
INFECTION AND IMMUNITY, Mar. 2011, p. 1300–1310 Vol. 79, No. 3
0019-9567/11/$12.00 doi:10.1128/IAI.01181-10
Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Cholera Toxin Impairs the Differentiation of Monocytes into Dendritic
Cells, Inducing Professional Antigen-Presenting Myeloid Cells�

Filippo Veglia, Ester Sciaraffia, Antonella Riccomi, Dora Pinto, Donatella R. M. Negri,
Maria Teresa De Magistris, and Silvia Vendetti*

Department of Infectious, Parasitic, and Immune-Mediated Diseases, Istituto Superiore di Sanità, Rome, Italy
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Cholera toxin (CT) is a potent adjuvant for mucosal vaccination; however, its mechanism of action has not
been clarified completely. It is well established that peripheral monocytes differentiate into dendritic cells
(DCs) both in vitro and in vivo and that monocytes are the in vivo precursors of mucosal CD103� proinflam-
matory DCs. In this study, we asked whether CT had any effects on the differentiation of monocytes into DCs.
We found that CT-treated monocytes, in the presence of granulocyte-macrophage colony-stimulating factor
(GM-CSF) and interleukin 4 (IL-4), failed to differentiate into classical DCs (CD14low CD1ahigh) and acquired
a macrophage-like phenotype (CD14high CD1alow). Cells differentiated in the presence of CT expressed high
levels of major histocompatibility complex class I (MHC-I) and MHC-II and CD80 and CD86 costimulatory
molecules and produced larger amounts of IL-1�, IL-6, and IL-10 but smaller amounts of tumor necrosis
factor alpha (TNF-�) and IL-12 than did monocytes differentiated into DCs in the absence of CT. The
enzymatic activity of CT was found to be important for the skewing of monocytes toward a macrophage-like
phenotype (Ma-DCs) with enhanced antigen-presenting functions. Indeed, treatment of monocytes with scalar
doses of forskolin (FSK), an activator of adenylate cyclase, induced them to differentiate in a dose-dependent
manner into a population with phenotype and functions similar to those found after CT treatment. Monocytes
differentiated in the presence of CT induced the differentiation of naïve T lymphocytes toward a Th2 phenotype.
Interestingly, we found that CT interferes with the differentiation of monocytes into DCs in vivo and promotes
the induction of activated antigen-presenting cells (APCs) following systemic immunization.

Adjuvant design has been mainly empirical, and the mech-
anism of action of the most efficacious molecules has remained
obscure. It is important to investigate the mechanisms of action
of already known adjuvants to facilitate the design of new
effective molecules with high potency and decreased side ef-
fects. The bacterial enterotoxin cholera toxin (CT) from Vibrio
cholerae is extraordinarily effective as a mucosal and systemic
adjuvant, yet its capacity to amplify the immune response has
not been completely clarified (12, 24, 25). It is a holotoxin,
composed of an enzymatically active A subunit, noncovalently
linked to a pentameric B subunit, which binds to the ganglio-
side GM1 on host cell membranes. Once internalized, the A
subunit ADP-ribosylates the � subunit of the GTP-binding
regulatory protein Gs, thereby inducing permanent adenylate
cyclase activation, resulting in an increase of intracellular cyclic
AMP (cAMP) (55). The mechanism of the adjuvanticity of CT
may be a complex phenomenon resulting from the interaction
of the toxin with different cell types present in the architecture
of the mucosa. Dissecting the effect of CT on different cells
types could help in understanding the contribution of each to
its adjuvant activity.

Given the crucial role of dendritic cells (DCs) and other
professional antigen-presenting cells (APCs) (monocytes/mac-
rophages and B cells) in the induction of adaptive immunity
(26), the potentiation of APC function can be a major aspect of

adjuvant action. Cholera toxin upregulates expression of the
B7-2 (CD86) costimulatory molecule and stimulates antigen
presentation through enhancement of major histocompatibility
complex class II (MHC-II) expression and interleukin 1� (IL-
1�) production (7, 11, 37, 54). CT also interacts with lympho-
cytes and promotes B cell isotype-switch differentiation toward
IgG1 and IgA in mice (2, 54) and enhances the antigen-pre-
senting function of human B cells (38). We and others showed
that CT, by inducing maturation of human DCs, polarizes a
mixed Th1/Th2 T cell response, with a strong bias toward Th2
cells (15, 16).

The capacity of CT to interact with DCs or monocytes as
innate immune cells or as precursors of DCs may represent a
crucial step for its adjuvant mechanism. DCs represent hetero-
geneous populations that comprise distinct subtypes that vary
in hematopoietic origin, life cycle, and function (4, 52). It is
well established that peripheral monocytes differentiate into
DCs both in vitro and in vivo (19, 20, 43–45, 48) and that
monocytes are the in vivo precursors of mucosal CD103�

proinflammatory DCs (5, 27, 58). More important, the role of
monocytes as precursors of DCs in mediating the in vivo ad-
juvant effects has been described (29, 60). Therefore, in this
study, we asked whether CT affected the differentiation of
monocytes into DCs. By using human DCs generated from
monocytes (48), we found that CT interferes with the differ-
entiation of monocytes into DCs, giving rise to a distinct
population (Ma-DCs), which displays an activated macro-
phage-like phenotype, induces a strong allogeneic and antigen-
specific response, and promotes the polarization of naive
CD4� T lymphocytes toward a Th2 profile. Interestingly, we
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found that CT interferes with the differentiation of monocytes
into DCs in vivo and promotes the induction of activated an-
tigen-presenting cells following systemic immunization.

