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Adjuvant-induced survival of T cells after antigen activation correlates with increased expression of Bcl-3.
Bcl-3 is an NF-kB/IkB family member and has been implicated in transcriptional regulation in several cell
types. We tested the ability of mice deficient in Bcl-3 (Bcl-3 KO) to exhibit T-cell adjuvant-induced survival
after challenge with the superantigen staphylococcal enterotoxin B (SEB), using lipopolysaccharide (LPS) as
a natural adjuvant. These studies showed that Bcl-3 is required for secondary gamma interferon (IFN-vy)
production by CD8 T cells but not for adjuvant-induced survival effects. Specifically, wild-type and Bcl-3 KO
mice exhibited comparable long-term increases in the VB8* T-cell populations, indicating no lack of survival
in response to adjuvant stimulation in the Bcl-3 KO activated T cells. Ectopic expression of the Bcl-3-related
molecules IkBa, IkBf3, and IkxBe in SEB-activated T cells increased survival during in vitro culture in the
absence of adjuvant, suggesting that these IkB molecules could exert a survival function in antigen-activated
T cells in place of Bcl-3. However, VB8™ CDS8 T cells from SEB- plus LPS-treated Bcl-3 KO mice produced less
IFN-v upon in vitro restimulation than VB8* CD8 T cells from wild-type mice. Therefore, Bcl-3 plays a unique

role in the regulation of IFN-y production in this model system.

The mechanisms by which adjuvants permit some T cells to
escape death during clonal contraction remain to be fully elu-
cidated. B7/CD28-mediated signaling is frequently invoked as
being the primary means by which adjuvants exert survival
effects. However, it is the initial clonal burst that is the CD28-
dependent phase of the T-cell response (16, 36), not the sur-
vival during the ensuing clonal contraction. Proliferative bursts
are accompanied by short-term increases in Bcl-2 and Bcel-x
expression levels (13, 22, 23); however, the transcription of
these survival factors is rapidly curtailed by increasing reactive
oxygen species generated as by-products of activation (13).
Therefore, adjuvants must cause other survival factors to be
induced in activated T cells to increase survival throughout
clonal contraction. Bcl-3 was previously identified as a candi-
date survival factor for T cells activated under conditions of
productive immunization (22). Gene array analysis of the
mRNA populations obtained from T cells that were activated
with superantigen either alone or in the presence of two sep-
arate adjuvants showed that at least 23 different transcripts,
including that of Bcl-3, were significantly increased by either
adjuvant (22, 23). Similar adjuvant- and cytokine-mediated
increases in Bcl-3 mRNA have been demonstrated in vivo after
antigen plus adjuvant treatment of OT-1 mice and in vitro
when cells were activated with antigen and interleukin-12 (IL-
12) (30, 34). Moreover, IL-12-dependent survival was defective
in Bcl-3 knockout (KO) T cells after in vitro stimulation (34).
Bcl-3 KO mice were also unable to control infection with
Toxoplasma gondii, a model pathogen for studying Th1-depen-
dent immunity (9). Therefore, Bcl-3 plays an important role in
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supporting T-cell responses, although it remains unclear
whether Bcl-3 is needed primarily for T-cell survival or differ-
entiation or both.

Bcl-3 is an atypical IkB member of the NF-«kB family of
transcription factors that was originally named for its involve-
ment in chronic lymphoblastic leukemia (3). It was later shown
that translocations of the bcl3 gene near the immunoglobulin
heavy chain constant region result in increased transcription of
an otherwise unmutated gene product (19, 20), which is con-
sistent with the idea that the normal function of Bcl-3 is to
enhance cellular survival and/or division. Transgenic expres-
sion of Bcl-3 in B cells was associated with lymphoaccumula-
tion rather than overt oncogenicity (26), and enforced expres-
sion of Bcl-3 in T cells did not drive proliferation in vitro (22,
24), further suggesting that Bcl-3 functions primarily as a sur-
vival factor in these contexts.

Defects in B- and T-cell responses have been demonstrated
in Bcl-3 KO mice, including decreased T-cell-dependent im-
munoglobulin class switching, defective generation of influen-
za-specific antibodies, and susceptibility to a variety of pathogens,
such as T. gondii, Listeria monocytogenes, and Streptococcus pneu-
monia (9, 28, 31). Bcl-3 KO mice develop normally but have
decreased numbers of B cells and germinal centers (9). They are
also defective in their ability to populate peripheral lymph nodes
in an anterior-to-posterior manner, which is similar to a defect in
NF-kB2 KO mice that has been attributed to stromal cell che-
mokine production (4). Thus, Bcl-3 plays multiple roles in various
immune cell types. To understand how adjuvant effects boost
T-cell clonal expansion, we concentrated our efforts on identifying
defects in the T-cell responses of Bcl-3 KO mice.

We investigated the effect of Bcl-3 deficiency on T-cell sur-
vival and the ability of activated T cells to produce cytokine
after activation. Visualization of activated T cells in vivo was
performed by injecting wild-type or Bcl-3 KO mice with the
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model antigen staphylococcal enterotoxin B (SEB) in the ab-
sence or presence of a natural adjuvant, lipopolysaccharide
(LPS). SEB is a superantigen that, when given in purified form,
drives abortive proliferation of VB8 T-cell receptor-positive
(TCR™) T cells in H-2" mice, and LPS has been used previ-
ously as an adjuvant to drive Th1 differentiation and cytotoxic
T lymphocyte effector gene expression as well as to increase
survival of activated T cells (18, 22). A useful attribute of
superantigens is that they stimulate T cells in a major histo-
compatibility complex-dependent manner without requiring
proteolytic processing and loading into major histocompatibil-
ity complex. By giving SEB in the presence and absence of
LPS, we were therefore able to focus on the postprocessing
effects of adjuvants.

