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Injection of soluble protein antigen into animals causes abortive proliferation of the responding T
cells. Immunological adjuvants boost T cell responses at least in part by increasing the survival of
activated T cells during and after the initial proliferative phase of their clonal expansion.To understand
how adjuvants promote T cell survival, we used gene microarrays to analyze gene expression in T cells
activated either with antigen alone or in the presence of two different adjuvants. Among the genes
whose expression was increased by both adjuvants was the IκB family member Bcl-3. Retroviral
infection experiments showed that expression of Bcl-3 increased survival of activated T cells in vitro
and in vivo.Adjuvants may therefore improve survival of activated T cells via induction of Bcl-3.
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Immunological adjuvants promote 
activated T cell survival via

induction of Bcl-3

Injection of purified protein antigens into animals causes rapid prolif-
eration followed by rapid death of antigen-specific T cells1–4.
Consequently, animals exposed to these protein antigens often have
fewer antigen-specific T cells at the end of a response than they had
before the antigens were administered. This process of activation-
induced cell death (AICD) is probably important to the animal because
it quickly reduces the load of activated effector T cells and also allows
the removal of T cells that are responding to host antigens, thus reduc-
ing the risk of autoimmune responses.

Activation-induced death, however, could be deleterious to the ani-
mal because it may drive too rapid an elimination of T cells that are
responding to antigens expressed by invading organisms, thus reducing
the ability of the host to resist infections. It is now clear that materials
associated with infections reduce the rate of AICD and help to maintain
the numbers of responding T cells in the animal. For example, the death
of activated T cells is reduced in animals infected with vaccinia virus
(VV) even though the activated T cells themselves are not necessarily
responding to viral antigens5. Likewise, the rate of death of T cells

responding to protein antigens or superantigens is
reduced if animals are simultaneously injected
with heat-killed mycobacteria in complete
Freund’s adjuvant or with bacterial lipopolysac-
charide (LPS)4,6. Thus, materials associated with
infections, called adjuvants, help to preserve
responding T cells and allow productive immune
responses to occur.

Little is known about the mechanism by which
adjuvants increase the life expectancy of activated
T cells. Some studies have shown that the activat-
ed T cells die by caspase action after Fas and
tumor necrosis factor receptor (TNFR) engage-
ment7. However, because AICD induced in vivo by
superantigen is only dependent on Fas and TNF
signaling to a small degree8,9, we do not believe
that adjuvants act by interfering with Fas- or TNF-
induced death. Activated T cells appear to die,
directly or indirectly, from the effects of reactive
oxygen species (ROS), species that are increased
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Table 1. Properties of sorted T cells used for Affymetrix genechip experiments

Cell properties T cell treatment

Activateda Activated Activated 
+ VVb + LPSc

Sorted cells bearing Vβ8+ TCRd 97.4% 98.2% 97.1%
Sorted cells bearing MHC class II 0.5% 0.2% 0.2%
CD4+ and CD8+ cells surviving 24 h of culturee 23.4% 35.3% 44.4%
CD4+Vβ8+ T cells present after SEB treatmentf 7.0±0.3 10.7±1.3 54.7±10.9
CD8+Vβ8+ T cells present SEB treatmentf 3.6±0.4 11.5±1.6 25.7±2.0

All treatments were given intravenously and all cells were collected on day 2, except when cells were ana-
lyzed 12 days after administration of SEB. aT cells from mice given SEB (150 µg) on day 0. bT cells from mice
given SEB (150 µg) on day 0 and VV (107 PFUs) three days prior to this. cT cells from mice given SEB (150
µg) day 0 and LPS (5 µg) + anti-CD40 (300 µg) on day 1. dCells were sorted based on expression of Vβ8
and CD4 or CD8. eSurvival was determined by culture for 24 h in minimal medium supplemented with
serum. Live cells were defined as those able to exclude propidium iodide.The s.e.m. from triplicate mea-
surements was less than 5% of the values shown. f Twelve days after SEB treatment three animals from each
treatment group were killed and the total numbers of CD4+ or CD8+ Vβ8 TCR-bearing T cells in the spleen
and inguinal, axillary, brachial, submandibular, periaoritc and mesenteric lymph nodes were measured.All 
values are ×10-6.
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in activated versus resting T cells7. Adjuvants may therefore act by low-
ering the amount of ROS. However, our preliminary experiments indi-
cate that, if they have any effect at all, adjuvants act to increase rather
than decrease ROS content in acti-
vated T cells.

Members of the Bcl-2 family of
proteins are often involved in the life
and death of cells. The increased sur-
vival of activated T cells could be
caused either by increased expres-
sion of anti-apoptotic proteins such
as Bcl-2 and Bcl-xL or decreased
expression of pro-apoptotic proteins
such as Bim, Bad and Bax. However,
our published and preliminary exper-
iments have shown that expression
of these proteins is not affected by
exposure to adjuvants5. These obser-
vations do not eliminate the possibil-
ity that Bcl-2 family members are
involved in the effects of adjuvants
on T cells because the activity of

such proteins is controlled not only by the amount of expression but also
by post-translational phosphorylation, proteolytic cleavage and changes
in cellular localization10. Nevertheless, superantigen-induced AICD is
inhibited by cyclohexamide (D. Hildeman, unpublished observation),
which indicates that new protein translation must play a necessary role
in regulating T cell death after activation. Therefore, we continued to
seek factors whose sustained expression was correlated with T cell sur-
vival effects.