MATERIALS AND METHODS

Media and reagents. RPMI 1640 supplemented with 2 mM L-glutamine, 1%
nonessential amino acids, 1% pyruvate, 100 U/ml penicillin, 100 �g/ml strepto-
mycin (Gibco, NY), and 10% fetal bovine serum (FBS) (HyClone Laboratories,
Logan, UT) was used as complete medium in all cell cultures. Cholera toxin and
cholera toxin B subunit (CT-B) were purchased from Calbiochem-Novabiochem
Co. (San Diego, CA), and forskolin (FSK), ionomycin (Ion), phorbol 12-myris-
tate 13-acetate (PMA), brefeldin A (BFA), lipopolysaccharide (LPS), and
ovalbumin (OVA) were purchased from Sigma Chemicals Co., St. Louis, MO.
GM-CSF and IL-4 were purchased from Immunological Science (Rome, Italy),
and murine GM-CSF (mGM-CSF) was purchased from Peprotech, (Rocky Hill,
NJ). Carboxyfluorescein succiniminidyl ester (CFSE) was purchased from Mo-
lecular Probes (Eugene, OR).

Animals. Female BALB/c mice and DO11.10 TCR transgenic mice aged 6 to
8 weeks were obtained from Harlan Nossan (Correzzana, Italy) and Charles
River (Calco, Italy), respectively. All mice were maintained in our animal facil-
ities for the duration of the experiments, and all procedures were in accordance
with the institutional guidelines and have been approved by the institutional
committee.

Monocyte purification and cell cultures. Human monocytes were purified
from healthy donors’ peripheral blood mononuclear cells (PBMC) by positive
selection using anti-CD14-conjugated magnetic microbeads (Miltenyi Biotec,
Bergisch Gladbach, Germany). The recovered cells were 95% to 99% CD14� as
determined by flow cytometry using the FITC conjugate anti-human CD14
monoclonal antibody (MAb) (BD Biosciences, San Diego, CA). Monocytes were
cultured at 1 � 106/ml in RPMI-FBS supplemented with GM-CSF (50 ng/ml)
and IL-4 (35 ng/ml), in the presence of 0.03 �g/ml CT, 0.03 �g/ml CT-B, or
escalating doses of FSK (10, 20, and 40 �M or 10 �M for 3 days). All stimuli were
kept in culture up to 6 days, and then the cells were washed and stained with
FITC or phycoerythrin (PE) conjugate anti-human CD14, CD1a, HLA-DR,
HLA-I, CD80, CD86, CD209 (DC-Sign), CD64, CD32, CD89, CCR7, and CD83
(BD Biosciences, San Diego, CA) to verify their differentiation, activation, and
maturation status.

Murine CD11b� monocytes were obtained from single-cell suspensions of
BALB/c femur bone marrow by positive selection using anti-mouse CD11b-
conjugated magnetic microbeads (Miltenyi Biotec, Bergisch Gladbach, Ger-
many). The recovered cells were 95% to 99% CD11b� as determinated by flow
cytometry using the FITC conjugate anti-mouse CD11b MAb (BD Biosciences,
San Diego, CA), and they were cultured (1 � 106/ml) in RPMI-FBS supple-
mented with mGM-CSF (30 ng/ml), 2-mercaptoethanol (50 �M) in the presence
of 0.3 �g/ml CT. At day 2, mGM-CSF (15 ng/ml) was added again to cell
cultures. After 6 days, cells were washed and stained with FITC or PE conjugate
anti-mouse CD11c, MHC-II, and CD86 (BD Biosciences, San Diego, CA). Cells
were acquired on a FACSCalibur instrument running CellQuest software (BD
Biosciences, San Diego, CA).

Naïve CD4� T cell purification. PBMC were isolated from healthy donors by
Ficoll-Hypaque (Pharmacia, Uppsala, Sweden) density centrifugation. CD4� T
lymphocytes were purified by negative selection using immunomagnetic cell
sorting (Miltenyi Biotec, Bergisch Gladbach, Germany). Briefly, PBMC were
labeled using a cocktail of the hapten-conjugated MAbs anti-CD8, -CD11b,
-CD14, -CD16, -CD19, -CD36, -CD56 -CD123, -TCR�/�, and -glycophorin A in
combination with MACS microbeads coupled to an anti-hapten monoclonal
antibody. The magnetically labeled cells were depleted by retaining them on a
column using a MidiMACS cell separator. CD4� T cells were further purified in
CD4� CD45RO� and CD4� CD45RA� T cells by positive selection using
anti-CD45RA microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany).

Cytokine production. Supernatants from monocytes differentiated in the pres-
ence or in the absence of CT or CT-B for 6 days and further cultured for 48 h
with or without LPS (250 ng/ml) were collected and stored at �80°C. The levels
of IL-1�, IL-6, TNF-�, IL-10, and IL-12 were detected by Quantikine immuno-
assay kits (Endogene, Cambridge, MA) and were measured as absorbance (450
nm) on an enzyme-linked immunosorbent assay (ELISA) reader.

