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Abstract: Cholera toxin (CT) is a potent vaccine
adjuvant when administered via parenteral, muco-
sal, or transcutaneous routes. It also inhibits innate
inflammatory responses induced by pathogen-de-
rived molecules, such as lipopolysaccharide (LPS).
We demonstrated previously that CT promotes the
induction of regulatory type 1 T cells (Tr1) as well
as T helper type 2 cells (Th2). T cells from mice
immunized with antigen in the presence of CT pro-
duced high levels of interleukin (IL)-10 and IL-5
and low levels of IL-4 and interferon-� (IFN-�).
Here, we demonstrate that immunization with an-
tigen in the presence of CT induced a population of
antigen-specific CD4� T cells that produced IL-10
in the absence of IL-4, in addition to cells that
coexpressed IL-4 and IL-10 or produced IL-4
only. CT-generated Tr1 cells inhibited antigen-spe-
cific proliferation as well as IFN-� production by
Th1 cells, and this suppression was cell contact-
independent. It is interesting that coincubation
with Th1 cells significantly enhanced IL-10 pro-
duction by the Tr1 cells. As IL-10 can promote the
differentiation of Tr1 cells, we investigated cyto-
kine production by dendritic cells (DC) following
exposure to CT. Previous data showed that CT can
modulate the expression of costimulatory mole-
cules and inhibit the production of chemokines and
cytokines, including IL-12 and tumor necrosis fac-
tor � and enhance IL-10 production. Here, we
show that CT synergizes with LPS to induce IL-6
and IL-1� in addition to IL-10 production by im-
mature DC. Therefore, CT may promote the in-
duction of Th2 and Tr1 cells in part via selective
modulation of DC cytokine production and co-
stimulatory molecule expression. J. Leukoc. Biol.
75: 756–763; 2004.
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INTRODUCTION

Cholera toxin (CT) from Vibrio cholerae is a member of the AB
class of bacterial toxins. It is composed of an enzymatically
active A subunit with adenosine-diphosphate (ADP)-ribosyl-

transferase activity that is responsible for toxicity and a pen-
tameric B oligomer (CTB) that is necessary for internalization
of the globular A subunit after binding to cell-surface receptors
[1–6]. In the case of mucosal immunization, specific interac-
tion of the B subunit with its receptor on epithelial cells is
necessary for uptake from the lumen of the gastrointestinal or
respiratory tract. Although CTB can bind to a number of
galactose-containing molecules, it binds with high affinity to
the glycosphingolipid, GM1-ganglioside [Gal(�1-3)GalNAc
(�1-4)(NeuAc(�2-3))Gal(�1-4)Glc(�1-1)ceramide; ref. 7]. CTB
also binds to GD1b-ganglioside but with a lower affinity [5].
Recent evidence indicates that the adjuvant activity of CT and
its ability to activate dendritic cells (DC) are dependent on its
specific interaction with GM1 ganglioside [8].

The CT A subunit is composed of a globular A1 domain and
an A2 domain that interacts with the B subunit. The ADP-
ribosyltransferase activity is facilitated following proteolytic
cleavage of the trypsin-sensitive loop between the two domains
and reduction of the disulphide bond [7]. The A1 fragment
enters the cytosol, and ADP ribosylates the stimulatory �
subunit of a guanosine 5�-triphosphate (GTP)-binding protein
(Gs) that causes permanent activation of the adenylate cyclase,
resulting in an elevation in intracellular cyclic adenosine
monophosphate (cAMP) concentration [6, 9]. The C terminus of
the A2 fragment contains a sequence motif associated with
retrieval of proteins from the trans-Golgi network to the endo-
plasmic reticulum [10]. This may be important in delivering
the A1 fragment to the correct cellular compartment [4]. The
basal ADP-ribosyltransferase activity of the toxin is enhanced
by interaction with GTP-binding proteins, known as ADP-
ribosylation factors [11]. These factors play a crucial role in
vesicular membrane trafficking and contribute to the mainte-
nance of organelle integrity and the assembly of coat proteins.