Accordingly, we used microarray technology to compare gene expres-
sion in activated T cells that had or had not been exposed to adjuvants. To
eliminate effects of the adjuvants that might be specific to a particular
material and not general to all adjuvants, we searched for genes that were
similarly affected by exposure to two different types of adjuvants. T cells
were activated in mice in the presence or absence of the adjuvants VV or
LPS. RNA was isolated from the activated cells and their gene expression
compared with the use of Affymetrix GeneChip microarrays. We found
that 23 genes, whose sequences have been deposited in the Genbank
database, were increased in both VV- and LPS-exposed cells, as com-
pared to T cells activated in the absence of adjuvant. These included the
gene encoding Bcl-3, which is a member of the nuclear factor NF-
κB–IκB protein family. Because it has been reported that some members
of this family of transcription factors have anti-apoptotic activity, we test-
ed the effect these family members (including Bcl-3) had on AICD using
retroviral vectors. Transduction experiments showed that Bcl-3 expres-
sion increased the survival of activated T cells both in vitro and in vivo.
Thus, we conclude that adjuvants increase T cell life expectancy, at least
in part, by increasing Bcl-3 expression in these cells, which may alter the
balance of NF-κB transcriptional activities during immune responses.

Results
RNA preparation and analysis
We used Affymetrix gene arrays to broaden our search for adjuvant-
induced factors. This required large numbers of purified T cells
(>5×107) that have been activated under various conditions. To obtain
these cells, normal C57BL/10 mice were injected with the superantigen
staphylococcal enterotoxin B (SEB), which reacts with T cells bearing
Vβ8 as part of their T cell antigen receptor (TCR). Two days after SEB
injection, activated Vβ8+ T cells start to undergo rapid apoptotic death
that is partially prevented in adjuvant-treated mice11. For gene array
comparisons, therefore, T cells were given SEB alone, SEB + bystander
VV infection or SEB + LPS + anti-CD40. Anti-CD40 was added
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Table 2. Genes scored as increased in T cells after activation
and adjuvant treatment, relative to activation alone

Genbank Protein encoded Fold increase compared
accession to activation alone
number +VV    +LPS

M90397 Bcl-3 9.8 17
U15636 GTP-binding (clone U2) T cell–

specific protein 2.2 6
M63630 GTP binding protein (IRG-47) 1.9 4.9
U06924 STAT1 2.0 4.8
U60150 VAMP-2 4.7a 3.8a

M13226 Granzyme A 2.0 2.7
X04072 Granzyme B 3.1 2.6
U43678 Ataxia telangiectasia gene 

homolog (Atm) 1.9 2.5a

X58438 MP4 gene for a proline-rich 
protein 2.9a 2.4a

X60452 Cytochrome P-450IIIA 2.3 2.4a

L00919 Protein 4.1 2.0a 2.3a

M83380 RelB 1.9 2.0
X57800 DNA polymerase δ auxiliary 

protein 1.8 2.0
L36829 AlphaA-crystallin-binding 

protein I 2.0 1.8
M95564 Protein PC326 1.7a 1.8a

D29639 3-hydroxyacyl CoA 
dehydrogenase 1.5 1.8

U70674 B2 element (Rn18s) and 18S
ribosomal RNA 1.3a 1.8a

J00361 Amylase isozyme B-1 2.4a 1.6a

U60328 Proteasome activator PA28 
α subunit 1.6 1.7

X13460 p68 protein of the lipocortin 
family” 2.0 1.6

U24674 Max interacting protein 1 
(Mxi1) 1.5 1.6

M31585 ICAM-1 1.3 1.6
M29697 IL-7R 1.2 1.6

Increases in gene expression were determined using Affymetrix Genechip Analysis
software. aNegligable expression was observed for the reference sample (SEB
alone), therefore the increase in this value is approximate.

Figure 1. RNA transcripts of the genes encoding Bcl-3 and RelB are increased in T cells exposed to adjuvant.
Affymetrix mu6400 gene microarrays were used to assess gene expression in activated CD4 and CD8 T cells that had been
collected, 2 days after injection of SEB, from mice treated with SEB alone, SEB + LPS + anti-CD40 or SEB + VV. Cellular RNA
from CD4+ and CD8+ Vβ8 TCR+ MHC class II– cells were analyzed with Affymetrix genechips (see Methods).The microarray
signals shown are Affymetrix average differences, which were calculated with Affymetrix GeneChip Analysis software and are
expressed in arbitrary units. (a) RNA transcript levels of genes encoding NF-κB family members. (b) RNA transcript levels of
selected control genes.

a b
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because it potentiates the adjuvant effects of LPS12 (and G. Marshall
and T. Mitchell, unpublished observations). Cells from the lymph nodes
and spleens of treated mice were isolated at the peak of their expansion,
just before they began to die. T cells from the three groups of mice were
purified by high-speed cell sorting to yield populations that were >97%
Vβ8+ and <0.5% major histocompatibility complex (MHC) class II+

(Table 1). Samples of these cells were tested to check that the adjuvant
treatments had indeed prolonged their life expectancy (Table 1). RNA
was prepared from these cells and analyzed with the mu6400
Affymetrix gene array system, as described13.

Of the genes and expressed sequence tags (ESTs) represented on the
mu6400 genechip, expression of 288 genes increased in T cells after
SEB + VV treatment and expression of 141 genes increased after SEB
+ LPS + anti-CD40 treatment, compared to T cells stimulated with SEB
alone. Of these, expression of 23 previously described genes was
increased by both the viral and bacterial adjuvants (Table 2). Several of
the 23 genes, such as those encoding the granzymes A and B, inter-
leukin 7 receptor α (IL-7Rα), signal transducers and activators of tran-
scription 1 (STAT1) and intercellular adhesion molecule 1 (ICAM-1),
were likely to be relevant to T cell immune responses. Expression of
two members of the NF-κB family, RelB and the IκB subfamily mem-
ber Bcl-3, also increased by about three- and tenfold, respectively (Fig.
1). Independent quantification of Bcl-3 expression by “real-time” poly-
merase chain reaction (PCR) confirmed these results by showing
increases of similar magnitudes. Because the adjuvant-induced increas-
es in Bcl-3 were large and because NF-κB factors are reported to have

anti-apoptotic activity14–16, this family was studied further.

