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promoter enhances the immunogenicity of Bacillus subtilis

as a vector for antigen delivery

Juliano D. Paccez a, Wilson B. Luiz a, Maria E. Sbrogio-Almeida b,
Rita C.C. Ferreira a, Wolfgang Schumann c, Luı́s C.S. Ferreira a,∗

a Department of Microbiology, Biomedical Sciences Institute, University of São Paulo, 05508-000 São Paulo, Brazil
b Division of Technological Development and Production, Butantan Institute, São Paulo, Brazil

c Institute of Genetics, University of Bayreuth, D-95440 Bayreuth, Germany

Received 15 June 2005; received in revised form 26 November 2005; accepted 7 December 2005
Available online 27 December 2005

Abstract

a
o
e
o
t
o
T
M
(
e
©

K

1

t
m
n
t
k
p

0

0
d

Bacillus subtilis has been successfully engineered to express heterologous antigens genetically fused to surface-exposed spore coat proteins as
vaccine vehicle endowed with remarkable heat resistance and probiotic effects for both humans and animals. Nonetheless, the immunogenicity
f passenger antigens expressed by B. subtilis spores is low particularly following oral delivery. In this work, we describe a new episomal
xpression system promoting enhanced immunogenicity of heterologous antigens carried by B. subtilis strains, either in the form of spores
r vegetative cells, following oral or parenteral delivery to mice. Based on a bi-directional replicating multicopy plasmid, the gene encoding
he B subunit of the heat-labile toxin (LTB), produced by enterotoxigenic Escherichia coli (ETEC) strains, was cloned under the control
f the B. subtilis glucose starvation inducible (gsiB) gene promoter, active in vegetative cells submitted to heat and other stress conditions.
he recombinant plasmid proved to be structurally and segregationally stable in both cells and spores under in vitro and in vivo conditions.
oreover, BALB/c mice orally immunized with B. subtilis cells or spores elicited enhanced anti-LTB systemic (serum IgG) and secreted

fecal IgA) antibody responses, thus, suggesting that antigen expression occurred during in vivo transit. These results indicate that the new
pisomal expression system may improve the performance of B. subtilis as a live orally-delivered vaccine carrier.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Among various live vaccine bacterial vectors so far
ested, recombinant Bacillus subtilis strains are one of the
ost recent additions [1,2]. In contrast to attenuated Gram-

egative species, such as Salmonella and Shigella, B. sub-
ilis has been granted the GRAS status, and the available
nowledge on genetics and physiology of this species finds a
arallel only in Escherichia coli K12. Moreover, B. subtilis
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00, Brazil. Tel.: +55 11 3091 7338; fax: +55 11 3091 7354.

E-mail address: lcsf@usp.br (L.C.S. Ferreira).

has the distinguishing characteristic of producing spores, the
most resilient life form found on the planet and with a long
standing history of probiotic use in humans and animals [3].
Recent reports describing the use of engineered B. subtilis
spores expressing heterologous antigens genetically fused
to surface exposed spore coat proteins raised considerable
interest for those aiming the development of orally delivered
vaccines. Nonetheless, the need of repeated immunizations
for proper activation of antibody responses indicates that the
immunogenicity of B. subtilis, either in the form of spores or
vegetative cells, is low [1,2,4].

The low immunogenic efficacy of B. subtilis can be mainly
attributed to at least two main factors. First, B. subtilis is not
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a typical inhabitant of the mammalian intestinal microbiota.
Orally ingested B. subtilis cells are eliminated within 48 h
after ingestion while spores are completely shed in approxi-
mately 1 week [2,5–7]. Thus, productive interaction of bac-
teria or spores with gut-associated lymphoid tissue (GALT)
afferent sites is brief, requiring multiple highly concentrated
doses, potentially leading to activation of immune tolerance.
A second factor contributing to the reduced immunogenicity
of B. subtilis as a vaccine vector is the amount of expressed
antigen presented to the mammalian immune system. Mul-
ticopy plasmid-based expression vectors for Gram-positive
bacteria are normally unstable reflecting both segregational
loss of the plasmid or structural unstable expression caused
by intramolecular recombination events [8]. Most conve-
nient B. subtilis expression plasmids have been derived from
Staphylococcus aureus plasmids, which replicates via single-
stranded DNA intermediates capable of suffering rearrange-
ments after cloning of heterologous sequences [8]. Integrative
vectors carrying an expression cassette sandwiched between
the two halves of a non-essential gene, such as amyE, have
been used as an approach to avoid the genetic instability
of episomal expression systems [9]. Although integration of
recombinant gene cassettes into the B. subtilis chromosome
confers enhanced stability to the gene expression the reduced
copy number decreases the antigen load carried by recombi-
nant cells or spores.
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2. Materials and methods