IMMUNOGENICITY AND ADJUVANTICITY
OF CT

CT is a powerful parenteral and mucosal immunogen; low
doses of the toxin can induce strong antitoxin, secretory, and
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systemic antibody responses [12]. In addition, immunization
with antigen in the presence of CT via parenteral, mucosal, and
transcutaneous routes results in substantial enhancement of
mucosal immunoglobulin A (IgA) and serum IgG responses to
the coadministered antigen [4]. CT also activates cellular im-
mune responses to coadministered antigens and enhances the
induction of CD4� T helper and class I-restricted cytolytic T
lymphocyte responses [13–15]. Most studies indicate that CT
promotes a strong T helper cell type 2 (Th2)-biased response to
itself and to bystander antigens. This conclusion is based on T
cell production of interleukin (IL)-4, IL-5, and IL-10 with little
interferon-� (IFN-�) [16–21] and is supported by evidence that
IgE [16, 18, 22] and higher titers of IgG1 than IgG2a [16, 18,
21–27] are induced after immunization with antigens in the
presence of CT. However, other studies have reported mixed
Th1/Th2 (with the production of IFN-� and IL-4) responses
following oral [28–30] and intranasal immunization [31] with
antigens in the presence of CT. Our data indicate that although
some IFN-� is produced, the response is Th2-biased, but in
addition, CT induces a population of IL-10-producing T cells
that have regulatory activity.

INDUCTION OF ANTIGEN-SPECIFIC
REGULATORY T CELLS BY CT

Although CT is able to activate the production of a number of
cytokines associated with Th2 and to a lesser degree, Th1 cells,
it also induces a population of IL-10-producing T cells with
suppressor activity. T cell lines established from the spleens of
mice immunized with antigens in the presence of CT secreted
variable concentrations of the cytokines IL-4, IL-5, and IL-10.
Antigen-specific T cell clones established from these lines
included clones that produced IL-10 in the absence of IL-4
[32]. This is consistent with a number of studies that have
reported that type 1 T regulatory (Tr1) cells secrete high levels
of IL-10 but in addition, may also secrete IL-5, with low or
undetectable IL-4 [33, 34]. To demonstrate that distinct pop-
ulations of antigen-specific IL-4- and IL-10-secreting T cells
were generated in vivo, intracellular staining was performed on
T cells from spleens of mice immunized subcutaneously with
antigen in the presence or absence of CT (Fig. 1). Immuniza-

tion of mice with KLH alone or in the presence of CT resulted
in the induction of CD4� T cells producing IL-4 and IL-10.
However, there was a considerable increase in the percentage
of IL-10-producing CD4� T cells in the mice immunized with
KLH in the presence of CT. Although some of these CD4� T
cells produced IL-4 and IL-10, there was a large population of
CD4� T cells that produced IL-10, independently of IL-4. The
phenotype and ontogeny of these IL-10-producing, antigen-
specific CD4� T cells are uncertain at present, but these may
represent a distinct T cell population. Tr1 cells may arise from
naı̈ve cells in lymph nodes following presentation by DC, in
which IL-10 production is enhanced, and IL-12 production is
inhibited [32, 33]. Alternatively, Tr1 cells may be derived from
conventional Th2 cells that have lost their ability to produce
IL-4 but retain their ability to secrete IL-10 [35]. In addition to
our evidence that parenteral immunization with the CT holo-
toxin can generate a population of Tr1 cells, mucosal immu-
nization with CTB-antigen conjugates induces regulatory T
cells capable of suppressing autoimmune diseases mediated by
Th1 cells [36, 37].

Experiments were performed to determine whether the an-
tigen-specific, IL-10-producing Tr1 cells induced in the pres-
ence of CT could exhibit regulatory activity against Th1 cells.
A Th1 cell line was generated from spleens of mice immunized
with KLH in the presence of the Toll-like receptor 9 (TLR9)
ligand, CpG oligodeoxynucleotide (CpG). These T cells prolif-
erated strongly and produced high levels of IFN-� when re-
stimulated with KLH (Fig. 1). In contrast, the CT-generated
Tr1 cells proliferated very poorly and produced no IFN-�. This
concurs with reports that under these conditions, CD4�CD25�

