days after
the final transfer, KJ1-26*CD4™" T cells from the spleen of recip-
ients were stimulated with OV A;,5_ 134 and proliferative responses
were measured. Fig. 84 shows that CD4™ T cells from recipients
injected with TgDCs gave a lower tesponse than CD4™ T cells
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FIGURE 7. Low expression level of OVA;,; 335 01t the surface of DCs
from Ld-nOVA mice. A KI1-26*CD4* clone (5 X 10% cells/well) was
cultured with DCs (5 X 10* cells/well) from Ld-nOVA mice (CJ} or pep-
DCs (5 X 10° cells/well; M), Proliferative responses were measured by
thymidine incorporation.
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from recipients injected with WTDCs, Moreover, we observed that
WTDCs pulsed with a lower concentration of OVA,,; 55, induced
a lower response of CD4™ T cells. These results show that con-
tinuous expression of antigenic peptides on DCs plays an impor-
tant role for tolerance induction of nuclear autoantigens, and sug-
gests that a lower concentration of a peptide on DCs might lead
autoreactive T cells to a lower state of tolerance. To exclude the
possibility that DCs failed to encounter CD4™ T cells from
DOI11.10 mice, CD4* T cells from the recipients that were in-
jected with TgDCs and WTDCs were stained with KJ1-26, and
histograms of the CFSE fluorescence intensity were gated for KJ1-
267CD4™ cells (Fig. 88). KJ1-26* CD4™* cells proliferated mark-
edly in recipients injected with DCs from Ld-nOVA mice, and
most of the KJ1-26¥CD4™ cells (92.6%) divided. Therefore, these
results indicate that CD4™* T cells which proliferated by repeated
encounter with DCs which express a nuclear autoantigen become
hyporesponsive. This does not appear to be attributed to the en-
counter with immature DCs, as shown in Fig. 5C. In addition, we
again confirmed that tolerized CD4* T cells did not express
CD25* (<3%), which is a marker of anergic CD4*CD25% reg-
ulatory T cells (data not shown). This is consistent with the results
shown in Fig. 4C. Taken together, these results suggest that the
property of nuclear autoantigens which controls the tolerance of
CD4* T cells might be the low and continuous expression of a
self-peptide on DCs.

Discussion

Our transgenic mice are unique in that the neo-self Ag is expressed
predominantly in the nuclei. Since Ag localization exerts a signif-
jcant influence on the expression level {6) and processing (4~6) of
Ags, this transgenic model might help us understand systemic au-
toimmune diseases, which are characterized by the presence of
immune responses to nuclear autoantigens. Using these mice, we
demonstrated that peripheral tolerance to a nuclear autoantigen
was achieved by anergy of the remaining population after transient
clonal expansion. Previous studies using neo-self transgenic mice
did not clarify whether proliferation and anergy are confined to
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FIGURE 8. Repeated infusions of DCs induce tolerance to a nuclear autoantigen. TgDCs (10° cells; M) and WTDCs pulsed with various concentrations
of OVA,5, 34 (0 M (), 0.04 uM (A}, and 0.2 uM (&) were i.v, transferred four times at 4 day intervals into wild-type mice which had already been
injected with CFSE-labeled CD4™ T cells (5 X 10° cells) from the spleens of DO11.10 mice, A, On day 5 after the last DC transfer, CD4™ T cells from
the spleens of recipients were prepared and stimulated with OVAja; 329 and irradiated syngeneic splenocytes for 3 days. Proliferative responses were
measured by thymidine incorporation. All values were calculated to correspond to the response of 10* KJ1-267CD4™ cells. 8, CD4* T cells from the
recipients which were injected with TgDCs and WTDCs were stained with KJ1-26, and histograms of the CFSE fluorescence intensity were gated for

KJ1-267CD4" cells.

distinct subpopulations or whether the same cell becomes unre-
sponsive after proliferation. However, our present study was able
to shed light on the ontogeny of anergic T cells in vivo by analyses
of cell division using CFSE-labeling and found that all of the an-
ergic cells underwent cell division.

To date, anergy induced in the absence of costimulation has not
been linked to proliferation (28 -30, 52). In contrast to the in vitro-
generated anergic T cells, CD4™ T cell anergy to a nuclear au-
toantigen in vivo in our study was not the result of an insufficient
proliferative response. It emerged after multiple cell divistons as a
generation of Ag-specific memory T cells and persisted for a long
peried. This is consistent with recent studies using either a soluble
OVA peptide injected i.v. (51), or hemagglutinin as a self-Ag ex-
pressed on parenchymal cells by the transgenic mice (52). These
findings suggest that in addition to mitotic stimuli, the presence or
absence of other factors on APC might be involved in induction of
anergic CD4* T cells in vivo. It was demonstrated that DCs
present dominant sclf-peptides of cell surface molecules on MHC
class IT products (53} as well as foreign-peptides (54), suggesting
that DCs have a regulatory or tolerizing role for self-tolerance in
the periphery, in addition to induction of responses to foreign Ags.
In this context, DCs play an important role in the induction of
peripheral tolerance to a nuclear autoantigen. This is because DCs
are Ag-presenting cells which can most cfficiently induce mitosis
of autoreactive T cells responding to a nuclear autoantigen,
compared with splenic macrophages and B cells, as indicated in
Fig. 3B.

