Signaling through CD28 and CTLA-4 controls
two distinct forms of T cell anergy
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Primary T cell proliferative responses to TCR ligation plus CD28 costimulation are surprisingly het-
erogeneous. Many cells that enter G1 fail to progress further through the cell cycle, and some of
these cells subsequently fail to divide upon restimulation, even in the presence of IL-2. Such
IL-2-refractory anergy is distinct from the IL-2-reversible anergy induced by TCR occupancy in the
absence of CD28 costimulation. Here, we focus on the contributions of cell cycle progression and
costimulatory (CD28/CTLA-4) signals in the regulation of anergy. We show that CD28 costimula-
tion is not sufficient for anergy avoidance and that activated T cells must progress through the cell
cycle in order to escape anergy. Induction of this “division-arrest” form of anergy requires CTLA-4
signaling during the primary response. Also, cell division per se is not sufficient for anergy avoid-
ance: the few T cells that undergo multiple rounds of cell division during overt CD28 costimulato-
ry blockade do not escape the ultimate induction of clonal anergy. Anergy avoidance by primary T
cells is thus a multistep process: in order to participate in a productive immune response, an indi-
vidual T cell activated through its antigen receptor must receive CD28 costimulation and progress
through the cell cycle. Anergy may be induced either through a combination of CTLA-4 signaling
and the failure of cell cycle progression, or through a proliferation-independent mechanism in
which TCR ligation occurs in the absence of CD28.

J. Clin. Invest. 108:895-904 (2001). DOI:10.1172/JCI1200113220.

Introduction
Using techniques to analyze functional effector re-
sponses of single cells, a number of investigators have
shown that the behavior of a population of optimally
activated T cells is surprisingly heterogeneous. Weaver,
Bucy, and colleagues were among the first to show this,
using immunohistochemical approaches to detect
cytokine production at the individual cell level (1).
Using a technique based on the fluorescent dye CFSE,
we subsequently identified a large degree of prolifera-
tive heterogeneity in both polyclonal and monoclonal
populations of activated T cells (2, 3). For instance, up
to 35% of T cells optimally activated through
TCR/CD3 and CD28 fail to divide, despite induction
of G1-associated genes such as CD69 and CD25 (2, 3).
More recently, we have studied the consequences of this
proliferative heterogeneity (4). These investigations
revealed that cells that fail to divide in response to pri-
mary stimulation (a population that we term “primary
nonproliferative T cells”) do not divide upon secondary
stimulation. This state of anergy is novel, as unlike clas-
sic clonal anergy induced by TCR/CD3 ligation with-
out CD28 costimulation, anergy occurring in primary
nonproliferative T cells cannot be reversed by IL-2.
These studies indicate that primary T cells are sus-
ceptible to two distinct types of anergy induction when
stimulated. The current studies were undertaken to

identify the mechanisms and parameters that regulate
the induction of various forms of anergy. In particular,
we chose to focus on CD28/CTLA-4 signals and on cell
division. T cell receptor-coupled mitogenic signals are
amplified by signals transduced through CD28 and are
opposed by signals transduced through CTLA-4 (S, 6).
The balance between these opposing signals in part
determines the eventual fate of the responding T cells;
CD28 promotes IL-2 production, clonal expansion,
anergy avoidance, and effector function (7, 8), whereas
CTLA-4 signals result in abortive T cell activation, poor
IL-2 production, and anergy (9-14). It has been pro-
posed that the ability of CD28 to prevent anergy (and
conversely, of CTLA-4 signaling to induce it) is a sec-
ondary consequence of its ability to regulate T cell pro-
liferation (15-18). This implies that avoidance (or
induction) of anergy depends on the dilution (or accu-
mulation) of an anergy factor(s) that is rapidly synthe-
sized after TCR stimulation and whose subsequent
intracellular concentration is regulated by cell division
and dilution (15, 19). For instance, CD28 costimula-
tion during primary activation may promote anergy
avoidance and subsequent T cell effector function as a
consequence of its ability to support multiple rounds
of cell division (2, 20). Conversely, signals through
CTLA-4 may promote anergy and negatively influence
T cell effector function by inhibiting cell-cycle progres-
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sion during the primary response. Alternatively, CD28
and CTLA-4 may directly regulate anergy and cell fate,
independent of cell proliferation. These two possibili-
ties are not mutually exclusive, and this area has
remained unresolved and controversial.

To investigate the potentially separate roles of prolif-
eration and CD28/CTLA-4 signals in anergy induction,
we blocked B7-CD28 and/or B7-CTLA-4 interactions
during primary T cell activation, purified the primed T
cells based on the number of cell divisions they
achieved, and assessed their responsiveness to second-
ary TCR-, CD28-, and IL-2-mediated signals. Using
this approach, we find that two distinct forms of aner-
gy can be resolved in a population of CD4* T cells stim-
ulated in vitro. One form results from TCR ligation in
the absence of CD28 costimulation. This form of aner-
gy is reversible by IL-2, but cannot be prevented by pro-
gressing through the cell cycle, indicating that cell divi-
sion alone is not sufficient for anergy avoidance in T
cells. However, cell division appears to be necessary for
anergy avoidance, as a second form of anergy results
from the failure to proliferate after activation under
conditions of sufficient CD28 costimulation. This
form of anergy, which is refractory to IL-2, is controlled
in part by signals transduced through the negative reg-
ulatory receptor CTLA-4. We conclude that anergy
avoidance by primary T cells is a multistep process.
Signals through CD28 and processes associated with
cell division are together necessary and sufficient to
prevent the induction of IL-2 reversible anergy. Fur-
thermore, we suggest that CTLA-4 regulates anergy in
two ways: the first is indirect, through inhibition of
cell-cycle progression, and the second is through a spe-
cific signal that is required to induce IL-2 nonrespon-
sive anergy among nonproliferating cells.