Our experiments showed that net clonal expansion of T cells
was not diminished in Bcl-3 KO mice. Bel-3 KO T cells acti-
vated with SEB plus LPS had a significantly bigger burst size 3
days after treatment than the wild-type T cells. Because there
was no quantifiable difference in cell number or percentage at
the 7-day time point, more Bcl-3 KO T cells must have died
during clonal contraction than wild-type T cells, although
the difference was modest. Tests of other IkB family mole-
cules showed that they could also prolong survival of acti-
vated T cells, suggesting that they are redundant to Bcl-3 in
this function.

T cells that had been activated and survived the clonal con-
traction from Bcl-3 KO mice were not anergic or unresponsive
upon encountering antigen during restimulation cultures in
vitro. However, the ability of Bcl-3 KO CD8 T cells to produce
gamma interferon (IFN-y) upon secondary stimulation was
markedly reduced. These results indicate that Bcl-3 expression
is required for continued production of IFN-y by CD8 T cells
upon restimulation and provides insight as to how Bcl-3 func-
tions as an important intracellular mediator of microbial resis-
tance (9). The results also show that Bcl-3 may not be uniquely
required for survival of T cells after adjuvant activation and
that other members of the IkB protein family are capable of
prolonging the survival of antigen-activated T cells. The redun-
dant nature of the IkB family members to elicit survival of T
cells activated in the presence of adjuvant further suggests that
Bcl-3 acts as a member of a critical survival signaling pathway.

MATERIALS AND METHODS

Animals. The Bcl-3 KO mice were initially obtained from the NIAID Emerg-
ing Models Program (administered by Taconic Farms, Germantown, NY). Four
to six-week-old C57BL/6 mice (Taconic Farms) were used as wild-type controls.
VBDO mice that express VB8 chain of the DO11.10 TCR as a transgene were
also used in some survival assays (8). Mice were bred and housed in a specific-
pathogen-free barrier facility at the Institute for Cellular Therapeutics, Univer-
sity of Louisville, Louisville, Kentucky, and cared for according to specific Uni-
versity of Louisville and National Institutes of Health animal care guidelines.

Reagents. Superantigen, SEB, was purchased from Toxin Technology, Inc.
(Sarasota, FL), and LPS (from Salmonella enterica serovar Typhosa), phorbol
12-myristate 13-acetate, ionomycin, and brefeldin A were obtained from Sigma
Aldrich (St. Louis, MO). Monoclonal antibodies (MAb) used in flow analysis
were purchased from BD Pharmingen (San Diego, CA). MAb specific for CD19
(1D3; rat immunoglobulin G2a [IgG2a])-fluorescein isothiocyanate, CD4
(GK1.5; rat IgG2b)-allophycocyanin (APC), CD8 (53-6.7; rat 1gG2b)-peridinin
chlorophyll protein, and VB8 TCR (F23.1; mouse IgG2a) or VB6 TCR (RR4-7;
rat IgG2b)-fluorescein isothiocyanate were used to characterize and enumerate
cells after SEB treatment. Intracellular cytokine staining was performed with
MADb against IFN-y (XMG1.4; rat IgG1)-phycoerythrin (PE), and anti-IL-4
(11B11; rat IgG1)-PE MAb was also used in fluorescence-activated cell sorter

Bcl-3 CONTRIBUTES TO IFN-y PRODUCTION 4181

(FACS) analysis after in vivo culture. 5,6-Carboxyflourescein diacetate, succin-
imidyl ester (CFSE) was purchased from Molecular Probes, Inc. (Eugene, OR).

Survival of VB8* T cells after 3 and 7 days of in vivo activation with SEB. The
ability of T cells to survive after antigen exposure was tested by treating age-
matched Bcl-3 KO and C57BL/6 mice with 50 pg SEB and 10 wg LPS or with
SEB alone. All treatments were through intravenous injection. Seven days after
treatment, lymph nodes and spleens were harvested from naive controls and
treated mice. The percentage of VB8 TCR™ CD4 and CD8 T cells was quantified
by flow cytometry using a FACSCaliber flow cytometer (Becton Dickinson, San
Diego, CA) and CellQuest software (Becton Dickinson), and the numbers of
cells were calculated using this percentage multiplied by the total cell numbers
per organ. Cell numbers were measured after treating diluted cell suspensions
with Zap-oglobin II lytic reagent (Coulter Corp., Fullerton, CA), and nuclei were
counted using a Coulter Z2 particle counter (Coulter Corp.).

Intracellular cytokine staining. Spleen cells obtained after treatment with SEB
alone or in combination with LPS were cultured in complete tissue culture media
(RPMI 1640 [Invitrogen, Carlsbad, CA] supplemented with 10% fetal bovine
serum [Valley Biomedical, Inc., Winchester, VA], 1 mM sodium pyruvate [In-
vitrogen], 100 units/ml penicillin, 100 wg/ml streptomycin [Invitrogen], and 2 mM
L-glutamine [Invitrogen]) in the absence and presence of 100 ng/ml SEB for a
total of 48 h. During the final 6 h of culture, phorbol 12-myristate 13-acetate (50
ng/ml), ionomycin (500 ng/ml), and brefeldin A (10 wg/ml) were added to the
culture. Cells were washed in FACS buffer, consisting of Hank’s balanced salt
solution (Invitrogen, Carlsbad, CA), 1% heat-inactivated fetal bovine serum
(Invitrogen) and 0.02% NaNj; (Sigma Aldrich), and stained for CD4 and V38 or
CDS8 and VB8 for 30 min at 4°C. Cells were then washed and fixed in 4%
formaldehyde (Polysciences, Warrington, PA) for 15 min at 37°C, followed by
ice-cold methanol at 4°C overnight. The methanol was washed away, and the cells
were permeabilized with 1% Triton X-100 (Roche Diagnostic Corp., Indianapolis,
IN) in FACS buffer. PE-conjugated anti-IFN-y MAb diluted in Triton X-100-
FACS buffer was added to the cells for 30 min, followed by washing in Triton
X-100-FACS buffer.