Bcl-3 prevents the death of activated T cells
To test for their effects on activated T cell survival, cDNAs encoding
Bcl-3 and other NF-κB–related genes were cloned into the retroviral
vector MSCV-IRES-Thy1.1 (MiT)(Fig. 2). This vector allows bicistron-
ic expression of an introduced gene and of the T cell antigen Thy1.1
(CD90.1) as a cell-surface marker of retroviral transduction. When
Thy1.1 was compared to green fluorescent protein (GFP) it proved to a
superior marker for the analysis of activated T cell death. This is because
GFP is rapidly lost from dead cells, whereas Thy1.1 is retained for at
least 48 h after cell death (data not shown). Use of Thy1.1 also allowed
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Figure 2. Survival of activated T
cells can be measured with
Thy1.1+ retroviral vectors. The
retroviral vector MSCV-IRES-
Thy1.1 (MiT) was used to measure
T cell survival after expression of
either Bcl-2 or Bcl-3. (a) Activated T
cells were collected from VβDO
mice 48 h after injection of 100 µg
of SEB. The survival of T cells that
had been infected either with con-
trol MiT, MiT–Bcl-2 or MiT–Bcl-3
viruses was assessed by flow cyto-
metric detection of the light scatter
properties of CD4+ Thy1.1+ (gate

shown as inset boxes) cells. Identical results were obtained by scoring live cells as
those that failed to bind FITC–annexin V (data not shown).The values shown for
percentage of gated cells alive are the mean±s.e.m from triplicate cultures of
retrovirus-infected cells and are typical of six experiments in which control vec-
tor, MiT–Bcl-2 or MiT–Bcl-3 were tested. (b) Time-course of in vitro survival after
mock versus MiT–Bcl-3 retroviral transduction.Activated T cells from VβDO mice
were prepared, infected with retrovirus, cultured for 18, 24, 36 or 48 h and ana-
lyzed in triplicate as described above. (Mock-infected,CD4+Thy1.1– T cells.Thy1.1–,
uninfected CD4+Thy1.1– cells from MiT–Bcl-3-infected cultures. MiT-Bcl-3, virus-
infected CD4+Thy1.1+ T cells.)

a b

Figure 3. Bcl-3 increased survival of activated T cells. Activated T cells were
collected either from VβDO mice 48 h after treatment with 100 µg of SEB or DOTgR
mice 48 h after injection of stimulatory OVA peptide. Cells were infected with retro-
viruses expressing genes encoding Thy1.1 alone or Thy1.1 + Bcl-3, c-Rel, RelB, RelA or
Bcl-2 and tested for survival in vitro 24 h later. The survival profiles for retrovirally
transduced CD4+ or CD8+ T cells from VβDO mice after activation with superantigen
and for CD4+ DO TCR+ cells from DOTgR mice after activation with OVA peptide
are shown. Relative killing and relative rescue were calculated from the percentage of
infected cells left alive after infection with each retroviral vector compared with the
MiT vector control (see Methods). Data are mean±s.e.m. from four to six indepen-
dent experiments done with each vector.
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detection of cells that had been retrovirally transduced with minimal
effects on the cell because the Thy1.1 allele differs from the more com-
monly expressed Thy1.2 allele by a single amino acid residue17.

Vβ8+ T cells were activated with SEB in mice that were transgenic for
a TCR Vβ8+ chain (VβDO mice18). Two days later, when they were about
to die, the Vβ8+ T cells were isolated, infected with various retroviruses
and cultured overnight. Flow analysis was then used to assess survival
of the retrovirally transduced cells, which were identified by surface
expression of Thy1.1 (Fig. 2). Cultured cells were stained with fluores-
cein isothiocyanate (FITC)–anti-CD4 and phycoerythrin (PE)–anti-
Thy1.1. The viability of CD4+Thy1.1+ cells was determined by analysis
of forward and side light-scattering properties. In one experiment, 27%
of activated CD4+ cells transduced with a Thy1.1-expressing control
virus were alive after overnight culture (Fig. 2a). As expected, trans-
duction with a virus expressing Bcl2 increased the percentage of surviv-
ing cells to 88% of activated CD4+ cells. Transduction with a virus
expressing Bcl3 also increased the percentage of surviving cells,
although this time it was to 70%. This ability of Bcl3 expression to slow
the death rate for activated T cells was not limited to a particular time
during the assay, as shown by a time-course in which MiT–Bcl-3–infect-
ed or mock-infected cells were analyzed for death at various times after
infection. The percentage of activated T cells that were alive was con-
sistently higher in cells expressing Bcl-3 compared to controls (Fig. 2b).

To compare the effects of different members of the NF-κB family, 
T cells were activated in vivo, purified 2 days later, transduced with
viruses expressing genes encoding the indicated NF-κB family mem-
bers and analyzed for survival after overnight culture (Fig. 3). The over-
all patterns seen in CD4+ T cells were also seen in CD8+ T cells that had
been activated in normal mice with superantigen. In addition, they were

seen in CD4+ T cells from recombination activating gene (RAG-2)–defi-
cient mice that were transgenic for the chicken ovalbumin (OVA) and 
I-Ad–reactive TCR from the T cell hybridoma line DO-11.1019 (DOTgR)
mice that had been activated in vivo with stimulatory peptide. Bcl-3 gave
the strongest and most consistent survival effect, second only to Bcl-2
(Fig. 3, top). RelA (also called p65) enhanced survival to a lesser extent,
whereas RelB had no significant effect. c-Rel, however, impaired T cell
survival in most experiments. This is in contrast to the reported role of
c-Rel in lymphocytes, in which endogenous c-Rel expression is required
for survival during antigen-induced proliferation or exposure to mito-
gens in vitro20. Our observation that T cell death occurs after enforced
expression may therefore result from nonphysiological c-Rel expression
or from inappropriately timed stimulation of its transcriptional activity.

