keratin 5 has also been implicated as the
genetic defect in another family affected
with EBS (24).

The mutations described in these pa-
tients suggest that defects in keratins not
only cause cytolysis, as observed in EBS and
EHK, but also acanthosis and hyperkerato-
sis, as observed in EHK. Thus, the integrity
of the keratin intermediate filament net-
work contributes to mechanical stability of
the keratinocyte and to the maintenance of
a functional epidermis. EHK may be heter-
ogenous with respect to the underlying
defect, as is EBS, and it is likely that
mutations will be discovered in other con-
served regions of these keratins (26).
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Maintenance of in Vivo Tolerance by
Persistence of Antigen

Fred Ramsdell* and B. J. Fowlkes

T cells of the immune system respond only to foreign antigens because those cells with
reactivity for self proteins are either deleted during their development or rendered non-
responsive (anergic). The maintenance of the nonresponsive state was found to require
the continual exposure of the anergic T cells to antigen. When anergic T cells were removed
from the self antigen by adoptive transfer to a mouse strain lacking the antigen or by in vitro
culture, nonresponsiveness was reversed and the anergic cells returned to normal func-

tional status.

Although the thymus is probably the major
site for inducing T cell tolerance (I, 2),
peripheral mechanisms of tolerance also
exist (3, 4). Data from several of these
systems indicate that peripheral tolerance
may result in the generation of clonal an-
ergy rather than clonal deletion. A nonde-
letional form of developmental tolerance is
induced in radiated bone marrow chimeras
(5, 6). This model system takes advantage
of the fact that T cells bearing particular T
cell receptor (TCR) V, chains react with
minor lymphocyte stlmulatory (Mls) or ma-
jor histocompatibility complex (MHC) an-
tigens. In certain strains that possess specif-
ic self antigens, this reactivity results in the
deletion of entire subsets of T cells that bear
a particular TCR V; chain. For example, T
cells bearing Vg6 and V17 are specific for
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Mls-12 and I-E, respectively (I, 7). How-
ever, when chimeras are constructed with
Mis-1%, I-E~ bone marrow cells that are
injected into mice that are heavily irradiat-
ed (1000 R) and are Mis-1¢, I-E*, the
majority of T cells bearing these receptors
are not clonally deleted.

Despite the lack of deletion in such chi-
meras, no T cell reactivity toward host anti-
gens in mixed lymphocyte reactions in vitro
or in graft-versus-host reactions in vivo can be
detected (5, 6). The proliferative response to
stimulation by monoclonal antibodies to V6
and V17 is decreased by 80 to 99% (5). Thls
effect can be overcome in the CD8 subset, but
not in the CD4 subset, by the addition of
exogenous interleukin-2 (IL-2) (8). In order
to determine whether the nonresponsive state
in these chimeric animals was reversible, we
adoptively transferred lymphocytes from chi-
meric and control mice into irradiated host
animals that lacked the Mls-1* and I-E anti-
gens and then assessed the phenotypic and
functional status of the transferred cells.

For the purposes of this study, two types of




chimeras were constructed. Control chimeras
consisted of B10.S mice (Mis-1°, I-E™) inject-
ed with SJL (Mis-1%, I-E~) bone marrow [SJL
— BI10.S mice]. In such chimeras, approxi-
mately 10% of mature T cells express either
Vg6 or V17, and these cells respond normal-

ly to stlmulatlon with Vg-specific antibodies
(Table 1 and Fig. 1). These results are com-
parable to those seen with a normal SJL
mouse. We generated the second chimera by
injecting (B10.S X AKR)F, mice (Mls-1¢,
I-E*) with SJL bone marrow [SJL — (B10.S
x AKR)F, mice]. Consistent with other data
(5, 6), mice of this type delete only 10 to 30%
of their total V36- and V,17-bearing T cells
(Table 1). These same % cells are deleted
efficiently (83 to 95%) when the Mls-1? and
I-E antigens are expressed on bone marrow—
derived cells, as in (SJL X AKR)F; mice.