Tr cells are difficult to expand in vitro [38]. However, recent
data suggest that in contrast to reports of anergy in vitro,
CD4�CD25� Tr cells can proliferate in response to antigen in
vivo [39]. Furthermore, CD4�CD25� Tr cells are able to
expand on incubation with antigen-loaded, mature DC in vitro
[40]. The poor proliferation of the CT-generated Tr1 cells may
also be an in vitro phenomenon related to the type of antigen-
presenting cell (APC), the absence of growth factors, or the
presence of suppressive cytokines such as IL-10. Coincubation
of Th1 with Tr1 cells resulted in a significant suppression of
Th1 cell proliferation, although this was only achieved at a
high ratio of Tr1-to-Th1 cells (Fig. 2). Furthermore, a Tr1-

Fig. 1. CT induces IL-10-producing
CD4� Tr1 cells with a regulatory pheno-
type. Single spleen-cell suspensions from
mice immunized with phosphate-buffered
saline (PBS), keyhole limpet hemocyanin
(KLH), or KLH � CT were stimulated
with KLH (10 �g/ml) for 3 days. Cells
were then further stimulated for 6 h with
phorbol 12-myristate 13-acetate (10 ng/
ml) and ionomycin (1 �g/ml). Brefeldin A
(10 �g/ml) was added for the final 4 h,
after which cells were washed and
blocked with 50% fetal calf serum. Sur-
face and intracellular staining was per-

formed using the Caltag Fix and Perm Cell permeabilization kit (GAS003, Caltag Laboratories, South San Francisco, CA). Cells were surface-stained with rat
anti-mouse CD4 and intracellularly, with rat anti-mouse IL-4 and IL-10. All antibodies were purchased from Caltag Laboratories. Staining was assessed by
FACSCalibur (BD Biosciences, San Jose, CA), and data were analyzed using CellQuest software for MacIntosh.
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induced inhibition of IFN-� production by the Th1 cells was
observed (Fig. 2). The inhibition of Th1 cell proliferation and
IFN-� production did not require cell-to-cell contact, as sup-
pression occurred when cells were separated with a semiper-
meable membrane. The Tr1 cells produced high levels of IL-10
on stimulation with KLH, and this was significantly enhanced
(at the lower Tr1:Th1 cell ratios) when the Tr1 cells were
coincubated with Th1 cells (Fig. 2). This effect was not cell
contact-dependent and indicates that the suppressive activity

of the Tr1 cells may be up-regulated in a controlled manner on
contact with inflammatory Th1 cells.

ROLE OF DC IN CT-INDUCED IMMUNE
RESPONSES

The mechanism used by CT to promote the induction of spe-
cific T cell subtypes in vivo has not been fully elucidated but
is likely to involve direct interactions with APC and lympho-
cytes. DC are pivotal in the initiation of T cell responses and
in the instruction of antigen-specific, naı̈ve T cells [41]. It has
been suggested that plasmacytoid and myeloid DC promote
Th1 and Th2 cell responses, respectively [42], whereas imma-
ture DC have been implicated in the induction of anergic or Tr
cells, partly through the lack of costimulation signals and
consequent downstream effects [41]. Alternatively, the same
subtype of DC may selectively enhance the development of
distinct T cell subtypes, depending on the dose and type of
antigen or immunomodulatory molecules and the environment
pertaining at the time of maturation [32, 33, 43–45]. Adoptive-
transfer experiments have also shown that modulation of DC
with particular pathogen-derived molecules can induce polar-
ized Th1 or Th2 responses in vivo [32, 46]. We demonstrated
that DC pulsed with antigen in the presence of CT induced a
Tr1/Th2 response in vivo, characterized by high levels of
antigen-specific IL-10 [32]. This indicates that direct effects of
CT on DC can at least partly explain its immunological actions.