CFSE dilution to determine cell cycling. Spleen cells from 7-day-treated mice
were suspended to 40 X 10° cells/ml in Hank’s balanced salt solution and then
mixed with an equal volume of prewarmed 5 uM CFSE for 10 min at 37°C. The
stained cells were then washed two times and resuspended in complete tissue
culture media in the absence or presence of 100 ng/ml SEB at 37°C and 5% CO,.
At various times after culture, cells were harvested and stained with anti-CD4-
APC, anti-CD8-peridinin chlorophyll protein, and anti-VB8 TCR-PE MAD for
flow cytometry. Average numbers of cell divisions were calculated as described
elsewhere (33).

Retroviral transduction of activated cells and 20-h in vitro survival assay.
Transgenic VBDO mice were used as a source of cycling T cells to increase the
frequency of retroviral transduction. Sixty-six hours after injection of SEB (50
png/mouse), lymph nodes were harvested and cells were infected with retrovirus
containing the parental retroviral vector murine stem cell virus-internal ribosome
entry site-Thyl.1 (MiT) or MiT vectors also encoding Bcl-3, IkBa, IkB, IkBe,
or Bcl-2, as previously described (24). Infected cells were then cultured for 20 h
in complete tissue culture medium in the absence of growth factors. Survival was
quantified by measuring the percentage of infected (Thyl.1") cells present in the
“live gate,” as determined by light scatter properties of the cells. This method has
previously been shown to accurately detect live versus dead lymphocytes (10, 32).
To standardize the survival analysis, increasing amounts of the different retro-
virus preparations were used to infect the cells, and comparisons were made
between cultures that had similar proportions of activated T cells infected (2 to
5%), as assessed by Thyl.1 expression.

Statistical analysis. The SPSS statistical software package for Windows, ver-
sion 13.0, was used to run two-tailed paired sample tests on the data presented.
A P value of <0.05 was considered significant.

RESULTS

Bcl-3 knockout mice show adjuvant-mediated survival of
activated T cells that is similar to that of wild-type mice. The
correlation of increased or forced Bcl-3 expression with better
survival of adjuvant-stimulated antigen-activated T cells (22,
23) prompted us to determine whether T cells from Bcl-3 KO
mice would be defective in adjuvant-induced survival. Wild-
type B6 and Bcl-3 KO mice were treated in vivo with SEB in
the absence or presence of LPS for 3 or 7 days. The numbers
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FIG. 1. Increased clonal expansion of T cells in Bcl-3 KO mice is followed by normal adjuvant-mediated survival after in vivo treatment with
SEB plus LPS. In vivo survival of activated T cells in wild-type (WT) and Bcl-3 KO (KO) mice was assessed by treating groups of mice with SEB
in the absence or presence of LPS. Three (d3) and seven (d7) days after treatment, the number (A) and percentage (B) of VB8 TCR* CD4 and
CD8 T cells was determined via FACS analysis. Data depicted are averages * standard deviations of results from 8 to 14 individual animals from
3 to 7 individual experiments. The data for the untreated cohort of animals (n = 12) were included in the graphs for both day 3 and day 7 after
treatment for comparison. Asterisks indicate P values of <0.05 when comparing the numbers of V8™ cells obtained from wild-type B6 and Bcl-3
KO mice at the peak of clonal expansion. (C) Decreased postpeak LPS-dependent survival observed in Bcl-3 KO T cells compared to wild-type
B6 T cells. Shown are the percentages of day 3 VB8 cells that remained on d7.

and percentages of responding VB8* TCR cells in the T-cell
populations were then evaluated in spleens from treated mice
and compared to untreated controls (Fig. 1). Three days after
SEB exposure (peak expansion), the inclusion of LPS as an
adjuvant resulted in a significantly increased clonal burst size
of both CD4 and CD8 VB8™ T cells in Bcl-3 KO mice com-
pared to similarly treated wild-type mice (Fig. 1A). This result
indicates that Bcl-3 is likely to be playing an inhibitory, not an
enhancing, role during prepeak T-cell clonal expansion in nor-
mal mice. Although there is a significant increase in the num-
ber of VB8 T cells in Bcl-3 KO mice on day 3, there is not a
significant increase in the percentage of CD4 or CD8 T cells
expressing VB8 TCR. SEB can bind and activate T cells
expressing other V@ regions, and increases in these T cells may
explain this apparent discrepancy. In fact, the increase in VB8
T cells only constitutes approximately 60% of the increase in
CD4 and CDS8 T cells obtained from day 3 activated SEB- plus
LPS-treated mice, either wild-type or Bcl-3 KO. However, the
numbers of nonactivated V6™ T cells from these same mice
did not change at either time point regardless of treatment or
genotype (data not shown).

At the day 7 time point, Bcl-3 KO animals showed no dif-
ference in net T-cell clonal expansion in the absence or pres-
ence of LPS. Specifically, the number of V8" CD4 T cells
from SEB alone-treated mice was decreased at day 7 compared
to untreated controls, whereas the SEB- plus LPS-treated mice
had a net gain of VB8 CD4 T-cell numbers and percentages

in both wild-type and Bcl-3 KO mice (Fig. 1A and B). Al-
though mice treated with SEB alone had numbers and per-
centages of V8™ CD8 T cells equivalent to those of untreated
mice, SEB plus LPS treatment resulted in marked increases
in the number and percentage of VB8 CD8 T cells (Fig. 1A
and B) in both wild-type and Bcl-3 KO mice. These data
indicate that net peripheral deletion as well as adjuvant-
assisted clonal expansion is unimpaired in superantigen-
treated Bcl-3 KO mice.