However, the remaining Vg6 and V417 T
cells show a decreased responslveness to dlrect
stimulation by antibodies to the TCR (anti-
TCR) and thus appear to be in a state of
clonal anergy (Fig. 1, B and C).

To determine if there is a requirement for
antigen in maintaining the nonresponsive
state, we adoptively transferred lymph node
cells from control or nonresponsive chimeras
into irradiated (750 R) B10.S hosts. We
predicted both sets of chimeras to be tolerant
of B10.S antigens, and, as expected, no graft-
versus-host reactivity was noted. At 1 to 3
weeks after transfer, lymph node cells from
the B10.S hosts were removed and assayed for
the presence of donor cells. The relative
percentage of V6- and V17-bearing T cells
did not change 31gn1ﬁcantly after adoptive
transfer (Table 1). Because the original SJL
bone marrow cells express the CD45.1 allele,
we were able to accurately determine the
percentage of Vg6 and V17 cells of donor
origin in the B10 S hosts No significant
differences were noted at any time between
the relative percentages of Vg6 or V17 cells
as compared to the original startmg popula-
tions.

We assessed the functional capabilities
of these adoptively transferred cells by de-
termining the ability of T cells “parked” in
B10.S lymph nodes to proliferate in re-
sponse to antibodies to V17 (anti-Vg17)
or Vg6 (anti-Vg6). In these prohferatlon
assays cells from B10.S recipients that were
not given chimeric lymph node cells made
only minimal proliferative responses to an-
ti-TCR stimulation because the mice were
previously irradiated. In contrast, donor
cell proliferation was easily detected al-
though the maximal proliferative responses
decreased with time after transfer (9). At
10 days after transfer, the difference in
responsiveness to anti-Vy17 or anti-V6
between control and anergized cells became
less pronounced than in the analysis before
transfer (Fig. 1). By 20 days after transfer,
there was no difference noted between the

control and anergized groups. Because the
B10.S host lacks the relevant self antigens,
this result indicates that if cells are main-
tained in the absence of antigen (Mls-1? or
I-E), the nonresponsive state induced in
the original SJL — (B10.S x AKR)F,
chimeras could be reversed.

In order to address the possibility that
adoptive transfer into the irradiated B10.S
mouse resulted in a nonspecific effect that
led to the reversal of anergy (such as the
spontaneous production of IL-2 or other
lymphokines in the irradiated host), we
transferred chimeric lymph node cells into
(B10.S x AKR)F, mice, which do bear the
relevant self antigens. Phenotypic analyses
of these cells also demonstrated no signifi-
cant differences in the proportions of Vz6-
and Vg17-bearing T cells, relative to the
orlgmal populations (Table 1). When
transferred into antigen-bearing (B10.S X
AKR)F, hosts, anergic Vg6- and V,g17-
bearing T cells remained in the nonrespon-
sive state (Fig. 2). As before, an aliquot
from the same pool of cells parked in
antigen-free (B10.S) mice reverted to a
state of normal responsiveness. Although
we cannot exclude the possibility that the
adoptive transfer into B10.S mice results in

REPORTS

the selection of a minor population of
nonanergic cells, we find this unlikely for
several reasons. As noted, B10.S mice lack
the self superantigens recognized by Vg6
and V17 cells, and thus a minor subset of
such cells should not expand preferentially.
Additionally, the selection of a minor sub-
population of reactive cells would be ex-
pected to alter the relative V frequencies
or CD4:CD8 ratios from those of the orig-
inal starting populations. Because neither
effect was noted for either Vg6 or V517 at
any time point examined, we conclucfe that
anergic cells require repeated contact with
antigen to retain the nonresponsive state.
To further support the contention that
the reversal of anergy is due to an antigen-
free environment and not to the outgrowth
of a minority population of cells, we used a
short term in vitro culture system. Lymph
node T cells from control and nonrespon-
sive chimeras were cultured individually or
mixed at a 1:20 ratio and incubated in vitro
in the presence of IL-7. We used IL-7 as a
trophic factor to maintain the viability of
freshly isolated T cells (10). The cultures
were harvested 7 days later, and the relative
percentages of Vg17 and V6 cells in each
population were assessed by ﬂow cytometry

Fig. 1. Nonresponsive- Anti-TCRof Anti-Vg17 Anti-Vg6
ness$ can be reversed af- 100
ter adoptive transfer into 160 A

a mouse lacking the rel- 120k

evant self antigens.