CT can promote DC maturation alone or in the presence of
additional stimuli such as lipopolysaccharide (LPS) or a com-
bination of IL-1 and tumor necrosis factor � (TNF-�) [44, 45].
We have previously found that exposure of DC to CT enhanced
surface expression of CD80 and to a lesser extent, CD86 and
OX40 and reduced the surface expression of the chemokine
receptor CCR5 as well as CD40 and intercellular adhesion
molecule-1 (ICAM-1; Table 1) [32]. This contrasts with Th1-
promoting molecules such as CpG, polyinosinic-polycytidylic
acid (poly I:C), and LPS, which enhance expression of each of
these surface-expressed molecules [43, 44]. Costimulatory
molecule expression plays an important role in the ability of
DC to promote distinct T cell responses. It has been suggested
that expression of major histocompatibility complex (MHC)
class II, CD80, and CD86 can influence the ability of DC to
direct naı̈ve T cells into Th1 or Th2 subtypes [47] and that the
primary response was strictly dependent on these interactions.
As CT does not inhibit MHC class II expression and enhances
CD80 and CD86 expression on DC, this may fulfill the primary
requirements for the DC to activate T cells. Additionally,
selective inhibition of the expression of costimulatory mole-
cules such as CD40 and ICAM-1 may play a role in the
polarization of Tr1/Th2 responses by the toxin. Ineffective
CD40 ligation has been associated with T cell unresponsive-
ness and reduced type 1 cytokines but enhanced IL-10 pro-
duction [48, 49]. Thus, the ability of CT to selectively modulate
DC costimulatory molecule expression may promote the induc-
tion of Tr1 and Th2 cells and block Th1 differentiation.

Fig. 2. Immunization with antigen in the presence of CT induces Tr1 cells
that suppress proliferation and IFN-� production by Th1 cells. A KLH-
specific, Tr1-type T cell line (1�104–1�106/ml) generated from mice immu-
nized with KLH in the presence of CT and a KLH-specific Th1 cell line
(1�105/ml) generated from mice immunized with KLH in the presence of CpG
were cultured alone or together (separated via a semipermeable membrane) in
the presence of APC (irradiated syngeneic spleen cells; 2�106/ml) and KLH
(50 �g/ml). Supernatants were collected after 72 h for analysis of IFN-� and
IL-10 and replaced with fresh medium, 3H-thymidine was added, and cells
were incubated at 37° for 4 h. Cells were harvested, and proliferation was
determined by measuring thymidine incorporation. Results are means (�SD)
for triplicate cultures. **, P � 0.01; ***, P � 0.001, Th1 versus Th1 � Tr1
at the same Th1 cell number. Cytokine concentrations were compared by
one-way ANOVA. Where significant differences were found, the Tukey-
Kramer multiple comparisons test was used to identify differences between
individual groups.
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Although the polarization of naı̈ve T cells is multifactorial,
the cytokine environment pertaining at the time of primary
activation appears central [50]. A number of cytokines pro-
duced by cells of the innate-immune system and/or T cells are
involved in the selective activation of Th1 and Th2 cells [51].
Secretion of IL-12 by DC and macrophages enhances Th1
responses [43]. In contrast, IL-4 as well as IL-6 and IL-10 can
promote the differentiation of Th2 cells [52, 53]. Indeed, IL-10
was required for optimal generation of Th2 cells by CD8�– DC
[54]. IL-10, IL-4, and transforming growth factor-� (TGF-�)
may be involved in driving the differentiation of Tr cells [35,
55, 56]. We were unable to detect the production of IL-6, IL-4,
or IL-10 by DC exposed to CT alone in vitro. However, in the
presence of low doses of LPS, CT significantly enhanced IL-10
production (Fig. 3) [32]. In addition, CT synergized with LPS
to enhance the production of IL-6 and IL-1� (Fig. 3). The
enhancement of IL-6 was only evident with low concentrations
of LPS, and IL-10 and IL-1� production was enhanced over a
wide range of LPS concentrations (Fig. 3). The enhancement of
LPS-mediated IL-6 production by CT was also detected at the
transcriptional level (data not shown).

Enhancement of LPS-induced IL-6 and IL-1� production by
CT was previously demonstrated in murine macrophages [57].
IL-6 can promote Th2 differentiation via the activation of
nuclear factor of activated T cells and induction of early IL-4
production by CD4� T cells [58] and can inhibit IFN-� pro-
duction and Th1 differentiation. Following intranasal immuni-
zation, antigen-loaded, pulmonary DC produced IL-6 and IL-
10, which was proposed to promote Th2 differentiation in situ

[59]. The propensity of the lung microenvironment to generate
Th2-dominated responses thus appears to be associated with
IL-10 and IL-6 induction. However, these cytokines may also
induce the differentiation of T cells into Tr cells [33]. There is
some evidence that signaling through the IL-1 receptor 1 may
also promote Th2 responses [60]. As much of the work on
cytokine-mediated differentiation of Th cells did not attempt to
separate Th2 from Tr1 responses, it is presently unclear
whether factors that drive Th2 differentiation also play a role in
promoting Tr1 responses.