On day 3 after SEB plus LPS treatment, there were more
VB8™ T cells in the Bel-3 KO mice than in wild-type mice;
however, the VB8* T-cell numbers were similar between
strains on day 7. This is suggestive of a more rapid rate of death
in the activated Bcl-3 KO T cells during clonal contraction than
in wild-type T cells. Comparison of net versus peak clonal
expansion undergone in Bcl-3 KO versus wild-type mice shows
that the VB8 CD4 T cells that were enumerated on day 7 in
the SEB- plus LPS-treated mice represented only 39% of the
peak day 3 levels in Bcl-3 KO mice, which was much less than
the corresponding 57% in the wild-type mice (Fig. 1C). Like-
wise, the day 7 VB8™ CD8 T-cell populations represented only
41% of the peak numbers obtained from Bcl-3 KO mice com-
pared to 63% of the wild-type VB8* CD8 T cells (Fig. 1C).
This apparent defect in full survival of activated Bcl-3 KO T
cells may either be caused directly by loss of Bcl-3 or indirectly
by negative feedback mechanisms that are stronger when the
peak burst size is greater.
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FIG. 2. Survival of activated T cells is conferred by expression of
different Ik B family members. (A) V38 transgenic mice (VB8 Tg) were
treated in vivo with SEB for 66 h, and lymph node cells were harvested
and infected with retrovirus containing the parental MiT vector or MiT
vectors also encoding various IkB family molecules (Bcl-3, IxBa, IkB,
or IkBe) or Bcl-2. After infection, cells were cultured for 20 h in
minimal medium without growth factors. Control cultures that had
received no retrovirus were also cultured in the absence (no RV) or
presence of 20 ng/ml recombinant IL-2 (IL2). Cells were stained for
CD4, VB8 TCR, and Thyl.1 expression, and viability was assessed by
back-gating these cells to determine viability. Data are expressed as
relative increases in the viability of T cells with forced expression of the
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Possible role for other IxkB molecules in rescuing Bcl-3 KO
T cells from cell death following activation. It has been dem-
onstrated that the ectopic expression of Bcl-3 in CD4 T cells
activated with antigen alone is sufficient to rescue the cells
from death to similar extents as those seen when exogenous
adjuvants are used (22, 24). Other members of the IkB family
have also been shown to influence lymphocyte survival (11). To
assess whether other proteins in the IkB family can confer
T-cell survival after activation in the absence of adjuvant, SEB
was injected into mice that express the § chain of the DO11.10
TCR as a transgene. Because this B chain includes VB8, all T
cells in these mice are responsive to SEB (8). Lymph node cells
were harvested 66 h after SEB treatment and infected with
retrovirus containing parental retroviral vector MiT or MiT-
based vectors encoding Bcl-3, IkBa, IkBp, IkBg, or Bcl-2. The
cells were then cultured for 20 h in the absence of growth
factors to assess whether the expression of these molecules
could confer a survival advantage to the activated T cells. The
viability of the infected cells was determined by measuring the
percentage of Thyl.1-expressing cells present in the live gate
during FACS analysis (24). As shown in Fig. 2A, CD4 T cells
infected with the Bcl-3-encoding vector averaged a 1.5-fold
increase in survival after 20 h compared to the cells infected
with parental MiT-expressing retrovirus. This value was equiv-
alent to that of Bcl-2-encoding vectors (1.44-fold), which indi-
cated that Bcl-3 expression in antigen-activated T cells rescued
the majority of the activated cells that could have been rescued
by retroviral transfer of a survival gene (Fig. 2A). Rescue of the
activated CD4 T cells via expression was also achieved through
expression of either IkBa, IkBB, or IkBg, with increased sur-
vival being most consistently observed after expression of IkBe
(P < 0.001 compared to MiT vector).

As shown in Fig. 2B, wild-type T cells activated in vivo with
SEB survive well during the 20-h growth factor withdrawal
assay (>50% survival), and therefore, there is little opportu-
nity for the retrovirally expressed proteins to rescue the cells
during this assay. There was a tendency toward increased sur-
vival through Bcl-3 expression; however, this increase is not
significant. The Bcl-3 KO T cells survive less well than wild-
type cells in this assay (Fig. 2B) and are therefore capable of
rescue. Expression of Bcl-3 in activated Bcl-3 KO T cells in-
creased survival in the 20-h growth factor withdrawal assay

