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The development of combined vaccines constitutes one of the priorities in modern vaccine research. One of
the most successful combined vaccines in use is the diphtheria-pertussis-tetanus vaccine. However, concerns
about the safety of the pertussis arm have led to decreased acceptance of the vaccine but also to the
development of new, safer, and effective acellular vaccines against pertussis. Unfortunately, the production cost
of these new vaccines is significantly higher than that of previous vaccines. Here, we explore the potential of
live recombinant Mycobacterium bovis BCG producing the hybrid protein S1-TTC, which contains the S1
subunit of pertussis toxin fused to fragment C of tetanus toxin, as an alternative to the acellular vaccines.
S1-TTC was produced in two different expression systems. In the first system its production was under the
control of the 85A antigen promoter and signal peptide, and in the second system it was under the control of
the hsp60 promoter. Although expression of the hybrid antigen was obtained in both cases, only the second
expression system yielded a recombinant BCG strain able to induce both a specific humoral immune response
and a specific cellular immune response. The antibodies generated were directed against the TTC part and
neutralized toxin activity in an in vivo challenge model, whereas interleukin-2 production was specific for both
parts of the molecule. Since protection against tetanus is antibody mediated and protection against pertussis
may be cell mediated, this constitutes a first promising step towards the development of a cost-effective,

protective, and safe combined vaccine against pertussis, tetanus, and tuberculosis.

Diphtheria, pertussis, and tetanus (DPT) vaccines have con-
tributed tremendously to the decrease of childhood mortality
over the past decades (31). However, despite this success, these
three diseases remain among the most significant infectious
childhood diseases, especially in the developing world. In ad-
dition, the safety of DPT vaccines has been questioned in
several countries in recent years, especially with regard to the
pertussis arm, a whole-cell vaccine component (11). As a con-
sequence, these vaccines have suffered a decrease in accep-
tance, resulting in the reappearance of pertussis epidemics.

A significant improvement has recently been accomplished
through the development of new, acellular pertussis vaccines.
In large phase III trials, these vaccines have been shown to be
highly efficacious and of negligible reactogenicity (1a, 14, 15,
37). While the acellular vaccines tested varied substantially in
antigen composition, all contained at least pertussis toxin
(PTX), considered to be the main protective antigen against
pertussis. Although PTX-neutralizing antibodies are able to
protect against Bordetella pertussis infection (35), several ob-
servations suggest that cellular immunity may play an impor-
tant role in protection against pertussis.

The role of cellular immunity against pertussis has been
demonstrated in mouse models (28), and spleen cells isolated
from convalescent mice produce high levels of gamma inter-
feron (IFN-y) and interleukin-2 (IL-2), indicative of a Thl-
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type response. In addition, CD4" clones of infected human
subjects also secrete mainly IFN-y and IL-2 but little IL-4 (30).
Considering that natural infection usually induces a longer-
lasting protection against subsequent infection by B. pertussis
than does vaccination (5, 19, 25), it is possible that a Th1-type
cellular immune response rather than a Th2-type antibody
response mediates long-lasting protection.

Mycobacterium bovis Bacillus Calmette-Guérin (BCG) is
known to induce essentially a Th1-type response, and infection
of live recombinant BCG producing foreign antigens has been
shown to elicit cell-mediated immunity directed toward the
heterologous antigens (2, 39). In addition to inducing a cellular
immune response, recombinant BCG can also induce signifi-
cant levels of antibodies against foreign antigens (23). Further-
more, BCG has been widely used as a vaccine against tuber-
culosis, is generally considered safe, can be administered at or
any time after birth, and is substantially less expensive than
most other vaccine formulations (8).

With the long-term goal to develop a combined pertussis-
tetanus-tuberculosis vaccine, we therefore wished to evaluate
the immune responses elicited by a recombinant BCG strain
that produces a hybrid protein composed of the protective part
of PTX fused to the protective part of tetanus toxin (TTX).
This protein, named S1-TTC, contains at its N-terminal moiety
the S1 subunit of PTX and at its C-terminal moiety fragment C
of TTX (TTC). We have previously shown that it can be pro-
duced at high levels in Escherichia coli and that, in its purified
form, it retains TTC-specific receptor-binding activity to the
ganglioside GT,,, and antigenicity to neutralizing anti-S1 anti-
bodies which specifically recognize conformational epitopes
(9). In this study, we demonstrate that SI-TTC can be pro-



VoL. 67, 1999

duced in BCG and that the recombinant BCG is able to induce
a specific T-cell response as well as an antibody response
against S1-TTC which is able to neutralize TTX activity.

