107'® M (12), but, being derived from
nonmutated germ-line immunoglobulin
genes (13), they are predominantly of low
affinity (12) and are nonpathogenic. Alter-
natively, when soluble self antigens are ex-
pressed at subthreshold concentrations, the
failure to induce tolerance in high-affinity
self-reactive B cells creates the potential for
production of pathogenic autoantibodies of
high affinity should T cell tolerance be by-
passed (7, 14). Although most self antigens
are present at amounts above this threshold,
such a situation may explain why it has been
relatively easy to raise high-affinity autoanti-
bodies against certain autologous (15) or
transgene-encoded (16) antigens in experi-
mental models. Moreover, the nominal
threshold of self antigen required for induc-
ing B cell tolerance within the high-affinity
component of the B cell repertoire may not
be absolute but may be influenced by varia-
bles such as the tissue site of expression and
the valency of individual antigens. Collective-
ly, these findings suggest that the selective
failure of B cell tolerance to particular self
antigens may provide one route toward the
development of clinical autoimmune disease,
particularly under conditions where B cells
are chronically stimulated either nonspecifi-
cally or by foreign antigens that cross-react or
form complexes with self antigens (14).
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Peripheral Selection of the T Cell Repertoire

BENEDITA ROCHA AND HARALD VON BOEHMER

T lymphocytes undergo selection events not only in the thymus, but also after they
leave the thymus and reside in the periphery. Peripheral selection was found to be
dependent on T cell receptor (TCR)-ligand interactions but to differ from thymic
selection with regard to specificity and mechanism. Unlike thymic selection, peripheral
selection required binding of antigen to the TCR, and it induced expansion of T cell
clones. Tolerance to self antigens that are restricted to the periphery occurred through
the elimination of self-reactive T cells and by the clonal anergy, which was associated
with down-regulation of the af§ TCR and CD8.

EVELOPMENT OF T CELLS TAKES

place in the thymus, where the

TCR repertoire is generated by ran-
dom gene rearrangement and pairing of
TCR a and B chains. Potentially autoaggres-
sive thymocytes are removed from this rep-
ertoire by “negative selection” (1, 2). Matu-
ration of thymocytes requires “positive
selection,” which involves binding of the
TCR to major histocompatibility complex
(MHC) molecules (3): TCR interactions
with class I MHC molecules direct CD4*
CD8" thymocytes into the CD8* lineage,
whereas interactions with class II MHC
molecules result in maturation into CD4"
cells (4-7).

Thymic selection may not be the sole
mechanism by which the T cell repertoire is
formed. Selection of T cell specificities may
also occur in the periphery, to which the
expression of certain self antigens may be
limited. Tolerance to these antigens would
require an extrathymic mechanism (8). In
addition, peripheral selection events may
expand or “suppress” certain clones. These
selection events may be of particular impor-
tance in the normal adult mouse, in which
the maintenance of the peripheral T cell
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compartment is largely independent of thy-
mic output and the majority of T cells are
generated by peripheral expansion (9-14):
once the peripheral pool of T cells is seeded
from the thymus early after birth, it may be
sustained throughout life independently of
further cell export from the thymus (14).
Extrathymic expansion of T cells is not
necessarily a response to exogenous antigens
because it does not require intentional anti-
genic stimulation and it occurs in germ-free
mice (12, 13).

To determine whether TCR-ligand inter-
actions are required for peripheral expan-
sion, we analyzed the in vivo expansion of
af TCR transgenic T cells with receptors of
known specificity. The genes for the o and B
chains of a TCR that recognizes the male
antigen HY when presented by the H-2D®
class I MHC molecule were introduced into
mice, which were then backcrossed to the
C57Bl/6 (B6) background. In these mice,
endogenous V gene segments do not rear-
range, and the transgenic B chain is ex-
pressed on all T cells (2). Not all cells express
the a transgene (3). Because specificity for
HY requires the transgenic o and B chains
(o and B;) as well as CD8 molecules (15),
male antigen—specific cells are CD8" with
high levels of expression of o, (CD8%a,
cells). Because positive selection occurs in
the absence of the HY antigen, CD8"a,
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cells are generated in the thymus of female
H-2DP B6 transgenic mice and migrate to
the periphery, where they represent approx-
imately one-half of all CD8™ cells. The rest
of the CD8™ cells, as well as the vast major-
ity of CD4™ T cells, express endogenous o
chains (a,) paired with B, (CD8% a, cells
and CD4" a,, cells); these cells, in addition
to CD47CD8 «, cells, which constitute
about 5% of T cells, do not respond to male
antigen in vitro (16).