indicated protein compared to viability of vector control-infected cells.
Circles and lines represent individual values and their means, respec-
tively, of experimental data sets obtained from 4 to 9 separate retro-
virus transduction experiments. (B) Percent viability of SEB-activated
cells from VB8 Tg, C57BL/6 (WT), or Bcl-3 KO (KO) mice infected
with either MiT parental control or MiT-expressing Bcl-3 virus after
20 h of culture under growth factor withdrawal conditions. The VB8 Tg
and KO cells infected with MiT retrovirus were decreased in survival
compared to the WT cells, allowing increased survival in the activated
cells infected with the MiT-Bcl-3 virus. Numbers indicate relative
increases in survival of the Bcl-3 cultures compared to MiT cultures.
(C) T cells from Bcl-3 KO mice were infected as for panel A after 48 h
of in vivo activation with SEB. Single asterisks indicate P values of
<0.05 compared to MiT controls in 2-tailed paired sample tests using
SPSS for Windows statistical software package, version 13. The double
asterisks indicate P values of <0.01, and NS indicates no significance
in the difference compared to the MiT controls.
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compared to cells infected with control virus (MiT) to levels
similar to that observed in the VB8 transgenic (Tg) T cells
(1.46- versus 1.51-fold, respectively). Since the wild-type (WT)
CD4 cells do not die well in our in vitro assay, we decided to
assess the ability of the IkB molecules to rescue activated
Bcl-3-deficient T cells from death during 20-h growth factor
withdrawal in vitro (Fig. 2C). VB8* T cells from SEB-activated
Bcl-3 KO mice were infected with retrovirus expressing the
various IkB molecules. As in the VB8 Tg T cells, retroviral
expression of IkBB or IkBe increased the survival of infected
cells after 20 h of culture in the absence of growth factor (Fig.
2C), but no consistent increase was observed with IkBa ex-
pression. The increase in survival through expression of either
IkBB or IkBe constructs in the activated CD4 T cells was
comparable to what was observed with the Bcl-3 constructs.
Therefore, although Bcl-3 was sufficient to moderately increase
the survival of antigen-activated T cells, forced expression of
other molecules in the IkB protein family also led to better
survival in Bcl-3-deficient T cells. Thus, a redundant mecha-
nism mediated by this family of molecules likely acts in the
absence of Bcl-3 to ensure a survival advantage to T cells
activated in the presence of adjuvant.

Proliferation of VB8 T cells remains intact in Bcl-3 KO
mice after in vivo treatment with SEB in the absence and
presence of LPS. In spite of the evidence of in vivo adjuvant-
induced survival of activated T cells from Bcl-3 KO mice,
previous reports have shown that no lasting T-cell response
occurs during infection with 7. gondii or influenza (9, 22).
Although SEB-activated T cells from Bcl-3 KO mice were
rescued from deletion by the coadministration of LPS, the
surviving Bcl-3 KO T cells could be refractory to further stim-
ulation. Alternatively, the surviving Bcl-3 KO T cells could be
deficient in effector functions upon subsequent stimulation
compared to wild-type T cells. To determine which, if either, of
these possibilities was likely to be true, we tested the ability of
the T cells that had survived after in vivo stimulation with SEB
with or without LPS to either proliferate or to produce IFN-y
after restimulation with SEB during in vitro culture. Spleen
cells from wild-type and Bcl-3 KO mice were harvested 7 days
after SEB with or without LPS treatment and also from un-
treated controls. To test the proliferative response in culture,
the harvested cells were labeled with CFSE and cultured in the
absence or presence of SEB for 4 days, after which the CFSE
cell division profiles of VB8™ T cells were determined via flow
cytometry. The Bcl-3 KO T cells that survived 7 days after in
vivo treatment with SEB plus LPS entered the cell cycle to the
same extent (Fig. 3A) and averaged a number of cell divisions
(Fig. 3B) similar to that of wild-type T cells. This was true of
both CD4 and CD8 VB8™ T cells during in vitro culture (Fig.
3). Limited proliferation was seen upon culture in the absence
of SEB, but this was not influenced by Bcl-3 because it oc-
curred to the same extent in both wild-type and KO cell pop-
ulations (Fig. 3A and B). Although a large percentage of the
cells divide, this effect appears to be short lived because few of
the cells undergo more than one division during the culture in
medium alone. It is possible that this residual cell cycle activity
is due to adjuvant-induced retention of at least some superan-
tigen on surviving antigen-presenting cells.

The Bcl-3 KO T cells obtained from mice initially treated
with SEB alone proliferated significantly more upon restimu-
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lation than the wild-type cells given the same in vivo treatment.
Both the proportion of cells that had divided and the number
of divisions undergone were approximately three- to fivefold
greater in the CD4 and CD8 Bcl-3 KO T cells, reaching values
that were strikingly similar to those from the adjuvant-treated
groups. In contrast, T cells from the SEB-treated wild-type
mice were refractory to restimulation. These results show that
Bcl-3 KO T cells did not show an abnormal tendency to anergy
and, if anything, they were better able to proliferate even when
activation occurred without adjuvant.

The surviving Bcl-3 KO CD8 T cells produce less LPS-
dependent IFN-y during in vitro restimulation cultures. To
determine if effector pathways could be defective in Bcl-3 KO
mice, IFN-y production was analyzed. IFN-vy is especially im-
portant in mediating a range of cellular immune effects which
include antibody isotype switching, cytotoxic T lymphocyte ac-
tivity, and resistance to intracellular pathogens, all of which
have been shown to be defective or diminished in Bcl-3 KO
mice (9, 31). Therefore, we tested the surviving T cells from
mice treated with SEB with or without LPS to determine the
effect, if any, that Bcl-3 deficiency had on the ability of T cells
to produce IFN-vy following restimulation. Spleen cells har-
vested from Bcl-3 KO and wild-type mice 3 or 7 days after
treatment were cultured with SEB for a total of 48 h, at which
time the level of IFN-y-producing cells was assessed. As shown
in Fig. 4A, CDS8 T cells from Bcl-3 KO mice were not respon-
sive to LPS at the level of adjuvant-dependent IFN-y produc-
tion. That is, wild-type CD8 T cells showed increased IFN-y
production upon restimulation if SEB plus LPS, but not SEB
alone, had been used during the initial activation in vivo. The
response of Bcl-3 KO CDS8 T cells that had been primed with
SEB plus LPS was the same as that of SEB-primed mice (Fig.
4A, right), indicating that the IFN-y-enhancing adjuvant effect
of LPS was impaired in CD8 T cells that were unable to express
Bcl-3. Therefore, Bcl-3 was uniquely required for LPS-depen-
dent increase in IFN-y production in restimulated CD8 T cells.