MATERIALS AND METHODS

Animals. Eight-week-old BALB/c (H-2¢) female mice (Iffa Credo, I’Arbresle,
France) were used for immunization with the recombinant BCG. The mice were
immunized intraperitoneally (i.p.) or intravenously (i.v.) with 5 X 10° nontrans-
formed BCG or BCG cells producing S1-TTC.

Bacterial strains and growth conditions. All cloning steps were performed in
E. coli XL1-Blue (Stratagene, La Jolla, Calif.). S1-TTC production was carried
out in M. bovis BCG (vaccine strain 1173P2) and in Mycobacterium smegmatis
mc? 155 (38). Mycobacterial transformation and culture were done as described
by Kremer et al. (21).

Plasmids and DNA manipulation. pUC18 and pUC19 were purchased from
New England Biolabs (Beverly, Mass.). pUC4K (Pharmacia LKB, Uppsala, Swe-
den) was used to isolate the kanamycin resistance (Kan") gene. pEC001 and
pRR3AKan were described by Kremer et al. (21), pS1-tC encoding the S1-TTC
hybrid protein was described by Boucher et al. (9), and pUC::asp60 was de-
scribed by Kremer et al. (22). Restriction enzymes, T4 DNA polymerase, Klenow
fragment, and other DNA modifying enzymes were purchased from Boehringer
Mannheim Corp. (Mannheim, Germany). All DNA manipulations were per-
formed by standard protocols as described by Sambrook et al. (34).

Purification of S1-TTC. The procedure used for the purification of S1-TTC
was described by Boucher et al. (9). Briefly, two liters of culture containing E. coli
JM109(pS1-tC) were grown to an optical density at 600 nm of 0.4. Expression of
the S1-TTC-encoding gene was then induced by the addition of isopropyl-B-p-
thiogalactopyranoside (IPTG) to a final concentration of 1 mM. After an addi-
tional incubation at 37°C for 5 h, the cells were harvested by centrifugation,
washed, and resuspended in 40 ml of lysis buffer (25 mM Tris-HCI [pH 7.5], 25
mM NaCl, 1 mM EDTA, 0.5 mM phenylmethylsulfonylfluoride). The cells were
then disrupted by sonication, and the lysate was clarified by centrifugation. The
supernatant was applied onto a DEAE-cellulose column (Whatman DE-52; 2.5
by 30 cm), and after washing, the bound material was eluted with lysis buffer
containing 50 mM NaCl. The fractions containing S1-TTC were pooled, adjusted
to 1 M NaCl, and loaded onto a Phenyl-Sepharose (Pharmacia) column. After
being washed, the protein was eluted with 10 mM Tris-HCl (pH 9.5), 10%
glycerol, 0.5 mM phenylmethylsulfonyl fluoride. The fractions containing S1-
TTC were pooled, immediately adjusted to pH 7.5 by the addition of 1 M
Tris-HCI (pH 7.0), dialyzed overnight against several changes of phosphate-
buffered saline (PBS; K,HPO, [pH 7.5], 0.15 M NaCl), concentrated with a
Millipore CX-10 concentrator to 1 mg/ml, and then stored at —80°C until further
use.

Construction of expression vectors. pEN004 was constructed as follows. The
promoter and signal peptide coding sequence of the antigen 85A gene were
isolated from pECO001 by digesting the plasmid with HindIII, blunt ending it with
Klenow fragment, and then redigesting it with BamHI. This fragment was ligated
into Smal/BamHI-digested pS1-tC, generating pEC007. The 1.3-kb HindIII frag-
ment corresponding to the Kan" gene was isolated from pUC4K and ligated into
pEC007 previously digested with HindIIT and blunt ended with Klenow frag-
ment. This yielded pEC012, which was further digested with Pvull, and the
resulting 4.2-kb fragment was ligated into the blunt-ended Scal site of
pRR3AKan, generating the final shuttle vector, pEN004 (Fig. 1A).

