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Abstract
Cholera toxin (CT), a powerful mucosal adjuvant, is a potent inducer of Th2-type responses via activation of co-stimulatory molecules
for the induction of IgA antibody responses. Less appreciated is the ability of CT to induce and regulate cytotoxic T lymphocyte (CTL)
responses. In order to help for clarifying mechanisms underlying the CTL-inducing ability of CT, we have examined the effects of CT
on dendritic cells (DCs) that could lead to the induction of cytotoxic CD8+ T cells. When bone marrow-derived DCs (BM-DCs) were
cultured with CT in vitro, B7-1 but not B7-2 molecules were significantly enhanced and allogenic CTL responses were induced. Also,
increased numbers of IFN-␥-secreting CD8+ T cells were elicited when CT-treated BM-DCs were co-cultured with allogenic CD8+ CTLs.
Antibody blockade of B7-1 on CT-treated BM-DCs suppressed allogenic CTL responses, further indicating the importance of CT-induced
B7-1 molecules on DCs for the acquisition of cytolytic function by CTL precursors. CD40 signaling was proven not necessary for the
CT-induced CTL response since CT-treated CD40−/− BM-DCs developed CTL responses equivalent to those detected in CT-treated
BM-DCs derived from normal mice. Our results suggest that CT-treated DCs are effective inducers of CD8+ CTL, and this induction is
mediated through CT’s ability to enhance B7-1 expression on DCs.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
The induction of potent immune responses in vaccination requires adjuvant to deliver danger/stimulation signals
to dendritic cells (DCs) [1]. The activation of DC is crucial
in the initiation of many adaptive immune responses, including lymphocyte-mediated immunity via pattern-recognition
innate immunity. DCs are potent antigen-presenting cells
(APCs) that initially recognize danger signals via an array of
pattern-recognition molecules for the subsequent induction
of acquired immunity through internalization and processing of foreign infectious antigens [1]. DCs usually exist in
a quiescent state in most tissues, but certain stimuli, such as
microbial products (e.g. LPS) and inflammatory cytokines
(e.g. TNF-␣), trigger the DCs to become mature or activated
[2]. During the maturation process, DCs undergo numerous
phenotypic and functional changes: a redistribution of the
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major histocompatibility complex (MHC) from intracellular
endocytic compartments to the cell surface, down-regulation
of antigen internalization, increase in the surface expression of co-stimulatory molecules, and morphologic changes
[2–4].
Cholera toxin (CT), a powerful mucosal adjuvant produced by Vibrio cholerae, can support the induction of
antigen (Ag)-specific secretory-IgA (S-IgA) and serum IgG
antibody (Ab) responses to co-administered protein after
oral or nasal immunization [5–8]. Some evidence indicates
that CT exerts its adjuvanticity through action on APCs,
including DCs and macrophages: two independent groups
have reported that CT-treated human monocyte-derived DC
enhanced Th2-dominated T cell responses via suppression
of IL-12 production and up-regulation of co-stimulatory
molecules [9,10]. Also, CT induced the expression of the
co-stimulatory molecule B7-2, which is responsible for
Th2 priming [11,12] on murine B cells and macrophages
in vitro [13,14]. Results of earlier studies suggested that
the mucosal adjuvanticity of CT is closely associated with
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ADP–ribosyltransferase activity [7], but we have reported
that a single amino acid substitution-mutant of CT (S61F
and E112K), lacking ADP–ribosyltransferase-activity, retained adjuvanticity [15–17].
In addition to CT’s well-known role in inducing Th2-type
immune responses [8,16,18], CT also is capable of supporting cytotoxic T lymphocyte (CTL) responses [19–22]. CTLs
are critical in controlling viral infectious diseases and may
enhance protective immunity against mucosally transmitted viral pathogens [23]. The differentiation of naı̈ve CD8+
CTL into effector cells is thought to require at least two signals. The first is provided during the engagement of the T
cell receptor (TCR) with the peptide/MHC class I on APCs.
The second is provided by the interaction between accessory molecules, such as CD28 on the surface of CD8+ T
cells, and the ligands B7-1 or B7-2 on the APCs [24,25].
Ligation of CD28 by B7 molecules provokes the release of
IL-2 from Ag-specific CD8+ T cells, leading to the cells’
acquisition of cytolytic capability [26,27].
The cellular and molecular mechanisms responsible for
CT’s adjuvant effects, especially on CTL, are still poorly
understood. To help define some of these mechanisms, we
have herein examined the contribution of CT-treated DCs
for the generation of CTL responses.