Methods
Mice, antibodies, and reagents. Pooled spleen and lymph
node cells from female BALB/c mice, aged 8-16 weeks,
were used for all experiments. mAb’s against CD3 (145-
2C11), CD28 (37.51), and CTLA-4/CD154 (4F10) were
purified from hybridoma supernatants. Anti-CTLA-4
Fab fragments were generated as described previously
(10). CTLA4Ig was provided by R. Peach (Bristol-Mey-
ers-Squibb, Seattle, Washington, USA). Purified, fluo-
rochrome-conjugated mAb against CD16/CD32 (Fc-
Block), Thy1.2, CD4, and IL-2 were purchased from
PharMingen (San Diego, California, USA). mAb specif-
ic for p27Xir! was purchased from Transduction Labo-
ratories (Lexington, Kentucky, USA). Rabbit antiserum
against actin was purchased from Sigma Chemical Co.
(St. Louis, Missouri, USA). CFSE (5- and 6-carboxyflu-
orescein diacetate succinimidyl ester) and TOPRO-3
were purchased from Molecular Probes Inc. (Eugene,
Oregon, USA). Recombinant murine IL-2 was pur-
chased from Genzyme Pharmaceuticals (Cambridge,
Massachusetts, USA), and was used at 10-50 U/ml.
Cell labeling and culture conditions. Cell isolation and
fluorescent labeling of cells with CFSE was performed

as described previously (2). Briefly, pooled spleen and
lymph node cells were incubated with CFSE in PBS at
a final concentration of 2 UM for 3 minutes. CFSE-
labeled cells were stimulated with soluble anti-CD3
mADb (1 pug/ml) at 2 x 106 to 4 x 10%/ml in 24-well plates.
When indicated, cultures contained anti-CD28 mAb (1
ug/ml), CTLA4Ig (10 pug/ml), anti-CTLA-4 mAb (10
ug/ml), or anti-CTLA-4 Fab (20 pug/ml). For primary
cultures, the cells were stimulated for 4 days, washed
and replated in fresh medium for 48 hours, and then
sorted based on CFSE fluorescence. Sorted T cells were
restimulated in 96-well round-bottom plates with irra-
diated syngeneic splenocytes (fourfold excess) and sol-
uble anti-CD3 (1 pg/ml) in the presence or absence of
IL-2 (10 U/ml) for 4 days. Secondary proliferation
(CFSE fluorescence) was assessed by flow cytometry.

Flow cytometry and cell sorting. Cell-surface marker
staining and flow cytometric analysis were performed
on a FACSCalibur flow cytometer using CellQuest soft-
ware (both, Becton Dickinson and Co., Franklin Lakes,
New Jersey, USA). Methods using CFSE labeling to cal-
culate the absolute number of mitotic events occurring
in the culture have been described elsewhere (2). The
vital dye TOPRO-3 was used to discriminate live and
dead cells (2). Live, Thy1.2* or CD4" T cells were sorted
based on CFSE fluorescence using a FACSVantage flow
cytometer/sorter (Becton Dickinson and Co.), as
described previously (4).

Intracellular cytokine staining. IL-2 production was
assessed at the single-cell level as described previously
(21), with some modifications. Cells that had been acti-
vated in primary culture for 4 days and rested for 48
hours were cultured for 5 hours with polystyrene beads
coated with anti-CD3 and anti-CD28 mAb’s (5 pg/ml
each; 5:1 bead/T cell ratio) in the presence of 2 uM
monensin (Sigma Chemical Co.). As primed T cells do
not divide during this 5-hour restimulation period
(data not shown), cytokine production can be assessed
as a function of primary proliferative history without
the use of cell sorting.

Assessment of p27¥¢! degradation. Pooled spleen and
lymph node cells were cultured in 24-well plates (4 X
106 cells/ml) with soluble anti-CD3 mAb (1 pug/ml) and
anti-CD28 mAb (1 pug/ml), CTLA4Ig (10 ug/ml), or
anti-CTLA-4 mAD (10 pug/ml). After 4 days, the cultures
were washed and the cells were replated in fresh medi-
um for 24 hours. Rested cells were then restimulated
for 48 hours in 96-well round bottom plates with poly-
styrene beads coated with anti-CD3 (5 ug/ml) in the
presence or absence of IL-2 (50 U/ml). Whole-cell
lysates were generated, subjected to SDS-PAGE (3 x 10°
to 5 X 10° cell equivalents per lane), and transferred to
nitrocellulose membranes. Blots were probed with
mAD against p27X%ir! (1:1,000 dilution), and immunore-
active protein was visualized by autoradiography after
probing with peroxidase-conjugated secondary anti-
body (Roche Molecular Biochemicals, Indianapolis,
Indiana, USA) and incubation with a chemilumines-
cent reagent (Roche Molecular Biochemicals). Blots
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were stripped and reprobed with a rabbit anti-serum
against actin (1:1,000) to control for loading.