How can the self-Ag presentation by DCs be associated with
peripheral tolerance? It has been demonstrated that the maturation
stage of DCs significantly influences priming of Ag-specific T
cells. This finding is thought to be critical for the induction of
peripheral tolerance under physiological conditions without proin-
flammatory stimuli. However, Fig. 5C showed that DCs used in

our experiments expressed IA%, CDR0, CD86, and CD40, indicat-
ing that these DCs were not immature DCs but maturing DCs,
although DCs purified after overnight culture showed higher ex-
pression levels of these surface molecules than freshly isolated
DCs. Futhermore, the results in Fig. 6 cannot to be explained only
by this concept. Fig. 6 indicates that TgDCs induced impaired
responses to secondary TCR engagement in comparison with pep-
tide-pulsed WTDCs. This might be explained by the difference in
peptides presented on TgDCs from peptide-pulsed WTDC. Since it
has been demonstrated that processing of an endogenous Ag is
different from that of the excgenous form of the same Ag (4-6),
antagonistic ligands might be generated in TgDCs and inhibit the
immune responses to OVA,,, 555 However, because pepDCs
have the same ability as peptide-coated WTDC to induce primary
and secondary proliferative responses of DO11.10 CD4* clones in
vitro (data not shown), other explanations are needed.

In contrast to foreign immunogenic Ags, autoantigens, espe-
cially nuclear autoantigens, share the following properties: persis-
tent and low-level expression on resting APCs, as suggested in
other anergic models (55-58, 43). Fig. 6 suggests that the expres-
sion level of an Ag on resting APCs might be important for tol-
erance induction. A recent study {43) which investigated in vitro
anergy induced by a low number of agonistic ligands supports this
idea. Furthermore, since repeated transfusions of TgDCs into wild-
type mice are able to induce proliferation following tolerization of
KJ1-26"CD4™ T cells, repeated encounters with proliferative
stimuli provided by DCs might be important. We propose that the
repeated encounters with DCs mimic the persistence of self-Ag
and continuous stimulation by resting DCs. This explanation is
supported by several other models (55-58) as follows. It was dem-
onstrated that CD4" T cell clones which were repeatedly stimu-
lated by agonistic ligands were rendered anergic in vitro (58), and
that ancrgy of CD&™ T cells was induced and maintained by Ag
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persistence in vivo (56). Alteratively, repeated transfusion could
evenlually increase the amount of the self-peptide in vivo to a level
which is sufficient to induce tolerance. Further studics are required
to elucidate whether this ancrgy induction mechanism is associated
with other mechanisms such as BT/CTLA-4 (59). There are at least
two possible pathways for DCs to present a nuclear autoantigen to
CD4% T cells. One is an exogenous Ag presentation pathway via
uptake of autoantigen-bearing apoptotic or necrotic cells. The
other is an endogenous Ag presentation pathway, in which DCs
present an endogenous self-Ag on their own MHC class II prod-
ucts. Although in our transgenic model it is hard 1o distinguish the
two presentation pathways, we suspect the latter based on the fol-
lowing findings. Significant proliferation of CFSE-labeled KI1-
267CD4™ T cells was not observed in recipients to which various
numbers of apoptotic cells from Ld-nOVA mice were adoptively
transferred, as previously described (Ref. 60 and data not shown).
Furthermore, CD4™ T cells from DO11.10 mice did not proliferate
when they were culured with WTDCs which had captured apo-
ptotic cells from Ld-nOVA mice (data not shown).

Since we have not generated other transgenic models which sys-
temically express OVA in extracellular or membrane-bound form,
it remains unctear whether the present findings in Ld-nOVA mice
are specific for nuclear autoantigens. However, anergy after tran-
sient expansion of autoreactive T cells is also ebserved in other
transgenic models, as described previousty (10, 11, 14-16). There-
fore, this raises the possibility that our findings in the Ld-nOVA
mouse model might be applicable to autoantigens expressed in
other cell compartments. In systemic autoimmune disease, periph-
eral tolerance to nuclear autoantigens is disturbed. Thus, we are
now investigating the underlying fine mechanisms of CD4™" T cell
central and peripheral tolerance to nuclear autoantigens by using
this Ld-nOVA transgenic model.
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Generation of CD4*CD25™ Regulatory T Cells from
Autoreactive T Cells Simultaneously with Their Negative
Selection in the Thymus and from Nonautoreactive T Cells by
Endogenous TCR Expression’

Kimito Kawahata,* Yoshikata Misaki,”* Michiko Yamauchi,* Shinji Tsunekawa,!
Keigo Setoguchi,* Jun-ichi Miyazaki,* and Kazuhike Yamamoto*