plus 10% FCS, 20 mM HEPES, sodium pyruvate, ␤-mercaptoethanol, penicillin–streptomycin, 10 ng/ml granulocyte–monocyte–colony-stimulating factor (GM–CSF) (BD
Pharmingen, San Diego, CA) and 5 ng/ml IL-4 (PeproTech,
London, UK) [3]. At days 2 and 4, nonadherent cells were
removed, and fresh medium with the cytokines was added.
At day 6, nonadherent cells were harvested and used as
immature BM-derived DCs (BM-DCs). Because of variability in the level of constitutive activation as well as in
stimulation, each experiment had its own positive (LPS)
and negative (untreated) controls; results were compared
only within and not between experiments. Thus, BM-DCs
were then cultured with CT (10 ng/ml), LPS (1 g/ml) or
medium only. Concentration of CT (10 ng/ml) and LPS
(1 g/ml) was selected based on the previous studies [3,9].
Also, we found this concentration of CT had no effect on
the viability of BM-DCs. Further, biological activity of the
dose of CT used in this study was confirmed by the suppression of TNF-␣ production from LPS-treated BM-DCs
(data not shown; 9). Splenic lymphocytes were co-cultured
with the CT- or LPS-stimulated allogenic BM-DCs for 3–5
days in 12-well culture plates and harvested for phenotypic
analysis, intracellular cytokine expression and cytotoxicity
(see below).
2.4. Cytotoxicity assay

2. Materials and methods
2.1. Mice
BALB/c and C57BL/6 mice were purchased from Japan
Clea Co. (Tokyo, Japan). CD40−/− mice of C57BL/6 background were obtained from Jackson Laboratory (Bar Harbor,
ME). All mice were maintained in the experimental animal
facility at the Research Institute for Microbial Diseases, Osaka University (Osaka, Japan).
2.2. Antibodies (Abs) and adjuvants
The following Abs, all of which were purchased from
BD PharMingen (San Diego, CA), were used in this study:
FITC-anti-CD11c (HL3), PE-anti-B7-1 (16-10A1), PEanti-B7-2 (GL1), FITC-anti-CD40 (HM40-3), FITC-antiIFN-␥, (XMG1.2), PE-anti-TNF-␣ (MP6-XT22), PE-antiIL-12(p40/p70) (C15.6), Cy-Chrome-anti-CD4 (RM4-5),
Cy-Chrome-anti-CD8␣ (53-6.7), PE-rat IgG1 (R3-34),
anti-CD16/CD32 (2.4G2), anti-CD3ε (145-2C11) and
anti-CD28 (37.51). CT was obtained from List Biologic
Laboratories (Campbell, CA), and LPS (Escherichia coli
026:B6) was purchased from Sigma (St. Louis, MO).
2.3. DC culture
Bone marrow (BM) cells were removed from the femurs
of mice and depleted of erythrocytes by hypotonic lysis.
BM cells were cultured for 6 days in RPMI medium

