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Producing the Cholera Toxin B Subunit
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The pentameric form of the cholera toxin B subunit (CTB) is known to be a strong mucosal adjuvant and
stimulates antigen-specific secretory immunoglobulin A (IgA) and systemic antibody responses to antigens
when given by mucosal routes. To deliver CTB for prolonged periods of time to the respiratory mucosa, we
constructed a Mycobacterium bovis bacillus Calmette-Guérin (BCG) strain that produces and secretes assem-
bled pentameric CTB. Mice immunized intranasally (i.n.) with recombinant BCG (rBCG) developed a stronger
anti-BCG IgA response in bronchoalveolar lavage fluids (BALF) than mice immunized with nonrecombinant
BCG. The total IgA response in the BALF of mice immunized with rBCG was also stronger than that in BALF
of mice immunized with the nonrecombinant strain. The induction of IgA was well correlated with an increased
production of transforming growth factor �1. Simultaneous administration of intraperitoneally delivered
ovalbumin and of i.n. delivered CTB-producing BCG induced a long-lasting ovalbumin-specific mucosal IgA
response as well as a systemic IgG response, both of which were significantly higher than those in mice
immunized with nonrecombinant BCG together with ovalbumin. These results suggest that the CTB-producing
BCG may be a powerful adjuvant to be considered for future mucosal vaccine development.

The mucosal surfaces of the gastrointestinal and respiratory
tracts represent the principal portal of entry for most human
pathogens (19). They contain a variety of cell populations
involved in the induction and maintenance of immune re-
sponses. CD4� as well as CD8� lymphocytes may represent up
to 80% of the entire mucosal lymphoid cell population. In
addition, the mucosa also contains a variety of immune effector
molecules, including antibodies. Secretory immunoglobulin A
(IgA) is the major antibody isotype in external secretions (19).
Because the induction of IgA responses may offer specific
protection against many respiratory, enteric, and genital infec-
tions, the development of vaccines for mucosal use provides an
attractive possibility for immunization against these infections.
To date only a few vaccines, including oral polio vaccine and
adenovirus, rotavirus, cold-adapted influenza virus, Salmonella
enterica, and cholera vaccines, have become available for ad-
ministration by mucosal routes (1, 2, 16).

As antigens delivered by the mucosal routes are usually less
immunogenic than antigens delivered systemically, mucosal
adjuvants are generally needed to obtain effective levels of
immune responses after mucosal antigen delivery. Among the
strategies to enhance mucosal immunization, the use of chol-
era toxin B subunit (CTB) as a mucosal adjuvant appears to be
particularly promising (9). CTB is structured as a pentamer
composed of five identical subunits and represents the recep-
tor-binding moiety of the holotoxin (8, 34). Although the ho-
lotoxin is considered the most potent mucosal adjuvant known,

its toxicity prevents it from being used as such in vaccine
strategies. However, CTB, even in the absence of the toxicity-
inducing A subunit, also expresses powerful mucosal adjuvant
activity (27). Enteric administration of CTB together with an-
tigens increases antigen-specific mucosal IgA responses (21),
and oral or intranasal (i.n.) administration of CTB as a carrier
conjugated to an antigen leads to the induction of local anti-
gen-specific secretory IgA responses (26, 33). CTB-mediated
IgA isotype switching appears to be controlled by transforming
growth factor �1 (TGF-�1) (10).

However, CTB administration by the oral route leads to its
rapid elimination in the feces or to its inactivation by mucosal
enzymes and the bacterial flora. The use of live bacterial vec-
tors designed to deliver recombinant CTB to the mucosa may
represent an attractive approach to improving mucosal vacci-
nation by the induction of long-lasting IgA responses (4, 15, 16,
18, 25, 26), especially if the vectors have the ability to persist
for prolonged periods of time. Mycobacterium bovis BCG, one
of the most widely used live vaccines, has the ability to persist
for several months to years after administration, and its use as
a delivery system for heterologous antigens by mucosal routes
has attracted considerable interest (20). As BCG is derived
from a respiratory pathogen, it is particularly well adapted for
the delivery of antigens and/or immunomodulatory molecules
by i.n. administration (12, 14). With the aim of developing live
delivery systems able to enhance mucosal immunity, we gen-
erated a CTB-producing BCG strain. We describe here its
construction and the influence of CTB production on antigen-
specific IgA responses elicited after either i.n. or intraperito-
neal (i.p.) administration of the CTB-producing BCG as well
as on the local production of TGF-�1.