T cells that have been activated in vivo and then purified and cultured
in the absence of antigen do not divide (Fig. 4 and data not shown).
However, NF-κB family members are known to affect cellular prolifer-
ation. To test whether Bcl-3 affected T cell survival or proliferation,
activated T cells from DOTgR mice were transduced with viruses
expressing the genes encoding Bcl-3 + Thy1.1 or Thy1.1 alone, labeled
with 5-(6)-carboxyfluorescein diacetate succinimidyl diester (CFSE)
and cultured with or without antigen. CFSE binds irreversibly to intra-
cellular proteins and can be used to count divisions of labeled cells
because its fluorescence per cell is halved with each cellular division21.
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Figure 4. Bcl-3 did not affect T cell proliferation. In vitro proliferation of T cells
after retroviral infection with MiT control or with MiT–Bcl-3.Activated T cells were
collected from DOTgR mice 24 h after administration of OVA peptide, exposed to
control or MiT–Bcl-3 retrovirus and cultured.Two days later, the surviving cells were
loaded with CFSE, restimulated for 4 days with 1.0 µM of peptide antigen + splenic
antigen-presenting cells and the green fluorescence per live CD4+ DO TCR+ Thy1.1+

cell visualized.The histograms shown are typical of four independent experiments that
were used to calculate the mean±s.e.m. cellular divisions. (a) MiT–Bcl-3–infected cells
with no antigen added. (b) Uninfected cells with no antigen added. (c) MiT–Bcl-
3–infected T cells with 1.0 µM of OVA peptide, for which the average number of cell
divisions recorded was 2.94±0.01. (d) MiT control virus–infected T cells + 1.0 µM of
OVA peptide, for which the number of cell divisions recorded was 2.69±0.01.

Figure 5. Bcl-3 increased activated T
cell survival in vivo. Activated T cells
were collected from DOTgR mice that had
been injected with stimulatory OVA pep-
tide 2 days before. T cells were exposed to
control or Bcl3-encoding retrovirus by
low-speed centrifugation and washed
three times in serum-free saline solution.
Cells (107) were injected intravenously
into four BALB/c recipients for each retro-
virus tested. One of three representative experiments is shown. (a) Equal percentages of cells were ini-
tially transduced with the MiT control or MiT–Bcl-3 retroviruses. Immediately after retroviral trans-
duction, at a multiplicity of infection of 0.05, samples of the cells were cultured overnight with 100 ng/ml
of IL-4 and the percentages of CD4+ DO-11.10 TCR+ Thy1.1+ cells analyzed.The mean±s.e.m. percent-
ages of Thy1.1+ cells among CD4+ DO-11.10 TCR+ cells, calculated from triplicate cultures, were
2.52±0.06 for the control- and 2.41±0.08 for the MiT–Bcl-3 vector–infected cells. (b) Ectopic Bcl-3
expression promotes survival of activated T cells in vivo. Seven days after transfer of the transduced
cells,T cells were isolated from the spleens and lymph nodes (inguinal, axillary, brachial, submandibular,
mesenteric and periaortic) of recipients and stained for CD4, DO-11.10 TCR and Thy1.1.The bar val-
ues indicate the mean±s.e.m. number of transduced transferred cells that were recovered per mouse
from four mice. (c) Uninfected cells were recovered in equal numbers from recipients of MiT control
or MiT-Bcl-3–based cells.Total numbers of transferred uninfected CD4+ DO–11.10 TCR+Thy1.1– cells in
the lymph nodes and spleens of recipients were calculated. Data are mean±s.e.m from three mice.
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Cells cultured without antigen did not divide, whether or not they
expressed Bcl-3 (Fig. 4a,b). Conversely, cells cultured with peptide
antigen for 4 days divided to the same extent whether or not they
expressed Bcl-3 (Fig. 4c,d). Therefore, the major effect of Bcl-3 on 
T cells was the inhibition of activated T cell death. This deduction is
similar to that of a previous report, which showed that Bcl-3 prevented
death of a T lymphoid cell line withdrawn from growth factor22.

Different factors may affect T cell survival in vivo versus in vitro.
Therefore, we tested the effect of Bcl-3 expression on activated T cell
survival in adoptively transferred mice. Activated T cells from DOTgR
mice were exposed to MiT–Bcl-3 or control MiT retrovirus for 2 h by
low-speed centrifugation. Some of the transduced cells were cultured
overnight and the efficiency of infection analyzed by staining for
Thy1.1 expression. We found that equal proportions of cells (∼2.5%)
had been transduced with MiT–Bcl-3 or MiT (Fig. 5a).

Immediately after virus exposure, the remaining transduced and
untransduced cells were transferred into untreated recipient mice. Seven
days later, the recipients were killed and their spleen and lymph node
cells analyzed for DO TCR expression with or without concommitant
Thy1.1 expression. Because normal mice contain undetectable numbers
of cells bearing the DO TCR, we could measure the number of surviv-
ing transferred cells that had or had not been transduced with MiT–Bcl-
3 or MiT. The results showed that T cells transduced with Thy1.1 and
Bcl-3 were recovered in greater numbers from the recipients than cells
transduced with Thy1.1 alone (Fig. 5b). This effect was not due to the
inadvertant transfer of more cells from the MiT–Bcl-3–transduced mix-
ture because nontransduced cells in the MiT–Bcl-3–transduced and the
control MiT–transduced mixtures were recovered in equal numbers
(Fig. 5c). Therefore, Bcl-3 conferred a survival advantage on activated
T cells both in vivo and thus ectopic expression of Bcl-3 was sufficient
for the prolonged survival of previously activated T cells in animals.