The cytotoxicity mediated by CTL generated in mixed
lymphocyte culture (MLC) was measured by use of a 51 Crrelease assay, as described [28]. Briefly, H-2d -specific cytotoxicity was determined, using BALB/c-derived P815 mastocytoma cells (H-2d ) as target cells. As control, C57BL/6derived EL4 cells (H-2b ) were used. Different numbers of effector cells were cultured with 51 Cr-labeled target cells (1 ×
104 cells per well) for 5 h at the indicated E:T ratio in 200 l
of complete RPMI medium in 96-well round-bottom plates.
After 5 h incubation, 100 l of supernatant from triplicate
cultures were collected and the level of 51 Cr-release was
counted. The percent cytotoxicity was calculated according
to the formula: (experimental release − spontaneous release)
/ (maximum release − spontaneous release) × 100, where
spontaneous release represents the counts obtained when the
target cells were cultured in medium in the absence of effectors and maximum release represents the counts obtained
when the target cells were lysed with 1% Triton X-100.
2.5. Intracellular cytokine assay
For intracellular cytokine analysis, cells were restimulated with soluble anti-CD28 mAb (2 g/ml) in 24-well
flat-bottomed plates coated with anti-CD3 mAb (10 g/ml)
for 4 h in the presence of GolgiStop (BD PharMingen). Cytoplasmic staining was performed, using Cytofix/Cytoperm
Kits (BD PharMingen). Specific mAb-labeled cells were
analyzed in a flow cytometry analysis, using FACScalibur
(Becton Dickinson, San Jose, CA).
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2.5.1. In vitro blocking studies with anti-B7-1 mAb
After stimulation with CT or LPS, BM-DCs were washed
in cold PBS and incubated on ice for 30 min in the presence of 25 g/ml of purified anti-B7-1 mAb (1G10; BD
PharMingen), anti-B7-2 mAb (GL1; BD PharMingen) or
control monoclonal Ab rat IgG2a (R35-95; BD PharMingen) [29]. DCs were then washed in cold PBS and the conventional MLC assay for generation of CTL, as described
above, was conducted.
3. Results
3.1. CT enhanced B7-1 expression on BM-DCs
Since several studies have demonstrated that CT influences the expression of B7 molecules on professional APCs
[10,13,14], we initially determined the effects of CT on
BM-DCs. BM-DCs were co-cultured with 10 ng/ml of CT
for 24 h and analyzed for expression of the co-stimulatory
molecules B7-1, B7-2 and CD40. As illustrated in Fig. 1, CT
enhanced B7-1 expression on the BM-DCs as early as 24 h
but did not induce expression of B7-2 or CD40. In contrast
to stimulation with CT, stimulation with LPS up-regulated
B7-2 and CD40 as well as B7-1. Thus, in these in vitro conditions, CT was a potent, rapid and specific inducer of B7-1
on BM-DCs.
3.2. Induction of allogenic CTL responses by CT-treated
BM-DCs
A recent study has shown that co-stimulatory signals provided by B7-1 molecules are important for the acquisition of
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cytolytic capacity by CD8+ T cells [29]. Therefore, we next
evaluated whether CT-treated BM-DCs could enhance CTL
responses. To minimize the possibility of experimental error introduced by contamination with Ag-derived endotoxin,
we employed an allogenic CTL assay system. Splenic lymphocytes from C57BL/6 (H-2b ) mice were co-cultured with
allogenic BM-DCs (H-2d ) which had been preactivated with
CT or LPS for 24 h. After 5 days cultivation, live cells were
harvested and a standard CTL assay was performed, with
P815 mastocytoma cells (H-2d ) as target cells. As shown in
Fig. 2A, CT significantly enhanced the ability of DC to induce a CTL response against the P815 cells, and the level
of the CTL response was comparable to responses induced
by LPS. The results of these in vitro experiments suggested
that CT can provide stimulation signals for the induction of
CTL responses.
3.3. High levels of IFN-γ production by CT-treated
BM-DCs stimulated splenic CD8+ T cells
A direct correlation between IFN-␥ synthesis and
CTL activity by CD8+ T cells has been established
[30]. Thus, we next measured IFN-␥ synthesis by CD8+
T cells co-cultivated with CT-treated BM-DCs. Intracellular cytokine analysis showed that the frequency
of IFN-␥-producing CD8+ T cells was greater in the
co-cultures containing CT-treated BM-DCs than in those
containing untreated BM-DCs (Fig. 2B). The IFN-␥ secreting CD8+ T cells simultaneously produced TNF-␣. The frequency of CD8+ T cells producing IFN-␥ and TNF-␣ (double positive) induced by CT-treated BM-DCs was similar
to the frequency induced by LPS-treated DCs. As expected,
the frequency of IFN-␥-producing CD4+ T cells also was
increased in the presence of CT or LPS-treated BM-DCs.
The net results of these experiments indicate that the CTL
response resulting from CT’s activation of BM-DCs is
ultimately mediated by IFN-␥ producing CD8+ T cells.
3.4. Blocking of B7-1 on CT-treated DCs suppressed
allogenic CTL responses

Fig. 1. CT selectively up-regulates membrane expression of B7-1 on
immature DCs. BALB/c bone marrow-derived DCs (BM-DCs) were grown
for 6 days; then CT (10 ng/ml) or LPS (1 g/ml) was added to the
wells for an additional 24 h incubation. Cells were then collected and
first stained for the DC-specific marker CD11c, then stained for B7-1,
B7-2 and CD40 by use of respective mAbs conjugated with appropriate
fluorescence dyes. The data were electronically gated for CD11c+ cells
and are representative of four separate experiments. Numbers in histogram
represent the percentage of positive cells.