pBMX was constructed as follows. First, the 1.3-kb PstI fragment correspond-
ing to the Kan" gene was isolated from pUC4K, blunt ended with T4 DNA
polymerase, and cloned into pUC::hsp60, previously digested with BamHI and
blunt ended with Klenow fragment. The resulting plasmid, named pUChspK, was
then digested with Ncol and Xbal and blunt ended with Klenow fragment. The
1.7-kb fragment containing the Kan" gene and the Asp60 promoter was cloned
into the unique Smal site of pS1-tC, giving rise to pBMO02, which was in turn
digested with Pvull. The resulting 3.4-kb fragment was finally inserted into the
Scal site of pRR3AKan, yielding the shuttle vector pPBMX (Fig. 1B).

Immunoblotting of recombinant proteins. Ten milliliters of each mycobacte-
rial culture was harvested at mid-log phase by centrifugation. The cells were then
resuspended in 1.5 ml of PBS and disrupted for 10 min with a Branson Sonifier
450 at half-maximal constant output. The resulting M. bovis BCG or M. smeg-
matis crude extracts were then subjected to polyacrylamide gel electrophoresis in
the presence of sodium dodecyl sulfate and with a 12% polyacrylamide gel as
described by Laemmli (24). After electrophoresis, the proteins were transferred
onto a Hybond-C Extra membrane (Amersham France). The membrane was
then saturated with 5% dry milk in PBS containing 0.1% Tween 20 (PBS-T). The
antibodies used for the detection of recombinant proteins were a monoclonal
antibody (1B7) directed against the S1 subunit of PTX (36) and rabbit polyclonal
antibodies directed against tetanus toxoid (9), both kindly provided by H. Sato
and Y. Sato (National Institute of Health, Tokyo, Japan). The immunoblots were
developed with goat anti-mouse alkaline phosphatase-conjugated antibodies or
goat anti-rabbit alkaline phosphatase-conjugated antibodies, purchased from
Promega (Madison, Wis.).

Enzyme-linked immunosorbent assay (ELISA). The wells of polystyrene mi-
crodilution plates (catalog no. 4-39454; Nunc, Roskilde, Denmark) were coated
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FIG. 1. Schematic representation of pEN004 and pBMX. The following rel-
evant features of pEN004 (A) and pBMX (B) are shown. The mycobacterial and
E. coli origins of replication are indicated by the black boxes labelled ori myco
and ColEl, respectively. The Kan" gene is indicated by the stippled arrow la-
belled KmR. The black boxes labelled /sp60 and 85A denote the hsp60 promoter
and the antigen 85A promoter and signal peptide coding sequence, respectively.
The grey boxes correspond to the S1-TTC-coding sequence.

overnight with 100 pl of the ganglioside GT;, at a concentration of 1 pg/ml in
PBS. The plates were washed three times with PBS, and 50 wl of purified S1-TTC
was then added at a concentration of 2 ug/ml in PBS in each well. After
incubation for 2 h at room temperature, the plates were washed three times with
PBS and the sera were then added in PBS-T containing 0.5% bovine serum
albumin (PBS-T-BSA) in twofold serial dilutions. The plates were incubated for
2 h and washed with PBS-T-BSA, and horseradish peroxidase-conjugated anti-
immunoglobulin G1 (IgG1) (1/10,000), anti-IgG2a (1/10,000), anti-IgG2b (1/
12,000), or anti-IgG3 (1/10,000) was added. Alternatively, biotinylated anti-
mouse IgG (catalog no. RPN.1001; Amersham) was added at a 1/500 dilution,
incubated for 1 h in PBS-T, washed three times with PBS-T, and then incubated
with the streptavidin-biotinylated horseradish peroxidase complex (catalog no.
RPN.1051; Amersham) at a dilution of 1/1,000 for 30 min in PBS-T. The plates
were finally washed three times with PBS-T and then developed with 0.4 mg of
O-phenylenediamine dihydrochloride (catalog no. P-4664; Sigma)/ml and 1 pl of
hydrogen peroxide/ml in 0.1 M citrate buffer (pH 4.5) at 37°C in the dark. The
plates were read with a Nunc NJ 2000 immunoreader at 490 nm.