We transferred female transgenic cells into
female and male nude mice (17). Transgenic
donor cells can be identified in the recipients
by the expression of B,, which can be de-
tected by the monoclonal antibody (MADb)
F23.2 (Fig. 1). This MAD binds the V8.2
chain, which is absent from host B6 nude
mice (18). Male antigen—specific CD8" T
cells can be identified by the MAb T3.70,
which recognizes o (3). Therefore, the fate
of male antigen—specific CD8* o, CD4 " o,
and CD8 ", cells can be followed in recip-
ient nude mice after adoptive transfer.

CD4"a, and CD8%a, cells from trans-
genic mice expanded exponentially after
transfer into female or male nude recipients
(Fig. 2). The total number of donor trans-
genic o, cells recovered from adoptive hosts
at different times after transfer and the ki-
netics of expansion of CD4%a, and

Fig. 1. Frequency of CD8" o, cells after adoptive
transfer or adult thymectomy. (A) Distribution of
female transgenic T cells in male (left panel) or
female (right panel) nude mice 1 month after
injectios  Eight-week-old female or male B6 nude
mice we ¢ injected intravenously with 107 synge-
neic spleen T cells from B6 transgenic mice and
then killed 1 month later. The percentages of
CD4" and CD8™ T cells in donor transgenic cell
populations were 50% and 42%, respectively.
Among CD8"* cells, 53.2% were o, and among
CD4" cells, 3.7% were o,. Spleen cell suspen-
sions from a pool of three recipient mice per
experimental group were depleted of B cells by
magnetic sorting with Dynabeads (Dynal A.S.,
Oslo, Norway) coated with antibodies to immu-
noglobulin. Cells were double-stained (18) with
fluorescein  isothiocyanate (FITC)—conjugated
MAb HO22 to CD8 (24) and biotinylated MAb
to the TCR together with streptavidin-phyco-
erytherin. MAbs to the TCR were F23.2, which
recognizes B, (25); T3.70, which recognizes o,
(3); and H57-597, which recognizes all B chains
(26). Two-color fluorescence was analyzed as de-
scribed (18) with a FACScan (Becton Dickinson).
Results represent one out of four experiments.
(B) Effects of adult thymectomy in transgenic
female mice. The percentage of male antigen—
specific cells recovered from the spleen and a pool
of peripheral and mesenteric lymph nodes of adult
thymectomized (Tx) or sham-thymectomized
(Sham-TX) female transgenic mice, 1 month after
surgery, is shown. Eight-week-old female trans-
genic mice were sham-thymectomized or thymec-
tomized under light (ether) anesthesia (17).
Transgenic cell populations were analyzed as de-
scribed in (A). Results are from one of three
similar experiments.
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CD8"a, cells were similar in female and
male nude mice (Fig. 2). T cell proliferation
in these mice was similar to that in nude
mice injected with normal female B6 spleen
cells (12). At early times after transfer, most
donor T cells were CD4" (12) (Fig. 2).
CD8* cells, which expand more slowly,
accumulated later. CD4" o, to CD8" a, ra-
tios similar to those observed in the donor
cell inoculum were observed in recipient
nude mice 2 weeks after injection. After that
time, the total number of donor cells re-
mained constant (12) (Fig. 2). In contrast to
Bra, cells, CD8 o, male antigen—specific
cells expanded differently in male and female
nude mice. In male nude mice injected with
transgenic cells, CD8%a, cells expanded
quickly (Fig. 2). Greater than 80% of donor
T cells in male nude mice were CD8" . at
day 5 after transfer. The absolute number of
T cells recovered in the spleen of male mice
is four times that found in female mice
injected with the same cells, and the number
of CD8%a, cells is 50 times that found in
females (Fig. 2). Similar differences were
observed in lymph nodes. These results
demonstrate that CD8* o, mature T cells are
able to recognize and proliferate in response
to male antigen in vivo as they do in vitro
(3).