Proliferation and polarization assays. The ability of monocytes differentiated
in the presence or in the absence of CT (0.03 �g/ml) to activate T cells was
evaluated by the use of the mixed lymphocyte reaction or antigen-specific T cell
response. At day 6, cells were washed, starved for 8 h, and cocultured with
allogeneic PBMC (1 � 105) at different PBMC/DC ratios (4:1, 2:1, and 1:1) for

5 days in round-bottom, 96-well plates. Proliferation was evaluated by [3H]thy-
midine incorporation. Plates were incubated for 48 h at 37°C with 5% CO2, and
[3H]thymidine (Amersham, Aylesbury, United Kingdom) was added (1 �Ci/
well). After 18 h, cells were harvested, and the incorporated radioactivity was
measured by Micro� counting. To evaluate the ability of monocytes differenti-
ated in the presence or in the absence of CT (0.03 �g/ml) or FSK (10 �M) to
stimulate an antigen-specific T cell response, cells were isolated from donors
immune to the tetanus toxoid (TT) antigen. DCs were cocultured with autolo-
gous CFSE-labeled peripheral blood lymphocytes (PBLs) (1 � 105 at a ratio of
1:1) in the presence of TT (2 �g/ml). Briefly, autologous PBLs (107/ml) were
washed in phosphate-buffered saline (PBS) 1% fetal calf serum (FCS), incubated
with 0.5 �M CFSE for 10 min at 37°C, and then washed three times with
complete medium. After 5 days, antigen-specific proliferation was evaluated by
CFSE dilution, and cells were double stained with anti-CD4-PE and anti-CD8-
Cy5.5 MAbs and acquired and analyzed on a FACSCalibur instrument running
CellQuest software.

The ability of monocytes differentiated in the presence or in the absence of CT
(0.03 �g/ml) to stimulate and polarize naïve T cells was evaluated. At day 6, cells
were washed, starved for 8 h, and cocultured with purified naïve CD4�

CD45RA� T cells (ratio of 1:5) in 48-well plates, at 37°C for 11 days. IL-2 (20
UI/ml) was added to the culture at days 5, 7, and 9 of the cocultures, and after
11 days, cells were harvested, washed, and analyzed for cytokine production by
intracellular staining. In brief, cells were stimulated with 50 ng/ml PMA and 1
�g/ml ionomycin; after 1 h, 10 �g/ml of brefeldin (Sigma Chemicals Co., St.
Louis, MO) was added, and they were incubated for a further 5 h at 37°C. Cells
were washed twice in PBS, 1% bovine serum albumin (BSA), and 0.1% sodium
azide and stained with anti-CD4 MAb for 15 min at 4°C, and then they were fixed
with lysing solution (BD Biosciences, San Diego, CA), permeabilized with per-
meabilizing solution (BD Biosciences, San Diego, CA), and stained with PE or
FITC conjugate anti-human IL-4 and gamma interferon (IFN-�) (BD Bio-
sciences, San Diego, CA). Samples were acquired and analyzed on a FACSCalibur
instrument running CellQuest software.

Adoptive transfer experiments. Purified CD11b� monocytes were labeled with
CFSE (0.5 �M) at room temperature (RT) in the dark for 8 min, washed three
times with RPMI-10% FBS and intraperitoneally (i.p.) injected (8 � 106) into
BALB/c recipient mice. In all experiments, OVA-specific T cells (2 � 106)
obtained from the spleen and lymph nodes of DO11.10 TCR transgenic mice
were intravenously injected. Adoptively transferred mice were immunized i.p.
with OVA (5 �g/dose) or OVA plus CT (1 �g/dose). After 3 days, the medias-
tinal lymph nodes were collected, stained with anti-CD11b, -CD11c, -MHC-I
(H2Kd), -MHC-II (I-A/I-E), -CD86, -CD4 (BD Biosciences, San Diego, CA),
and -DO11.10 TCR (eBioscience, San Diego, CA) and acquired on a FACS-
Canto instrument running Diva software (BD Biosciences, San Diego, CA).

Statistical analysis. Microsoft Excel (Microsoft Corp., Redmond, WA) was
used for statistical analysis. Data were expressed as the mean 	 standard devi-
ation (SD), and statistical significance was determined by Student’s t test; a P
value of 
0.05 was considered statistically significant.

RESULTS

Cholera toxin interferes with the differentiation of mono-
cytes into DCs, giving rise to a macrophage-like population
(Ma-DCs). To investigate the effects of CT on the differenti-
ation of monocytes into DCs, human monocytes were cultured
with GM-CSF and IL-4 for 6 days in the presence or absence
of CT. In the absence of CT, monocytes differentiated into
immature DCs characterized by the expression of CD1a and
the loss of CD14 molecules. In contrast, cells derived from
CT-treated monocytes did not express CD1a and retained the
expression of CD14, suggesting that they acquired a monocyte/
macrophage-like phenotype (Ma-DCs) (Fig. 1A and B). To
investigate whether the GM1-binding B subunit (CT-B) or the
enzymatic activity of the A subunit of CT was important for the
differentiation toward this monocyte/macrophage-like popula-
tion, monocytes were induced to differentiate into DCs in the
presence of CT-B or forskolin (FSK), an activator of adenylate
cyclases. Monocytes treated with CT-B showed a phenotype
similar to that of untreated cells, whereas FSK-stimulated
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monocytes differentiate into a macrophage-like population
similar to that derived from CT-treated monocytes (Fig. 1C
and D). This suggests that the enzymatic activity of CT and its
capacity to increase intracellular cAMP levels is important for
the skewing of monocytes toward a macrophage-like pheno-
type.