Lymph node cells (10° 80

cellsiwell) from SJL — 40}

B10.S chimeras (open 0

circles) or SUL — (B10.S

x  AKR)F, chimeras ;E: 50

(closed circles) were g D

stimulated with various (] 401

concentrations of immo- ' 30}

bilized monoclonal anti- £ 50|

bodies to TCRaf (20) 8

(A D, and G), V17 (1) 3 'OF

(B, E, and H), or V.6 a 0 L

(21) (C, F, and l) as de-

scribed  (5). In (&) 1°°‘G

through (C), lymph node 80}

cells were analyzed be- 60

fore adoptive transfer. In

(D) through (F), lymph 401

node cells were from ir- 20

radiated B10.S mice that 0 ) 0 0
had received chimeric 101 109 10! 102 103 107 109 10! 102 103 10" 109 10! 102 10°

lymph node cells 10
days earlier. Cells in (G)
through (1) were from ir-

Antibody concentration (ug/ml)

radiated B10.S mice that had received chimeric lymph node cells 20 days earlier. Chimeras were
generated as described (5). Twelve weeks after reconstitution, chimeric lymph node cells were
examined for TCR V,, expression by flow cytometric analysis and for functional responses to anti-TCRV,

stimulation. For anti- TCR stimulation, both antibody concentration and responding cell number were
varied with comparable results. Chimeric lymph node cells (5 x 107) were transferred intravenously into
B10.S mice that were irradiated (750 R). At 10 or 20 days after adoptive transfer, donor-derived TCR V,
expression (Table 1) and functional responses were determined. Irradiated B10.S mice that received no
lymph node cells were unable to proliferate in response to antibody stimulation (<1000 cpm). Data are
representative of five independent adoptive transfer experiments; proliferative responses were mea-

sured by [3H]thymidine incorporation.
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(Table 2). When normal (nonanergic) cells
were added as a minor component (5%),
they did not overgrow cells from the non-
responsive chimera. Additionally, the
percent of V417 and V6 cells from both
sources of T cells remained relatively con-
stant throughout the culture period. When
the functional responses were compared
(Table 3), we found that the originally
nonresponsive chimeric cells proliferated in
response to anti-Vg17 and anti-Vg6 in a
manner identical to that of the control
cells. The mixed population also proliferat-
ed. CD4*8~ and CD47 8" lymph node
cells were examined individually, and both
subsets from anergic mice were nonrespon-
sive to anti-Vg6 and anti-Vg17 stimula-

tion. After being cultured in IL-7, CD4*8~
and CD478% cells from the anergic chime-
ra proliferated to the same extent as control
cells (Table 4). Thus, using a short-term in
vitro assay system, we have shown that it is
possible to reverse clonal anergy under con-
ditions in which the outgrowth of minor
subsets of responsive cells does not occur.
Our results indicate that antigen persis-
tence is required for the maintenance of T
cell anergy in vivo. When anergic T cells
are removed from their specific antigen,
they can revert to a state of normal respon-
siveness. The kinetics of this reversion and
the ability to detect it in vitro indicate that
it is independent of the production of new
T cells by the thymus. This result appears to