2.1. Bacterial strains and growth conditions

The B. subtilis WW02 strain (leuA8 metB5 trpC2 hsrdRM1
amyE::neo) was used for all immunization experiments [15].
The B. subtilis LDV1 and LDV2 and LDV3 strains were
obtained after transformation with the pLDV1, pLDV2 and
pREP9 [16] expression vectors, respectively. All cloning
steps were carried out with the E. coli DH5� strain. Bac-
terial strains were routinely grown in luria-broth (LB) and
plates were prepared with added neomycin (25 �g/ml) and/or
chloramphenicol (5 �g/ml), for B. subtilis, or ampicillin
(100 �g/ml) for E. coli. Sporulation of the B. subtilis strains
was induced in difco-sporulation media (DSM) using the
exhaustion method as previously described [17]. E. coli com-
petent cells were prepared with the CaCl2-mediated trans-
formation protocol, while B. subtilis competent cells were
obtained by the two-step transformation method [18,19].

2.2. Plasmid construction

The gsiB gene upstream region, encompassing the pro-
moter and ribosome-binding site, was amplified with primers
ON3 (5′ GGC CAT GGA TCC CTA TCG AGA CAC GTT
TGG CTG 3′) and ON4 (5′GGC CAT GAG CTC TTC CTC
C
a
[
w
i
m
s
p
T
T
3
m
O
t
(
c

2

i
a
a
u
H
4
b
b
8
S

Here we report the development of an alternative sta-
le episomal expression system for B. subtilis capable of
ncreasing the immunogenicity of orally delivered vaccine
trains either as vegetative cells or spores. Based on a recently
escribed E. coli–B. subtilis shuttle vector capable of repli-
ating in B. subtilis via a double-stranded DNA intermediate
10], we constructed an expression vector under the control
f a stress-inducible promoter derived from the B. subtilis
lucose starvation inducible (gsiB) gene [11,12]. The gsiB
romoter is recognized by an alternative sigma factor (�B),
ctivated when cells are submitted to different environmen-
al stresses such as heat, low pH, glucose starvation and
naerobiosis [11,12]. The amount of antigen produced by
lasmid transformed B. subtilis cells was enhanced and sta-
ilized both under in vivo and in vitro conditions. Moreover,
lthough not active during the sporulation phase, the gsiB
romoter proved to be induced during the transit through
he mammalian host. As a model antigen we have chosen
he heat-labile toxin B subunit (LTB) produced by some
nterotoxigenic E. coli (ETEC) strains, an important etiolog-
cal agent of infantile diarrhea and the single most relevant
athogen associated with traveler’s diarrhea [13]. Indeed,
TEC LTB has a rather extensive record of systemic and
ecreted immunogenicity when delivered by B. subtilis and
ther Gram-positive bacterial species [4,14]. The results
escribed herein demonstrate that the new expression sys-
em enhances the immunogenicity of LTB expressed by B.
ubtilis either in the form of spores or vegetative cells and may
ontribute to the development of more effective live vaccine
ectors.
TT TAA TTG GTG TTG GT 3′, restriction sites underlined)
nd cloned into SacI-BamHI double-digested pMTLBS72
10]. After restriction analysis, one clone containing the insert
as chosen and the recombinant plasmid, named pLDV1,

solated for a final cloning step with an amplified frag-
ent containing the elTB gene derived from ETEC H10407

train [20]. Amplification of the eltB was carried out with
rimers ELTBFw (5′ TCT ATG TAG ATC TAT GGC TCC
CA GTC TAT TAC AGA 3′) and ELTB2Rv (5′ TTT TAA
TC TAG ATT AGT TTT CCA TAC TGA TTG CCG C
′). Once digested with BamHI and XbaI, the amplified frag-
ent was forced cloned into BamHI/XbaI cleaved pLDV1.
ne recombinant plasmid was selected, subjected to restric-

ion analysis and nucleotide sequencing and named pLDV2
Fig. 1). Both restriction analysis and necleotide sequencing
onfirmed the correct cloning of the eltB gene.