Discussion
The experiments reported here represent our continuing efforts to
understand how immunological adjuvants affect T cells. Data obtained
from these and previous experiments show that, among other effects,
adjuvants certainly increase the lifespan of activated T cells4–6,23–25.
Gene expression in T cells activated in the absence of adjuvants, when
compared to activation in the presence of either of two different adju-
vants, showed that few genes were similarly affected. Among these, the
increase in cellular Bcl-3 expression after adjuvant treatment was of
particular interest because the increase was large, Bcl3 is a relatively
little-studied proto-oncogene and other members of the NF-κB family
affect the life expectancy of cells14–16,26.

The gene encoding Bcl-3 was first identified as the gene altered by
t(14;19) translocation in some cases of chronic B cell lymphocytic
leukemia and was later determined to belong to the IκB subfamily of
inhibitors of NF-κB transcription factors27,28. Unlike other IκB-related
proteins, however, Bcl-3 is primarily nuclear in localization and appears
not to be regulated by degradation29. Some groups have reported that it is
capable of transcriptional transactivation, which makes it unique among
IκB members30. Mice with targeted disruption of Bcl3 have a variety of
immunological defects including abnormal germinal center formation,
reduced production of T cell–dependent antibodies and failure to clear
selected pathogens30–32. T cell function in these mice has not been ana-
lyzed in detail. However, it is likely that the gross disruption of their lym-
phoid architecture will make it difficult to distinguish the direct effects of
absence of Bcl3 on T cells versus indirect effects on, for example, the
conditions of T cell exposure to antigen. We do not yet know how the
gene encoding Bcl-3 is induced by adjuvants. Because its expression is

induced by adaptor protein AP-1 transcription complexes22, it is possible
that the inflammatory environment induced by adjuvants activates AP-1
in activated T cells, which in turn contributes to the induction of Bcl-3.

Bcl-3 does not have DNA-binding activity, although it has been
reported to interact with NF-κB1 (also called p50) or NF-κB2 (also
called p52) homodimers, the DNA binding of which may otherwise
repress gene transcription33. Bcl-3 may thus prevent the death of acti-
vated T cells by promoting gene expression that is repressed by other
NF-κB family members. Our observation that c-Rel expression was
often lethal in T cells suggests another role for Bcl-3 in preventing acti-
vated T cell death, however. Because c-Rel, RelA and Bcl-3 all have
binding affinity for p50 and p5234, it is possible that RelA and Bcl-3
promote T cell survival by opposing an apoptotic side-effect of c-
Rel–driven cellular proliferation. This could occur either by competi-
tion for the heterodimeric binding partners of c-Rel (p50 and p52) or by
induction of new gene expression. If true, this scenario would mean that
activated T cell survival is regulated by a balance in the concentration
of various NF-κB family members.

Whatever the mechanism by which Bcl-3 acts, we have shown that
an IκB subfamily member may be involved in the action of adjuvants
on T cells. Thus Bcl-3 may be an essential component of the means by
which adjuvants, inflammation and innate immunity control the adap-
tive immune response.

Methods
Use of mice. Mice were maintained under specific pathogen-free conditions at the
Biological Resources Center of the National Jewish Medical and Research Center
(NJMRC). Mice in any given experiment were age-matched, although they ranged from 8-
to 14-weeks-old in various experiments. Female BALB/cByJ, B10.BR and C57BL/10J
mice were from The Jackson Laboratory (Bar Harbor, ME). Female VβDO and DOTgR
mice were collected from a colony maintained at the NJMRC. DOTgR mice were generat-
ed by backcrossing DO-11.10 TCR transgenic (DOTg19) RAG-2+/– mice 11 times to the
BALB/cByJ background. Brother-sister matings produced RAG-2–/– mice with the DO TCR
transgene. In all experiments, mice were injected intravenously via the tail vein after being
warmed briefly under heat lamps.

Toxins and viruses used to treat mice. SEB and Salmonella typhosa LPS were from Sigma-
Aldrich (St. Louis, MO). Anti-CD40 (clone 1C1035) was collected as hybridoma supernatant
and purified with agarose–protein G affinity columns. OVA peptide, consisting of amino
acids 323–339 (ISQAVHAAHAEINEAGR), was synthesized by the Molecular Resource
Center of the NJMRC. All agents were resuspended and injected intravenously in saline solu-
tion. VV inoculation was done by tail-vein injection of 107 plaque forming units (PFUs) of
the nonrecombinant WR strain of the virus (cultured from stocks provided by J. Bennink,
NIH). VV culture and measurement of its plaque-forming activity were done as described5.

Preparation and culture of lymphocytes. Whole lymph nodes and spleens were removed
for analysis at specified times from cervically dislocated mice. Lymphocytes were dispersed
by grinding through nylon mesh into culture medium. The cells were resuspended in stain-
ing buffer (Hanks’ balanced salt solution with 2% fetal bovine serum and 0.1% sodium azide)
for flow cytometric analysis. For in vitro survival assays, cells were instead resuspended at a
concentration of 3×105 cells per 0.2 ml culture medium with no added growth factors, then
aliquoted in 96-well culture plates and left for 20 h before analysis by flow cytometry.