Ma-DCs express DC-Sign and FcR patterns typical of ter-
minally differentiated myeloid cells. We evaluated the effect of
CT on surface expression of DC-Sign (CD209), a DC-re-
stricted C-type lectin involved in the early interaction between
DCs and naïve T cells and also the DC trafficking and inter-
nalization of Ag (17, 56). DC-Sign is upregulated during the
differentiation of monocytes into DCs (18), and this upregula-
tion was not completely inhibited by treatment with CT or FSK
(Fig. 2B); however, CT- or FSK-treated monocytes expressed
significantly (P � 0.0004, n � 4 for CT and P � 0.0009, n � 4
for FSK) lower levels of DC-Sign than control cells did. We
also analyzed the expression of Fc-�RI (CD64), the high-af-
finity IgG Fc receptor (FcR), which is constitutively expressed
on monocytes and down-modulated during DC differentiation.
CT-treated or untreated monocytes induced to differentiate

into DCs did not express CD64 molecules, showing that the
down-modulation of CD64 was not affected by CT treatment
(Fig. 2B).

Terminal differentiation of myeloid cells is characterized by
a switch of expression from Fc-�RI/CD64 to low-affinity Fc-
�RII/CD32 and other FcRs, such as CD89, the IgA-specific
FcR (8, 41). Therefore, we compared the expression of the
low-affinity receptor CD32 and, because of the peculiar capac-
ity of CT to promote mucosal IgA production, the expression
of CD89 in cells differentiated from CT-treated and untreated
monocytes. CD32 is expressed on monocytes and upregulated
during either macrophage or, to lesser extent, DC differentia-
tion. Treatment with CT during monocyte differentiation into
DCs caused an increase of CD32 greater than that of control
cells (P � 0.009, n � 6), a further indication of a macrophage-
like phenotype (Fig. 2A and B). Once again treatment with
FSK induced the expression of CD32 at levels comparable to
that of CT-treated cells (P � 0.0003, n � 6) (Fig. 2D), sug-
gesting that the modulation of CD32 is dependent on the
adenylate cyclase activation capacity of the toxin. Further, a
strong upregulation of CD89 FcR was observed in cells differ-

FIG. 1. Cholera toxin impairs differentiation of human monocytes into DCs. Dot and histogram plots show the phenotype of human CD14
monocytes isolated from healthy donors’ PBMC and cultured for 6 days with GM-CSF (50 ng/ml) and IL-4 (35 ng/ml) in the presence of medium
alone (A), CT (0.03 �g/ml) (B), CT-B (0.03 �g/ml) (C), and FSK (10 �M) (D). Cells were double stained using anti-CD14-FITC and anti-CD1a-PE
MAbs and analyzed by flow cytometry. Dot and histogram plots are representative of one experiment out of six performed. The histogram bars
show the means (�SD) of the relative mean fluorescence intensity (MFI) of CD14 and CD1a expression from six independent experiments
performed. The numbers within the plots indicate the percentage of positive cells (dot plots) and the mean fluorescence intensity (histogram plots).
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entiated in the presence of CT (P � 0.005, n � 6), but not in
cells treated with FSK or CT-B (Fig. 2A to D), suggesting that
the expression of CD89 depends on different signaling path-
ways other than an increase of cAMP.

Taken together, these data suggest that the developmental
program of monocytes toward DCs is affected by CT. Treated
cells are CD14� and CD1a� and morphologically different
from MoDCs (forward-scatter characteristics [FSC], 250 	 19
versus 370 	 3; and side-scatter characteristics [SSC], 200 	 29
versus 350 	 58). However, unlike monocyte populations, they
express DC-Sign and FcR patterns typical of terminally differ-
entiated myeloid cells.

Monocytes differentiated in the presence of CT upregulate
molecules involved in antigen presentation and show an en-
hanced ability to activate T cell proliferation. In order to
better characterize the phenotype of monocytes differentiated
in the presence of CT, we analyzed the expression of different
markers that are upregulated during DC differentiation. We
found that monocytes differentiated in the presence of CT
upregulate MHC-I (P � 0.02, n � 6), MHC-II (P � 0.009, n �
6), CD80 (P � 0.003, n � 6), and CD86 (P � 0.006, n � 6)
compared to control DCs (Fig. 3A and B). Monocytes induced
to differentiate into DCs in the presence of CT-B show a
phenotype similar to that of untreated cells (Fig. 3C), whereas

FIG. 2. Cholera toxin induces the differentiation of monocytes into cells with a macrophage-like phenotype (Ma-DCs). Histogram plots show
the phenotype of human CD14 monocytes, isolated from healthy donors’ PBMC, cultured for 6 days with GM-CSF (50 ng/ml) and IL-4 (35 ng/ml)
in the presence of medium alone (A), CT (0.03 �g/ml) (B), CT-B (0.03 �g/ml) (C), and FSK (10 �M) (D). Cells were stained using anti-CD209-
FITC, -CD64-PE, -CD32-FITC, and -CD89-PE MAbs and analyzed by flow cytometry. Histogram plots are representative of six experiments
performed. The numbers within the plots indicate the mean fluorescence intensity. (E) The histogram bars show the means (�SD) of the relative
mean fluorescence intensity (MFI) of the different markers analyzed from six independent experiments performed. Asterisks indicate that the
differences between cells differentiated in the presence of CT or FSK and the control cells are significant (P 
 0.05).
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FSK induces monocytes to differentiate into an activated mac-
rophage-like population similar to that derived from CT-
treated monocytes (Fig. 3D). Although the expression levels of
the differentiation markers elicited by FSK were lower than

those in CT-treated cells, their expression scaled up with
higher doses of FSK in a dose-dependent manner (Table 1),
suggesting that the effects on DC differentiation by CT are
dependent on the increase of intracellular cAMP levels. Fur-