In contrast to the up-regulated secretion of the above cyto-
kines, CT inhibited the production of the proinflammatory
cytokines IL-12 and TNF-� and inflammatory chemokines
MIP-1�, MIP-1�, and MCP-1, induced in response to the TLR
ligands LPS (Table 1), CpG, and poly I:C [32]. In human DC,

TABLE 1. Summary of the Effects of CT on DC Cytokine,
Chemokine, and Costimulatory Molecule Expression

Induced Enhanced Inhibited

Cytokines
MIP-2 �
IL-1� �
IL-6 �
IL-10 �
IL-12 p70 �
IL-12 p40 �
TNF-� �
MIP-1� �
MIP-1� �
MCP-1 �
Costimulatory/surface-expressed

molecules
CD80 � �
CD86 �
OX40 � �
CD14 �
CD40 �
ICAM-1 �

The columns refer to the direct effects of CT (Induced) or modulation of
LPS-mediated effects (Enhanced/Inhibited) on DC. CT was added to DC at 1
�g/ml alone or 1 h prior to addition of Escherichia coli LPS (0.1–10 ng/ml).
Cytokine expression was determined by enzyme-linked immunosorbent assay
(ELISA) and costimulatory molecule expression by flow cytometry. MIP-2,
macrophage-inflammatory protein-2; MCP-1, monocyte chemoattractant pro-
tein-1.

Fig. 3. CT synergizes with LPS to induce IL-10, IL-6, and IL-1� production
by DC. Bone marrow-derived, immature DC were incubated for 12 h with LPS
(0.1–10 ng/ml) in the presence (■ ) or absence (�) of CT (1 �g/ml) or with CT
alone. Cytokine concentrations were determined in supernatants by ELISA.
Results are means (�SD) of triplicate assays and are representative of four
experiments. *, P � 0.05; **, P � 0.01; ***, P � 0.001, CT � LPS versus
LPS at the same concentration. Cytokine concentrations were compared by
one-way ANOVA. Where significant differences were found, the Tukey-
Kramer multiple comparisons test was used to identify differences between
individual groups.
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CT inhibited the production of IL-12 and the expression of
IL-12 receptor chains and TNF-�, leading to a suppression of
Th1 cell differentiation [45, 61]. Forskolin, a pharmacological
activator of adenylate cyclase, can also inhibit the production
of bioactive IL-12, TNF-�, and MIP-1� and can enhance IL-10
production by DC, implicating cAMP as a determining factor in
the inhibitory action of CT on inflammatory cytokines (E. C.
Lavelle et al., unpublished data).

Although our recent studies point to a dominant role for the
elevation in intracellular cAMP concentrations in the inhibi-
tory effects of CT, other workers have found that CTB can also
modulate DC activation. Pretreatment of monocytes and mac-
rophages with relatively high concentrations of CTB reduced
their subsequent responsiveness to LPS [62]. LPS-induced
production of TNF-�, IL-6, IL-12 p70, and nitric oxide was
inhibited, and IL-10 production was enhanced. This suggests
that in addition to the cAMP-mediated enhancement of LPS-
driven IL-10 reported by our group and others, the B subunit
may also enhance IL-10 production by cells of the innate-
immune system. However, the inhibitory effect of CTB on
macrophage IL-6 production is in contrast to the enhanced
effect of CT on IL-6 production by macrophages [57] and DC.
Antibodies to IL-10 and TGF-� prevented the inhibitory effect
of CTB on LPS-induced IL-6 and TNF-� production [62].
However, the effect of anti-IL-10 and TGF-� antibodies on
IL-6 production was greater than on TNF-� production, indi-
cating a role for additional factors in the inhibition of TNF-�
by CTB.