The M. bovis BCG vaccine strain 1173P2 (World Health
Organization, Stockholm, Sweden) was genetically modified to
produce and secrete CTB by transformation with pENCTB
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(Fig. 1A), a pRR3 derivative (22) containing the CTB-encod-
ing gene under the control of the BCG hsp60 promoter and
modified by replacing the original CTB signal peptide coding
sequence with the mycobacterial signal peptide coding se-
quence from the BCG �-antigen. The 337-bp DNA fragment
encoding the mature portion of CTB was amplified by PCR
using pTCT1 (3) as the template and the primers 5�-TATAG
GATCCACACCTCAAAATATTACTGATTTGT-3� and 5�-T
ATAGGTACCATATCTTAATTTGCCATACTAATTG-3�
(Eurogentec, Liège, Belgium). The 126-bp DNA fragment en-
coding the �-antigen signal sequence was amplified by PCR
using chromosomal BCG DNA extracted as described previ-
ously (11) with the primers 5�-GGCACAGGTCATGACAGA
CGTGAGCCGAAAGATTCGA-3� and 5�-GCCGGGATCC

CGCGCCCGCGGTTGCCGCTCCGCC-3� (Eurogentec). The
hsp60 promoter was isolated from pUC::hsp60 (11). The pro-
duction of CTB by the recombinant BCG (rBCG) was ana-
lyzed by immunoblotting on mycobacterial cell extracts pre-
pared as described earlier (13), with rabbit anti-CTX (CTA
and CTB) antibodies (Sigma) and anti-rabbit antibodies cou-
pled to alkaline phosphatase. As shown in Fig. 1B, an immu-
noreactive protein of the expected size was present in the
lysate of rBCG (Fig. 1B, lane 3) and was not found in the lysate
of untransformed BCG (Fig. 1B, lane 2), indicating that the
hsp60 promoter is able to drive expression of the CTB gene in
rBCG. The fact that the recombinant CTB comigrated with
CTB from purified holotoxin (Fig. 1B, lane 1) suggested that
the pre-CTB was totally converted into the mature CTB form
and that the �-antigen signal peptide was cleaved off in the
rBCG.

To estimate the amounts of assembled CTB produced by the
recombinant strain, a GM1 ganglioside-binding assay was used
as reported earlier (5, 24). Only CTB assembled into pentam-
ers is able to bind to the GM1 ganglioside (24). As shown in
Fig. 2, assembled CTB can readily be detected in bacterial
lysates and in nonconcentrated culture supernatants of rBCG,
whereas it is absent in the lysates or culture supernatants from
nonrecombinant BCG. Each CTB subunit contains a single
intramolecular disulfide bond that is essential for the assembly
of the B subunits into the pentamer (7). Consistently, the
addition of the reducing agent dithiothreitol to the GM1 gan-
glioside-binding assay mixture substantially reduced the bind-
ing of CTB present in the rBCG lysate and culture supernatant
to the ganglioside (Fig. 2). These results indicate that CTB
present in cell extracts or in the culture supernatants of the
rBCG is pentameric, as it is when naturally produced by Vibrio
cholerae (5). This is particularly important, since only pentam-
eric CTB is known to express its mucosal adjuvant activities
(24).

To evaluate the effect of the CTB production by rBCG on
the ability to induce antigen-specific IgA in murine bronchoal-
veolar lavage fluids (BALF), the levels of anti-BCG IgA were
measured in BALF over a 4-month period. Groups of five
6-week-old female BALB/c mice (Iffa Credo, l’Arbresle,
France) were i.p. or i.n. immunized with 5 � 106 BCG cells in

FIG. 1. Production of CTB by rBCG. (A) Structure of pENCTB
used for the production and secretion of CTB by rBCG. Dark grey box,
kanamycin resistance gene (Kan); ColE1 and oriM, origins of replica-
tion from pUC18 and pRR3, respectively; white box, expression cas-
sette containing the BCG hsp60 promoter, the ribosome binding site,
and the hsp60 translational initiation codon; black box, �-antigen sig-
nal peptide coding sequence; light grey box, CTB coding sequence.
(B) Immunoblot analysis of rBCG producing CTB. Lane 1, 100 ng of
purified CTX (CTA and CTB); lanes 2 and 3, whole-cell extracts of
untransformed BCG and rBCG(pENCTB), respectively. Membranes
were probed with a rabbit anti-CTX antibody, followed by incubation
with an anti-rabbit antibody conjugated to alkaline phosphatase.

FIG. 2. GM1 ganglioside binding of CTB produced by rBCG. The
ability of CTB produced by rBCG to bind to the GM1 ganglioside was
analyzed by a GM1 ganglioside ELISA of whole-cell extracts (lanes 1
to 4) or culture supernatants (lanes 5 and 6) from nonrecombinant
BCG (lanes 1 and 2) or rBCG (lanes 3 to 6) in the presence or absence
of dithiothreitol (DTT) as indicated.