FIG. 3. Monocytes differentiated in the presence of CT upregulate molecules involved in antigen presentation and activation of T cells. Histogram
plots show the phenotype of human CD14 monocytes isolated from healthy donors’ PBMC, cultured for 6 days with GM-CSF (50 ng/ml) and IL-4 (35
ng/ml) in the presence of medium alone (A), CT (0.03 �g/ml) (B), CT-B (0.03 �g/ml) (C), and FSK (10 �M) (D). Cells were stained using anti-HLA-IPE,
-HLA-DR-FITC, -CD80-PE, -CD86-FITC, and -CCR7-PE MAbs and analyzed by flow cytometry. Histogram plots are representative of six experiments
performed. The numbers within the plots indicate the mean fluorescence intensity. (E) The histogram bars show the means (�SD) of the relative mean
fluorescence intensity (MFI) of the different markers analyzed from six independent experiments performed. Asterisks indicate that the differences
between cells differentiated in the presence of CT or FSK and the control cells are significant (P 
 0.05).

TABLE 1. Expression of differentiation markers on monocytes differentiated in the presence of scalar doses of FSK is dose dependent

Treatment
Expression of differentiation markersa

CD14 CD1a HLA-I HLA-DR CD80 CD86

Medium 6.5 	 1.3 102 	 29 31 	 5.2 14 	 4.3 11.6 	 3.5 7.3 	 2.3
CT, 0.03 �g/ml 49.3 	 14.4 9.3 	 1.5 80 	 10 170 	 38 24.6 	 6.5 32.6 	 13

FSK
10 �M 25.3 	 4.6 57 	 8.5 61 	 8 72 	 3.5 19 	 5 22.6 	 10.6
20 �M 39 	 4.2 31.5 	 21 72 	 7 140 	 35 16 	 2.8 32 	 14
40 �M 41 	 2 27.5 	 17.6 75 	 3.5 160 	 56 19 	 5.6 46 	 20.5
3 � 10 �Mb 43 	 4.3 25 	 17 71 	 1 167 	 53 18 	 4.2 51 	 29.7

a Values are mean fluorescence intensity (MFI) 	 standard deviation (three samples per group).
b Forskolin was added to the cultures daily at 10 mM for 3 days.
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thermore, CCR7, the key chemokine receptor involved in the
migration of mature DCs to the lymph nodes is upregulated by
CT treatment (P � 0.002, n � 6) and to a lesser extent by FSK
(P � 0.03, n � 6) (Fig. 3).

To test whether Ma-DCs could function as APC, we exam-
ined the ability to activate allogeneic or antigen-specific T cell
proliferation. Monocytes differentiated in the presence of CT
or FSK showed higher stimulatory ability than untreated cells
did when added to allogeneic PBMC (Fig. 4A). To evaluate the
ability of monocytes differentiated in the presence or in the
absence of CT or FSK to stimulate an antigen-specific T cell
response, cells were isolated from donors immune to TT anti-
gen. DCs were cocultured with autologous CFSE-labeled PBL
(1 � 105 at a ratio of 1:1) in the presence of TT (2 �g/ml).
After 5 days, antigen-specific proliferation was evaluated by
CFSE dilution on CD4 (Fig. 4B) and on CD8 (Fig. 4C) gated
populations. We found that cells differentiated in the presence
of CT (Ma-DCs) show a higher capacity to stimulate TT-

specific CD4 (38% of proliferating cells versus 17%) and CD8
(13% of proliferating T cells versus 3%) T lymphocytes than
control cells (MoDCs) do. Cells differentiated in the presence of
FSK show also a higher capacity to stimulate TT-specific CD4
(22% of proliferating cells versus 17%) and CD8 (6% of prolif-
erating T cells versus 3%) T cells than control cells (MoDCs) do.
These data are consistent with the increased expression of MHC-I
and -II and costimulatory molecules CD80 and CD86 on CT- or
FSK-treated cells.

Upon LPS stimulation, monocytes differentiated in the pres-
ence of CT do not upregulate CD83 and release proinflamma-
tory and regulatory cytokines. We asked how monocytes dif-
ferentiated in the presence of CT could react to maturation
stimuli. Therefore, we compared the ability of LPS to induce
the expression of CD83, a selective DC maturation marker, in
cells differentiated in the absence and in the presence of CT.
Monocytes differentiated into DCs for 5 days and then stimu-
lated with LPS for 24 h upregulated the expression of CD83
(Fig. 5A), whereas cells differentiated in the presence of CT
failed to upregulate CD83 (Fig. 5A), showing that monocytes
differentiated in the presence of CT do not acquire the matu-
ration marker of DCs.

The production of proinflammatory cytokines, such as IL-6,
TNF-�, and IL-1�, by monocytes differentiated in the presence
and in the absence of CT for 5 days was evaluated after a
further 48 h of culture with and without LPS. In the absence of
LPS, only a small amount of IL-6 was detected in the super-
natants of monocytes differentiated in the presence of CT (Fig.
5B). Upon LPS stimulation, the production of IL-6 and TNF-�
was induced in untreated cells, as expected (Fig. 5B and C).
The presence of CT during the differentiation of monocytes
into DCs increased the production of IL-6 and partially pre-
vented the production of TNF-� by LPS-stimulated cells (Fig.
5B and C). The production of IL-1� was induced by LPS
treatment only in monocytes differentiated in the presence of
CT (Fig. 5D).