Results

CD4* T cells that proliferate in the absence of CD28 costimu-
lation do not escape clonal anergy. The CD28 costimulato-
ry molecule has a clear role in effector/memory T cell
development (5) and in the avoidance of clonal anergy
(15). However, previous studies have also suggested
that both anergy avoidance (4, 16, 18) and effector
function (3, 22, 23) in activated CD4" T cell popula-
tions are tightly associated with cell division. It remains
unclear whether the effects of CD28 or CTLA-4 on the
generation of an effector/memory pool are a direct con-
sequence of signal transduction through these core-
ceptors, or are indirect, mediated through regulation
of T cell proliferation.

To distinguish between these two possibilities, we
modulated B7-mediated costimulatory signals during
T cell priming and assessed the ability of the resultant
CD4* T cells to produce IL-2 upon TCR re-ligation as a
function of their primary proliferative behavior. For
this model, bulk spleen and lymph node cells were
labeled with CFSE and stimulated with anti-CD3 mADb
in the presence of either control mAb or CTLA4Ig. In
this system, antigen-presenting cells (APCs) present in
the mononuclear cell preparation provide endogenous
B7 costimulation to T cells, which is blocked by
CTLAA4Ig. After 4 days, the cells were washed and plat-
ed in fresh medium for 48 hours. Finally, T cells were
restimulated for 5 hours by beads coated with anti-
CD3 and anti-CD28, and IL-2 production within the
gated CD4" subset was assessed by intracellular stain-
ing and flow cytometric analysis. As further cell divi-
sion does not occur during this brief restimulation
period, the CFSE profile of the cells at this time is rep-
resentative of cell division during the primary response
(ref. 3; data not shown). In the experiment shown in
Figure 1, we confirm previous observations by our lab-
oratory and others that the T cell proliferative response
under these conditions is heterogeneous. Even with B7
costimulation provided by APCs, up to 30% of the
input precursor T cells failed to divide (ref. 2; Figure
la), although virtually all cells (> 97%) had received
activating signals as assessed by induction of CD69
expression at 24 hours (ref. 2; data not shown). Block-
ade of costimulation by CTLA4Ig reduced the frequen-
cy of proliferative cells (ref. 2; Figure 1b). Upon rest and
restimulation of these previously activated cells, we
found that 48% of the divided CD4* T cell pool primed
in the presence of B7/CD28 costimulation was able to
produce IL-2 upon TCR/CD28 reengagement (Figure
la, compare upper and lower left quadrants), whereas
only 30% of the undivided CD4* T cell pool was able to
do so (Figure 1a, compare upper and lower right quad-
rants). These data confirm the previously observed
trend between cell division and IL-2 production at the
single-cell level among CD4* T cells derived from the
same precursor pool (3, 4). Blockade of B7-mediated

costimulation during primary stimulation using
CTLA4Ig resulted in a marked reduction in both cell
division and effector differentiation (Figure 1b), as only
15% of total CD4* T cells were able to produce IL-2
upon TCR/CD28 reengagement (compared with 35%
in the cultures primed under physiological costimula-
tory conditions). However, a division-associated trend
can also be observed under these conditions, as 25.5%
of the rare proliferating CD4" T cells were able to syn-
thesize IL-2, versus a frequency of only 13.7% within the
much larger undivided pool (Figure 1b).

These results suggested to us the possibility that the
rare population of CD4* T cells that succeed in divid-
ing after activation in the absence of B7-mediated cos-
timulation might escape anergy induction. Bulk assays
of anergy induction such as [*H]thymidine incorpora-
tion, which measure the proliferative response of all the
T cells collectively, would be unable to detect the pro-
liferative response of the few divided CD4* T cells. To
overcome this problem, CFSE-labeled CD4" T cells that
had been primed and rested as in Figure 1 were sorted
into fractions representing cells that had either
achieved two cell divisions or that had remained undi-
vided throughout the entire culture period (Figure 2,
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Figure 1