In addition, no LPS-dependent increase in the IFN-y-spe-
cific mean fluorescence intensity (MFI) was noted in the CD8™
VB8™ cells from Bcl-3 KO mice on day 7 after treatment when
compared to untreated KO CD8* VB8™ cells (Fig. 4B and C).
A slight, but significant, decrease in the IFN-y MFI was de-
tected in Bcl-3 KO cells obtained after 7 days of in vivo treat-
ment in SEB plus LPS compared to wild-type cells (Fig. 4B,
right). These data show that a Bcl-3-dependent mechanism is
important for the retention of the ability to produce increased
levels of IFN-y by CD8 T cells upon exposure to the same
antigen that is usually observed in antigen- plus adjuvant-ex-
perienced T cells.

The defective LPS responsiveness of Bcl-3 KO cells to re-
stimulation was complex, however, because their IFN-y pro-
duction immediately after priming was strong (Fig. 4A, left).
The frequency of IFN-y-producing VB8* CD8 T cells was, in
fact, higher than that of wild-type cultures, which could possi-
bly be an indirect result of the larger burst size that was ob-
served at this same day 3 time point (Fig. 1A). Whatever the
cause, the fact that IFN-y production was robust indicates that
Bcl-3 is not fundamentally required for IFN-y transcription
under all conditions but may instead play a regulatory role that
influences adjuvant responsiveness.

When VB8* CD4 T cells from the same cultures were as-



VoL. 74, 2006

A

Bcl-3 CONTRIBUTES TO IFN-y PRODUCTION

4185

100, CDB* V(8 . 4, CD8* V(8
*
75 N 3 .
450 %]
25 1)
0
media | +SEB| media| +SEB - media +SEB| media +SEB  in vivotreatment
o [
E i e 2 wWT KO [] none
© 2 [ EE
s
= froo. CD4+V(8 # | 3 CD4+V(R8 Q
= @ SEB+LPS
=
-
(133
media +SEB| media +SEB media +SEB| media +SEB
WT KO WT KO
C.
21 e
<1 WTCD8 ¢l WT CD4
8 CE
“3__ Mo 9 3|7 |16)151 4132 "‘"3_ |1l |1ﬂ|9|8|?|5|5|¢|3|2| hone
384 N 384 [T TTTTTT T D
84 &
] 2_5 Y [] see
c’1-0’:' 10! 102 109 104 Q:oo 10! 102 10° 104 |:| SEB+LPS
CFSE CFSE
=L 23
g KO CD8 g4
s-i 8
“3.1 |1| |IU|9|3|T|6|5|¢|3|2 "‘9.
§3-: =
83 =5
o3 o ]
100 10° 10! 10° 104

10°
CFSE

FIG. 3. Bcl-3 KO T cells do not become anergic after stimulation with SEB. Spleen cells were harvested 7 days after in vivo activation with SEB
alone or with LPS and from untreated control mice, labeled with CFSE, and cultured in the absence (media) or presence of 100 ng/ml SEB
(+SEB). Cultures were harvested after 4 days, and the cells were stained for VB8 TCR, CD4, and CDS8 and analyzed for the percentage of surviving
cells that had divided while in culture (A) and the average number of cell divisions undergone in each culture (B). Asterisks indicate P values of
<0.05 compared to cells from naive controls in 2-tailed paired sample tests. Results shown are averages = standard deviations of four individuals
per group obtained from two separate experiments. (C) Examples of the CFSE division profiles for VB8™* CD8 or CD4 cells from WT or KO cells
cultured with SEB for 4 days. Gray: untreated cells; dark line: SEB only; thin line: SEB plus LPS in vivo. Brackets indicate the bins for determining
the number of cell divisions.
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FIG. 4. Bcl-3 KO CD8 T cells lack adjuvant-dependent IFN-y recall responses. (A) CD8 T cells from untreated control mice (no txt) or from
mice treated in vivo for 3 days (d3; left panels) or 7 days (d7; right panels) with SEB with or without LPS were assessed for their ability to express
IFN-y in response to in vitro restimulation for 48 h with 100 ng/ml SEB. (B) The IFN-y-specific MFI of CD8" VB8 TCR™ cells cultured as
described for panel A. Data for panel A are means = standard errors of the means (SEM) of 5 to 6 (day 3) or 10 to 12 (day 7) individual mice.
Data in panel B are means = SEM from three individual splenic cultures from one of either two (day 3) or four (day 7) similar experiments
performed. Asterisks denote P values of <0.05 when comparing values for Bcl-3 KO cultures to wild-type cultures. (C) Representative dot plots
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TCR™" population and the values for IFN-y-specific MFI are listed in the upper right corners. Each plot represents a culture from an individual
mouse treated as described from one representative experiment of four performed with two treated animals per group. This experiment was distinct

from those shown in panels A and B.

sessed for IFN-y production, the percentage of IFN-y™ cells
was greater in cells from both wild-type and Bcl-3 KO mice
treated with SEB alone or plus LPS at both the day 3 and day
7 time points (Fig. 5A). Although the IFN-y MFI in the CD4
T cells from untreated wild-type and Bcl-3 KO mice are sim-
ilar, CD4 T cells from SEB- plus LPS-treated Bcl-3 KO mice
had a significantly lower IFN-y MFI than those from similarly

treated wild-type mice on day 7 after treatment (Fig. 5B),
suggesting that, although the proportion of activated CD4 cells
producing IFN-y was not affected in Bcl-3 KO mice, IFN-y
production in Bcl-3 KO CD4 cells was lower. We also stained
CD4 T cells from SEB-restimulated cultures for IL-4, but it
was not detected on a consistent basis (data not shown). To-
gether, these data indicate that Bcl-3 is an important factor in
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FIG. 5. IFN-y production by Bcl-3 KO CD4 T cells is unimpaired. As described in the legend to Fig. 4, CD4 T cells from untreated control
mice (no txt) or from mice treated in vivo for 3 days and 7 days with SEB alone or SEB plus LPS were assessed for their ability to express IFN-y
in response to in vitro restimulation for 48 h with 100 ng/ml SEB. Percentages of IFN-y™ T cells were increased in VB8 TCR™* CD4 populations
from WT mice when harvested on day 3 and from WT and KO mice when harvested on day 7 (A). The MFI of the IFN-y stain in the positive
population is also shown for day 3 and day 7 (B). Data for panel A are means = standard errors of the means of 5 to 10 individual spleen cell
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from one of two (day 3) or four (day 7) similar experiments. Asterisks denote P values of <0.05 when comparing values for Bcl-3 KO cultures to
those for wild-type cultures. Cultures are the same as those used for Fig. 4.