The accumulation of IL-10 and IL-12, which are regulatory
cytokines involved in directing the immune responses, was also
measured. In the absence of maturation stimuli, only a small
amount of IL-10 was detected in the culture supernatants of
cells differentiated in the presence of CT (Fig. 5E). The pro-
duction of IL-10 induced by LPS was strongly enhanced in
cultures containing monocytes differentiated in the presence of
CT (Fig. 5E). On the other hand, the release of IL-12, which
was induced by LPS treatment, was strongly inhibited in cells
differentiated in the presence of CT (Fig. 5F). These data
suggest that in the presence of maturation stimuli Ma-DCs are
able to produce significantly larger amounts of proinflamma-
tory (IL-6 and IL-1�) or regulatory (IL-10) cytokines than
conventional DCs do, suggesting that they might have a differ-
ent capacity in directing immune responses.

Ma-DCs induce the polarization of naive CD4� T lympho-
cytes toward a Th2 profile compared to control cells. Dendritic
cells have the unique capacity to stimulate naïve T lymphocytes
and drive them into distinct classes of effector cells. Because of
the particular pattern of cytokines produced by Ma-DCs and to
evaluate whether these cells have the capacity to support naïve
T cell differentiation, we performed a polarization assay. Cells
differentiated in the presence or in the absence of CT were
cultured with purified CD4� CD45RA� T cells at a ratio of

FIG. 4. Monocytes differentiated in the presence of CT show a higher
T cell stimulatory capacity compared to control cells. (A) Monocytes
differentiated in the presence of medium alone (MoDCs), CT (0.03 �g/
ml) (Ma-DCs), or FSK (10 �M) (FSK-DCs) were cocultured with allo-
geneic PBMC at different ratios for 5 days. [3H]thymidine (5 �Ci/ml) was
added during the last 18 to 24 h, and incorporated radioactivity was
measured by MicroBeta counting. (B and C) Alternatively, monocytes
from donors immune to TT were cocultured with autologous CFSE-
labeled PBL (1 � 105 at a ratio of 1:1) in the presence of TT (2 �g/ml).
After 5 days, cells were stained with anti-CD4 and -CD8 MAbs, and the
antigen-specific proliferation was evaluated by CFSE dilution on CD4�

(B) and on CD8� (C) gated populations by cytofluorimetric analysis. The
data shown are from one representative experiment of three performed.
Asterisks indicate that the differences in the proliferative capacity of cells
stimulated with Ma-DCs or FSK-DCs from that of control cells are sig-
nificant (P 
 0.05). The numbers within the plots indicate the percentage
of positive cells.
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1:5. After 11 days of culture, the production of IL-4 and IFN-�
by CD4� T lymphocytes was analyzed by intracellular staining.
A lower number of naïve CD4� T cells cultured with Ma-DCs
(32% 	 2) than of cells cultured with untreated DCs (55%	3)
differentiated into cells producing IFN-� (P � 0.008, n � 6)
(Fig. 6). In contrast, Ma-DCs induced a higher number of
naïve CD4� T lymphocytes to differentiate into IL-4 (15% 	
0.2%)-producing cells than untreated DC did (2% 	 1) (P �
0.02, n � 6) (Fig. 6). The number of cells producing both
IFN-� and IL-4 was higher in cocultures containing Ma-DCs
(10% 	 2) than in cultures containing untreated DCs (2% 	
1) (P � 0.02, n � 6) (Fig. 6A). These data indicate that
Ma-DCs are able to support T cell differentiation and induce a
mixed Th1/Th2 phenotype, with skewing toward the Th2 phe-
notype.

Cholera toxin interferes with the differentiation of murine
monocytes into DCs and promotes the induction of activated
antigen-presenting cells following systemic immunization. To
strengthen our in vitro observation of human monocytes, we
investigated the effect of CT on murine cells in order to eval-
uate its effect in vivo. First, we evaluated the effect of CT on the
differentiation of murine monocytes into DCs in vitro, and then
we performed adoptive transfer experiments by using CFSE-
labeled monocytes and followed their differentiation in vivo
after the use of CT as a systemic adjuvant. Monocytes were
purified by CD11b� magnetic beads from the bone marrow of
BALB/c mice and cultured with GM-CSF in the presence and
in the absence of CT (0.3 �g/ml) for 6 days. In the absence of
CT, monocytes differentiated into immature DCs character-
ized by the expression of CD11c, MHC-II and CD86 molecules

FIG. 5. Upon LPS stimulation, monocytes differentiated in the presence of CT (Ma-DCs) do not upregulate CD83 and produce proinflam-
matory and regulatory cytokines. (A) Monocytes were cultured with GM-CSF (50 ng/ml) and IL-4 (35 ng/ml) in the presence of medium alone
(left) or CT (0.03 �g/ml) (right). After 6 days, cells were washed, starved for 8 h, and incubated with LPS (250 ng/ml) for a further 48 h. Cellular
phenotype was analyzed by flow cytometry after staining using anti-CD83 MAbs. The data shown are from one representative experiment of six
performed. The numbers within the plots indicate the mean fluorescence intensity. The accumulation of IL-6 (B), TNF-� (C), IL-1� (D), IL-10
(E), and IL-12 (F) in culture supernatants was evaluated by ELISA. The data shown represent the mean (�SD) of three independent experiments.
Asterisks indicate that the differences between cells differentiated in the presence of CT and the control cells with or without LPS treatment are
significant (P 
 0.05).
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(Fig. 7A). In contrast, cells derived from CT-treated mono-
cytes showed a lower expression of CD11c, but higher levels of
both MHC-II and CD86 molecules than control cells did (Fig.
7B), suggesting that they acquired an activated phenotype.
Next, to follow the differentiation of monocytes into DCs in
vivo, CD11b� cells were labeled with CFSE and injected in-
traperitoneally in mice immunized with OVA (5 �g/dose) or
OVA plus CT (1 �g/dose). OVA-specific CD4� T lymphocytes
(2 � 106) isolated from DO.11.10 transgenic mice were also
injected intravenously. At day 3, the phenotype of CFSE-pos-
itive (CFSE�) cells and the number of OVA-specific CD4� T
cells were analyzed in the mediastinal lymph nodes, which have
been described as the draining lymph nodes after intraperito-
neal immunization (29). We found that CFSE� cells migrated
to the mediastinal lymph nodes and upregulated CD11c,
MHC-I, MHC-II, and CD86 costimulatory molecules. As ob-
served during the differentiation of monocytes in vitro, in mice
immunized with CT, the level of CD11c on CFSE� cells was
lower, but the expression of MHC-I, MHC-II, and CD86 on
the CFSE� CD11c� gated population was higher than that in