Normal T cell repertoire contains regulatory T cells that control autoimmune responses in the periphery. One recent study
demonstrated that CD4* CD25* T cells were generated from autoreactive T cells without negative selection. However, it is unclear
whether, in general, positive selection and negative selection of autoreactive T cells are mutually exclusive processes in the thymus.
To investigate the ontogeny of CD4¥CD25* regulatory T cells, neo-autoantigen-bearing transgenic mice expressing chicken egg
OVA systemically in the nuclei (Ld-nOVA) were crossed with transgenic mice expressing an OVA-specific TCR (DO11.10).
Ld-nOVA x DO11.10 mice had increased numbers of CD4*CD25" regulatory T cells in the thymus and the periphery despite
clonal deletion. In Ld-nOVA X DO11,10 mice, T cells expressing endogenous TCR af chains were CD4YCD25™ T cells, whereas
T cells expressing autoreactive TCR were selected as CD47CD25* T cells, which were exclusively dominant in recombination-
activating gene 2-deficient Ld-nOVA x DO11.10 mice. In contrast, in DO11.10 mice, CD4*CD25"% T cells expressed endogenous
TCR af chains, which disappeared in recombination-activating gene 2-deficient DO11.10 mice. These results indicate that part
of autoreactive T cells that have a high affinity TCR enough to cause clonal deletion could be positively selected as CD4*CD25*
T cells in the thymus. Furthermore, it is suggested that endogenous TCR gene rearrangement might critically contribute to the
generation of CD47CD25* T cells from nonautoreactive T cell repertoire, at least under the limited conditions such as TCR-
transgenic models, as well as the generation of CD4*CD257 T cells from autoreactive T cell repertoire. The Journal of Immu-

nology, 2002, 168: 4399-4405.

P l ormal T cell repertoire contains CD4*CD25™ regula-
tory T cells that control autorgactive immune responses
in the periphery (1-4). Impairment of the generation of

CD47CD325* regulatory T cells results in various organ-specific
autoimmune diseases, as demonstrated in mice thymectomized on
day 3 of life (5). It has been demonstrated that development of
regulatory T cells requires the thymus (6—8) and the presence of
the relevant autoantigen in the periphery (9). However, develop-
ment of CD4vCD25% regulatory T cells remains poorly
understood.

Although CD47CD25* T cells are anergic to TCR stimulation
and suppress the activation of CD47CD25™ T cells in an Ag-
independent manner, it has been demonstrated that regulatory
function of CD4*CD25% T cells requires their activation via TCR
in vitro {10-12). Seddon and Mason (9) observed that peripheral
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autoantigen is responsible for the survival of specific regulatory T
cells in vivo. These findings suggest the critical role of TCR spec-
ificity of CD47CD25" regulatory T cells in their generation, sur-
vival, and ability 1o prevent autoimmunity. Recently, Jordan et al.
(13) demonstrated that, in the thymus, self-reactive T cells were
positively selected as CD47CD25™ regulatory T cells and were
not deleted. These results suggest that positive selection of
CD4*CD25" regulatory T cells requires higher avidity interac-
tions of their TCRs with self ligands, but that the required avidity
must not exceed the threshold of the deletion (14). However, it is
unclear whether avidity of autoreactive TCRs that induce positive
selection as CIM4TCD25™ regulatory T cells is different from avid-
ity of autoreactive TCRs that induce negative selection.

The immune system controis autoreactivity by several mecha-
nisms such as clonal deletion and inactivation. Accumulating ev-
idences suggest that receptor editing or revision, which is induced
by autoreactive stimuli and involves endogenous TCR gene rear-
rangement, is also involved in the generation of nonautoreactive T
cell repertoire from autoreactive T cell repertoire (15-17). More-
over, it is suggested that secondary TCR gene rearrangement oc-
curs to escape not only from clonal deletion, but also from death
by negleet during thymic selection (18, 19). Interestingly, distur-
bance of endogenous TCR gene rearrangement seems to be
associated with the impaired development of regulatory T cells
{20-25). Genetic manipulation of TCR « gene, as in TCR a-chain-
deficient (20, 23) and 2B4 TCR a-chain transgenic mice (22),
sometimes spontancously induces organ-specific autoimmune dis-
eascs, such as inflammatory bowel discase, autoimmune gastritis,
and thyroiditis. [toh ct al. (7) found that CD47CD25™ Tcellsina
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TCR-transgenic model expressed endogenous TCR chains and dis-
appeared in recombination-activating gene 2 (RAGZ2)*-deficient
TCR-transgenic mice. These findings have led us to consider how
endogenous TCR gene rearrangement controls the generation of
CD4*CD25™ T cells or CD4YCD25™ T cells, at least, under cer-
tain conditions that CD4™ T cells lack the CD4*CD25™ T cells or
CD4*CD25™ T cells, respectively. However, there are no studies
that clearly demonstrate dual roles of endogenous TCR gene re-
arrangement for the generation of CD4™ T cell repertoire in one
model.

To examine the ontogeny of CD47CD25™ T cells, we used
neo-autoantigen-bearing transgenic mice expressing chicken egg
OVA systemically in the nuclei {(Ld-nOVA) and transgenic mice
expressing an OV A-specific TCR (DO11.10). We found that part
of autoreactive T cells could be positively selected as
CD4*CD25* T cells in parallel with their deletion in the thymus.
We also found that endogenous TCR gene rearrangement gener-
ates autoreactive CD4*CD25" regulatory T cells from nonauto-
reactive T cells and nonautoreactive CD4*CD25™ T cells from
autoreactive T cells,