Regulation of T cell IL-2 production by both B7-mediated costimula-
tion and cell division. (a) Pooled BALB/c lymph node and spleen cells
were labeled with CFSE, and T cells were stimulated in the presence
of endogenous B7-mediated costimulation by the addition of soluble
anti-CD3 antibody (1 pg/ml). (b) Alternatively, B7-mediated costim-
ulation was blocked during primary activation by the addition of
CTLA4Ig (15 pg/ml). After 4 days, cultures were washed, plated in
fresh medium, and rested for an additional 48 hours. T cells were then
restimulated for 5 hours by the addition of polystyrene beads (5 um)
coated with anti-CD3 (5 pug/ml) and anti-CD28 (5 pg/ml) antibod-
ies, and the frequency of CD4* cells producing IL-2 was assessed by
flow cytometry. Plots show IL-2 production as a function of cell divi-
sion (CFSE fluorescence) in the CD4* T cell subset. Vertical lines delin-
eate the divided from the undivided cells, and horizontal lines denote
the maximal fluorescence of cells stained with isotype control anti-
body. Values in each corner represent the proportion of the CD4*
events that fall in each quadrant. Cells cultured in medium with no
stimulus and stained with specific antibody were less than 0.1% pos-
itive for IL-2. These data are representative of three independent exper-
iments. The frequency of IL-2 producers among CD3/CD28-primed
T cells varied from experiment to experiment (range: ~10-35%); how-
ever, the frequency of IL-2 producers in cultures primed in the pres-
ence of CTLA4Ig was consistently reduced two- to fourfold.
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a-n). These purified cells were then restimulated by the
addition of soluble anti-CD3 antibody in the presence
of syngeneic irradiated splenocytes, and proliferation
was assessed at the single-cell level 96 hours later by
CFSE intensity. As shown in Figure 2, a-n, we were able
to obtain homogeneous populations of divided and
undivided cells by cell sorting. Furthermore, this was a
stable phenotype, as the level of CFSE staining was
unaltered by continued culture in medium alone, indi-
cating that the cells had ceased to proliferate during the
rest period (Figure 2, b, ¢, 1, and j).

Contrary to our prediction, both the divided and the
undivided populations of CD4* T cells from CTLA4Ig-
treated cultures were equally unresponsive to restimu-
lation through TCR/CD28 as measured by prolifera-
tion (Figure 2, k and I; and Figure 2o, third set of
columns). However, the proliferation of both popula-
tions of CD4* T cells could be restored by the addition
of IL-2 (Figure 2, m and n; and Figure 20, fourth set of
columns). This phenotype (i.e., a reduced capacity to
produce IL-2 and proliferate in response to TCR/CD28
re-ligation, yet a relatively intact response to IL-2 pro-
vided exogenously) closely resembles anergy in T cell
clones (15). Therefore, CD4* T cells stimulated by TCR
engagement in the absence of B7/CD28 costimulation
exist in a state of clonal anergy that cannot be escaped
by entering the cycling pool. These results suggest that
CD28 may function independently of cell-cycle pro-
gression in the avoidance of anergy.

Interestingly, this form of clonal anergy is associated
with the inability to downregulate the cell-cycle
inhibitor p27Xi! in response to re-ligation of the TCR
(Figure 2p). p27r! regulates cell-cycle progression in T
cells by inhibiting the activity of the cyclin-dependent
kinase (CDK) responsible for phosphorylation of the
retinoblastoma tumor suppressor (Rb), thereby block-
ing the release of E2F transcription factor and the
expression of genes required for the transition from G1
to S phase (24, 25). Productively primed T cells secrete
IL-2 in response to TCR reengagement (Figure la),
which in turn signals the degradation of p27XiP! (ref. 26;
Figure 2p, bottom panel, first and second lanes). How-
ever, in T cells primed in the presence of CTLA4Ig,
p27'r! Jevels remained high after TCR re-ligation (Fig-
ure 2p, bottom panel, third lane). This represents a
defect in downregulation, as both primed and anergic T
cell populations contained comparable, high levels of
p27kip! before restimulation (Figure 2p, top panels). The
elevated levels of p274ir! in these anergic T cells is most
likely due to inadequate IL-2 production in response to
restimulation (Figure 1b), because the addition of
exogenous IL-2 resulted in efficient downregulation of
p27kip! (Figure 20, fourth lane). This result may explain
why exogenous IL-2 is also able to restore the prolifera-
tive capacity of anergic T cells (ref. 27; Figure 20). Our
data do not differentiate whether p27Xi! is playing a
causal role in the induction and/or maintenance of
anergy in our model or simply acts as an “indicator” of
proliferative potential. However, p27%ir! has been recent-

ly suggested to be an active “anergy factor” in human T
cell clones rendered unresponsive by TCR engagement
in the absence of CD28 costimulation, as it can specifi-
cally inhibit IL-2 gene transcription in addition to
inhibiting CDK activity (28). Therefore, it is possible
that elevated levels of p27%iP! could represent a bio-
chemical mechanism by which clonal anergy is main-
tained in this model of primary T cell unresponsiveness
and may contribute to the “depth” of tolerance induced
by costimulatory blockade.