Male antigen—specific cells did not expand
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after transfer into female nude mice: the
absolute numbers of CD8" e, cells did not
vary with time after injection (Fig. 2) and
corresponded to the fraction of donor T
cells expected to home to peripheral lym-
phoid organs after intravenous injection
(Fig. 2) (19). Because of the preferential
expansion of T cells with other TCR speci-
ficities, CD8% ., cells were diluted in the
host, so that 1 month after transfer they
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Fig. 2. Expansion of transgenic T cells after
transfer into female and male nude mice. Results
represent the absolute number of transgenic lym-
phocytes recovered in the spleen of recipient
female (A) and male (B) nude mice at different
times after injection. Numbers represent the mean
of two mice for each experimental group. B6 nude
mice were injected simultaneously with 107 T
cells from female B6 transgenic mice. Recipients
were killed on different days after transfer. For
determination of the total number of cells recov-
ered in each organ, a standard procedure was used
to prepare exhaustive cell suspensions from the
spleen, and three independent samples from each
suspension were counted before washing (12).
Cell suspensions were incubated with FITC-la-
beled MAD to Thy-1 (12) and the total number of
Thy-1" cells present in recipient organs was eval-
uated from the percentage of Thy-17 cells and the
number of cells recovered in the spleen of each
recipient. Cell suspensions were then depleted of
B cells, and Thy-1" donor cells were enumerated
within the Thy-1* cell population by analyzing
the co-expression of CD4 [CD4 ™ cells were iden-
tified with FITC-conjugated MAb GK1.5 (27)]
or CD8 molecules with the transgenic TCR
chains. Significant numbers of CD4 " o, cells were
not detected in recipient organs. The number of
donor cells homing to the spleen after in vivo
transfer was considered to be 20% of the injected
inoculum (19). Similar results were obtained in
four independent experiments.
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represented only 5% of the CD8™ cells in
female nude mice (Fig. 1A). Thus, periph-
eral expansion of male antigen—specific cells
required the interaction of the TCR with its
antigen. Because the HY antigen is not
encountered in female mice, HY-specific T
cells do not expand there, whereas o, T cells,
which express other TCR specificities, do
expand in the same recipients; these cells
may proliferate in response to environmen-
tal antigens, or as a result of cell interactions
with other components of the immune sys-
tem.

Unlike in female nude hosts, CD8" o,
cells were prevalent in female donor trans-
genic mice (Fig. 1B). This abundance de-
pended on a continuous export of cells from
the thymus, as was demonstrated by adult
thymectomy (Fig. 1B). In sham-thymecto-
mized female transgenic mice, CD8" o, cells
represented 46% and 53% of splenic and
lymph node CD8" «cells, respectively,
whereas they represented only 12% and 7%
of splenic and lymph node CD8* T cells in
thymectomized mice 4 weeks after surgery.
The absolute number of CD8" a,. cells re-
covered from these mice was only 10% of
that recovered from sham-operated controls.

Thus, thymic and peripheral selection are
different. In the thymus, the binding of a
TCR to an MHC molecule in the absence of
antigen results in maturation but not expan-
sion of T cells. In contrast, peripheral selec-
tion involves expansion of T cells, the recep-
tors of which bind to specific antigens.
Thus, in our transgenic female B6 mice, the
majority of single-positive thymocytes are
CD8 ", cells (3). Because in the absence of
the HY antigen, these cells cannot expand in
the periphery (Fig. 2A), B, cells represent
75% of peripheral T cells in these mice (3)
(Fig. 1B). Male antigen—specific cells pre-
sent in secondary lymphoid organs of female
transgenic mice are maintained by thymus
output (Fig. 1B). Therefore, peripheral ex-
pansion does not simply reflect amplification
of the TCR repertoire initially selected in
the thymus but can induce considerable
modifications in the frequency of initially
selected clones.

We also analyzed the behavior of mature
self-reactive CD8* T cells in male recipient
nude mice, where they are continuously
stimulated by HY antigen present in high
amounts in tissues outside the thymus. Al-
though CD8% . cells expanded vigorously
in male recipients during the first 5 days
after transfer (Fig. 2), they caused no obvi-
ous pathological damage (20). The reasons
for this are unclear. The differentiation of
these cells into aggressor cells may require
factors derived from CD4"CD8" cells (8),
or the action of male antigen—specific cells
may be suppressed by other cells with en-
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dogenous TCR chains. Most (70%)
CD8% . T cells generated during the first 5
days after injection disappeared from pe-
ripheral lymphoid organs between day 5 and
day 9 after transfer (Fig. 2B). After day 9 the
decline was less rapid.