Fig. 2. Adoptive transfer Anti-TCRap Anti-Vg17 Anti-Vp6
of anergic cells into an 200

antigen-bearing mouse 160LA sok B eol- ©

maintains the nonre- 2

sponsive state. Lymph 120 40+ 40

node cells were stimulat- E 80

ed as in Fig. 1. In (A) S 40 201~ 201

through (C), lymphnode & . , . 0 ‘/0{.
cells from SJL — B10.S g 0 0

(open symbols) or SJL T 50 16 16

— (B10.S x AKR)F, = D E F

(closed symbols) chime- 2 40 12 12

ras were tested before 30

adoptive transfer. In (D) 20 8- 8-

through (F), lymph node 10 4l 4

cells were removed from

B10.S (circles) or (B10.S 0 '0 11 0 ; 0 ' = :
x AKRJF, (triangles) 107 100 10" 102 107 100 10! 102 107 100 10! 102
mice 17 days after Antibody concentration (ug/ml)

adoptive transfer. For

adoptive transfers, lymph node cells (4 x 107) from SJL — B10.S (open symbols) or SIL — (B10.S x
AKR)F, (filled symbols) chimeras were injected intravenously. (B10.S x AKR)F, recipients given lymph
node cells from SJL — B10.S mice died of acute graft-versus-host disease by 12 days after transfer and

are not included in the analysis.

Table 1. Clonal deletion in P — F, chimeras

transfer. Bone marrow chimeras were constructed as in Fig. 1. The before-
transfer analysis was performed 12 weeks after bone marrow reconstitution,
at which time the chimeras were >90% donor type. The after transfer analysis
of irradiated hosts given chimeric lymph node cells was performed between

10 and 21 days after adoptive transfer. For flow

node cells were incubated with monoclonal antibodies to V6 (RR4-7) or V17

(KJ23), followed by fluorescein isothiocyanate

(PE)-labeled goat antibody to rat immunoglublin G (IgG) or goat antibody to
mouse |gG2a, respectively (Caltag, South San Francisco, California). Cells
were simultaneously stained for CD4 (PE-coupled GK-1.5, Becton-Dickinson,

before and after adoptive

cytometric analysis, lymph

(FITC)— or phycoerythrin

differ from tolerance to human gamma glob-
ulin (HGG), which is maintained in the
apparent absence of antigen in adult thy-
mectomized, but not in euthymic, animals
(11). Whether there exists a cryptic source
of antigen in HGG-primed mice is not
clear. One potential source for antigen
would be the follicular dendritic cell, which
is thought to act as an antigen depot for the
maintenance of memory cells (12) and
could thus act as a long term depot for
maintaining tolerance. A previous study
suggested that the nonresponsive state for
cytotoxic T lymphocyte activity was not
reversed by in vivo parking, although it was
not possible to examine specific T cells or

Table 2. Reversal of clonal anergy in vitro is not
due to the outgrowth of a minor subset of respon-
sive cells. Lymph node T cells from SJL — (B10.S
x AKR)F, chimeras were labeled in vitro with
FITC (5 pg/ml), washed, and mixed 20:1 with T
cells from SJL — B10.S chimeras. Cells were
cultured in RPMI 1640 (10° cells per milliliter) with
10% fetal bovine serum and 100 units of recom-
binant IL-7) (rIL-7) per millliter (Genzyme) for 7
days. Flow cytometry and TCR Vg normalization
were performed essentially as in Table 1, except
that cells were analyzed based on FITC expres-
sion to distinguish the original source of the re-
sponding cells. Values, from one representative
experiment of three performed, indicate the per-
cent positive.

Total

Chimeric source T Vgl7 Vg6
Before culture
SJL — B10.S 44 116 103
SJL — (B10.S x AKR)F, 95.6 8.1 8.5
After culture
SJL — B10.S 55 111 102
SJL — (B10.S x AKR)F, 945 7.4 8.0

Mountain View, California) and CD8 (biotin-conjugated 53-6.7, followed
by streptavidin-APC, Caltag). Viable cells (10%) were analyzed for each
group with data collected on a FACS 440 (Becton-Dickinson). All percent-
ages are normalized to include only cells bearing TCRaB and CD45.1
(donor derived). Donor cells constituted between 23 and 67.5% (mean of
52.8% for control and 55.7% for nonresponsive chimera donors) of the
total lymph cells in the population; most were T cells. There was no
significant difference in the ratio of CD4 to CD8 cells bearing any of the V,
chains examined. Staining values are the mean of 12 chimeric animals
and 5 independent adoptive transfer experiments. Numbers in parenthe-
sis indicate standard error of the mean.