CT AS A POTENTIAL THERAPEUTIC FOR
AUTOIMMUNE DISEASES

The anti-inflammatory effects of CT and its ability to promote
the induction of antigen-specific Tr cells underline its potential
for the treatment of diseases mediated by Th1 cells. It has been
reported that nasal administration of high doses of CT can
suppress clinical signs of experimental autoimmune encepha-
lomyelitis (EAE), a murine model of multiple sclerosis [63].
The concentrations of IFN-� and IL-12 in the central nervous
system (CNS) of CT-treated mice were lower than in controls.
CT was also shown to potentiate tolerance to bovine peripheral
nerve myelin in the experimental autoimmune neuritis model
of human inflammatory demyelinating neuropathies [64]. There
is also earlier evidence that CT could induce tolerance to
allografts in mice [65]. Thus, in a number of T cell-mediated,
autoimmune conditions, mucosal administration of CT has
been shown to enhance the induction of tolerance and alleviate
disease symptoms.

Although it is conceptually attractive to attribute the anti-
inflammatory effects of CT to the elevated cAMP levels medi-
ated by the A subunit, a large body of evidence now exists
indicating that mucosal delivery of the CTB subunit can inde-
pendently exert anti-inflammatory effects. Oral delivery of CTB
conjugated to myelin basic protein protected mice against the
development of EAE [66, 67]. It was proposed that the inhib-
itory effect was a result of the induction of TGF-�-producing Tr

cells and down-regulation of chemokines in the CNS. However,
the inclusion of CT in this system abrogated the protective
effects of CTB. Antigen–CTB conjugates have also recently
been shown to be protective in a number of other autoimmune
models. Oral delivery of CTB conjugated to a heat-shock
protein 60 kDa-derived peptide prevented mucosally induced
uveitis in rats, an effect that was associated with enhanced
IL-10 and TGF-� and reduced IL-12 and IFN-� production
[36]. Furthermore, oral administration of a CTB-insulin conju-
gate prevented diabetes in nonobese diabetic mice, which was
associated with a reduction in IFN-� production and Tr cell
migration into pancreatic islets [68]. Oral administration of
recombinant CTB also prevented IL-12-mediated murine ex-
perimental trinitrobenzene sulfonic acid-induced colitis [69].
Decreased IL-12 and IFN-� production was documented, but
in this case, there was no elevation in IL-10 or TGF-�. CTB
conjugates were also effective in the induction of tolerance to
type II collagen, leading to a suppression of chondritis in a
model of autoimmune ear disease [70]. Oral administration of
allogeneic antigen linked to CTB induced, immunological tol-
erance against allograft rejection [66]. It was shown that even
without conjugation, CTB could potentiate oral tolerance in-
duction to insulin [71]. In addition to this work on CTB, there
is extensive evidence that the related B subunit of E. coli
heat-labile enterotoxin can potentiate mucosal tolerance and
prevent the induction of autoimmune inflammatory conditions
including collagen-induced arthritis [4, 72]. Thus, it appears
that the A–B holotoxins and their purified B chains have
potential in treatment of inflammatory conditions via their
anti-inflammatory properties and through the induction of Tr
cells.

CONCLUSIONS

CT is a powerful mucosal adjuvant but also has potential as an
immunomodulatory and anti-inflammatory agent. We recently
demonstrated that in addition to its well-documented Th2-
promoting activity, CT enhances the induction of a population
of IL-10-producing Tr cells. Adoptive transfer of myeloid DC
pulsed with antigen in the presence of CT can induce antigen-
specific T cells with a similar cytokine profile to that observed
following direct immunization [32], indicating that the adju-
vant and modulatory activities of the toxin in vivo are at least
partly attributable to its effects on DC. CT can enhance the
expression of a number of costimulatory molecules on DC but
in contrast to Th1-driving molecules such as CpG and poly I:C,
inhibited the expression of CD40 and ICAM-1. In addition, in
vitro studies with macrophages and DC have shown that CT can
enhance the secretion of IL-10, IL-6, and IL-1� in the pres-
ence of limiting doses of LPS. These selective inhibitory and
synergistic effects of CT on DC may explain the ability of CT
to promote the induction of antigen-specific Tr1 and Th2 cells
(Fig. 4). The use of CT and E. coli heat-labile enterotoxin (LT)
as therapeutic agents is hampered by their toxicity, and it is not
yet completely clear which of the beneficial adjuvant and
immunomodulatory activities are retained in nontoxic mutants
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or subunits. However, the B subunits and site-directed mutants
of CT and LT, which are currently in clinical trials, have shown
potential as adjuvants and therapeutics for a number of im-
mune-mediated diseases.
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