.3. In vitro expression of LTB by B. subtilis pLDV2

Wild-type and recombinant B. subtilis strains were grown
n LB in Erlenmeyer flasks aerated in an orbital shaker set
t 200 rpm at 28 ◦C overnight. New cultures were prepared
fter diluting cells (1:100) in fresh medium kept at 28 ◦C
nder aeration until an OD600nm of 0.6–0.8 was reached.
eat-shocked cells were submitted to a temperature shift to
5 ◦C for 2 h. Whole cell extracts were prepared after incu-
ation of cells, corresponding to an OD600nm of 2.2, in lysis
uffer (15% sucrose, 250 mM Tris–HCl pH 7.5, lysozyme
00 �g/ml) for 5 min followed by addition of 10 �l of 10%
DS and incubation at 37 ◦C for 15 min. SDS–PAGE was
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Fig. 1. Schematic representation of the B. subtilis expression vector pLDV2.
Positions of unique cloning sites, the gsiB promoter and genes encoding
resistance to ampicillin (bla), chloramphenicol (cat) as well as the eltB gene
structural are indicated.

performed following standard procedures in a Mini Pro-
tean II vertical electrophoresis unit (Bio-Rad). Samples were
boiled with an equal amount of sample buffer (0.625 M Tris
pH 6.8, 10% (v/v) glycerol, 2% (w/v) SDS, 5% mercap-
toethanol in distilled water) for 5 min and applied to 15%
(w/v) polyacrylamide gels. Gels were run at 120 V and the
sorted proteins transferred to nitrocellulose sheets (0.45 �m
pore size, Sigma) at 200 mA for 1 h based on previously
described conditions [21]. After overnight blocking with 1%
(w/v) bovine serum albumin (BSA) in phosphate-buffered
saline (PBS) at 4 ◦C, the nitrocellulose sheets were incubated
at room temperature for 1 h with anti-LT specific serum fol-
lowed, after three washing steps, by incubation with 1:3,000
PBS-diluted rabbit anti-mouse IgG conjugated to horseradish
peroxidase (Sigma). Reactive bands were developed with a
chemoluminescence kit (Super Signal, Pierce), as specified
by the manufacturer, and exposed to Kodak X-Omat films for
1–5 min.

2.4. Preparation of spores

Sporulation of B. subtilis was carried out in DSM using
the exhaustion method as described previously [17]. Cul-
tures were harvested 24 h after sporulation onset, subjected to
lysozyme treatment to break any residual cells, followed by
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cultures were prepared by dilution of overnight grown cells
in approximately 1000 CFU/ml. The procedure was repeated
during a period of 7 days corresponding to approximately
225 generations. Plasmid-containing cells were detected after
replica-plating neomycin-resistant colonies (the neo gene is
located within the chromosome) on agar plates containing
chloramphenicol (5 �g/ml), the antibiotic resistance marker
encoded by pLDV2 and pREP9. All neomycin-resistant and
chloramphenicol-sensitive colonies were considered cured of
the tested plasmid, and as much as 200 colonies were tested
per interval. Sets of 10 chloramphenicol resistant colonies
were also tested for LTB expression after incubation at 45 ◦C
and Western blot analysis. Plasmid stability under in vivo
conditions was measured in groups of five female mice inoc-
ulated with a single per oral (p.o.) dose of 1010 CFU of B. sub-
tilis cells or spores. Mice were kept in gridded floor cages to
prevent coprophagia and fecal pellets were harvested at daily
intervals for periods up to 72 h after the inoculation. Pellets
were homogenized (1:10) in PBS, submitted to serial dilu-
tions in PBS, plated on DSM agar plates containing neomycin
and, then, replica-plated in neomycin/chloramphenicol con-
taining plates. In mice dosed with B. subtilis spores, fecal
suspensions were incubated at 65 ◦C for 1 h to eliminate veg-
etative cells. The number of tested colonies varied from 20
to 1500 according to the tested time points. Sets of 5–10
chloramphenicol resistant colonies were also submitted to
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uccessive washes in 1 M NaCl and 1 M KCl and then washed
wice in water. PMSF (10 mM) was included in washes to
nhibit proteolysis. Finally, the spores were suspended in
ater and treated at 68 ◦C for 1 h to inactivate any resid-
al cells. Viable spores were titrated for determination of the
umber of CFU/ml and then transferred to −20 ◦C until use.