Before transfer

After transfer

B10.S Hosts (B10.S x AKR)F, hosts
Mice Vel7 Vg6 Lymph node donor
Vg7 Vg6 V17 Vgb
SJL - B10.S 10.3(1.5) 10.8 (1.7) SJL — B10.S 10.2 (2.0) 11.2 (0.8) NA* NA
SJL — (B10.S x AKR)F, 7.1(0.8) 9.7 (2.3 SLJ — (B10.S x AKR)F, 7.3(1.9) 10.7 (2.7) 7.1(1.3) 10.8 (2.7)
SJL 10.5(0.7) 11.1 (0.8)
B10.S 0.2 (0.2) 10.3 (0.2)
(B10.S x AKR)F, 0.3(0.2) 0.3(0.4)
(SJL x AKR)F, 1.8(0.4) 0.4 (0.6)

*NA, not applicable. (B10.S x AKR)F, mice injected with SIL — B10.S lymph node cells died of acute graft-versus-host disease within 12 days of transfer.

1132

SCIENCE ¢ VOL. 257 * 21 AUGUST 1992



L R R

R U IR s B

Table 3. Reversal of anergy following in vitro culture. Lymph node T cells from control and anergic
chimeras were analyzed for their proliferative response to anti-TCRaf (2 pg/ml), anti-Vg17 (10
ng/ml), or anti-Vg6 (10 wg/ml) stimulation as in Fig. 1. Individual chimeras and a 20:1 mlxture of
anergic:control T cells were tested both before and after culture in riL-7. Addition of riL-7 to
proliferation assays before culture does not reverse the anergic phenotype (8). Responder cell
numbers were 8 X 10* cells per well in analyses before culture and 4 x 104 cells per well in analyses
after culture. Numbers in parentheses indicate standard error of the mean of triplicate samples.

Proliferation (102 cpm)

Responder cells

Anti-TCRaB Anti-V 17 Anti-V,6
Before culture
SJL — B10.S 86.2 (1.1) 13.2(1.3) 28.5(3.1)
SJL - (B10.S x AKR)F, 85.5 (7.7) 1.7 (0.2) 2.4(0.4)
Mixture 79.7 (8.1) 1.6 (0.3 2.7 (0.5)
After culture '
SJL — B10.S 69.9 (5.6) 14.1 (1.4) 22.2(2.7)
SJL - (B10.S x AKR)F, 59.9 (8.4) 12.8 (1.0) 20.0 (2.1)
Mixture 60.0 (6.5) 11.0 (1.2) 20.0 (1.9)

Table 4. Both anergized CD4+ and CD8* cells revert to normal functional status after in vitro culture.
Lymph node cells from control and anergic chimeras were depleted of CD4 or CD8 cells by
treatment with antibody plus complement. Remaining cells were analyzed for their proliferative
response to anti-TCRaf (2 pg/ml), anti-Vg17 (10 pg/ml), or anti -Vg6 (10 pg/ml) stimulation both
before and after culture in rIL-7 as in Table 2. Responder cell numbers were 1 x 105 cells per well,
and numbers in parentheses indicate standard error of the mean of triplicate samples.