To measure T cell proliferation, cells from DOTgR mice were labeled with 1.0 µM
CFSE (Molecular Probes, Eugene, OR) for 10 min at 37 °C. After incubation, cells were
washed three times in culture medium and recultured for 4 days in the presence or absence
of 1.0 µM OVA peptide with 106 unlabeled, adherent splenocytes from BALB/c mice used
as antigen-presenting cells. CFSE fluorescence per cell was measured cytofluorimetrically. 

Flow cytometric staining and sorting. Flow cytometric analysis of cell-surface markers
was done by incubating cells with monoclonal antibodies (mAbs) specific for CD4 (clone
RM4-5), CD8α (53-6.7), Vβ3 TCR (KJ25), Vβ8 TCR (F23.1), Thy1.1 (OX-7), MHC class
II (M5/114.15.2) and FcγIII/II (2.4G2) (all from BD PharMingen, San Diego, CA). All flow
cytometry was with FACScan or FACscalibur instruments and analysis with PC-Lysis or
CellQuest software (BD Immunocytometry, Mountain View, CA). High-speed cell sorting
was done on a MoFlo fluorescence-activated sorter (Cytomation, Fort Collins, CO) with
chilled cells stained for CD4, CD8, MHC class II and Fc receptor. Vβ8+CD4+ or CD8+, MHC
class II– and FcR– cells were collected, washed in saline buffer, lysed in guanidium
hydrochloride and frozen until required for mRNA isolation.

RNA analysis. Total cellular RNA was isolated from purified T cells with the Rapid Total

401

©
20

01
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/im

m
u

n
o

l.n
at

u
re

.c
o

m
© 2001 Nature Publishing Group  http://immunol.nature.com



nature immunology •      volume 2 no 5       •       may 2001       •       http://immunol.nature.com

ARTICLES

RNA Isolation Kit as directed by the manufacturer (5 Prime→3 Prime, Boulder, CO). Yields
were typically 0.5–1.5 µg RNA per 106 lymph node cells. Poly(A)+ mRNA was purified with
the Oligotex mRNA Purification System (Qiagen, Valencia, CA), as directed by the manu-
facturer. From mRNA, double-stranded DNA was synthesized with the SuperScript Choice
System (Life Technologies, Grand Island, NY, Gibco-BRL, Gaithersburg, MD), as directed
by the manufacturer. Double-stranded DNA was then amplified as cRNA, labeled and
hybridized to Affymetrix mu6400 GeneChips (Affymetrix), as directed by the manufacturer.

RNA quantification by “real-time” PCR detection was done with the ABI Prism 7700
Sequence Detection System (Applied Biosystems, Norwalk, CT), according to the manufac-
turer’s directions. Vβ8+ T cells were sorted as described in Table 1 from mice given SEB alone,
SEB + LPS + anti-CD40 or SEB + VV with the following treatment schedules. SEB: 150 µg
of SEB on day 0. SEB + LPS + anti-CD40: 150 µg of SEB on day 0 and 5 µg of LPS + 300
µg of 1C10 mAb on day 1. SEB + VV: 107 PFUs of VV 3 days before treatment and 150 µg
of SEB on day 0. Total cellular RNA was prepared with a Large Scale RNA isolation kit (5
Prime→3 Prime) and used as template to prepare 1st-strand cDNA with the SuperScript
Choice System (Life Technologies, Gibco-BRL). Forty cycles of Real-Time PCR were done
in optical quality PCR tubes to measure relative copy numbers of mouse Bcl-3, with mea-
surement of hypoxanthine ribosyl transferase (HPRT) used as a control. Signals from two sep-
arate probe sets specific for mouse Bcl-3 were analyzed. The probe sets were as follows. Bcl-
3 set A: forward primer, 5′–GCGAAGTAGACGTCCATAACAACC–3′; reverse primer,
5′–ACCAAGAGCCGGACCATGT–3′; FAM-TAMRA-fluorogenic probe: 5′–CACCTG-
GCTGTCATCACCACATTACCA–3′. Bcl-3 set B: forward primer 5′–ACGCCGTGGA-
GAACAACAG–3′; reverse primer 5′–AGAATACATCTGAGCGTTCACGTT–3′; FAM-
TAMRA probe 5′–AACTCCTGCTGCTGCACGGCG–3′. HPRT: forward primer 5′–CCT-
GTGGCCATCTGCCTAGT–3′; reverse primer 5′–CGCAGCAACTGACATTTCTAAAA–3′;
FAM-TAMRA probe 5′–AAGCTTTTTGCATGAACCTTCTATGAATGTTACTGTTT–3′.
Signals specific for Bcl-3 from each RNA sample were normalized to that sample’s signal for
HPRT. The fold change relative to the signal observed for SEB treatment alone was calculat-
ed for the SEB + VV and SEB + LPS + anti-CD40 samples, averaged for the two Bcl-3 probe
sets used and found to be 11.5-fold and 2.6-fold increased, respectively.

Retroviral constructs. The MiT retroviral vector was derived from GFP-RV36 (also called
MSCV2.2-IRES-GFP) by replacing the NcoI-EcoRI DNA fragment that contained the GFP
open reading frame (ORF) with an NcoI-EcoRI fragment from pBSXCThy1.1 (a gift of D.
S. An and I. Verma, The Salk Institute) that contained the mouse Thy1.1 ORF. MiT deriva-
tives containing RelA, RelB and c-Rel were constructed from the corresponding
pMSCV2.2-IRES-GFP vectors containing the indicated cDNA (gifts of D. Battacharya and
W. Sha, University of California at Berkeley). MiT–Bcl-3 was constructed by ligating the
BstYII-BglII restriction fragment of pGEM4Z-Bcl337 into the BglII cloning site of MiT.
DNA sequencing was done to confirm that this mouse Bcl3 matched the correct Genbank
sequence (AF067774). MiT–Bcl-2 was constructed from a PCR product of cDNA made
from BALB/cByJ lymphocytes. The Bcl-2 cDNA was ligated to MiT at its BglII-NotI
cloning sites and sequenced before use.