.5. Determination of plasmid stability in B. subtilis
nder in vitro and in vivo conditions

Segregational stabilities of plasmids pLDV2 and pREP9
ere evaluated under in vitro with cells cultivated in LB
edium without antibiotics at 37 ◦C under aeration. New
estern blot experiments to evaluate LTB expression.

.6. Immunization regimens

C57BL/6 female mice were supplied by the Isogenic
ouse Breeding Facility of the Department of Immunol-

gy, Biomedical Sciences Institute (ICB), University of São
aulo (USP). All animal handling was in accordance with

he principles of the Brazilian code for the use of labora-
ory animals. Groups of five 8 weeks old female mice were
noculated per oral or intraperitoneally (i.p.) with vegetative
ells or spores of the B. subtilis strains transformed with
LDV1 or pLDV2. p.o. immunizations were carried out with
.5 ml aliquots of bacterial suspensions containing approxi-
ately 3 × 1010 CFU of vegetative cells or 1.5 × 1010 spores

sing a stainless-steel round tip gavage cannule. Mice sub-
itted to the p.o. immunizations received 0.5 ml of a 0.1 M

odium bicarbonate solution 30 min before the administration
f the bacterial or spore vehicles. The parenteral immuniza-
ions were performed with 2 × 109 CFU of vegetative cells
r 109 spores suspended in PBS in a final volume of 0.2 ml.
he immunization regimens for both cells and spores were
ased on previously reported attempts to use B. subtilis as
accine vehicles [2,4]. Mice immunized via the p.o. route
eceived one or three doses consisting of three sets of three
onsecutive doses on days. The single dose immunization
egimen consisted of three daily doses given on Days 1–3,
hile in the three dose regimen mice receive doses on Days
–3, 14–16, and 28–30. For the i.p. immunization regimen
ice were inoculated on Days 1, 14, and 28. Blood samples
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were collected after puncturing the retro-orbital plexus while
feces samples were collected overnight on Days 1, 13, 27 and
42. Individual blood samples of each mice group were tested
for anti-LTB antibody response, pooled, and then stored at
−20 ◦C for further ELISA tests. Fecal materials were first
freeze-dried and, then, stored at −20 ◦C. Before testing 15
fecal pellets (approximate 0.6 g) were homogenized in 500 �l
of PBS and centrifuged at 10,000 × g for 10 min at 4 ◦C. The
supernatants were collected and pooled for determination of
LTB-specific IgA titers.

2.7. Detection of antigen-specific serum and mucosal
antibody responses

Anti-LTB antibody responses were measured in 96-well
MaxiSorp (Nunc) ELISA plates coated with the GM1 gan-
glioside (2 �g/ml in PBS buffer) and left at 25 ◦C for 4 h.
Purified LT toxin (0.5 �g per well) was added to the plates
and incubated for 2 h. After a blocking step with 1% BSA
in PBS buffer for 1.5 h at 37 ◦C, the plates were incubated
for 1 h with serially diluted mouse sera or fecal extracts
diluted in PBS buffer containing 0.1% BSA plus 0.05%
Tween-20. After a second washing step, plates were incu-
bated with diluted peroxidase-conjugated rabbit anti-mouse
IgG or IgA (Sigma) for 1.5 h at 37 ◦C. The plates were
developed with O-phenylenediamine (0.4 mg/ml; Sigma) and
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with O-phenylenediamine (0.4 mg/ml; Sigma) and H2O2 and
the reactions were stopped after addition of 2 M H2SO4.
Absorbance at 492 nm was measured on a microtiter plate
reader (LabSystem). Anti-LT neutralization titers values were
determined as the reverse of the lowest serum dilutions reduc-
ing 50% of the reaction absorbance, as compared to the values
obtained with pre-immune sera.