Proliferation (103 cpm)

Responder cells

Anti-TCRa Anti-Vg17 Anti-V,6
Before culture
CD4+ cells
SJL —» B10.S 543 (2.4) 5.9 (0.3) 8.4 (1.0)
SJL — (B10.S x AKR)F, 451 (3.5) 0.5 (0.1) 0.8 (0.2
CD8* cells
SJL - B10.S 12.4 (0.8) 3.7 (0.4 6.5 (0.2)
SJL — (B10.S x AKR)F, 21.9 (3.4 1.2 (0.5 0.5 (0.1)
After culture
CD4+ cells
SJL - B10.S 197.7 (14.9) 36.4 (5.4) 43.9 (6.3)
SJL — (B10.S x AKR)F, 175.2 (16.4) 58.5 (11.2) 69.8 (6.1)
CD8+ cells
SJL - B10.S 184.8 (20.2) 26.5 (3.5 13.3 (2.3)
SJL — (B10.S x AKR)F, 128.9 (18.9) 39.9 (5.2 16.9 (1.5)

the amount of donor cell recovery in that
system (13). Because the mechanism of
inducing tolerance may not be the same,
there may be distinct requirements for
maintaining the nonresponsive state in
these various systems.

The source of antigen in the irradiated
chimera described here is as yet undeter-
mined. Generally, only bone marrow—de-
rived cells and thymic epithelial cells ex-
press class II MHC molecules; however,
expression of these molecules can be in-
duced in a variety of other cell types (14).
In addition, Mls antigens are derived from
endogenous retroviruses (15), and the iden-
tity of all the cells capable of producing
such products is not established. The appar-
ent ability of Mls antigens to be transferred
between cell types for presentation makes
identification of the Mls-bearing cell in
vivo difficult.

T cell receptor occupancy in the absence

of a second signal leads to clonal anergy in
vitro (16). In this model of anergy, cells in
the anergized state are still capable of gen-
erating a rise in intracellular Ca?* in re-
sponse to TCR signaling but fail to produce
IL-2 (17). Whether the induction of non-
responsiveness seen in these bone marrow
chimeras is due to a lack of second signals,
perhaps because of antigen presentation on
defective antigen-presenting cells (18), and
whether the biochemical basis is identical
to that of the clones remain to be deter-
mined. A distinct mechanism may be oper-
ating in the chimeras in which chronic
stimulation of T cells prevents the cells
from entering a resting state; such cells are
therefore nonresponsive when assayed in
vitro. Support for this idea comes from an
in vivo transgenic model of T cell anergy in
which V8.1 T cells in an Mls-1*-express-
ing mouse are decreased in their response to
stimulation by antibodies to V8 (4). Un-
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like the in vitro system, T cells in this
transgenic mouse show a decreased Ca?*
mobilization after TCR cross-linking (19).
Thus, prolonged TCR engagement may
lead to a state of TCR desensitization and
poor capacity to mobilize Ca?* that pre-
vents subsequent activation. If this is the
mechanism of anergy in the chimeras, the
data presented here suggest that allowing
such nonresponsive cells to rest in the
absence of antigen would permit the reap-
pearance of functional responsiveness. Be-
cause nondeletional forms of tolerance are
potentially involved in autoimmune disor-
ders and allograft acceptance, it is impor-
tant to determine not only the mechanisms
that can induce this state but also the
mechanisms that control its maintenance
and reversal.
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Transactivation by AP-1 Is a Molecular Target of
T Cell Clonal Anergy

Sang-Mo Kang,* Bart Beverly, Annie-Chen Tran, Kurt Brorson,
Ronald H. Schwartz, Michael J. Lenardot

Anergy is a mechanism of T lymphocyte tolerance induced by antigen receptor stimulation
in the absence of co-stimulation. Anergic T cells were shown to have a defect in antigen-
induced transcription of the interleukin-2 gene. Analysis of the promoter indicated that the
transcription factor AP-1 and its corresponding cis element were specifically down-regu-
lated. Exposure of anergic T cells to interleukin-2 restored both antigen responsiveness

and activity of the AP-1 element.