Production of retroviruses. MiT retroviral genomes were packaged into retroviruses by
cotransfecting 293 human embryonic kidney cells with MiT vector plasmid + pCL-eco
packaging plasmid, which expresses structural proteins of the Moloney murine leukemia
virus38,39. Culture medium was replaced the next day and collected 18 h later. Culture super-
natants containing packaged retroviruses were kept on ice until use. In some experiments,
titers of infectious retrovirus were measured before the culture supernatants were used to
transduce T cells with genes.

To measure retroviral titers, 105 NIH3T3 cells were plated in each 35 mm well in six-
well plates, cultured for 1 day, the culture medium exchanged for 1.0 ml culture medium
containing 8 µg/ml of polybrene (Sigma-Aldrich) and 1, 10 or 100 µl of retrovirus culture
supernatant added. The average number of NIH3T3 cells per well exposed to retrovirus at
that time was measured by counting trypsinized cells. NIH3T3 cells were treated with
trypsin 40–48 h later and stained for cytofluorimetric detection of Thy1.1 expression. The
number of infectious units per ml was calculated using:

positive cells (%) × the number of cells initially exposed to virus × the dilution factor.

Retroviral infection of T cells. For retroviral infections, T lymphocytes from treated mice
were enriched by passage over sterile nylon wool, mixed with retrovirus culture supernatant
containing 8 µg/ml of polybrene and centrifuged in sealed (10% CO2 atmosphere) six-well
plates at 1000g for 2 h. After centrifugation, cells were placed in medium containing serum
but no added growth or survival factors and cultured for 24h. Alternatively they were
washed extensively in serum-free saline solution and injected into recipient mice. The rela-
tive killing or rescue of T cells transduced with different genes was calculated from the per-
centage of infected cells left alive after infection with each retroviral vector, compared with
the MiT vector control, as follows. Relative killing was calculated as:

[(vector control – experimental) / vector control)] ×100

and relative rescue as:

[(experimental – vector control) /100 – vector control] ×100. 

Acknowledgements

We thank B.Townend and S. Sobus for help with the cell sorting and flow cytometry and
S. Madden and C. Slaughter for Affymetrix GeneChip analysis. Supported by USPHS
grants AI-17134,AI-18785 and AI-22295.

Received 12 December 2000; accepted 7 March 2001.

1. Kawabe,Y. & Ochi,A. Programmed cell death and extrathymic reduction of Vβ8+ CD4+ T cells in mice
tolerant to Staphylococcus aureus enterotoxin B. Nature 349, 245–248 (1991).

2. Webb, S., Morris, C. & Sprent, J. Extrathymic tolerance of mature T cells: clonal elimination as a con-
sequence of immunity. Cell 63, 1249–1256 (1990).

3. McCormack, J. E., Callahan, J. E., Kappler, J. & Marrack, P. C. Profound deletion of mature T cells in vivo
by chronic exposure to exogenous superantigen. J Immunol. 150, 3785–3792 (1993).

4. Kearney, E. R., Pape, K.A., Loh, D.Y. & Jenkins, M. K.Visualization of peptide-specific T cell immunity
and peripheral tolerance induction in vivo. Immunity 1, 327–339 (1994).

5. Mitchell,T., Kappler, J. & Marrack, P. Bystander virus infection prolongs activated T cell survival. J.
Immunol. 162, 4527–4535 (1999).

6. Vella,A.T., McCormack, J. E., Linsley, P. S., Kappler, J.W. & Marrack, P. Lipopolysaccharide interferes
with the induction of peripheral T cell death. Immunity 2, 261–270 (1995).

7. Stywu, H. K., Liblau, R. S. & McDewitt, H. O.The roles of Fas/APO-1 (CD95) and TNF in antigen-
induced programmed cell death in T cell receptor transgenic mice. Immunity 5, 17–30 (1996).

8. Hildeman, D.A. et al. Reactive oxygen species regulate activation-induced T cell apoptosis. Immunity
10, 735–744 (1999).

9. Strasser,A., Harris,A.W., Huang. D. C., Kramer, P. H. & Cory, S. Bcl-2 transgene inhibits T cell death
and perturbs thymic self- censorship. Cell 67, 889–899 (1991).

10. Strasser,A., Harris,A.W., Huang, D. C., Krammer, P. H. & Cory, S. Bcl-2 and Fas/APO-1 regulate dis-
tinct pathways to lymphocyte apoptosis. EMBO J. 14, 6136–6147 (1995).

11. Adams, J. M. & Cory, S.The Bcl-2 protein family: arbiters of cell survival. Science 281, 1322–1326 (1998).
12. Vella,A.T. et al. CD28 engagement and proinflammatory cytokines contribute to T cell expansion

and long-term survival in vivo. J. Immunol. 158, 4714–4720 (1997).
13. Maxwell, J. R., Campbell, J. D., Kim, C. H. & Vella,A.T. CD40 activation boosts T cell immunity in vivo

by enhancing T cell clonal expansion and delaying peripheral T cell deletion. J. Immunol. 162,
2024–2034 (1999).

14. Teague,T. K. et al. Activation changes the spectrum but not the diversity of genes expressed by T
cells. Proc. Natl Acad. Sci. USA 96, 12691–12696 (1999).

15. Barkett, M. & Gilmore,T. D. Control of apoptosis by Rel/NF-κB transcription factors. Oncogene 18,
6910–6924 (1999).

16. Beg,A.A., Sha,W. C., Bronson, R.T., Ghosh, S. & Baltimore, D. Embryonic lethality and liver degenera-
tion in mice lacking the RelA component of NF-κB. Nature 376, 167–170 (1995).