Materizals and Methods
Mice

BALB/c mice were obtained from SLC (Shizuoka, Japan). They were
maintained in a temperature- and light-controlled environment with free
access to food and water under specific pathogen-free conditions. Female
age-matched mice were used in all experiments, and the mice were 7-10
wk old at the start of each experiment. DO11.10 transgenic mice whose T
cells express a receptor specific for OVA were kindly provided by T. Wa-
tanabe (Medical Instinute of Bioregulation, Kyashu University, Fukuoka,
Japan). DO11.10 TCR « single transgenic mice were kindly provided by S.
Koyasu (Department of Microbiology and Immunclogy, Keio University
School of Medicine, Tokyo, Japan). RAG2-deficient BALB/c mice and
TCR a-chain-deficient C57BL/6 mice were purchased from Taconic Farms
(Germantown, NY}. Generation of Ld-nOVA transgenic mice has been
described in another study (26). Briefly, chicken egg OVA cDNA (kindly
provided by P. Chambon, Institut de Genetique et de Biclogie Moleculaire
et Cellulaire, Universite Louis Pasteur, Strashourg, France) fused with the
nuclear localization signal at the 3 end was subclened into pLG-Ep, which
had been produced by inserting a human Ep enhancer into the 5’ end of the
L9 class I promoter of pLG-2 plasmid (27). This OVA transgene construct
was microinjected into the pronuclei of fertilized eggs from C57BL/6 mice.
Ld-nOVA BALB/c mice were produced by crossing Ld-nOVA C57BL/6
mice with normal BALB/: mice for more than eight generations. TCR
. a-chain-deficient BALB/c mice were produced by crossing TCR a-chain-
deficient C57BL/6 mice with normal BALB/c mice for more than six
generations.

Preparation of cell populations

Spieen cells were first enriched in T cells by using mouse CD3" T cell
enrichment columns (R&D Systems, Minneapolis, MN). T cells were then
stained with FITC anti-CD4 mAb (GK1.5; BD PharMingen, San Diego,
CA) and biotin anti-CD25 mAb (7D4; BD PharMingen), followed by stain-
ing with anti-FITC microbeads. CD4* T cells were purified with MACS
using a positive selection column (Miltenyi Biotec, Bergisch Gladbach,
Germany). For the purification of CD47CD25™ T cells, microbeads of
putified CD4™ T cells were released by FITC MultiSort kit. CD4* T cells
were stained with streptavidin microbeads, followed by separation with
MACS using a positive selection column. The purity of CD4*CD25* T
cells and CD47CD25™ T cells was ~88%.

In vitro proliferation assay

CD4' T cells, CD4'CD25' T cells, or CD4*CD25" T cells (2 X 10*
cells/well) were cultured with imradiated (20 Gy) syngeneic spleen cells
{5 X 10* cellsiwell) in the presence of OVA,,, 53, 81 0.5 uM for 3 days,
followed by a final 16 h of culture in the presence of 1 pCi [*H]TdR per
well. Suppressor cell activity was assessed by coculturing CD4'CD25' T
cells (2 X 10% cells/well) with CD4*CD25™ T cells (2 X 10° cells/well)

 Abbreviations used in this paper: RAG2, recombination-activating gene 2; MFL
mean fuorescence intensity; SP, single-positive.

GENERATION OF AUTOREACTIVE CD4*CD25* REGULATORY T CELLS

and with irradiated (20 Gy) syngencic spleen cells (5 X 10* cellg'well) in
the presence of anti-CD3 mAb (145-2C11) at 10 pg/ml or Con A (Sigma-
Aldrich, St, Louis, MO) at 1 pg/ml for 3 days, followed by a final 6 h of
culture in the presence of 1 uCi [PH]TdR per well. In some experiments,
anti-CTLA-4 mAb (UCi0-4F10-11) (100 pg/mt) was added to the culwre.
Cells were cultured in 96-well round-bottom plates in RPMI 1640 medium
supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 100 ng/m]
streptomycin, 10% heat-inactivated FCS, and 5 X 1075 M 2-ME at 37°C,
5% CO,. The incorporated radioactivity was counted with a gamma scin-
tillation counter. The proliferative response was expressed as Acpm (mean
cpm of the test cultures minus the mean cpm of the control cultures
without Ag).

Flow cytometry

The following Abs were used for identification and phenotypic analysis of
T cell populations: FITC-conjugated or biotinylated KJ1-26; FITC-conju-
gated or PE-conjugated anti-TCRV 32, anti-TCRV 6, anti-TCRV 38, anti-
TCRVB14, anti-TCRVa2, FITC-conjugated or biotinylated anti-TCRB
(H57-597), FITC-conjugated anti-CD25; PE-conjugated anti-CD4; PE-
conjugated CD8 (all from BD PharMingen); and streptavidin-Tricolor
{Caliag Laboratories, Burlingame, CA).

Results
The numbers of CD4*CD25™* regulatory T cells increased in
the thymus and the periphery of Ld-nOVA X DO11.10 mice

To investigate immunological tolerance to a systemic nuclear
autoantigen, which is perturbed in systemic autoimmune dis-
eases, we generated Ld-nOVA transgenic mice expressing OVA
systemically in nuclei. We s.c. immunized Ld-nOVA mice and
nontransgenic littermates with 100 g OVA in CFA at the base
of the tail and then cultured the draining lymph node cells with
various doses of OVA or OVA,,, 55, dominant epitope
(OVAp) 10 days after the immunization. The proliferative
responses were greatly reduced in the Ld-nOVA mice in com~
parison with nontransgenic littermates, indicating that Ld-
nOVA mice are tolerant to OVA (26).

To address the question as to how autoreactive T cells specific
for a nuclear autoantigen were rendered tolerized, we mated Ld-
nOVA mice with DO11.10 transgenic mice that express a TCR
(Val3.t, V8.2) specific for the OVAp bound to [-A? class II
MHC molecules and monitored DO11.10 TCR-bearing cells using
an anti-clonotypic Ab, KJ1-26.