2.9. Statistical analysis

Antibody titers and standard deviations were calculated
with the Microcal Origin 6.0 Professional program. The Stu-
dents t-test was applied in comparisons of mean antibody titer
values of different mouse groups. Differences with P values
below 0.05 were considered statistically significant.

3. Results

3.1. Episomal expression system for B. subtilis

We reasoned that the immunogenicity of B. subtilis cells
or spores could be enhanced after delivery of higher antigen
loads encoded by a multicopy episomal expression system.
Additionally, we assumed that gene expression under in vivo
conditions, as those found in phagosomes [24] or in the gas-
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2O2 and the reactions were stopped after addition of 2 M
2SO4. Absorbance at 492 nm was measured on a microtiter
late reader (LabSystem). All tested samples were assayed
n duplicated wells. Absorbance values of pre-immune sera
r sera from non-immunized mice were used as reference
lanks. Dilution curves were drawn for each sample and end-
oint titers, represented by the means ± S.E., were calculated
s the reciprocal values of the last dilution with an optical
ensity of 0.1.

.8. Toxin neutralization effect of anti-LTB antibodies

Determination of the in vitro LT neutralization activity of
ntibodies generated in mice immunized with recombinant B.
ubtilis strains were carried out in competitive GM1-ELISA.
riefly, LT aliquots (10 ng) incubated with different dilutions
f the tested serum samples (100 �l in 0.1% BSA contain-
ng PBS) were incubated in microtiter plates for 1 h at room
emperature. The mixtures were transferred to previously pre-
ared microtiter plates (Maxisorp, Nunc) previously coated
vernight with the GM1 ganglioside (2 �g/ml in PBS buffer)
nd blocked with 1% BSA in PBS buffer for 1 h at 37 ◦C.
he plates were incubated at room temperature for 1 h and

hen washed three times with PBS buffer containing 0.1%
SA plus 0.05% Tween-20. An anti-CT rabbit serum diluted
:5000 in 0.1% BSA in PBS buffer was added to the plates
nd incubated for 1 h at room temperature. Following three
dditional washing steps, a peroxidase-conjugated goat anti-
abbit IgG (final dilution 1:3000) was added and plates were
ncubated for 1.5 h at 37 ◦C. Color reactions were developed
rointestinal tract, would further enhance immunogenicity of
ecombinant antigens delivered by B. subtilis spores or cells.
hus, we constructed a B. subtilis episomal multicopy expres-
ion systems based on the E. coli–B. subtilis shuttle vector
MTLBS72, reported to replicate via a structural stable theta
echanism in B. subtilis [10], and the gsiB gene promoter,

ecognized by �B and activated under different stress condi-
ions [11,12,22].

The gsiB promoter region was amplified from the B.
ubtilis WW02 genomic DNA and inserted into the unique
amHI site of pMTLBS72, resulting in the expression vector
amed pLDV1. In a second step, the DNA fragment encod-
ng the LTB structural sequence was cloned in front of the
siB promoter, resulting in the final recombinant expression
ector designated pLDV2 (Fig. 1). Expression of the encoded
ntigen was determined in the B. subtilis LDV2 strain culti-
ated either at 28 ◦C or after a heat-shock at 45 ◦C for 2 h.
s shown in Fig. 2, LTB expression was higher in cells sub-
itted to heat-stress, but it also occurred in lower degree