maintaining the IFN-y-secreting effector function of previously
activated CD8 T cells, but no significant Bcl-3-dependent
changes were noted in the cytokine expression in CD4 T cells.

DISCUSSION

Through the course of this study, we consistently observed
that the in vivo treatment of Bcl-3 KO mice with SEB plus
adjuvant yielded increased cell numbers compared to SEB
treatment alone. The numerative increases, however, were not
accompanied by increases in IFN-y production by CD8 T cells.
This pattern indicates that the susceptibility to infection of
Bcl-3 KO mice is more likely explained by inadequate T-cell
effector functions than insufficient numbers of surviving patho-
gen-specific T cells. Although the Bcl-3 KO mice do not have
an absolute defect in IFN-y production, the decrease in IFN-y-
expressing CDS8 T cells is the most striking and reproducible
difference observed between the in vivo-activated Bcl-3 KO
and wild-type T cells. The frequency of cells producing IFN-y
upon restimulation was markedly decreased in the LPS-treated
Bcl-3 KO CDS8 T cells, as was the amount of IFN-y produced
per cell. Zhou et al. have shown that the IFN-y gene is asso-
ciated with hyperacetylated histone 4 in CD8 T-cell cultures
primed and maintained under Tcl conditions (IL-12, anti-IL-4
MADb) and that hyperacetylation leads to increased production
of IFN-y compared to CDS8 T cells cultured in neutral condi-
tions (39). This study further showed that histone deacetylase
(HDAC) inhibitors increased IFN-y production under condi-
tions of neutral stimulation. Bcl-3 has been shown to either
enhance or antagonize the activity of different HDAC mole-
cules, depending on the cell type (14, 29, 37). Therefore, Bcl-
3-dependent antagonism of HDAC activity could explain why

IFN-y production is decreased but not totally eliminated in the
Bcl-3-deficient CDS cells during restimulation cultures.

The decrease in CD8-specific IFN-y response upon restimula-
tion of Bcl-3 KO spleen populations indicates that there could be
a defect in memory CD8 T-cell formation. However, we have not
noted a difference in the memory phenotype of the total T-cell
populations comparing Bcl-3 KO cells to wild-type cells in either
the spleen or bone marrow (data not shown). Superantigen acti-
vation in the presence of LPS is perhaps not the most useful
model to assay the development or maintenance of memory T
cells for two reasons. First, thymic production eventually replen-
ishes the periphery with naive V8™ T cells, and second, VB8 T
cells represent a very large percentage of the total T-cell reper-
toire, from 25% in untreated mice to 35 to 40% in the SEB- plus
LPS-treated mice (Fig. 1). It has been recently reported that the
development of memory T-cell populations is dramatically influ-
enced by the initial precursor frequency of the antigen-specific T
cells (17). This report shows that the antigen-presenting cell-to-
responding T-cell ratio is critical to the development of stable
effector memory T cells, presumably because competition for
presented antigen limits divisions. Therefore, more appropriate
studies are required to assess the effect of Bcl-3 deficiency on
generation of T-cell memory.

Our data showing that maximal IFN-y production by anti-
gen-experienced CD8 T cells is dependent on Bcl-3 may con-
flict with those of Corn et al. (7). In their recent report, they
showed Bcl-3-dependent Th2 differentiation during in vitro
culture, not Th1, as would be expected in light of our results.
Moreover, Bcl-3 KO CD4 cells showed normal Thl polariza-
tion in their in vitro study (7). However, lineage-specific T-cell
differences in the requirements for IFN-y production have
been previously demonstrated. At the promoter level, IFN-y
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transcription in CD4 cells can be driven by two separate pro-
moter elements, proximal (—70 to —47 bp) and distal (=92 to
—72), while CD8 cells only utilize the distal element (1). CD4
cells depend on Stat4 activity to produce IFN-y after TCR
engagement, but CDS cells do not (5). Another difference is
that CD4 cells require T-bet to maintain histone hypermeth-
ylation of the IFN-y promoter region in differentiated Thl
cells (2), whereas CD8 cells can use either T-bet or eomeso-
dermin (27). Therefore, CD4 and CDS cells do not utilize the
same mechanisms to regulate IFN-y expression.

Although our CD8 IFN-vy data seem different from those of
Corn et al., we have similar results in our in vitro studies of the
surviving CD4 cells from SEB- plus LPS-treated Bcl-3 KO
mice. No significant differences in the percentage of ITFN-y*
cells were observed in the CD4 populations from Bcl-3 KO
mice compared to wild-type mice. We observed a slight but
significant decrease in the IFN-y-specific MFI of Bcl-3 KO
CD#4 cells, and they reported a nonsignificant decrease in MFI
compared to wild-type CD4 cells (7). The differences between
data reported by Corn et al. and ours may therefore be ex-
plained by relatively modest changes in experimental method.
For example, we used superantigen in vivo to activate T cells,
while they used peptide in vitro. Further experimentation will
show whether our results are truly in conflict or whether Bcl-3
simply has different functions in CD4 versus CD8 cells.