TTX neutralization. To test for in vivo TTX-neutralizing activity of the anti-
S1-TTC antisera, we used the standard techniques of the European Pharmaco-
poeia (1974) at the level L+/1,000, as described previously (40). The results are
expressed in international units per milliliter.

Spleen cell cytokine production. Two months after i.p. immunization of mice
with recombinant BCG producing S1-TTC, the mice were sacrificed by cervical
dislocation and the spleens were removed aseptically. Spleen cells were isolated
by using a loosely fitting Dounce homogenizer, washed, adjusted to a concen-
tration of 4 X 10° per ml, and grown in flat-bottomed microwell plates (Nunc) in
RPMI 1640 medium supplemented with HEPES, glutamine, 5 X 10> M 2-mer-
captoethanol, antibiotics, and 10% heat-inactivated fetal calf serum. The purified
S1-TTC or PTX, purchased from List Biologicals (Campbell, Calif.), was added
to the cultures at 10 pg/ml and 1 pg/ml, respectively. The cells were incubated at
37°C in a humidified incubator at 5% CO,. After 24 h the supernatants were
harvested for the determination of IL-2 production as described previously (17).
Each experiment was repeated at least three times, and the results of one
representative experiment are shown.

RESULTS

Production of S1-TTC under the control of the antigen 85A
promoter and signal peptide. We have previously shown that
the antigen 85A promoter and signal peptide can be used for
heterologous expression and protein secretion in mycobacteria
(21). In a first attempt, therefore, we used these expression and
secretion signals for the production of S1-TTC in BCG by
constructing pEN004, as described in Materials and Methods.
In addition to the S1-TTC expression cassette, this vector con-
tains a mycobacterial origin of replication and a Kan" gene
(Fig. 1A).

M. smegmatis and BCG were transformed with pEN004, and
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FIG. 2. Immunoblot analysis of recombinant BCG(pEN004). Recombinant
BCG(pEN004) (lanes 3 to 5) was analyzed with anti-S1 monoclonal antibody 1B7
(lanes 1 to 4) and anti-TTC polyclonal antibodies (lane 5). Both whole-cell
extracts (lanes 4 and 5) and culture supernatant (lane 3) were analyzed. Lane 1
contains a whole-cell extract, and lane 2 contains culture supernatant of nonre-
combinant BCG as a control. The sizes of the molecular mass markers are given
in the right margin.

the recombinant mycobacteria were selected on solid Middle-
brook medium containing 25 pg of kanamycin/ml. Kanamycin-
resistant colonies were tested for their plasmid content by the
electroduction method described by Baulard et al. (6). Recom-
binant mycobacteria containing the expected plasmid were
then grown in liquid medium containing 25 pg of kanamy-
cin/ml for approximately 5 days in the case of M. smegmatis and
for 2 weeks in the case of BCG. Mycobacterial cell extracts
were then prepared and analyzed by immunoblotting with an-
ti-S1 monoclonal antibody 1B7 and an anti-TTC polyclonal
antibody. As shown in Fig. 2, only the recombinant BCG con-
taining pEN004 produced an immunoreactive band, corre-
sponding to an approximately 75-kDa protein. The size of the
protein was as expected, and it was recognized by both anti-S1
and anti-TTC antibodies, indicating that it contained both an-
tigenic determinants. In addition to the 75-kDa protein, a
smaller, approximately 37-kDa protein was also detected by
the anti-TTC antibodies. This protein was not recognized by
1B7, suggesting that it is a proteolytic breakdown product
containing essentially the C-terminal portion of the hybrid
protein. Similar results were obtained with M. smegmatis (not
shown).

Production of S1-TTC under the control of the hsp60 pro-
moter. A second expression system used in this study was
driven by the M. bovis BCG hsp60 promoter to produce intra-
cellular S1-TTC via the construction of pPBMX. This plasmid
had characteristics similar to those of pEN004, except that the
antigen 85A promoter and signal-peptide coding sequence
were replaced by the BCG hsp60 promoter (Fig. 1B).