mice immunized in the absence of CT (Fig. 7D and E). In
addition, the absolute number of OVA-specific CD4� T cells
was also higher in mice immunized with CT (Fig. 7F), showing
that a good presentation of the antigen occurred. These data
indicate that CT interferes with the differentiation of mono-
cytes into DCs also in vivo and gives rise to an activated pop-
ulation that could play a role in the adjuvant activity of CT.

DISCUSSION

Understanding the mechanisms of action of CT, one of the
most effective mucosal adjuvants, could be important for the
design of new effective adjuvants. The strong adjuvant activity
of CT may be due to the interaction of the toxin with different
cell types, including epithelial cells, B and T lymphocytes,
monocytes/macrophages, and DCs, present in the mucosa (1,
16, 22, 53). Recently, it has been established that circulating
monocytes differentiate into mucosal, but not splenic or lym-
phoid, DCs (30, 33, 57, 60) and that monocytes under the
control of GM-CSF give rise to the proinflammatory CD103�

CX3CR1� mucosal DCs (46, 58). In this study, by using human
DCs generated from monocytes cultured with GM-CSF and
IL-4, we found that CT interferes with the differentiation of
monocytes into DCs, giving rise to a population with a macro-
phage-like phenotype (Ma-DCs). These cells display an acti-
vated phenotype, induce a strong allogeneic and antigen-spe-
cific immune response, and have a higher capacity to induce
the polarization of naive CD4� T lymphocytes toward Th2
cells than control cells do. Interestingly, we found that CT
interferes with the differentiation of monocytes into DCs in
vivo and promotes the induction of activated antigen-present-
ing cells following systemic immunization.

Monocytes are circulating precursors of both macrophages
and DCs, which can be recruited into tissues and differentiate
depending on the microenvironment of the inflammatory sites
(43, 47). The differentiation process is complex and regulated
by cytokines (9, 10, 49, 50) and also by the interaction with
pathogens, such as viruses or bacteria (35, 36, 39). Although
many factors affecting DC and macrophage differentiation
have been identified, the intracellular signaling pathways that
regulate these processes are poorly understood. Here, by using
CT, which induces permanent adenylate cyclase activation,
resulting in an increase of intracellular cyclic AMP (cAMP),
we found that the cAMP pathway affects differentiation of
monocytes into DCs by inhibiting CD14 down-modulation and
CD1a upregulation. These data are consistent with previous
findings showing that the intracellular increase of cAMP im-
pairs the differentiation of monocytes into DCs (21, 28, 40).
We have previously shown that CT induces the release of
cAMP in the extracellular compartment (59), and we have also
observed that extracellular cAMP in turn affects monocyte
differentiation (unpublished data). Consistent with the effect of
the activation of the cAMP pathway during the differentiation
of monocytes into DCs, CT upregulated DC-Sign, although to
a lesser extent than the upregulation in control cells. Interest-
ingly, Fc-�RI/CD64 was down-modulated, and the expression
of CD32 was enhanced by CT compared to the expression in
untreated cells, leading to a cell type resembling phenotypi-
cally a macrophage. Similarly, during DC and macrophage
development, cAMP analogues have been found to promote a

FIG. 6. Monocytes differentiated in the presence of CT (Ma-DCs)
induce the polarization of naive CD4� T lymphocytes toward a Th2
profile. Monocytes were cultured with GM-CSF (50 ng/ml) and IL-4
(35 ng/ml) in the presence of medium alone (MoDCs) or CT (0.03
�g/ml) (Ma-DCs). After 6 days, cells were washed, starved for 8 h, and
cocultured with purified CD4� CD45RA� T cells at a ratio of 1:5.
After 11 days of culture, the production of IL-4 and IFN-� by CD4� T
lymphocytes cocultured with control cells (MoDCs) (A) or Ma-DCs
(B) was analyzed by flow cytometry after intracellular staining using
anti-CD4-Cy5, -IFN-�-FITC, and -IL-4-PE MAbs. Dot plots show the
percentage of CD4� cytokine-producing cells. The data shown are
from one representative experiment of six performed. The numbers
within the plots indicate the percentage of positive cells. (C) The
histogram bars (�SD) show the means of six independent experiments
performed. Asterisks indicate that the differences between cells differ-
entiated in the presence of CT and the control cells are significant (P 

0.05).
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switch from CD64 to CD32 expression (8). On the other hand,
a strong upregulation of the IgA receptor CD89 (Fc-�RI) was
observed in cells differentiated in the presence of CT and not
in cells treated with FSK or CT-B, suggesting that CD89 up-
regulation depends on additional signaling pathways other
than an increase of cAMP or on a more sustained adenylate
cyclase activation. Whether CD89 upregulation by CT plays an
important role in the adjuvant mechanisms of CT remains to
be specifically addressed.