CD28 costimulation is not sufficient for anergy avoidance by
primary CD4* T cells: requirement for cell cycle progression.
The results described above suggest that B7/CD28 cos-
timulation is absolutely necessary for anergy avoidance,
because even CD4* T cells that achieve multiple rounds
of cell division during costimulatory blockade remain
refractory to TCR reengagement. However, it remained
unclear whether CD28 signals were by themselves suf-
ficient for the avoidance of anergy, or whether other
factors may further regulate anergy avoidance in this
model. To examine whether cell-cycle progression is an
important regulator of anergy avoidance under condi-
tions of sufficient CD28 costimulatory signals, CD4*
T cells primed in the presence of normal B7-mediated
costimulation were sorted as above into fractions that
had either achieved two cell divisions, or had remained
undivided throughout the entire culture period. Under
these conditions, the proliferative behavior of the indi-
vidual CD4* T cells markedly influenced their second-
ary responsiveness. Those CD4" T cells that proliferat-
ed during the primary stimulus proliferated well in
response to restimulation (Figure 2d; Figure 2o, first
set of columns). However, CD4* T cells from the same
culture that failed to divide after activation exhibited a
marked reduction in their capacity to proliferate in
response to restimulation (Figure 2e; Figure 20, first set
of columns). These data confirm the results of our pre-
vious studies (4) and are also consistent with experi-
ments in which the inhibition of cell-cycle progression
by IL-2/IL-2R blockade (16), butyrate (29), or
rapamycin (18) induced anergy in cloned T cells despite
the presence of CD28 costimulation. However, we
extend the observations from these studies, which were
performed under conditions in which failure of cell
cycle progression was induced by exogenous pharma-
cological agents, to cell-cycle arrest occurring “normal-
ly” as part of the observed heterogeneity of T cell
responses. Together, these studies suggest that the sec-
ondary responsiveness of CD4* T cells stimulated in
the presence of CD28 costimulation is dependent on
primary cell division.

CD4* T cells that fail to proliferate after TCR/CD28-mediat-
ed activation are refractory to IL-2. Unlike cells anergized by
TCR engagement in the absence of CD28 signals, the
CD4* T cells that failed to proliferate during primary
TCR/CD28 stimulation were markedly refractory to
subsequent IL-2 stimulation compared with the divid-
ed cells derived from the same primary cultures (Figure
2, compare fand g; Figure 20, compare open and shad-
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Figure 2

B7-mediated costimulation and cell division differentially regulate secondary T cell proliferation. (a-0) CFSE-labeled spleen and lymph node
cells were stimulated with anti-CD3 in the presence of human IgG (a-g; first and second sets of columns in 0) or CTLA4lg (h-n; third and fourth
sets of columns in o). Cultures were rested for 48 hours, and Thy1.2* cells that had divided twice (b, d, f, i, k, and m; shaded bars in o) or had
remained undivided (c, e, g, j, I, and n; open bars in o) following primary stimulation were purified by FACS. The sorted T cells were cultured
with irradiated APCs and restimulated with anti-CD3 in the presence or absence of exogenous IL-2; proliferation was assessed 4 days later by
flow cytometry. One representative experiment for each condition (a-g and h-n) is depicted graphically. The mean secondary mitotic events of
separate experiments (n = 2 [first and second sets of columns] or n = 4 [third and fourth sets of columns]) are plotted in o. Statistically signifi-
cant differences were assessed by paired t test and are denoted by brackets: *P < 0.05; ***P < 0.001. (p) Lymph node and spleen cells were cul-
tured with anti-CD3 in combination with anti-CD28 antibody (first and second lanes) or CTLA4Ig (third and fourth lanes). The cultures were
rested for 24 hours, and the T cells were restimulated with anti-CD3-coated beads for 48 hours in the presence (second and fourth lanes) or
absence (first and third lanes) of IL-2. Live cells were harvested after the primary stimulus (top panels) and after the secondary stimulus (bot-
tom panel) by isolation over Ficoll, and lysates were subjected to immunoblot analysis using antibodies against p27%p' (top and bottom pan-
els) or actin (data not shown). The results shown are representative of two independent experiments. (q) Primary, CFSE-labeled T cells were
primed with anti-CD3 as in p and rested (top panel), and a portion of the cells were restimulated with either 50 U/ml IL-2 for 48 hours (middle
panel) or PMA/ionomycin (PMA/lono) for 24 hours (bottom panel). The live, CD4* cells were then sorted into fractions that had divided two
or more times (right lane, “D”), or had remained undivided during the culture period (left lane, “U”). The cells were lysed, and equal cell equiv-
alents were assessed for p27kP! content by immunoblot analysis. The data shown are representative of two independent experiments.

ed bars in the second column). The relative inability of
the undivided CD4* T cells to utilize IL-2 as a growth
factor in this system is associated with an increased level
of p27kirl after IL-2 treatment, compared with the
reduced level of p27%iP! observed in the divided CD4*
subset (Figure 2q, compare lanes “U” and “D” in the
first two panels). This inability to downregulate p27'r!
in response to IL-2 is not due to a lack of IL-2 receptor
expression, as these cells exhibit normal levels of
IL-2Ra, IL-2RPB, and IL-2RY. as measured by flow

cytometry (4), and other functional consequences of
IL-2-mediated signaling, such as STATS activation (4)
and Bcl-2 upregulation (our unpublished observations),
occur normally in these cells. Furthermore, receptor-
independent stimulation using PMA and ionomycin led
to comparable downregulation of p27kiP! (Figure 2q,
third panel) and proliferation (data not shown; ref. 4) by
both the divided and undivided subsets, demonstrating
that distal cell-cycle machinery is present and function-
al in the undivided cells. Together, these data suggest
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that signal transduction pathways leading to cell-cycle
progression are specifically uncoupled from the IL-2
receptor in those cells that fail to divide during primary
activation. These results also imply that CD28 costim-
ulation is necessary but not sufficient for anergy avoid-
ance by CD4" T cells, and further emphasize the impor-
tance of cell-cycle progression in regulating T cell
differentiation and effector function.