2934 NOTES INFECT. IMMUN.



a final volume of 100 or 40 �l, respectively. Control groups
received phosphate-buffered saline (PBS). Two months after
the first immunization, the mice were given a booster immu-
nization in the same way. The sera and BALF from five mice
per group were collected at various time points after the first or
the second immunization. The results shown in Fig. 3 indicate
that the BALF from mice immunized with rBCG contained
significantly more anti-BCG IgA than those from mice that
had received nonrecombinant BCG. More importantly, the
anti-BCG IgA persisted substantially longer in the BALF from
rBCG-immunized mice than in the BALF from the mice im-
munized with the nonrecombinant strain. Since the growth
kinetics of the two BCG strains in vivo in the murine model did
not differ (data not shown), the enhanced ability of rBCG to
induce IgA responses could not be ascribed to longer persis-
tence and is therefore most likely due to the pharmacological
effects of the recombinant CTB. CTB produced by rBCG is
thus able to further enhance the natural ability of BCG to
induce mucosal immune responses, especially with respect to
the duration of the mucosal immune response. In addition to
the enhanced IgA responses in BALF, the rBCG also en-
hanced systemic IgG responses after either i.n. or i.p. immu-
nization (data not shown). These findings suggest that BCG
strains producing CTB may constitute attractive mucosal vac-
cine vehicles able to induce both mucosal and systemic im-
mune responses.

Since TGF-�1 is known to be involved in CTB-induced IgA
switching (10), we measured the amounts of TGF-�1 in BALF
from mice immunized with the recombinant BCG strain. Mice
were sacrificed 2, 59, 66, 96, and 120 days after immunization.
For each time point, the BALF from five mice were collected
by washing their lungs by lavage with 500 �l of PBS inserted
through the trachea of the sacrificed mice. The BALF were
then assessed for the presence of cytokines by a sandwich
enzyme-linked immunosorbent assay (ELISA) as described
previously (13). The anti-TGF-�1 antibodies (clone 1D11 for

capture and WS09 for detection) used for the detection were
purchased from PharMingen (San Diego, Calif.) and used as
recommended by the supplier. The results illustrated in Fig. 4
indicate that, in agreement with previous studies (6, 31), 120
days after the first administration, BCG induced substantial
amounts of TGF-�1, whereas no TGF-�1 was detected in the
BALF from the control mice that had received PBS. Interest-
ingly, the BALF from mice immunized with the CTB-produc-
ing BCG contained approximately twice as much TGF-�1 as
the BALF from mice that had received the control strain.
TGF-�1 has been described as a major cytokine involved in the
induction of mucosal tolerance (32), which may explain the
ability of CTB to enhance oral tolerance for coupled proteins
(17, 27, 29, 30). Although these observations are consistent
with the possibility that the enhanced IgA production induced
by rBCG over that induced by nonrecombinant BCG is related
to the increase in TGF-� production, we cannot rule out the
possibility that the enhanced immune responses observed after
rBCG administration may be due to better uptake by antigen-
presenting cells.

To study the effect of CTB-producing BCG on the immune
responses induced against nonrelevant soluble antigens, we
coadministered the model antigen ovalbumin (OVA) i.p. along
with the BCG strains. The i.p. administration of OVA was
chosen because preliminary experiments indicated that coad-
ministration of BCG with OVA by the i.n. route resulted in
suffocation of the mice, due to the viscosity of the suspension.
Mice received 5 � 106 BCG cells i.n. together with 1 �g of
OVA (Sigma) in 100 �l i.p., with alum as the adjuvant. After a
booster dose was given 60 days later in the same way, the
anti-OVA IgA responses in the BALF were analyzed. As
shown in Fig. 5, mice that had received the rBCG developed a
strong specific mucosal anti-OVA IgA response, which was
significantly higher than that in mice that had received the
nonrecombinant BCG. No anti-OVA antibodies could be de-
tected when OVA was administered i.p. without i.n. adminis-
tration of BCG (data not shown). Administration of a BCG
strain containing the empty vector without the CTB-encoding

FIG. 3. Anti-BCG IgA responses in BALF elicited after i.n. immu-
nization with rBCG. BALB/c mice were immunized i.n. with 5 � 106

cells of either nonrecombinant BCG (open circles) or rBCG (black
squares) and given a booster immunization 60 days later in the same
way. The BALF from each group were collected at the indicated time
points and individually analyzed by ELISA for the presence of anti-
BCG IgA antibodies. Arrows, times of the first immunization and
boosting. �, significant difference. Statistical significance was estimated
by using the Mann-Whitney test (P � 0.05).