Thymocyte numbers in Ld-nOVA X DO11.10 mice were sig-
nificantly reduced to ~55% of those in DO11.10 mice (I X 108
cells vs 1.8 X 10% cells, p < 0.01) (Table I). In comparison with
DO11.10 mice, Ld-nOVA X DO11.10 mice exhibited a reduction
in the percentage of CD4 single-positive (SP) (6.7 = 0.4% vs
9.7 £ 0.9%, p < 0.01) (Fig. 14) and CD4 CD8 double-positive
thymocytes (61 £ 5.9% vs 69 > 5.8%, p < 0.05), and an increase
in the percentage of CD8 SP (2.8 = 04% vs 1.5 * 0.3%, p <
0.01) and CD4 CDS double-negative thymocytes (29.5 * 5.3% vs
19.8 £ 3.5, p < 0.01). These results indicated autoreactive T cells
were negatively selected in the thymus. Splenic CD4* T cell num-
bers in Ld-nOVA X DO11.10 mice were reduced to ~45% of
those in DOIL.10 mice (1.3 % 107 cells vs 2.9 X 107 cells, p <
0.01) (Table I} (Fig. 14).

CD4* T cells from the thymus and the spleen of Ld-nOVA X
DO1L.10 mice expressed a lower level of clonotypic TCR and
VA8 than those of DO11.10 mice (clonotypic TCR in CD4 SP
thymocytes, 37 vs 75%; V38 in CD4 SP thymocytes, 81 vs 94%;
clonotypic TCR in CD4* splenocytes, 26 vs 67%; VB8 in CD4*
splenocytes, 70 vs 88%), despite the same expression level of TCR
CpB (Fig. 14). Moreover, mean fluorcscence intensity (MFI) of
clonotypic TCR and VS8 was markedly reduced in Ld-nOVA X
DOI1.10 mice compared with DO11.10 mice (MFI of clonotypic
TCR in CD4 SP thymocytes = 9.5 vs 32.5, MFI of V38 in CD4
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Table 1. Ld-nOVA 3% DO 10 mice have increased numbers of CD4™CD25" regulutory T cells in the

thymus and the periphery

Qrgan Cell Subsct DONIOm=T Ld-nOVA X DOLLI0O(n =) -
Thymus Total (X 10%) 1803 1.0 x02
CD4* 5P (x 107y 1.7+ 08(9.7) 0.7 = 0.3(6.7)
CD4*CD25" (X 105" 20+09(1.2) 2.7 £ 0.9 (4.0)
Spleen Total (X 10%) 1203 1.0x063
CD4* (X 107)" 29+ 0.7(24) 1.3 £ 03(13)
CD4*CD25* (X 10%)"** 1.0 +£03(3.6) 1.6 £0.3(12.3)
Lymph nedes®  Total {x 10%) 5409 43x08
CD4% (% 10% 33+ 04(62) 1.5 £ 0.2(35)
CD4*CD25* (X 103"+ 1.1 £0.2(3.3) 272 05(182)

@ The percentage of CD4*CD8™ T cells in total thymocytes, splenocytes, or lymph node cells is shown,
# The percentage of CD4*CD25* T cells in CD4'CD3™ T cells is shown.

© Inguinal, axillary, and para-aorta lymph nodes were collected.

% 02 > p =005 %, 005 > p = 0.01; ++x, p < 0.01. Statistical comparison is by Student’s ¢ test.

SP thymocytes = 19.2 vs 36.6, MFI of clonotypic TCR in CD4*
splenocytes = 6.9 vs 20.8, MFI of V38 in CD4™ splenocytes = 13
vs 21.9). These data suggest the expression of endogenous Vas
and Vs in LdnOVA X DO11.10 mice. This was confirmed by
the increased expression of endogenous Vas and V§s in addition
to Va!3.1 and V8.2 in CD4™ T cells of Ld-nOVA X DOI1.10
mice {Fig. 1B).

We noticed that splenic CD4™ T cells, lymph node CD4™ T
cells, and CD4* SP thymocytes in Ld-nOVA X DOI11.10 mice
contained a higher percentage of CD4*CD25" T cells (12,3, 18.2,
and 4%, respectively) than those in DO11.10 mice (3.6, 3.3, and
1.2%, respectively) (Table I). Absolute numbers of CD4*CD25™
T cells were also increased in Ld-nOVA X DO11.10 mice. Most
of clonotypic T cells in DO11.10 mice were CD4*CD25™ T cells,
whereas most of clonotypic T cells in Ld-rOVA X DO11.10 mice
were CD47CD25% T cells (Fig. 24). We next investigated
whether these CD4*CD25™ T cells were regulatory T cells.
CD4*CD25* T cell-depleted CD4* T cells from Ld-nOVA X
DO11.10 exhibited a more vigorous response to OVAp than CD4 "
T cells from Ld-nOVA X DO11.10, although they exhibited a
lower response than CD4+CD25™ T cell-depleted DOL1.10 CD4™
T cells (Fig. 2B). CD4*CD25" T cells from Ld-nOVA X
DO11.10 mice had the ability to suppress the proliferative re-
sponses of CD4*CD25™ T cells not only from the Ld-nOVA X
DO11.10 mice, but aiso from nontransgenic BALB/c mice. This
inhibitory function was partially blocked by anti-CTLA-4 (Fig.
20). Because we did not use anti-CTLA4 Fab, the abrogation of
inhibition was not so distinguished as demonstrated in the previous
reports (28-30). These results indicate that CD4*CD25" T cells
generated in Ld-nOVA X DO!1.10 mice are regulatory T cells.