n cells incubated at 28 ◦C representing approximately one
fth of the protein produced in heat-stressed cells, probably
eflecting the activation of the gsiB promoter during the onset
f the stationary phase [23]. The amount of LTB expressed
y pLDV2-transformed B. subtilis cells was calculated in
mmunoblots as 50 ng per 108 cells after the temperature
ncrease, thus corresponding to 15 �g of antigen per dose
dministered via the p.o. route or 1 �g of antigen per dose
dministered via the i.p. route. No recombinant protein was
etected in spores prepared from cultures incubated either at
8 ◦C or 45 ◦C (data not shown).
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Fig. 2. Detection of LTB expressed by the recombinant B. subtilis LDV2
strain. A total of 20 �g of whole extract protein was applied per lane, proteins
were separated by SDS–PAGE, electro-blotted to nitrocellulose membranes
and the bands reactive with the anti-LT serum were developed with mouse
anti-LT serum. Samples: 1, B. subtilis LDV1 cultivated at 45 ◦C for 2 h;
2, B. subtilis LDV2 cultivated at 28 ◦C up to the end of the exponential
phase (culture OD600nm 1.4); 3, B. subtilis LDV2 incubated at 45 ◦C for 2 h
(culture OD600nm 2.2); 4, Purified LT isolated from ETEC H10407 strain.
The positions and molecular weights of LTA (30 kDa) and LTB (11.5 kDa)
subunits are indicated on the right side of the figure.

3.2. Stable in vitro and in vivo gene expression mediated
by pLDV2

To evaluate the stability of the recombinant pLDV2 vector
in B. subtilis we detected the presence of the plasmid con-
taining cells after incubation under in vitro (growth in LB) or
in vivo conditions (in feces of mice orally dosed with cells
or spores). As indicated in Fig. 3A, negligible segregation
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was detected in pLDV2-containing cells during the first 90
generations of cultures prepared in LB. At the end of the
observation period, corresponding to 225 generations, 60%
of the tested colonies still harbored the recombinant plasmid.
Additionally, all tested colonies were able to synthesize the
heterologous antigen, as evaluated by Western blots (data not
shown). In comparison, another B. subtilis expression vector,
pREP9, reported to replicate via a single-stranded DNA inter-
mediate [16], showed a rather reduced in vitro stability. As
shown in Fig. 3A, following 129 generations in LB at 37 ◦C
all tested colonies had lost the resistance marker encoded by
the expression vector.

Plasmid pLDV2 stability was also evaluated among B.
subtilis cells recovered from mice orally inoculated with a
single dose of bacteria or spores. All colonies recovered from
feces of mice dosed with vegetative cells harbored the plas-
mid during the first 12 h, while 80% of the cells still kept the
pLDV2 expression vector 48 h after the oral dosing (Fig. 3A).
All tested colonies carrying the pLDV2 vector were profi-
cient in LTB expression (data not shown). Additionally, all
B. subtilis cells recovered from feces of animals dosed with
the LDV2 strain maintained the plasmid for at least 48 h
(Fig. 3B). For comparison, we also evaluated the in vivo sta-
bility of pREP9 under in vivo conditions. All cells recovered
from mice 6 h after the oral administration of cells or spores
of the B. subtilis strain transformed with pREP9 had lost the
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ig. 3. Stability of B. subtilis expression vectors during in vitro and in vivo
onditions. (A) Stability of pLDV2 (LDV2 strain) (�) and pREP9 (LDV3
train) (�) in B. subtilis after growth in LB at 37 ◦C without addition of
hloramphenicol. Samples were harvested every 24 h (representing 33 gen-
rations) and plated on neomycin-containing medium followed by replica
lating on chloramphenicol-containing plates. (B) Stability of pLDV2 (�,

) and pREP9 (�, �) in B. subtilis cells recovered from feces of mice inoc-

lated with a single dose of 1010 spores (�, �) or 3 × 1010 vegetative cells
�, �). The numbers of Cmr colonies were expressed as percentages of the
otal number of tested colonies.
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hloramphenicol resistance marker (Fig. 3B). These results
ndicate that episomal expression vector, pLDV2, replicates
nd expresses the encoded antigen in transformed B. subtilis
ells in rather stable fashion both under in vitro and in vivo
ituations as compared to the pREP9 vector.

.3. Serum anti-LTB antibody responses elicited in mice
mmunized with recombinant B. subtilis bacteria or
pores via parenteral and mucosal routes

The immunogenicity of the LDV2 strain was evaluated in
57BL/c mice after i.p. or p.o. inoculations of either vegeta-

ive cells or spores and the antibody responses were measured
weeks later. As shown in Fig. 4A, mice i.p. immunized
ith a single dose of 2 × 109 live B. subtilis vegetative cells

ncubated at 45 ◦C developed anti-LT serum IgG titers of
pproximately 1.1 × 104. More importantly, mice immunized
ith a single dose of spores derived from the B. subtilis LDV2

train developed an anti-LTB titer of 7.7 × 103, as compared
o mice immunized with non-recombinant spores, suggesting
hat LTB expression had occurred during the in vivo spore
ransit.