CD8%a, cells that were not eliminated
from the peripheral lymphoid organs of
male nude mice did not respond to antigenic
stimulation by male cells in vitro (Table 1).
Similarly, such cells did not proliferate in
vivo after secondary transfer into male nude
mice or into female nude mice that had been
immunized with male cells. CD8 o, cells
harvested from male nude mice 5 days after
injection could respond to the HY antigen
in vitro, whereas cells recovered at day 9 or
day 20 could not (Table 1). This unrespon-
siveness could be correlated with the down-

Fig. 3. Expression of TCR, CD4, and CD8 in
transgenic cells after transfer into nude mice. (A)
Density of expression of CD8 (upper panel) or o,
(lower panel) by male antigen—specific cells. Dot-
ted lines, cells recovered from male nude recipi-
ents at different days (d) after transfer. Solid lines,
cells recovered from female nude recipients that
had the same CD8 or TCR expression as male
antigen—specific donor cell populations. Similar
results were obtained in seven independent exper-
iments. Female or male nude mice were injected
intravenously with 107 transgenic female T cells at
days 5, 9, or 20 before they were killed. The
percentages of CD4* and CD8” T cells in donor
T cell populations were 49.7 + 0.2% and 43.4 +
1.8%, respectively. Among CD8* cells, 54 + 2%
were a,, whereas among CD4* cells, 2.2 + 1%
were a,.. All mice were killed on the same day and
all cell suspensions were labeled simultaneously
with MAbs to CD8 and «,. CD8" cells were
gated for acquisition. (B) Expression of TCR and

regulation of TCR and CD8 on the surface
of CD8 ", cells. This process was progres-
sive: the mean CDS8 intensity was reduced
by a factor of 2 at day 5 and by a factor of 3
after day 9 (Fig. 3A), and the TCR density
on male antigen—specific cells also declined
with time (Fig. 3A).

The down-regulation of TCR and CD8 at
the surface of T cells was associated with the
tolerance process because it was confined to
the CD8%a, population: the density of
CD8 and TCR on CD8" a, cells recovered
from female recipient nude mice was identi-
cal to that of the donor CD8 * o cells. T cells
expressing o, had identical CD4, CD8, and
TCR levels in male and female recipients
(Fig. 3B). The expression of B, was biphasic
in CD8" T cells recovered from male recip-
ients because they contained o, and o
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accessory molecules by transgenic a,, cells 1 month after transfer. Dotted lines, cells recovered from male
nude mice; solid lines, cells recovered from female nude mice. The density of B, at the surface of CD4*
(left panel) and CD8" (middle panel) T cells is shown. CD8* T cells recovered from male mice contain
both o, and a, cell populations (Fig. 1). (Right panel) Density of CD8 at the surface of CD8" a cell

populations.

Table 1. Responder cells (lymph node cells depleted of B cells and CD4™ cells) (5 x 10%) were
cultured with 5 X 10° x-ray—treated (3000 R) spleen cells from male or female nude (nu/nu) mice
in the presence or absence of exogenous interleukin-2 (IL-2). Responder cells were obtained from
female transgenic mice or from nude male mice injected with female transgenic cells at days 5, 9,
and 20 after cell transfer. The number of CD8 ., cells present in each culture was 2 X 10* in rows
1 and 4, 4 X 10* in row 2, and 3 X 10* in row 3. Values represent the mean [*H]thymidine
uptake (cpm) of triplicate cultures. SEM values were =10% of the means. Cells from female nude
recipients, which contained less than 5 x 10* CD8% ¢, cells, always produced a significant male
antigen—specific response in vitro. Similar results were obtained in eight independent experiments.

Spleen cells
Responder .
cells nu/nu &8 nu/nu

+IL-2 ) nuw/nu & nu/nu @

? ap CD8™ 150,000 4,800 37,400 600

? af CD8" from nu/nu &, day 5 74,500 35,200 17,500 5,000

? apf CD8™ from nu/nu 3, day 9 42,300 46,000 1,000 1,700

? af CD8" from nu/nu &, day 20 7,400 5,800 600 700
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populations (Fig. 3B). Therefore both o and
B chains were down-regulated in CD8 c,
but not in CD87 a,, cells. This suggests that
the induction of anergy in T cells (which is
associated with down-regulation of the
TCR and its coreceptors) probably requires
a critical threshold of receptor occupancy, as
has been described for mature B cells (22):
Transgenic o, cells, the expansion of which
is also antigen-dependent, do not down-
regulate their receptors (Fig. 3B).