Clonotypic cells are positively selected into CD4*CD25™
regulatory T cells in Ld-nOVA X DQOI1.10 o-chain mice

To exclude the possibility that the generation of CD4*CD25*
regulatory T cells in Ld-nOVA X DOI11.10 mice could be attrib-
uted to excessive production of autoreactive T cells beyond the
capacity for clonal deletion, we crossed Ld-nOVA mice with
DO11.10 a-chain single transgenic mice and examined CD25 ex-
pression of clonotypic T cells in Ld-nOVA X DOIL.10 a-chain
mice. Although lymph node CD4* T cells contained the small
population of clonotypic T cells in DO11.10 a-chain and Ld-
nOVA X DOI1.10 a-chain mice, we could find clearly different
results between these mice. Clonotypic T cells in DO11.10 a-chain
mice were exclusively CD4+YCD257 T cells, whereas clonotypic T
cells in Ld-nOVA X DOI1.10 a-chain mice were exclusively

CD4*CD25" T cells (Fig. 3). These results are consistent with
Fig. 24 and indicate that part of autoreactive T cells is positively
selected as CD4™CD25™ regulatory T cells. Although CD4+CD25*
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FIGURE 1. Expression of endogenous TCR a- and S-chains in DOL1.10
mice and Ld-nOVA X DO11.10 mice. 4, Thymocyte and splenocyte suspensions
prepared from a 2-mo-old DO11.10 mouse and a 2-mo-old Ld-nOVA X DO11.10
mouse were stained with anti-CD4, anti-CD8, and KJ1-26, anti-V£8, or anti-
TCRR. Dot plots show staining of live gated cells with anti-CD4 and anti-CDS.
The percentage of cells falling within the indicated region is shown in each dot
plot. Histograms show staining of CD4*CD8 ™ cells with KI1-26, ant-V8, or
anti-TCR 3. The percentage of cell§ falting within the indicated marker is shown in
each histogram. B, T cell-enriched splenocytes from a 2-mo-old DO11.10 mouse
and a 2-mo-old LdnOVA X DOI11.10 mouse were stained with anti-CD4 and
anti-Via2, anti-V2, anti-Vf36, or and-V314. The percentage of CD4* T cells
falling within the indicated region is shown in each dot plot. A representative result
of seven independent similar experiments is shown,
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FIGURE 2. CD4"CD25* T cells in Ld-nOVA X DO11.10 mice were regulatory T cells, 4, CD4* T cells expressing endogenous TCR chains and CD4*
T cells expressing a clonotypic TCR showed different CD25 expression levels in both DO11.10 mice and Ld-nOVA X DO11.10 mice. T cell-enriched
splenocytes from a DO11.10 mouse and a Ld-nOVA X DOI1.10 mouse were analyzed for the expression of CD25, CD4, and a clonotypic TCR. Histograms
show staining of ¢lonotypic and nenclonotypic CD4* T cell populations with anti-CD4 and anti-CD235. 8, CD4 *CD25" T cell-depleted CD4* T cells from
Ld-rOVA x DOL1.1¢ mice exhibited a vigorous response to OVAp. CD4™ T cells or CD47CD25™ T cell-depleted CD4™ T cells (2 X 10* cells/well)
from three Ld-nOVA X DO11.10 mice and three DO11.10 mice were cultured in 96-well round-bottom plates with irradiated (20 Gy) syngeneic spleen
cells (5 % 10* cells/well) in the presence of OV Ap for 3 days, followed by a final 16 h of culture in the presence of 1 wCi [*H]TdR per well. €, CD4*CD25*
T cells, CD4¥CD25™ T cells, and a 1:1 mixture of the two populations were culmred in 96-well round-bottom plates with irradiated (20 Gy) syngeneic
spleen cells (5 % 10* cells/well) in the presence of Con A at | pg/ml for 3 days, followed by a final 6 h of culture in the presence of | uCi [PH]TdR per
well. CD47CD257 T cells were prepared from four Ld-nOVA X DO11.10 mice, four DO11.10 mice, and four nontransgenic BALB/c mice, CD4* CD25™
T cells were prepared from four nontransgenic BALB/c mice. In some wells, an anti-CTLA-4 mAb (100 pg/ml) was added to the culture. A representative
result of three independent similar experiments is shown. The proliferative response was expressed as Acpm (the mean cpm of the test cultures minus the
mean ¢pm of the control cultures without Ag). DBL, Ld-nOVA X DOI1.10 double-transgenic mice.

T cells in Ld-nOVA X DO!1.10 e-chain mice contained a higher
percentage of clonotypic T cells than CD47CD25™ T cells in
DO11.10 a-chain mice, as shown in Fig, 3, cell numbers of clo-
notypic T cells in Ld-nOVA X DO11.10 a-chain mice were lower
than those in DO11.10 a-chain mice.