In pursuing the observations of Billingham
and colleagues (1) on acquired immunolog-
ical tolerance, Dresser showed that immu-
nization with deaggregated foreign proteins
rendered adult mice unresponsive to subse-
quent antigenic challenge (2). In contrast,
the same antigen preparation initially ad-
ministered with adjuvant was immunogen-
ic. Models that use two signals for lympho-
cyte activation can potentially explain
these early observations (3, 4). Experimen-
tal evidence shows that stimulation of the T
cell receptor (TCR) together with a sec-
ond, nonantigen-specific signal, termed co-
stimulation (3-7), causes T lymphocyte
activation. Antigen receptor stimulation in
the absence of co-stimulation, however,
causes functional inactivation or anergy of
the T cells (4-7). Anergic T cells have a
greatly reduced capacity to produce inter-
leukin-2 (IL-2) and to proliferate when
re-stimulated with antigen—-major histo-
compatibility complex (MHC) and co-
stimulation. They also produce less of other
lymphokines such as IL-3 and vy-interferon
(IFN-v). Studies with transgenic mice have
provided compelling evidence that T cell
tolerance in vivo can be due to the induc-
tion of anergy (8).

The CD4* mouse T cell clone A.E7 can
be stimulated to produce IL-2 by a pigeon
cytochrome ¢ peptide (amino acids 81 to
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104) presented by the MHC class II mole-
cule E¥ in the presence of co-stimulation (7,
9). A.E7 cells can be rendered anergic by
depleting them of residual antigen-present-
ing cells (APCs) and activating them with
agents that trigger the TCR or raise intra-
cellular Ca?* concentrations (4, 10). We
induced anergy with concanavalin A (Con
A), a lectin that binds the TCR and does
not activate co-stimulatory pathways (10,
11). A.E7 cells were treated with Con A (5
ng/ml) for 24 hours, after which the block-
ing sugar a-methyl mannoside (10 mg/ml)
was added (12). The cells were subsequent-
ly incubated for 4 to 6 days before use. The
Con A-treated group (termed anergic) had
nearly identical surface expression of CD3,
CD4, CD45, and IL-2 receptor a chain, as
compared to cells treated in parallel with-
out Con A (termed normal) (13). Normal
and anergic T cells were then restimulated
with antigen and splenic APCs, which
provide full co-stimulation. Anergic A.E7
cells typically showed a 70 to 90% reduc-
tion in maximal incorporation of 3H-
labeled thymidine and a requirement for
25- to 50-fold more antigen to obtain half-
maximal proliferation, although anergic
cells were capable of proliferating in re-
sponse to exogenous IL-2 (Fig. 1A). In
anergic cells, maximal production of IL-2
was significantly decreased (to between
one-tenth and one-fiftieth of the normal
value), whereas maximal IFN-y production
was only diminished from one-third to one-
half at 10 pM antigen (Fig. 1, B and C).
Northern (RNA) blot analysis of a time
course of induction revealed that steady-
state mRNA for IL-2 peaked sharply at 4
hours after antigen stimulation, whereas
steady-state mRNA for IFN-y appeared to
plateau by 6 hours (Fig. 2A, lanes 1
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through 7) (14). Thus, critical regulatory
events for IL-2 mRNA production occur at
times earlier than 4 hours. Induction of
both mRNAs depended on peptide antigen
(Fig. 2A, lanes 8 and 9). As observed for
lymphokine production, IL-2 mRNA
amounts were dramatically decreased in
anergic A.E7 cells, whereas IFN-y mRNA
amounts were only modestly attenuated
(lanes 11 and 13).

Studies have shown that IL-2 mRNA
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Fig. 1. Proliferation and lymphokine production
assays of normal and anergic A.E7 cells. AE7
cells induced into the anergic state or normal
controls were rechallenged with B10.A spleen
cells and increasing amounts of pigeon cy-
tochrome ¢ peptide (amino acids 81 to 104)
(12). (A) Proliferation assay. [*H]thymidine was
added 24 hours after stimulation, and incorpo-
tation was measured after an additional 16
hours (70). Unconnected points above the
“+|L-2" bar denote cells treated with IL-2 (30
units per milliliter) in the absence of antigen. (B)
IL-2 bioassay on 24-hour culture supernatants.
(C) IFN-y assay on 24-hour culture superna-
tants. Error bars are for triplicate samples.