Development of division-arrest-associated IL-2 unrespon-
siveness is dependent on CTLA-4—B7 interactions during pri-
mary stimulation. To further characterize factors in addi-
tion to CD28 and cell division that regulate anergy
avoidance in CD4" T cells, we focused on the alternate
receptor for B7 on T cells, CTLA-4. Unlike CD28,
CTLA-4 negatively regulates bulk T cell responses by
inhibiting transcription of the IL-2 gene and impeding
clonal expansion (10, 11). CTLA-4 has also been shown
to be important for the induction of tolerance in sev-
eral experimental models (12, 14, 30).

To study how individual CD4* T cells respond to
CTLA-4 signals, we cultured primary, CFSE-labeled
spleen cells with polystyrene beads coated with various
combinations of anti-CD3, anti-CD28, or anti-CTLA-4
(Figure 3). Used in this fashion (i.e., immobilized on
beads) the anti-CTLA-4 mAb has been shown previous-
ly to stimulate the CTLA-4 receptor and deliver a nega-
tive signal to T cells (9). Consistent with this, we found
that engagement of TCR and CD28 in the absence of
CTLA-4 signals resulted in the proliferation of nearly
80% of the input CD4" T cells in the culture, with the
average responding precursor generating between 10
and 11 daughter cells (Figure 3a). However, only approx-
imately 45% of the input CD4" T cells entered the cycling
pool when CTLA-4 was co-crosslinked with TCR and
CD28, and fewer than seven daughter cells were gener-
ated by the average responder under these conditions
(Figure 3b). Therefore, CTLA-4 engagement increases
the probability that an individual CD4* T cell will fail
entirely to proliferate after primary activation, and it also
restricts the potential of those cells that do respond to
undergo multiple rounds of cell division.

An unanticipated finding of the experiments
described in Figure 2 was that the T cell pool that
remains undivided after primary TCR stimulation in
the presence of CTLA4Ig was able to respond to res-
timulation with anti-CD3 plus IL-2, whereas undi-
vided T cells arising from primary cultures stimulat-
ed without CTLA4Ig were refractory to restimulation
(Figure 20, compare second and fourth sets of
columns). Because CTLA4Ig in these cultures blocks
ligation of both CD28 and CTLA-4, the known regu-
latory role of CTLA-4 suggested that the development
of nonresponsiveness in undivided cells under condi-
tions of TCR stimulation in the presence of B7 lig-
ands might result from CTLA-4 engagement. To test
this possibility, we selectively blocked B7-CTLA-4
interactions during primary stimulation using either
whole anti-CTLA-4 antibody, or anti-CTLA-4 Fab
fragments. While overt crosslinking of CTLA-4 result-

ed in a decrease in the frequency of proliferating CD4*
T cells (Figure 3), the addition of anti-CTLA-4 anti-
body or Fab fragments resulted in a 10% increase in
the frequency of proliferative CD4* T cells compared
with cultures where physiological B7-CTLA-4 inter-
actions were allowed (data not shown). Nonetheless,
many CD4" T cells (~25%) still failed to proliferate
under these conditions, enabling us to assess the
responsiveness of the resultant divided versus undi-
vided CD4" T cells to restimulation with anti-CD3 or
IL-2 (Figure 4, a-g).

Similar to the CD4* T cells that failed to divide in
response to soluble anti-CD3 (Figure 2o, first set of
columns) or anti-CD3 plus CTLA4Ig (Figure 2o, third
set of columns), the undivided CD4* T cells derived
from cultures treated with anti-CTLA-4 antibody pro-
liferated poorly in response to restimulation with anti-
CD3 (Figure 4e; Figure 4o, third set of columns).
Therefore, the addition of anti-CTLA-4 during pri-
mary stimulation did not restore the responsiveness of
these cells to TCR/CD28 ligation. However,
anti-CTLA-4 treatment during primary stimulation
was able to restore the responsiveness of the undivid-
ed CD4* T cells to IL-2, as the fraction of CD4* T cells
that failed to divide during CTLA-4 blockade exhibit-
ed a fivefold greater proliferative response to IL-2 than
undivided CD4* T cells stimulated under conditions
that allowed CTLA-4-B7 interactions (Figure 4g; Fig-
ure 4h, compare column sets two and four). Because
both anti-CTLA-4 Fab fragments (as shown in Figure
4, a-g) and whole anti-CTLA-4 antibody (Figure 4h)
had similar effects in this model, we conclude that the