The finding that Bcl-3 is not required to rescue adjuvant-
activated T cells from clonal contraction was initially surprising
because Bcl-3 expression in activated T cells is directly corre-
lated with survival in the same type of model system (22, 23).
Bcl-3 transcripts are markedly increased in antigen- plus adju-
vant-activated T cells compared to T cells activated with anti-
gen alone. Further, the ectopic expression of Bcl-3, or even a
minimal domain of Bcl-3 (24), in antigen-activated T cells
confers a survival advantage without adjuvant exposure both in
vivo and in vitro. Valenzuela et al. also showed that the IL-12-
mediated increase in activated CD8 T-cell survival is depen-
dent on Bcl-3 expression (34). Therefore, multiple lines of
evidence have shown that Bcl-3 is sufficient to ensure survival
of activated T cells. Although we observed no difference in the
net clonal expansion (day 7) with adjuvant in the Bcl-3 KO
mice, there is an apparent deficit in adjuvant-induced survival
in the T cells that is discernible when the day 7 cell numbers
are compared to peak clonal expansion cell numbers (day 3;
Fig. 1). Moreover, the Bcl-3 KO T cells exhibit a decrease in
survival after peak expansion when cultured ex vivo under
growth factor withdrawal conditions compared to wild-type T
cells (Fig. 2B). Together, these data indicate that Bcl-3 is an
adjuvant-induced survival factor, but its modes of action are
more complicated than initially expected.

Our data also show that Bcl-3 may not be absolutely re-
quired for survival because it is redundant to other similar
factors. Goudeau et al. have demonstrated that control of
NF-kB activity via other IkB molecules is required for T- and
B-cell survival in vivo (11). This report and others also dem-
onstrated reciprocal increases in IkBe expression in IkBa KO
mice. Additionally, IkBa and IkBp were increased in various
tissues in the IkBe-deficient mice (21, 38); thus, the mild phe-
notype observed in IkBe KO mice suggests that compensatory
functions exist within the IkB family (21). Transcript levels of
other IkB family molecules were also increased in the gene
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array screens comparing antigen- plus adjuvant-activated T
cells to antigen-only-activated T cells (23). Therefore, the re-
dundancy built into the IkB molecule family supports the pos-
sibility that multiple members of the family could function in
place of Bcl-3 to direct survival of adjuvant-activated T cells.
Indeed, our results demonstrated the ability of forced expres-
sion of IkB molecules to rescue antigen-only-activated T cells
from death, similar to Bcl-3 expression. A recent report by
Mittal et al. has shown that the preferential decrease of NF-«xB
p65 from the nucleus of activated T cells accompanied by the
retention of c-Rel in the nucleus correlated with the kinetics of
T-cell death after activation. Our laboratory has shown previously
that expression of c-Rel in activated T cells leads to increased cell
death (24). Mittal et al. suggest that the high affinity of IxB
molecules for p65 leads to its nuclear export and a decrease in
expression of the p65-associated antiapoptotic proteins. They fur-
ther suggest that increased expression of IkB molecules could
lead to a delay in cell death by increasing the amount of IkB
available to bind c-Rel, thereby decreasing the expression of pro-
apoptotic proteins (25). It is possible that the survival effect we
found when expressing various IkB family members is attribut-
able to their ability to remove c-Rel from the nucleus.

Because T-cell activation in the absence of adjuvants can
lead to functional anergy or tolerance of T cells (15, 35, 36) and
because Bcl-3 is associated with survival and effector function
of T cells when stimulated in the presence of adjuvants and/or
IL-12 (12, 22, 23, 34), we also assessed the ability of the cells
that had survived the day 7 treatment with SEB in the absence
and presence of LPS to proliferate during in vitro restimula-
tion with SEB. A lack of response in vitro would have indicated
the emergence of nonresponsive cells in the surviving popula-
tion, even in the face of normal levels of survival after activa-
tion. However, the surviving Bcl-3 KO T cells showed no defect
in proliferation detected upon in vitro restimulation. Similar
percentages of cells entered the cell cycle, and these cells went
through nearly the same average number of cell divisions as the
wild-type T cells. Therefore, Bcl-3 KO T cells do not become
anergic in this model system.

One difference in the proliferation patterns observed was
that the cells from Bcl-3 KO mice that had received SEB alone
proliferated much more than their wild-type counterparts. In
fact, the Bcl-3 KO cells stimulated with SEB alone proliferated
almost exactly as much as wild-type cells stimulated with SEB
plus LPS. This LPS-independent proliferation was observed in
both CD4 and CDS8 T-cell populations. Proliferation in the
cultures from wild-type mice that received only SEB was de-
creased slightly compared to untreated wild-type mice and was
markedly lower than that exhibited by wild-type cells that had
seen SEB plus LPS in vivo, indicating establishment of a tol-
erant population that survived in wild-type mice after receiving
only SEB. Although we cannot, at present, determine why
more SEB-surviving cells proliferated in the Bcl-3 KO cultures,
we can conclude that SEB treatment of Bcl-3 KO mice in the
absence of adjuvant does not result in induction of tolerance in
the surviving T-cell population.

With these results, we have demonstrated that, although Bcl-3
may be sufficient to mediate survival of antigen-activated T cells,
it is not always required for adjuvant-induced survival of activated
T cells, as was true for IL-12-increased survival (34). It is likely
that other IkB family members act in a redundant manner in the
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absence of Bcl-3 to ensure survival of T cells that have been
activated in the presence of adjuvant. Most importantly, Bcl-3 is
required for the LPS-associated increase of IFN-y by previously
activated CD8 T cells during an effector recall assay.
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