T cells expressing endogenous TCR chains were differentially
recruited into CD4"CD25™ regulatory T cells or CD4*CD25™
T cells between Ld-nOVA X DOI11.10 mice and DO!I. 10 mice

We next investigated the role of endogencus TCR chain expression in
the generation of CD4¥CD25* regulatory T cells and CD4¥CD25™
T cells, In the thymus and spleen of Ld-nOVA X DO11.10 mice,
CD4*CD25% T cells were clonotype™" T cells, whereas
CD4*CD25~ T cells were clonotype'™ T cells (Fig. 44). On the
contrary, in the thymus and the spleen of DO!1.10 mice, most
CD4*CD25~ T cells were clonotype™ T cells, whereas
CD4*CD25% T cells were clonotype'™ T cells (Fig. 44). These
clonotype™* T cells in lymph nodes (Fig, 48) and the thymus (data
not shown) expressed not only endogenous Vas, but also endogenous

VBs. The percentages of CD4™ T cells expressing endogenous Vs in
CD47CD257 T cells and CD4*CD25* T cells from the thymus and
lymph nodes of Ld-nOVA X DOIL.10 mice and DOI1.10 mice are
summarized in Fig. 4C, The percentage of T cells expressing endog-
enous B-chains was defined as the percentage of TCR CpB-positive
cells in CD4™ T cells minus the percentage of VB8-positive cells in
CD4* T cells. These data and the comparison of MFI of VA8, as
described above, indicate that CD4*CD25™ T cells of DO11.10 mice
preferentially use endogenous Vs ltke CD4*CD25™ T cells of Ld-
nOVA X DBO11.10 mice. These results imply that CD4*CD25 " reg-
ulatory T cells are derived from autoreactive T cells, which do not
undergo clonal deletion, and that CD4™CD25™ T cells are derived
from positively selected nonautoreactive T cells.

The perturbation of endogenous TCR gene rcarrangement
exclusively generates CD4* CD25% T cells in Ld-nOVA X
DOI11.10 mice

The contribution of endogenous TCR gene rearrangement to the
generation of CD47CD257 T cells in Ld-nOVA X DO11.10 mice
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FIGURE 3. Clonotypic cells were positively selected into CD4*CD25*
T cells in LA-nOVA X DO11.10 a-chain mice. Lymph node cells from two
DO11.19 a-chain mice and two Ld-nOVA X DO11.10 a-chain mice were
pooled and stained with anti-CD4, anmti-CD23, and KJ1-26. Histograms of
staining with KJ1-26 were gated for CD4°CD25% T cells and
CD4*CD25™ T cells. The percentage of clonotypic cells is shown in each
histogram. The scale of histograms is different between CD4¥CD25™ T
cells and CD4*CD25™ T cells (10 vs 100) because cell numbers of
CD4*CD25* T cells were ~10% of those of CD47CD25™ T cells. A
representative result of three independent similar experiments is shown.

and to the generation of CD47CD25™ T cells in DO11.10 mice
suggests that endogenous TCR gene rearrangement is used not
only for the avoidance of autoreactivity, but also for the generation
of CD4*CD25™ regulatory T cells, probably by creating autore-
active TCRs. To confirm this possibility, we generated RAG2-
deficient DOI11.10 mice and RAG2-deficient Ld-nOVA X
DO11.10 mice, in which endogenous TCR gene rearrangement
‘was impaired. Although the numbers of CD4™ T cells in spleens
from RAG2-deficient Ld-nOVA X DOI1.10 mice were reduced
by clonal deletion, most of the CD4* T cells were CD4*CD25™
T cells (Fig. 54), supporting the idea that autoreactive T cells were
selected as CD47CD25% T cells. We confirmed that these
CD4*CD25* T cells had the ability to suppress the proliferative
responses of CD47CD25™ T cells from nontransgenic BALB/c
mice in vitro (Fig. 6). On the contrary, most of CD4™ T cells in
spleens of RAG2-deficient DO11.10 mice were CD4¥CD25™ T
cells and lacked CD4*CD25™ T cells. Furthermore, we generated
TCR a-chain-deficient DO11.10 mice and TCR a-chain-deficient
Ld-nOVA X DOI1.10 mice. These mice had almost the same
phenotype as RAG2-deficient DO11.10 mice and RAG2-deficient
Ld-nOVA X DOIIL.10 mice, respectively (Fig. 58). We also con-
firmed the suppressive activity of CD4*CD25" T cells in TCR
a-chain-deficient Ld-nOVA X DOI1.10 mice (data not shown).
These results indicate that endogenous TCR expression, especially
endogenous a-chain expression, plays an important role in the gen-
eration of regulatory T cells in DOE1.10 mice.

Interestingly, although C4 SP T cells in the thymus of RAG2-
deficient Ld-nOVA X DOIL10 mice contained not only
CD4*CD25* T cells, but also a large population of CD4*CD25~
T cells, splenic CD4™ T cells were exclusively CD4¥CD25™ T
cells. This finding suggests that there might be another selection
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mechanism in the periphery that differentially acts on
CD4*CD25™ regulatory T cells.

Taken together, these findings indicate that autoreactive T cells
are selected as CD47CD25™ regulatory T cells and that endoge-
nous TCR gene rearrangement plays a critical role in the genera-
tion of CD4*CD25* regulatory T cells from nonautoreactive T
cells and in the generation of nonautoreactive T cells from auto-
reactive T cells.