19 stimulus:

aCD3 + aCD28
+ aCTLA-4 beads

19 stimulus:
aCD3 + aCD28 beads

150 R, =79.3% 201R_=44.7%
C,=10.38 C,=6.9
| Dere il
10° 10" 102 10° 10 10° 10" 102 10° 10°*
CFSE CFSE
Figure 3

Regulation of primary T cell division by B7-CTLA-4 interactions. (a)
Pooled BALB/c lymph node and spleen cells were labeled with CFSE,
and T cells were subjected to co-crosslinking of TCR and CD28 by
the addition of polystyrene beads coated with anti-CD3 (1 ug/ml),
anti-CD28 (1 ug/ml), and control hamster IgG (1 ug/ml). (b) In sep-
arate cultures, T cells were subjected to co-crosslinking of TCR,
CD28, and CTLA-4 by the addition of polystyrene beads coated with
anti-CD3 (1 pug/ml), anti-CD28 (1 ug/ml), and anti-CTLA-4 (1
ug/ml). Proliferation of the CD4* T cell subset was assessed by flow
cytometry 3 days later. The frequency of precursor T cells that divid-
ed in response to stimulus (Rf), and the number of daughter T cells
generated by the average responding precursor T cell (Cp), were cal-
culated as described previously (2, 3). The data are representative of
two separate experiments.
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Figure 4

Regulation of secondary T cell proliferation by CTLA-
4-mediated signal transduction and cell division dur-
ing the primary response. (a-h) CFSE-labeled spleno-
cytes were stimulated with anti-CD3 in the presence
of hamster IgG (first and second sets of columns in
h), or either anti-CTLA-4 antibody (10 pg/ml; n = 2)
or anti-CTLA-4 Fab (20 pg/ml; n = 2; a-g). Experi-
ments using whole and Fab fragments of anti-CTLA-
4 antibody gave similar results and are shown com-
bined as n =4 experiments (h, third and fourth sets of
columns). Cultures were rested for 48 hours, and
Thy1.2* cells that had divided twice (b, d, and f; shad-
ed bars in h) or had remained undivided (c, e, and g;
open bars in h) following primary stimulation were
purified by FACS. The sorted T cells were cultured
with irradiated APCs and restimulated with anti-CD3
in the presence or absence of exogenous IL-2, and
proliferation was assessed 4 days later by flow cytom-
etry. One representative experiment is depicted graph-
ically in a-g. The mean secondary mitotic events of
separate experiments (n = 4, as described above) are
plotted in h. The data from the control cultures (first
and second sets of columns in h) are the same as
depicted in Figure 1. Statistically significant differ-
ences were assessed by paired t test and are denoted
by brackets: *P < 0.05; **P<0.01; ***P < 0.001. (i)
Lymph node and spleen cells were cultured with anti-
CD3 in combination with anti-CD28 (first lane) or
anti-CTLA-4 (second lane). The cultures were then
rested for 24 hours (first panel), and a portion of the
T cells were restimulated with anti-CD3-coated beads
(second panel) for 48 hours. In a separate experi-
ment, lymph node and spleen cells were stimulated as
above, rested (third panel), and stimulated with IL-2
(50 U/ml; fourth panel) for 48 hours. Live cells were
isolated over Ficoll, and lysates were subjected to
immunoblot analysis using antibodies against p27ke!
or actin (fifth panel). The results shown are represen-
tative of two independent experiments.

biologic effects described above result from blockade
of CTLA-4-mediated signal transduction, and not
through direct signaling through the CTLA-4 recep-
tor. These results suggest that CTLA-4 signaling regu-
lates the induction of division-arrest-associated aner-
gy at two levels: (a) by increasing the probability that
an individual CD4* T cell will fail to divide after
TCR/CD28 stimulation, and (b) by compromising the
integrity of IL-2 receptor-mediated signal transduc-
tion within the undivided CD4* T cell pool during res-
timulation of those cells.

Interestingly, CD4* T cells that proliferated under
conditions of primary CTLA-4/B7 blockade failed to
respond to TCR/CD28 restimulation (Figure 4d; Fig-
ure 4h, third set of columns) and instead exhibited an
absolute requirement for exogenous IL-2 for second-
ary proliferation (Figure 4f; Figure 4h, fourth set of
columns). This lack of proliferation in response to
secondary TCR engagement was likewise associated
with elevated levels of p27Xip! (Figure 4i, second panel,
right lane). However, as was the case with prolifera-