After transformation and selection of recombinant M. smeg-
matis and BCG, cell extracts were prepared and analyzed by
immunoblotting with the monoclonal antibody 1B7 and the
polyclonal anti-TTC antibodies. With either reagent, an ap-
proximately 75-kDa protein was again readily detectable in
extracts of BCG containing pBMX (Fig. 3). Similar results
were obtained for M. smegmatis (not shown). This protein was
not present in the BCG control extracts, indicating that the
pBMX expression system also yielded an immunoreactive hy-
brid protein containing both the PTX and TTX antigenic de-
terminants. Expression levels appeared to be significantly
higher than in BCG(pEN004) extracts, and several smaller
peptides were detected with anti-TTC antibodies in BCG-
(pBMX) extracts, whereas a single major breakdown product
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FIG. 3. Immunoblot analysis of recombinant BCG(pBMX). Recombinant
BCG(pBMX) (lanes 2 and 3) was analyzed with anti-S1 monoclonal antibody
1B7 (lane 3) and anti-TTC polyclonal antibodies (lane 2). Lane 1 contains a
whole-cell extract of nonrecombinant BCG as a control. The sizes of the molec-
ular mass markers are given in the right margin.

was found in BCG(pENO004) lysates. When compared on a
quantitative basis by densitometric scanning of the immuno-
blots, BCG(pBMX) was found to produce approximately 10-
fold more S1-TTC than BCG(pENO004) (approximately 5 ng of
S1-TTC/ug of total protein versus approximately 0.4 ng of
S1-TTC/pg of total protein). As expected, no extracellular
S1-TTC was detected in culture supernatants of BCG(pBMX).

Antibody responses after immunization with BCG(pEN004)
or BCG(pBMX). Groups of five BALB/c mice were immunized
with 5 X 10° BCG(pEN004), BCG(pBMX), or nonrecombi-
nant control BCG cells either i.v. or i.p. Two months later, the
mice were boosted with 5 X 10° cells of the same BCG strains.
At different time intervals after the boost, sera were collected,
pooled per group of mice, and then tested for the presence of
anti-BCG and anti-S1-TTC antibodies by immunoblotting and
ELISA. All groups of mice produced anti-BCG antibodies at
similar levels (data not shown). However, only those mice that
had been immunized i.p. with BCG(pBMX) produced antibod-
ies directed against S1-TTC (Fig. 4). These antibodies did not
react with purified S1, suggesting that they were directed
against the TTC part of the protein. No such antibodies were
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FIG. 4. Immunoblot analysis of sera of mice immunized with BCG(pBMX).
Ten weeks after the first immunization, the sera of mice immunized with BCG-
(pBMX) (lanes 2 and 3) or with nonrecombinant BCG (lane 1) was analyzed by
immunoblotting with purified S1-TTC (lanes 1 and 3) or recombinant S1d (lane
2) as an antigen. Lane 4 contains the molecular mass markers, the sizes of which
are given in the right margin.
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FIG. 5. Kinetics of anti-SI-TTC antibody titers of mice immunized with
BCG(pBMX). The total anti-S1-TTC IgG titers of mice immunized with BCG-
(pBMX) were determined at 0, 10, 14, 18, and 26 weeks after the first immuni-
zation, as indicated. The titers correspond to the reciprocals of the highest serum
dilutions giving optical density values that are at least threefold over background
levels.

found in the sera of mice that were immunized i.p. with BCG-
(pEN004) or with the control BCG or those that were immu-
nized i.v. with any strain.

As shown in Fig. 5, the anti-S1-TTC antibody titers of the
mice that had received BCG(pBMX) stayed high for at least 26
weeks after the boost. The analysis of the isotype profile indi-
cated that specific anti-S1-TTC IgG1, IgG2a, and IgG2b were
produced (Fig. 6), suggestive of a mixed antibody response.
The antibodies were exclusively directed against the TTC part
of the hybrid protein, since no anti-PTX antibodies were de-
tected by ELISA (not shown).

To test for the functional activities of these anti-TTX anti-
bodies, the in vivo toxin-neutralizing activities of the sera were
measured by using the reference method of the European
Pharmacopoeia. At 2 weeks after the first immunization with
BCG(pBMX) the sera contained 0.01 to 0.02 IU/ml. This level
of neutralizing antibodies rose to 0.06 to 0.08 IU/ml after the
boost, whereas the neutralizing activities of sera of mice im-
munized with nonrecombinant BCG remained below detect-
able levels. Since levels above (.01 IU/ml are considered pro-
tective in humans, a single immunization with the recombinant
strain thus induced protective levels of anti-TTX antibodies.