17. Beg,A.A. & Baltimore, D.An essential role for NF-κB in preventing TNF-α–induced cell death.
Science 274, 782–784 (1996).

18. Williams,A. F. & Gagnon, J. Neuronal cell Thy-1 glycoprotein: homology with immunoglobulin. Science
216, 696–703 (1982).

19. Fenton, R. G., Marrack, P., Kappler, J.W., Kanagawa, O. & Seidman, J. G. Isotypic exclusion of γδ T cell
receptors in transgenic mice bearing a rearranged β-chain gene. Science 241, 1089–1092 (1988).

20. Murphy, K. M., Heimberger,A. B. & Loh, D.Y. Induction by antigen of intrathymic apoptosis of
CD4+CD8+TCRlo thymocytes in vivo. Science 250, 1720–1723 (1990).

21. Grumont, R. J. et al. B lymphocytes differentially use the Rel and nuclear factor κB1 (NF-κB1) tran-
scription factors to regulate cell cycle progression and apoptosis in quiescent and mitogen-activated
cells. J. Exp. Med. 187, 663–674 (1998).

22. Lyons,A. B. & Parish, C. R. Determination of lymphocyte division by flow cytometry. J. Immunol. Meth.
171, 131–137 (1994).

23. Rebollo,A. et al. Bcl-3 expression promotes cell survival following interleukin-4 deprivation and is
controlled by AP1 and AP1-like transcription factors. Mol. Cell Biol. 20, 3407–3416 (2000).

24. Aoki,Y. et al. Clonal expansion but lack of subsequent clonal deletion of bacterial superantigen-reac-
tive T cells in murine retroviral infection. J. Immunol. 153, 3611–3621 (1994).

25. Ehl, S. et al. Viral and bacterial infections interfere with peripheral tolerance induction and activate
CD8+ T cells to cause immunopathology. J. Exp. Med. 187, 763–774 (1998).

26. Rocken, M., Urban, J. F. & Shevach, E. M. Infection breaks T-cell tolerance. Nature 359, 79–82 (1992).
27. White, D.W., Roy,A. & Gilmore,T. D.The v-Rel oncoprotein blocks apoptosis and proteolysis of IκB-

α in transformed chicken spleen cells. Oncogene 10, 857–868 (1995).
28. Ohno, H.,Takimoto, G. & McKeithan,T.W.The candidate proto-oncogene bcl-3 is related to genes

implicated in cell lineage determination and cell cycle control. Cell 60, 991–997 (1990).
29. Kerr, L. D. et al. The proto-oncogene bcl-3 encodes an IκB protein. Genes Dev. 6, 2352–2363 (1992).
30. Nolan, G. P. et al. The bcl-3 proto-oncogene encodes a nuclear I κ B-like molecule that preferentially

interacts with NF-κB p50 and p52 in a phosphorylation-dependent manner. Mol. Cell Biol. 13,
3557–3566 (1993).

31. Bours,V. et al. The oncoprotein Bcl-3 directly transactivates through κ B motifs via association with
DNA-binding p50B homodimers. Cell 72, 729–739 (1993).

32. Schwarz, E. M., Krimpenfort, P., Berns,A. & Verma, I. M. Immunological defects in mice with a targeted
disruption in Bcl-3. Genes Dev. 11, 187–197 (1997).

33. Franzoso, G. et al. Critical roles for the Bcl-3 oncoprotein in T cell-mediated immunity, splenic
microarchitecture, and germinal center reactions. Immunity 6, 479–490 (1997).

34. Wulczyn, F. G., Naumann, M. & Scheidereit, C. Candidate proto-oncogene bcl-3 encodes a subunit-
specific inhibitor of transcription factor NF-κB. Nature 358, 597–599 (1992).

35. Chen, F. E. & Ghosh, G. Regulation of DNA binding by Rel/NF-κB transcription factors: structural
views. Oncogene 18, 6845–6852 (1999).

36. Heath,A.W.,Wu,W.W. & Howard, M. C. Monoclonal antibodies to murine CD40 define two distinct
functional epitopes. Eur. J. Immunol. 24, 1828–1834 (1994).

37. Ranganath, S. et al. GATA-3-dependent enhancer activity in IL-4 gene regulation. J Immunol. 161,
3822–3826 (1998).

38. Bhatia, K. et al. Mouse bcl-3: cDNA structure, mapping and stage-dependent expression in B lym-
phocytes. Oncogene 6, 1569–1573 (1991).

39. Naviaux, R. K., Costanzi, E., Haas, M. & Verma, I. M.The pCL vector system: rapid production of
helper-free, high-titer, recombinant retroviruses. J.Virol. 70, 5701–5705 (1996).

40. Norris, P. S., Jepsen, K. & Haas, M. High-titer MSCV-based retrovirus generated in the pCL acute
virus packaging system confers sustained gene expression in vivo. J Virol. Meth. 75, 161–167 (1998).

402

©
20

01
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/im

m
u

n
o

l.n
at

u
re

.c
o

m
© 2001 Nature Publishing Group  http://immunol.nature.com


	Immunological adjuvants promote activated T cell survival via induction of Bcl-3
	Main
	Results
	RNA preparation and analysis
	Bcl-3 prevents the death of activated T cells

	Discussion
	Methods
	Use of mice.
	Toxins and viruses used to treat mice.
	Preparation and culture of lymphocytes.
	Flow cytometric staining and sorting.
	RNA analysis.
	Retroviral constructs.
	Production of retroviruses.
	Retroviral infection of T cells.

	Acknowledgements
	References


