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F

or years it has been known that T cells require two signals
for full activation (1, 2). Ag presented in the context of
MHC is signal one and a costimulatory receptor provides
the second signal. CD28 and its ligands CD80 and CD86 have
been the most extensively studied. It is documented that CD28
ligation helps T cells to proliferate probably by driving the production of IL-2 (3–5). Thus, it is surprising that ligation of CD28
in vivo on Ag-activated T cells does not block peripheral T cell
deletion (6, 7). This is the case even when APC have been activated in vivo by CD40 ligation (6), which potently enhance B7
expression on APC (8). Therefore, the likely role for CD28-mediated costimulation in vivo is the enhancement of clonal expansion and possibly short-term survival.
In many cases, the use of adjuvants are thought to be the difference between the induction of tolerance vs immunity. Specifi-
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cally, it has been proposed that a “danger” signal can impede tolerance induction and promote long-term immunity (9). Recently, it
has been shown that LPS can block superantigen (SAg)3-induced
deletion consistent with the danger theory (10). These data suggest
that proinflammatory factors promote long-term survival of Agactivated T cells in vivo. Additionally, it is clear that IL-2 and IL-4
therapy can inhibit deletion of activated T cells (11, 12). Therefore,
Ag-activated T cells may die in vivo by failing to acquire growth
factors.
To examine how T cells avoid death in vivo after exposure to
SAg, we examined the possibility that other costimulatory molecules may function differently than CD28. 4-1BB is a member of
the TNF receptor family and its ligand 4-1BB ligand is a member
of the TNF family (13, 14). 4-1BB has been shown to be a potent
costimulatory molecule for CD8 T cells by enhancing cytokine
production, and proliferative and cytolytic activity (15–17). Functionally, this receptor/ligand pair can facilitate anti-tumor activity
(18). Thus, 4-1BB is a costimulatory molecule that heightens CD8
T cell function.
We report that 4-1BB expression on SAg-activated T cells is
rapid and differential between CD4 and CD8 subpopulations. After
ligation of 4-1BB on SAg-activated CD8 T cells in vivo, using an
agonist mAb, peripheral deletion is almost entirely inhibited. This
occurs in the absence of an adjuvant or cytokine treatments. Thus,
4-1BB ligation can inhibit activation-induced cell death in vivo
possibly by providing a long-term survival signal to activated T
cells.

Materials and Methods
Mice
Female B10.A mice were purchased from the National Cancer Institute
(Frederick, MD) and maintained in our animal facility under specific pathogen-free conditions.

Reagents, protocols, and Abs
Staphylococcal enterotoxin A (SEA) was purchased from Toxin Technology (Madison, WI) and administered to mice as i.p. injections of 0.30 mg.
The agonist anti-4-1BB mAb 3H3 and biotinylated anti-4-1BB mAb 1D8
were used as a receptor agonist or staining reagent, respectively (17). As a
control, rat IgG (Sigma, St. Louis, MO) was injected in doses equal to mAb
3H3.
Anti-TCR Vb3 was purified from hybridoma supernatants over protein
G columns (Pharmacia, Piscataway, NJ) (19). The Ab was FITC-conjugated by us. FITC-conjugated anti-Vb14, PE-conjugated anti-CD4, PEconjugated streptavidin, and biotinylated anti-TCR Vb3 were purchased
from PharMingen (San Diego, CA). Red 613-conjugated anti-CD4 and Red

3
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After recognition of Ag/MHC and ligation of a costimulatory
molecule, resting T cells will clonally expand and then delete to
very low levels. Previously, it was shown that deletion can be
prevented by coinjection of cytokines or proinflammatory
agents such as adjuvants. Here, we demonstrate that ligation of
4-1BB blocks deletion of superantigen-activated T cells in the
absence of adjuvant or additional cytokine treatment. Nearly
10 times as many staphylococcal enterotoxin A-specific T cells
were detected in the spleens of mice injected 21 days previously
with staphylococcal enterotoxin A and an agonist anti-4-1BB
Ab compared with mice given staphylococcal enterotoxin A
and a control IgG. Even though both CD4- and CD8-activated
T cells expressed 4-1BB, a higher proportion of CD8 T cells
were rescued compared CD4 T cells. These data suggest that
although 4-1BB provides costimulation, it may also promote
long-term T cell survival. The Journal of Immunology, 1999,
162: 5037–5040.
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613-conjugated anti-CD8 were purchased from Life Technologies (Grand
Island, NY).
Injection of SEA was at time 0 h, and all other injections were done in
relation to SEA. In all experiments, 3H3 mAb was coinjected with SEA,
and doses are described in the figure legends. Rat IgG was given to a
control group at the same time as 3H3 mAb was given to an experimental
group.