tion, the capacity of these cells to downregulate
p27%P! was restored by the addition of IL-2 (Figure 4i,
fourth panel). This phenotype is in contrast to CD4*
T cells that proliferate under conditions in where
CTLA-4 signaling is not blocked, in which case TCR
restimulation alone, in the absence of supplemental
IL-2, is sufficient to downregulate p27%P! and induce
a proliferative response (Figure 41, second panel, left
lane; Figure 2d). This requirement for IL-2 by T cells
from cultures treated with anti-CTLA-4 may reflecta
differential ability of these cells to produce IL-2 upon
restimulation compared with T cells from control cul-
tures, or could reflect a different response threshold
to IL-2 concentrations. Although unexpected in the
context of the many studies that indicate a negative
role for CTLA-4 in the development of effector T cells
(6), these results are consistent with other studies that
show that under some circumstances, CTLA-4 can
exert a net positive effect on either primary (31) or sec-
ondary (32) T cell responses. It should be noted that
one need not invoke a model involving the transduc-
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tion of a positive costimulatory signal through CTLA-
4 to explain our results in this system. Our findings
are consistent with a scenario in which negative sig-
nals through CTLA-4 normally oppose the strong
TCR-mediated signals transduced by high doses of
agonistic anti-CD3, tempering what would otherwise
be a supraoptimal response in which IL-2-mediated
activation-induced cell death (AICD) (33, 34) or recep-
tor desensitization (35) may inhibit subsequent mito-
genesis. Consistent with this premise, CD4* T cells
primed in our study with anti-CD3 in the absence of
B7-CTLA-4 interactions underwent significantly
more cell death upon subsequent TCR crosslinking
compared with cells that received physiological
CTLA-4 ligation during the primary stimulus (our
unpublished observations). Also, reducing the avidity
of TCR ligation during primary stimulation in the
absence of CTLA-4 signals significantly ameliorated
the cell death observed during restimulation (our
unpublished observations). Alternatively, inhibition
of CTLA-4 signals during high-dose anti-CD3 stimu-
lation may favor the expansion of T cells with low sen-
sitivity to TCR crosslinking, as has been recently
shown in an in vitro human T cell model, resulting in
a postexpansion population with poor sensitivity to
TCR re-ligation (32). These two scenarios are not
mutually exclusive, and in each case, inhibition of
negative CTLA-4 signals during mitogenic stimula-
tion in vitro would result in the development of a T
cell population with a reduced capacity to proliferate
upon TCR restimulation.

Discussion

The data described above demonstrate that two func-
tionally distinct forms of anergy can be resolved in pri-
mary CD4" T cells in vitro (Table 1). One form is appar-
ently equivalent to anergy previously defined in
long-term T cell clones (15), in that it results from TCR
occupancy in the absence of CD28 costimulation and
can be reversed by IL-2 at the time of restimulation.
Induction of this form of anergy does not exhibit an
absolute requirement for CTLA-4 signaling (36) and, as
shown here, cannot be escaped by dividing. The other
form of anergy is associated with the failure to prolif-
erate after activation, occurs despite the presence of
CD28 costimulatory signals and cannot be reversed by
IL-2. This division-arrest-associated form of anergy is
controlled by CTLA-4. A biochemical hallmark of both
of these forms of anergy is an elevated level of the cell
cycle inhibitor p27%ipt,

Implications of these two distinct forms of anergy on tolerance
in vivo. How might the two forms of anergy described in
these in vitro studies be relevant to tolerance induction
in vivo? Many modes of tolerance induction in vivo are
preceded by some degree of T cell clonal expansion
(37-39). For instance, although CD28 costimulatory
blockade significantly reduces the degree of clonal
expansion exhibited by antigen-specific T cells in vivo (3,
40), some proliferation does occur, and yet tolerance is

achieved. Similarly, tolerance induction by anti-CD40L
antibody treatment in vivo does not significantly alter
the proliferation of antigen-specific T cells (41); howev-
er, this phase of clonal expansion leads to clonal deletion
and to the development of regulatory T cells, not to the
formation of a functional effector/memory population
(42). The ability of costimulatory blockade to induce
anergy even in those T cells that succeed in proliferating
in response to an antigenic signal (Figure 2), together
with the crucial role that costimulatory blockade plays
in the induction of T cell apoptosis (43), may explain
why this treatment is effective at blocking acute allograft
rejection (44, 45) and autoimmune pathology (46, 47).

Superantigen-induced tolerance in vivo is also pre-
ceded by a massive phase of clonal expansion, as well as
an equally massive phase of clonal deletion, and is asso-
ciated with the persistence of a trace population of spe-
cific T cells that are unresponsive to subsequent stim-
ulation (48, 49). Interestingly, Renno et al. have shown
that only a fraction of the superantigen-reactive T cells
actually participate in clonal expansion during this
response and that essentially all the divided cells are
deleted by apoptosis (50). Conversely, those superanti-
gen-reactive cells that fail to proliferate survive the
phase of clonal deletion and constitute the singular
component of the remaining anergic T cell population.
This mode of in vivo tolerance induction is strikingly
similar to the division-arrest mode of anergy induction
described here. Moreover, both division-arrest anergy
(Figure 4) and superantigen-induced anergy (51) are
dependent on CTLA-4 signals.

Together with results from previous studies (4, 16, 18,
29), the data presented here suggest that CD28 cos-
timulation is necessary but not sufficient for anergy
avoidance in primary CD4" T cells. To escape anergy
induction, a T cell that has received antigenic and cos-
timulatory signals must also successfully progress
through the cell cycle. The failure of either of these
events leads to two distinct forms of unresponsiveness.
A more thorough understanding of how these two
modes of anergy might differentially contribute to tol-
erance induction in various clinical settings such as
autoimmunity and transplantation may lead to thera-
peutic approaches with greater specificity and success.

Table 1

Functional comparison of two distinct forms of anergy occurring in

primary CD4* T cells in vitro

Attribute Clonal anergy Division-arrest anergy
Induced by lack of CD28 Yes No
costimulatory signals

Induced by CTLA-4 signals NoA Yes®
Dependent on cell division No Yes

Reversed by IL-2 Yes No
Associated with elevated Yes Yes

levels of p27%ip?

ASee Frauwirth et al. (36). BIL-2-refractory phenotype only; TCR-responsive-

ness is not affected.
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