IL-2 production after immunization with BCG(pBMX). The
spleens of BALB/c mice immunized and boosted with either
BCG(pEN004), BCG(pBMX), or nonrecombinant BCG were
tested for the secretion of IL-2 by using purified S1-TTC for
stimulation of the spleen cells. As shown in Fig. 7A, high levels
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FIG. 6. Isotype profile of anti-S1-TTC antibodies of mice immunized with
BCG(pBMX). Pooled sera of mice immunized with BCG(pBMX) were analyzed
for their anti-S1-TTC IgG1, IgG2a, IgG2b, and IgG3 titers. The titers were
estimated 18 weeks after the first immunization and correspond to the recipro-
cals of the highest serum dilutions giving optical density values that are at least
threefold over background levels.

ANTI-S1-TTC RESPONSES IN MICE IMMUNIZED WITH rBCG 5103

(A)
iL-2 cpm
20000

15000
10000 |

5000 -

N

BCG BCG (pBMX)
(B)
IL-2 cpm
5000
4000 -
3000 4

2000

1000 -

'

BCG BCG (pBMX)

FIG. 7. Antigen-specific IL-2 production in mice immunized with BCG-
(pBMX). The IL-2 contents in culture supernatants of splenocytes isolated from
mice immunized with nonrecombinant BCG (left) or BCG(pBMX) (right) were
estimated as described in Materials and Methods either after stimulation with
purified S1-TTC (A) or with PTX (B). The error bars indicate the standard
deviations.

of S1-TTC-specific IL-2 secretion were detected only for
spleen cells isolated from mice that were immunized with
BCG(pBMX), whereas BCG-specific IL-2 secretion was also
detected for cells isolated from nonrecombinant BCG-infected
mice.

When PTX was used to stimulate the spleen cells, IL-2
secretion was also detected only when the spleen cells were
isolated from mice immunized with BCG(pBMX) (Fig. 7B).

DISCUSSION

BCG is one of the most widely used vaccines available today
and is the only live bacterial vaccine recommended for use in
children by the World Health Organization. Although its effi-
cacy against tuberculosis still remains a matter of considerable
debate (12), BCG has a remarkably low incidence of severe
side effects. This makes it one of the most promising bacterial
live vectors for the production of heterologous antigens to
develop cost-effective vaccines able to protect against several
diseases simultaneously. Consequently, several mycobacterial
expression systems have been developed over the last few years
(2, 23, 29, 39). In some instances protection against challenge
has been achieved against the heterologous pathogen when
recombinant BCG was given as a vaccine (13, 16, 26, 27).
Different laboratories have used different expression systems
based on several promoters. The most widely used promoter is
that of the hsp60 gene. However, other promoters have also
been used, such as the pAN promoter from Mycobacterium
paratuberculosis (29) or the promoters of the genes encoding
the antigen 85 complex (20, 21). The antigen 85 complex con-
tains several major mycobacterial secreted proteins, named
85A, 85B, and 85C. The use of the promoter of the 85B gene
controlling the production of the hybrid protein antigen 85B
fused to the V3 epitope of the human immunodeficiency virus
led to a recombinant BCG strain that was able to induce
protective immune responses in small animals (16). In a com-
parative study with the same reporter gene, we have recently
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shown that the 85A promoter is stronger than the 85B pro-
moter (1). The 85A promoter has been used successfully for
the expression of several heterologous antigens (7, 21).

In this study, we compared the immunogenicity of recombi-
nant BCG strains producing a PTX-TTX hybrid protein (S1-
TTC) under the control of either the Asp60 promoter or the
85A promoter and signal peptide. The recombinant protein
was readily detected in both expression systems. When the
chimeric gene was expressed under the control of the hsp60
promoter, the expression level was approximately 10-fold
higher than when the 85A promoter and signal peptide were
used. The comparison of the anti-S1-TTC immune responses
indicated that only the BCG strain producing the antigen un-
der the control of the hsp60 promoter induced anti-S1-TTC
antibodies. No immune response was detected with the 85A
expression system, even after three immunizations. This find-
ing was somewhat surprising, since, although the hsp60 pro-
moter induced stronger expression of the foreign gene, the
difference with the 85A expression system was only about 10-
fold in vitro. However, it may be conceivable that the expres-
sion levels are much more divergent in vivo. In Salmonella the
hsp gene is induced in vivo (10). When chromosome-borne, the
BCG hsp60 promoter is also induced by stress; however, this
regulation is apparently lost when the Asp60 promoter is plas-
mid-borne (39). Although there is no evidence yet that the
antigen 85 complex genes are regulated in vivo, mice or hu-
mans infected by M. tuberculosis show a strong immune re-
sponse against the antigen 85 complex (18), indicating that
these proteins are produced in vivo.