Discussion

We found that autoreactive T cells were positively selected as
CD4*CD25" regulatory T cells in parallel with clonal deletion in the
thymus. These results indicate that part of autoreactive T cells that
have a high affinity TCR encugh to lead to clonal deletion could be
positively selected as CD4*CD25™ T cells in the thymus. We also
found that endogenous TCR expression gencrates CD47CD25" reg-
ulatory T cells from the nonautoreactive T cells and nonautereactive
CD4*CD25™ T cells from the autoreactive T cells.

In Sakaguchi and coworkers® papers (7, 22), the regulatory T
cells in TCR-transgenic models were endogenous TCR a-chain-
expressing cells, whereas, in our Ld-nOVA X DO11.10 mice, the
regulatory T cells did not express endogenous TCRs. However,
these findings do not contradict each other. In the case of CD4* T
cells expressing high affinity TCRs with peripheral autoantigens or
nonself ligands, these T cells could be positively selected as
CD4*CD25™ T cells without clonal deletion or endogenous TCR
chain expression. Because CD4™ T cells expressing TCRs specific
for autoantigens in the thymus might be selected as CD4+CD25™
regulatory T cells, in transgenic mice expressing a TCR specific
for an exogenous Ag such as DO11.10 mice, CD4*CD25* regu-
latory T cells are selected only from CD4™ T cells expressing
endogenous TCR chains. Therefore, the impairment of endoge-
nous TCR chain expression led to the disappearance of regulatory
T cells. On the contrary, in the case of transgenic mice expressing
a TCR specific for a systemic autoantigen such as Ld-nOVA X
DO11.10 mice, CD4*CD25™ regulatory T cells are selected from
CD4™ T cells expressing a transgenic TCR without endogenous
TCR chain expression.

Because endogenous TCR gene rearrangement oceurs to escape
not only negative selection (15, 16), but also death by neglect
during positive selection (18, 19), it is suggested that endogenous
TCR gene rearrangement occurs to generate T cells expressing
TCRs that have appropriate affinity for a self MHC/self peptide
above the selection threshold. Thus, there is a possibility that en-
dogenous TCR gene rearrangement might play an important role in
the generation of CD4*CD25" T cells from nonautoreactive T
cells through creating autospecific TCRs and the generation of
CD47CD25 T cells from autoreactive CD4™ T cells. Therefore,
it should be addressed whether second TCR gene rearrangement
contributes to the generation of CD4*CD25% T cells and
CD4*CD25™ T cells in nontransgenic mice.

Our experiment revealed that CD47CD25% T cells contain a
certain T cell repertoire specific for a systemic nuclear autoantigen.
Although CD4*CD25™ T cells are anergic to TCR stimulation and
suppress the activation of CD4*CD25™ T cells in an Ag-indepen-
dent manner, it has been demonstrated that regulatory function of
CD4*CD25* T cells requires their activation via TCR in vitro
(10-12). Autoreactivity of regulatory T cells increases the chance
that they encounter their stimulators in periphery. Thus, it is ra-
tional that regulatory T cells are specific for autoantigens in the
thymus, which may be systemic autoantigens.

Jordan et al. (13) demonstrated that CD4"CD25" regulatory T
cells are positively selected by a self peptide in the thymus. In their
study, autereactive T cells are positively selected as CD4*CD25™
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FIGURE 5. Perturbation of endogenous TCR gene
rearrangement exclusively generated CD4*CD25* T
cells and CD4™CD25™ T cells in Ld-nOVA % DO11.10
mice and DO11.10 mice, respectively. Thymocytes and
splenocytes of RAG2-deficient Ld-nOVA X DOI1.10
mice and RAG2-deficient DO11.10 mice were analyzed
for the expression of CD4 and CD25. B, Thymocytes
and splenocytes of TCR a-chain-deficient Ld-nOVA X
DOI11.18¢ mice and TCR a-chain-deficient DOL1.10
mice were analyzed for the expression of CD4 and
CD25. A representative result of three independent sim-
ilar experiments is shown.
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FIGURE 6. CD4*CD25" T cells in RAG2-deficient Ld-nOVA X
DO11.10 mice were regulatory T cells. CD4CD25™ T cells (2 % 10*
cells/well) from RAG2-deficient Ld-nOVA X DO11.10 mice were cul-
tured with CD4'CD25 ™ T cells (2 X 10? cells/well} from nontransgenic
BALB/c mice and irradiated (20 Gy) syngeneic spleen cells (5 % 10*
cells/well) in the presence of Con A at 1 pg/ml for 3 days, followed by a
final 6 h of culture in the presence of | p:Ci [*HJTdR per well. These T celt
subpopulations were purified from pooled splenocytes from six RAG2-
deficiemt Ld-nOVA X DOI11.10 mice or three nontransgenic BALB/c
mice. Means and SDs of triplicate are shown, The data were representative
of three independent similar experiments, DBL, Ld-nOVA X DO11.10
double-transgenic mice.

Our results provide new insight into the ontogeny of regulatory
T cells. The thymus has the ability to generate regulatory T cells
from autoreactive T cells simultaneously with negative selection,
sometimes actively generating autoreactive T cells by endogenous
TCR gene rearrangement. The critical contribution of endogenous
TCR gene rearrangement to the control of autoreactivity is that it
reduces self reactivity in effector precursor T cells by generating
nonautoreactive CD4*CD25~ T cells from autoreactive T cells
and generates autoreactive CD4*CD25" regulatory T cells from
the nonautoreactive T cells.
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