The precise role of the enzyme activity of the A subunit in
the adjuvant action of enterotoxins is uncertain. It has been
reported that FSK, a direct activator of adenylate cyclase, had
no effect on the mucosal immune response (61) and that CT or
Escherichia coli heat-labile enterotoxin (LT-I) holotoxin mu-
tants that lack ADP ribosylation retain adjuvant action in vivo
(13, 42), indicating that the enzymatic activity of the entero-
toxins is dispensable for adjuvant activity. However, the re-
sponses generated by the mutants of CT and LT are much

FIG. 7. Cholera toxin interferes with the differentiation of murine monocytes into DCs in vitro and in vivo. CD11b� monocytes purified from
bone marrow of BALB/c mice were cultured with GM-CSF in the absence (A) and in the presence (B) of CT (0.3 �g/ml). At day 6, cells were
stained using anti-CD11c, -MHC-II, and -CD86 MAbs and analyzed by flow cytometry. In parallel, CD11b� cells were stained with anti-CD11c
MAb at day 0 (C), labeled with CFSE and adoptively transferred in recipient mice immunized with OVA (D) or OVA plus CT (E). At day 3, cells
were collected from the mediastinal lymph nodes and stained with anti-CD11c, -MHC-I, -MHC-II, and -CD86 MAbs. Dot and histogram plots
show CFSE� gated populations and are representative of one experiment out of 2 performed. The numbers within the plots indicate the percentage
of positive cells (dot plots) and the mean fluorescence intensity (histogram plots). Cells from OVA-specific TCR transgenic mice (DO.11.10) were
injected in the recipient mice, and their expansion is reported as an absolute number (F) after staining with anti-CD4 and anti-TCR MAbs.
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weaker than those induced by the wild-type toxins, and mu-
tants that retain partial enzymatic activity have an intermediate
capacity to enhance the responses (13, 14, 42), suggesting that
the capacity of increasing cAMP plays a role in the adjuvant
effects. Furthermore, constructs based on the enzymatic activ-
ity of CT are strong adjuvants (3, 34). We found that the
increase of intracellular cAMP levels is important for the skew-
ing of monocytes toward professional antigen-presenting my-
eloid cells, and this is consistent with the cAMP-dependent
adjuvant effects noted in vivo. On the other hand, it is unclear
how the enzymatically inactive A subunit would support adju-
vant activity, but LT and CT mutants LTK63 and CTK63
maintained the ability to bind the ADP-ribosylation factor
(ARF), which is important in vesicular membrane trafficking
(42). This ARF-binding activity is independent of the catalytic
activity of the A subunit, although it has not yet been linked to
any adjuvant mechanism. Additional studies are needed to
verify the contribution of the cAMP pathway versus other
intracellular pathways in CT-mediated adjuvanticity. Further-
more, when using the CT-B subunit, which lacks the enzymatic
activity, we did not observe the upregulation of the activation
markers. It has been reported that commercially available
preparations of CT-B before the 1990s were active as adju-
vants, but later it was realized that they were contaminated
with traces of intact CT (22). Therefore, some attention should
be given to the different sources of CT-B used. However, a
more recent study by Schnitzler et al. demonstrated that in the
absence of the A subunit, CT-B induces intracellular signaling
associated with in vitro activation of murine B cells and peri-
toneal macrophages (51). In our experimental setting, when
using CT-B during the differentiation of monocytes into DCs,
we have not found the upregulation of activation markers, and
this could be explained by having analyzed different cell types
in the human rather than in the murine system. In addition,
with human B cells we also did not observe the upregulation of
activation markers by CT-B (38); therefore, the effects of CT-B
on human versus murine cells should be further investigated.

Cells differentiated from CT-treated monocytes, despite
having lower levels of specific DC markers, do acquire potent
APC capability and produce proinflammatory and regulatory
cytokines. The release of proinflammatory cytokines may pro-
mote the recruitment and activation of additional leukocytes,
playing a central role in amplifying the immune responses. In
addition, upon maturation stimuli, cells differentiated from
CT-treated monocytes produced high levels of IL-10 and were
not able to produce IL-12. These findings are consistent with
others showing that CT through the cAMP pathway inhibits
TNF-� and IL-12 production in different APCs both in vitro
and in vivo (6, 23, 31, 38). The secretion of IL-10 and the
inhibition of IL-12 production can account for the induction of
the Th2-biased immune response induced by CT (6, 16, 32).
Indeed, when cells derived from CT-treated monocytes were
cultured with naïve CD4� CD45RA� T lymphocytes, a higher
percentage of CD4� T lymphocytes producing IL-4 and a
lower percentage of IFN-�-producing cells were induced than
when untreated cells were used.

Interestingly, we found that CT interferes with the differen-
tiation of monocytes into DCs in vivo and promotes the induc-
tion of activated antigen-presenting cells following systemic
immunization. We hypothesize that in the initial step of CT

interaction with the tissues, different cell types, including res-
idents of freshly recruited monocytes, may come into contact
with the toxin, and the monocytes, during their differentiation
into DCs, could be induced to differentiate into a distinct
population that has an activated phenotype and strong antigen-
presenting capacity and promotes the polarization of naive
CD4� T lymphocytes toward Th2 cells. However, additional
studies need to be performed to better clarify the role of this
population in the adjuvant activity of CT following either mu-
cosal or systemic immunization.
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