Cell processing and flow cytometry

Results and Discussion
In an attempt to examine 4-1BB expression in vivo, mice were immunized with SEA, and activated T cells were evaluated for surface

FIGURE 1. Kinetics of 4-1BB expression on in vivo activated T cells.
B10.A mice were injected with 0.30 mg of SEA. At various times after
SEA injection, LN T cells were purified. These cells were stained for CD4
Vb3 4-1BB (left panel) and CD8 Vb3 4-1BB (right panel) and analyzed by
flow cytometry (solid lines). 4-1BB expression on T cells from an uninjected normal mouse (dotted lines) is shown. This is one experiment similar
to three others.

levels of 4-1BB. SEA is a SAg that binds MHC class II molecules on
APC and stimulates T cells bearing TCR Vb3 (21, 22).
At 0, 0.5, 1.5, 3, 12, 24, and 48 h after SEA injection, LN T cells
were purified and stained for CD4 or CD8, Vb3, and 4-1BB expression (Fig. 1). Flow cytometric analysis determined that 3-h
activated CD4 Vb3 T cells do not express detectable levels of
4-1BB compared with the equivalent cell populations from noninjected mice. At 12 h, there is a profound increase in 4-1BB
expression, and by 24 and 48 h levels of 4-1BB decrease. In contrast, SEA-activated CD8 Vb3 T cells began to express 4-1BB by
90 min and further at 3 h (Fig. 1). Peak expression occurred at 12 h
followed by a decline to background levels by 48 h. Additionally,
at 12 h the amount of 4-1BB appears to be higher on the CD8 over
the CD4 T cells. However, it is also possible that the kinetics of
peak expression is different between the two populations. We conclude that 4-1BB is rapidly expressed on both CD4 and CD8 SAgstimulated T cells in vivo and that CD8 T cells express this molecule faster after stimulation than CD4 T cells.
Upon stimulation with SAg, peripheral T cells will clonally expand and then delete (23–25). In the case of SEA, expansion of the
Vb3 T cells is observed 2 days after injection (Fig. 2) (22). Compared with noninjected mice, a threefold increase in the frequency
of splenic CD4 Vb3 T cells and a doubling, of those same cells, in
absolute cell number was observed (Fig. 2, A and B). After expansion, there is a dramatic decrease in the frequency and absolute
number of SEA-specific T cells. There is nearly a 10-fold decrease
after peak expansion in both frequency and number of Vb3 T cells.
The data show that the levels of SEA-specific T cells are lower

FIGURE 2. Time course of SEA-stimulated CD4 T cell deletion with
and without 4-1BB activation. B10.A mice were coinjected with 0.10 mg
of anti-4-1BB mAb 3H3 (E) or 0.1 mg rat IgG (M) and 0.30 mg of SEA.
Splenic T cells were purified on days 2, 5, 7, 12, and 21 after SEA injection. T cells were stained for CD4 Vb3 and analyzed by flow cytometry.
Each point represents the mean percentages (A) and numbers (B) 6 SEM
from six mice over three separate experiments combined.
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Spleens were removed and teased through nylon mesh (Falcon, Becton
Dickinson, Franklin Lakes, NJ) and subjected to ammonium chloride to
lyse RBCs. Peripheral lymph nodes (LN) were teased into single-cell suspensions and washed with BSS. T cells from spleen or LN populations
were purified on nylon wool columns as previously described (20).
For staining, cells were incubated on ice with a primary mAb in the
presence of 5% normal mouse serum, culture supernatant containing antimouse Fc receptor mAb (24.G2), and 10 mg/ml human g-globulin (Sigma)
to block nonspecific binding. After a 30 min incubation on ice in staining
buffer (BSS, 3% FBS, 0.1% sodium azide), the cells were washed and
analyzed by flow cytometry, or if a second step was necessary, the incubation and wash procedures were repeated. Analysis was conducted on an
EPICS XL flow cytometer (Coulter Electronics, Miami, FL).
Cell viability counts were completed by trypan blue exclusion. Equal
volumes of cells and trypan blue (PBS, 0.4% trypan blue, 0.2% NaN3) were
mixed, and viable cells were counted.
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FIGURE 3. Time course of SEA-stimulated CD8 T cell deletion with
and without 4-1BB activation. These data are from the experiments described in Fig. 2, except the cells were stained (A) and enumerated (B) for
CD8 Vb3. Data from LN were similar (not shown).