FIG. 4. Secretion of TGF-�1 after i.n. administration of rBCG or
nonrecombinant BCG. BALB/c mice were immunized i.n. with 5 � 106

cells of either nonrecombinant BCG (black bar) or rBCG (white bar)
or received PBS (left) and were boosted 60 days later in the same way.
BALF from each group of mice were collected and analyzed by ELISA
for the presence of TGF-�1. Each sample was analyzed in triplicate. �,
significant difference. Statistical significance was estimated by using the
Mann-Whitney test (P � 0.05).
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gene showed effects indistinguishable from those observed
with the nonrecombinant BCG, indicating that the enhanced
IgA response observed after coadministration of rBCG is due
to the production of CTB. CTB-producing BCG may thus
represent an interesting tool for inducing specific mucosal im-
mune responses against foreign protective antigens. The ability
of CTB delivered to the mucosa to enhance protective immu-
nity by coupling to protein antigens has been documented in
several models (9), including those involving immunization
against schistosomal chronic infections with CTB conjugated
to Schistosoma mansoni Sm28GST (28) and immunization
against Helicobacter pylori infection with CTB coupled to hepa-
ran sulfate-binding proteins (23). Therefore the development
of recombinant BCG strains simultaneously producing CTB
and heterologous antigens may be useful for inducing protec-
tive immunity against bacteria, virus, or parasites present at
mucosal surfaces. However, before rBCG strains can be given
as i.n. delivery vehicles, important safety issues need to be
addressed, such as the risk of inducing meningitis or other
neurological or respiratory illnesses.

We thank Jan Holmgren for useful discussion.
This work was supported by Institut Pasteur de Lille, INSERM,

Région Nord-Pas de Calais, and an EU grant (QLRT-PL 1999-01093).

REFERENCES

1. Caceres, V. M., and R. W. Sutter. 2001. Sabin monovalent oral polio vac-
cines: review of past experiences and their potential use after polio eradica-
tion. Clin. Infect. Dis. 33:531–541.

2. Coffin, S. E., and P. A. Offit. 1998. Induction of mucosal B-cell memory by
intramuscular inoculation of mice with rotavirus. J. Virol. 72:3479–3483.

3. Glineur, C., and C. Locht. 1994. Importance of ADP-ribosylation in the
morphological changes of PC12 cells induced by cholera toxin. Infect. Im-
mun. 62:4176–4185.

4. Hajishengallis, G., E. Harokopakis, S. K. Hollingshead, M. W. Russell, and
S. M. Michalek. 1996. Construction and oral immunogenicity of a Salmonella
typhimurium strain expressing a streptococcal adhesin linked to the A2/B
subunits of cholera toxin. Vaccine 14:1545–1548.

5. Hardy, S. J., J. Holmgren, S. Johansson, J. Sanchez, and T. R. Hirst. 1988.
Coordinated assembly of multisubunit proteins: oligomerization of bacterial
enterotoxins in vivo and in vitro. Proc. Natl. Acad. Sci. USA 85:7109–7113.

6. Hernandez-Pando, R., H. Orozco, K. Arriaga, A. Sampieri, J. Larriva-Sahd,

and V. Madrid-Marina. 1997. Analysis of the local kinetics and localization
of interleukin-1 alpha, tumour necrosis factor-alpha and transforming
growth factor-beta, during the course of experimental pulmonary tubercu-
losis. Immunology 90:607–617.

7. Hirst, T. R., and J. Holmgren. 1987. Conformation of protein secreted across
bacterial outer membranes: a study of enterotoxin translocation from Vibrio
cholerae. Proc. Natl. Acad. Sci. USA 84:7418–7422.

8. Holmgren, J. 1981. Actions of cholera toxin and the prevention and treat-
ment of cholera. Nature 292:413–417.

9. Holmgren, J., C. Czerkinsky, N. Lycke, and A. M. Svennerholm. 1994.
Strategies for the induction of immune responses at mucosal surfaces making
use of cholera toxin B subunit as immunogen, carrier, and adjuvant. Am. J.
Trop. Med. Hyg. 50:42–54.

10. Kim, P. H., L. Eckmann, W. J. Lee, W. Han, and M. F. Kagnoff. 1998.
Cholera toxin and cholera toxin B subunit induce IgA switching through the
action of TGF-beta 1. J. Immunol. 160:1198–1203.

11. Kremer, L., A. Baulard, J. Estaquier, J. Content, A. Capron, and C. Locht.
1995. Analysis of the Mycobacterium tuberculosis 85A antigen promoter re-
gion. J. Bacteriol. 177:642–653.

12. Kremer, L., L. Dupre, G. Riveau, A. Capron, and C. Locht. 1998. Systemic
and mucosal immune responses after intranasal administration of recombi-
nant Mycobacterium bovis bacillus Calmette-Guérin expressing glutathione
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