Our results indicate that binding of the
transgenic TCR to male antigen has differ-
ent consequences in the thymus and periph-
ery. Immature thymocytes die without cell
division (23), whereas mature T cells prolif-
erate vigorously at first but then either dis-
appear or down-regulate their receptors and
so become refractory to antigenic stimula-
tion. The latter mechanism may be one of
many by which peripheral T cells can be
“silenced” and may be similar to that which
has been described for mature B cells (22)—
which can also down-regulate surface immu-
noglobulin expression and become unreac-
tive. The differential behavior of thymocytes
and mature T cells with regard to confron-
tation of self antigens lends support to the
hypothesis of Ledenberg (23), which pro-
poses different consequences of antigenic
stimulation in immature versus mature lym-
phocytes. Nevertheless, our experiments
also suggest that elimination of self-reactive
clones can also occur in the periphery as a
result of encounters between mature T cells
and antigen. In contrast to the thymus, this
cell elimination is not sudden, and its cause,
as well as its mechanism, needs further in-
vestigation.
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Split Anergy

in a CD8* T Cell: Receptor-Dependent

Cytolysis in the Absence of Interleukin-2 Production

GiIrLis R. OTTEN* AND RONALD N. GERMAIN

Engagement of the antigen-specific receptor (TCR) of CD4™ T lymphocytes without
a second (costimulatory) signal prevents the subsequent production of interleukin-2
(IL-2) by these cells. Because IL-2 is a key immunoregulatory lymphokine and is also
produced by a subset of CD8* T cells that are able to kill target cells, the effect of
engaging the TCR of one such clone in the absence of costimulatory signals was
examined. The capacity for TCR-dependent IL-2 production was lost, indicating
comparable costimulator-dependent signaling requirements for IL-2 production in
CD4* and CD8" T cells. However, TCR-mediated cytotoxicity was not impaired,
implying that costimulation is required for only certain TCR-dependent effector

functions.

HE ESTABLISHMENT OF A SELF-TOL-

erant state among T cells is essential

to the development of a useful im-
mune system that responds to foreign anti-
gens without undesirable self-reactivity. De-
fects in self-tolerance result in autoimmune
disease, and knowledge about basic mecha-
nisms of tolerance induction may prove ben-
eficial for treatment or prevention of such
diseases, as well as for efforts aimed at
increasing the acceptance of histoincompat-
ible tissue grafts. Two distinct mechanisms
of T cell tolerance have been defined and
studied at the clonal level: deletion, which is
the result of programmed cell death and
occurs predominantly during intrathymic
maturation of T cells (1); and anergy, a state
of viable T cells that is characterized by
diminished or absent lymphokine secretion
as a result of TCR engagement (2). Anergy
can be induced in differentiated, mature
CD4" type 1 (Tyl) T cell clones (3) by
exposure to complexes of antigen and ap-
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propriate major histocompatibility complex
(MHC) molecules in the absence of certain
uncharacterized “costimulatory” signals on
the antigen presenting cell (APC) (4). This
anergy is most apparent as a lack of both
IL-2 production and clonal proliferation
after subsequent exposure to antigen and
fully competent APCs. A subset of murine
CD8™ T cells can secrete IL-2, and previous
studies of this population indicated that
adherent cells provided antigen-unspecific,
costimulatory signals that were essential for
optimal proliferation and secretion of IL-2
in response to alloantigenic spleen cells (5).
To explore whether this lack of response in
the absence of costimulation might be asso-
ciated with induction of a state of anergy,
we isolated a class I (H-2DP)-restricted,
IL-2 producing, cytotoxic CD8" clone,
termed GX1 (6), from the lymph node cells
of a C57Bl/6 (B6) mouse that had been
immunized with trypsin-digested chicken
ovalbumin (T-OVA) (7).

When APCs are chemically fixed, they
cannot stimulate IL-2 secretion or the pro-
liferation of Tyl CD4™" T cells (8, 9). To
determine if the CD8* clone GX1 had a
similar response pattern, we exposed GX1
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