Our results thus far suggested that CT initiated allogenic
CTL responses by its ability to enhance the expression of
B7-1 on BM-DCs. To confirm this possibility, we performed
blocking experiments with anti-B7-1 mAb, anti-B7-2 mAb
or isotype control mAb (rat IgG2a). BM-DCs treated with
either CT or LPS were incubated with optimal concentration of anti-B7-1 or anti-B7-2 mAb prior to the MLC assays.
The anti-B7-1 antibody pretreatment of CT-treated BM-DCs
resulted in the significant reduction of allogenic CTL responses (Fig. 3A). In case of anti-B7-2 antibody treatment,
the level of CTL activity was slightly decreased. In contrast
to CT-treated BM-DCs, neither anti-B7-1 nor anti-B7-2 influenced on the LPS-treated BM-DCs (Fig. 3B). These findings further implicated B7-1 expression induced on DCs by
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Fig. 2. Induction of IFN-␥ producing CD8+ CTLs by CT-treated BM-DCs. (A) CT enhances the ability of allogenic DCs to induce CTL responses.
C57BL/6 mouse spleen cells (H-2b ) were stimulated with BM-DCs (䉱), CT-treated BM-DCs (䊉) or LPS-treated BM-DCs (䊏) derived from BALB/c
BM (H-2d ) in MLC for 5 days. Cells were harvested from the MLC and examined for their cytotoxicity against P815 (H-2d ) cells in a 5 h 51 Cr-release
assay. (B) CT-treated allogenic BM-derived DC enhanced the frequency of IFN-␥ producing CD8+ T cells. Intracellular staining of TNF-␣ and IFN-␥
was carried out as described in Section 2. Numbers represent the percentage of cells in each quadrant. The results shown are representative of three
separate experiments.

CT in the acquisition of cytolytic function by CD8+ CTL
precursors.
3.5. CD40 signaling is not necessary for the induction of
CTL responses by CT
Although signaling through CD40–CD40L interaction
is one of the important co-stimulatory pathways for enhancement of cytotoxic responses and IFN-␥ production
by CTLs [31,32], CT failed to induce CD40 expression on
BM-DCs in vitro (Fig. 1). To verify that CT treatment did

not lead to enhanced CTL activity via a CD40-dependent
pathway, we performed CTL assays and measured IFN-␥
production in experiments using CD40-deficient BM-DCs
pre-treated or not pre-treated with CT. CTL and intracellular IFN-␥ analyses showed that the CTLs killing activity
and IFN-␥ production were maintained after co-culture with
CT-treated allogenic CD40-deficient BM-DCs, but not with
LPS-treated allogenic CD40-deficient DC (Fig. 4A and B).
These data are evidence that CD40–CD40L co-stimulation
signals were not involved in the CT-induced CTL
responses.

Fig. 3. Blocking of B7-1 on CT-treated DCs suppressed the induction of allogenic CTL responses. BM-DCs (H-2d ), treated with CT (A) or LPS (B),
were incubated with anti-B7-1 Ab (䉱), anti-B7-2 Ab (䊉) or rat IgG Ab (䊏) as isotype control, then co-cultured with C57BL/6 mouse spleen cells
(H-2b ) for 5 days. Cells were harvested from the MLC and examined for their cytotoxicity against P815 (H-2d ) cells by use of 5 h 51 Cr-release assay.
The results shown are representative of three separate experiments.
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Fig. 4. Induction of IFN-␥ producing CD8+ CTLs by CT-treated CD40-deficient DCs. (A) BALB/c mice spleen cells (H-2d ) were stimulated with
BM-DCs (䉱), CT-treated BM-DCs (䊉) or LPS-treated BM-DCs (䊏) derived from CD40−/− mice (C57BL/6 background) BM (H-2b ) for 5 days. Cells
were harvested from the MLC and examined for their cytotoxicity against EL4 (H-2b ) cells by use of 51 Cr-release assay. (B) Intracellular staining of
IFN-␥ was carried out as described in Fig. 2 legend. The bars represent mean ± S.E. of triplicate samples.