than that found in uninjected mice. When SEA is injected with an
agonist mAb specific for 4-1BB, clonal expansion of the CD4 Vb3
T cells is significantly increased (Fig. 2). Although deletion is
inhibited to some degree based on absolute numbers, rescue is not
observed based on frequency.
Analysis of SEA/4-1BB mAb-treated splenic CD8 T cells revealed that clonal expansion was not increased on day 2 after SEA
injection in comparison to mice that received SEA alone (Fig. 3).
Although the frequency of CD8 Vb3 T cells was slightly elevated
(Fig. 3A), this effect was not observed when absolute numbers
were examined (Fig. 3B). One explanation for this difference is the
possibility that the CD8 T cells expanded further on day 3 or 4.
When the latter time points were examined, it was observed that
deletion was inhibited. There is practically no decrease in the number of CD8 Vb3 T cells between days 2 and 21 after SEA injection. On day 21, there are nearly 10-fold the number of Ag-specific
CD8 T cells in the anti-4-1BB-treated mice in comparison to the
control IgG-treated mice (Fig. 3B). As a control, Vb14 T cells
were analyzed, and it was determined that the Vb14 T cells were
unaffected by SEA and/or anti-4-1BB treatment (data not shown).
Thus, 4-1BB ligation can provide a life signal to SAg-activated
CD8 T cells that results in survival.
It is unclear why CD4 T cells were not rescued to the same
degree from deletion as CD8 T cells. One possibility is that CD4
T cells are less responsive to 4-1BB ligation compared with CD8
T cells. There is at least one study that supports this notion (17).
These in vivo data demonstrate the effectiveness of 4-1BB ligation in preventing death of SAg-activated CD8 T cells; however,
this model does not afford practical mechanistic studies due to the
complication of in vivo analyses. To remedy this problem, an ex
vivo model was employed. At the peak of SEA-induced clonal

expansion, LN T cells were purified and cultured in vitro with no
added stimuli. The cells were monitored for survival by counting
the remaining number of viable CD8 Vb3 T cells at 0, 8, 12, and
16 h in culture. As a control, Vb14 T cells were stained, and the
data show that these cells were unaltered regardless of the treatment (data not shown). On the other hand, CD8 Vb3 T cells from
SEA/control IgG-treated mice preferentially died in vitro compared with equivalent cells from normal animals (Fig. 4). In contrast, CD8 Vb3 T cells from SEA/anti-4-1BB-treated mice preferentially survived compared with all other cell populations tested.
This was not the case for SEA/control IgG cells, which decreased
by greater than fourfold in absolute numbers over the 16-h incubation. In a separate experiment, we tested the idea that the rescued
T cells were surviving due to IL-2 production. Our data indicate
that IL-2 was not keeping these cells alive because a neutralizing
IL-2 mAb did not block survival but was able to block IL-2-driven
proliferation (data not shown). Nevertheless, it is possible that
other survival factors were produced by the rescued cells.
Experiments that forced ligation of CD28 by enhancing B7 expression on APC through CD40 ligation potently augmented SEAspecific CD8 T cell clonal expansion (6). Nevertheless, these cells
went on to delete after expansion. This is in contrast to the data in
these studies using 4-1BB as a costimulus. 4-1BB ligation was
extremely potent at rescuing CD8 T cells from deletion after Ag
recognition in vivo. These data are consistent with previously published in vitro data showing that 4-1BB ligation can inhibit activation-induced cell death (15).
The potency of the rescuing effect may have practical application, such as the design of CD8 T cell-based vaccines. Collectively, these data suggest that 4-1BB may be an integral component of CD8 T cell memory acquisition and may be a link between
a putative danger signal and long-term immunity.
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