Another difference between the two expression systems de-
scribed here is the presence of the signal peptide in the 85A
system. Although this system has been shown to allow for
secretion of recombinant proteins (7, 21), no S1-TTC was
found in the culture supernatant of the recombinant BCG
strains. It is most likely that this is due to the relatively large
size (75 kDa) of the antigen compared to antigens successfully
secreted in the previous studies. Indeed, progressive shorten-
ing of the S1-TTC hybrid protein by the 3’ truncation of its
gene gradually increased its secretion efficiency (7a). Never-
theless, it can be assumed that in the 85A expression system
S1-TTC is located at the external side of the membrane, since
the estimated size is consistent with that of the mature protein
after removal of the signal peptide. Because of its relatively
large size, the antigen is probably trapped in the cell wall. Since
it has been shown by others that secretion of the foreign anti-
gen by recombinant BCG may increase its immune response,
we are currently constructing new vectors combining the 4sp60
promoter with the 85A signal peptide coding region in an effort
to distinguish between the role of secretion or Asp60-depen-
dent expression in the induction of antibody responses against
S1-TTC.

Anti-S1-TTC antibody titers remained high for at least 6
months after immunization with the recombinant BCG pro-
ducing the antigen under the control of the Asp60 promoter.
Isotyping indicated that the mice produced IgG1, IgG2a, and
IgG2b antibodies, suggestive of a mixed response. These anti-
bodies, however, were mostly directed against the TTC part of
the molecule, since no antibodies reactive against PTX were
detected in the mouse sera. Instead, the mice immunized with
this recombinant BCG strain mounted a weak but significant
cellular immune response against PTX, as evidenced by the
secretion of antigen-specific IL-2. This finding is particularly
interesting with respect to the development of a combined
vaccine against tetanus and pertussis, since recent evidence
strongly suggests that the mechanism of protective immunity
against pertussis in mice involves IL-2-secreting T cells (28). In
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addition, Th1 CD4™" cells probably also play a major role in
protective immunity in humans, since convalescent patients
with whooping cough produce B. pertussis-specific T cells that
secrete high levels of IFN-y and IL-2 but very little IL-5 or IL-4
(32, 33), and it is well known that infection with B. pertussis
provides better and longer-lasting protection against whooping
cough than does vaccination. Since immunization with recom-
binant BCG producing S1-TTC induces anti-TTX antibodies
and anti-PTX-specific T cells of the Thl subpopulation, this
may constitute a promising approach for the development of a
novel, effective, and safe combined vaccine against tetanus and
whooping cough, affordable even for the developing world.

However, several points remain to be addressed. Dissemi-
nated BCG infections have been reported in patients with
AIDS, and the use of recombinant BCG may be particularly
counterindicated in areas where the human immunodeficiency
virus prevalence is high. Recent efforts to genetically engineer
BCG strains so that they can be used in immunocompromised
hosts have provided some encouraging initial results (3), and it
will be interesting to evaluate the S1-TTC construct for its
immunogenicity in some of those strains. In addition, the im-
mune response to the PTX part of the molecule induced after
administration of the recombinant BCG strain is rather weak,
and future constructs may help to increase its immunogenicity,
either by the coexpression of cytokines or by simply redesign-
ing the hybrid protein. Using similar S1-TTC constructs ex-
pressed in Salmonella typhi vaccine strains, Barry et al. (4) have
shown that the S1 subunit fused to the N terminus of TTC was
less effective than S1 fused to the C terminus in generating
anti-PTX antibodies. Finally, antipertussis and antitetanus vac-
cines are usually administered together with antidiphtheria
vaccines. We are therefore constructing recombinant BCG
strains coexpressing protective diphtheria toxin domains to-
gether with the S1-TTC hybrid protein.
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