4. Discussion
CT is an effective mucosal adjuvant which elicits classical
IL-4-mediated Th2-type immune responses for the induction
of systemic IgG and mucosal IgA Ab responses [8,16,18].
CT also has been a useful adjuvant for the induction of CTL
responses [20,21], which are not normally associated with
strong Th2-type immune activity. In order to help for defining mechanisms involved in the induction of CTL responses
by CT, we have explored the effects of CT on B7-1 and B7-2
expression on DCs since the previous studies had shown that
these co-stimulatory molecules are involved in CT’s adjuvant effects [13,14,33]. We focused on DCs because these
cells are effective professional APCs for the stimulation of
naı̈ve T cells to initiate primary Th1, Th2 and CTL immune
responses [34].
Our results showed that CT rapidly and specifically enhanced the expression of B7-1 on murine BM-DCs in vitro
(Fig. 1). Since B7-1 molecules can enhance CTL activity
[29,35–37] and Th1 responses [11,12], we then addressed
the influence of CT-treated BM-DCs on the induction of
CTL responses and IFN-␥ production by CD8+ T cells
(Fig. 2). CT significantly enhanced the ability of BM-DCs
to induce CTL responses together with high levels of IFN-␥
synthesis, and did so via the preferential induction of B7-1
(Fig. 3).
In other work, the two co-stimulatory ligands B7-1 and
B7-2 have exhibited different functions: B7-2 preferentially
augmented responses associated with MHC class II epitopes, whereas B7-1 generated MHC class I-mediated CTL
responses [38]. Reportedly, CT stimulation of bone marrow macrophages and Mac-1+ cells isolated from Peyer’s
patches was associated with an increased expression of B7-2,
but not B7-1 [13,14]; it is not clear why CT significantly
up-regulated B7-1 on BM-DCs but up-regulated B7-2 on
macrophages, but perhaps CT-induced intracellular signaling pathway differs between DCs and macrophages.

CD4+ T lymphocytes play a central role in the regulation of both cell-mediated and humoral immune responses.
In general, helper signals provided by CD4+ T cells are essential for the induction and maintenance of CD8+ CTL responses [39], as illustrated by the finding that cell-associated
ovalbumin [40] and DNA vaccine [41] have required CD4+
T cells for the induction of CD8+ CTL. The CD4+ T cell
help is mediated through CD40L signaling of CD40 on
APCs [31,32]. In contrast to the CD4+ T cell requirement
for the generation of the CTL responses, CD4+ T cell help
was not critical in CTL responses to herpesvirus [42], or
the induction of CD8+ CTL responses by the injection of
class I binding peptides in complete Freund’s adjuvant [40].
Taken together, these findings indicate that CD4+ T cell
help provided via CD40L and CD40 is involved in the induction and maintenance of CTL responses. In our present
work, however, CT elicited CTL responses independent of
CD40L and CD40 molecules since CT-treated BM-DCs
from CD40−/− mice supported the induction of CTL responses (Fig. 4). Thus, activation signals provided by CT
may bypass the requirement of CD40L- and CD40-mediated
help from CD4+ T cells. This observation may imply that
the induction of CTL via CT-treated DCs could be useful in
tumor immunotheraphy because tumor cells lack available
class II-restricted antigenic determinants.
The cytokine IL-12 is essential for the generation of CTL
responses to mucosally delivered peptide immunogens [23],
and it has contributed to ovalbumin-specific CTL responses
induced by immune stimulating complexes [43]. A role for
IL-12 in the induction of CTL also is implied by the observation that the administration of exogenous IL-12 at the time
of immunization with either a recombinant protein [44] or
encoded in a DNA vaccine [45] enhanced the induction of
Ag-specific CTL responses. Although the co-administration
of CT has supported the generation of CTL responses [23],
CT also has inhibited Th1 immune responses by suppressing IL-12 production from human DCs [9,10]. In our work,
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perhaps CT-treated BM-DCs maintained a low-level of
IL-12 synthesis, sufficient for the generation of CD8+ CTL.
To this end, our recent preliminary result has demonstrated
that low levels of IL-12 are detected in BM-DCs treated
with CT associated molecules including CT-B and mutant
CT (E112K) (data not shown). In support of this view, less
IL-12 is required for the induction of CD8+ CTL than for
the generation of CD4+ Th1 responses [46,47].
In summary, in this work we have demonstrated that
CT provides adjuvant activity for the induction of CTL responses by specifically stimulating the expression of B7-1 on
DCs, resulting in the generation of IFN-␥ producing CD8+
CTLs. The possibility that these observations will be useful
in the application of CT adjuvanticity to the development of
viral vaccines and cancer therapy deserves investigation.
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