Analysis of the anti-LTB serum IgG responses in mice
.o. inoculated with a single dose consisting of three daily
oses of bacteria or spores confirmed that, similar to par-
nterally immunized mice, serum anti-LTB IgG responses
ere induced both with vegetative cells incubated at 45 ◦C

average IgG titer of 1.1 × 103) and spores (average IgG titer
f 5 × 102) (Fig. 4B). These results further indicated that anti-
en expression occurred during in vivo transit of B. subtilis
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Fig. 4. LTB-specific serum IgG responses elicited in C57BL/6 mice immu-
nized with spores or vegetative cells of B. subtilis LDV1 or LDV2 strains
delivered via parenteral or oral routes. (A) Mice immunized via the i.p. route
with a single dose of spores (109 CFU) or vegetative cells (2 × 109 CFU) of
the B. subtilis LDV1 or LDV2 strains. (B) Mice immunized via the p.o. route
with three consecutive daily doses of spores (1.5 × 1010 CFU) or vegetative
cells (3 × 1010 CFA) of the B. subtilis LDV1 or LDV2 strains. The LDV2
strain was previously incubated at 28 ◦C until onset of stationary phase or
heat-shocked at 45 ◦C. Blood samples were harvested 2 weeks after the last
immunization. End-point titers were calculated as the reverse values of the
last dilution with an optical density of 0.1.

LDV2 since no antigen was expressed by the in vitro prepared
spores. No statistically significant LTB-specific IgG response
was detected in mice orally inoculated with B. subtilis LDV2
cells cultivated at 28 ◦C.

Previously tested oral immunization regimens based on
recombinant B. subtilis strains as live vaccine vectors
employed three daily consecutive injections repeated three
times at 2 week intervals, a procedure adapted to counter-
balance the low immunogenicity of B. subtilis spores and

vegetative cells [2,4]. We repeated the same immunization
regimen based on three doses given on three consecutive
days employing vegetative cells or spores of the B. subtilis
LDV2 strain and, as shown in Fig. 5A, the induced serum IgG
responses varied according to the antigen vehicle used. Mice
orally immunized with vegetative cells incubated at 45 ◦C
induced increased LTB-specific serum antibody responses
with maximal IgG titer values achieved 2 weeks after the
last dose (serum IgG titer of 4 × 103). On the other hand,
mice immunized with B. subtilis spores developed peak anti-
LTB responses 2 weeks after the second immunization dose
(serum IgG titer of 1.5 × 103) (Fig. 5A).

3.4. Anti-LTB secreted antibody responses elicited in
mice immunized with the recombinant B. subtilis LDV2
strain

Secreted LTB IgA responses were also detected in mice
orally immunized with B. subtilis LDV2 cells or spores
(Fig. 5B). All mice p.o. immunized with vegetative cells incu-
bated at 45 ◦C or spores developed LTB-specific fecal IgA
responses with peak antibody levels detected 13 days after
the second set of doses (average IgA titers of 2.3 × 102 and
3.3 × 102 for mice immunized with spores or vegetative cells,
respectively) (Fig. 5B). After the third set of doses, the spe-
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Fig. 5. Induction of the LTB-specific serum IgG (A) and fecal IgA (B) responses e
LDV1 or LDV2 strains. Groups of five mice were immunized with three series of
vegetative cells or 1.5 × 1010 spores of the recombinant B. subtilis LDV2 strain or th
cells (�); B. subtilis LDV2 spores (�) and vegetative cells (�). The arrows indicate
values with an optical density of 0.1. *Statistically significant differences (P < 0.
immunized with the LDV1 strain.
ific anti-LTB IgA response levels dropped by approximately
ne-third to one-half as compared to values recorded in mice
ith two doses of spores or vegetative cells, respectively.

.5. Analysis of IgG subclass responses immunized with
ecombinant B. subtilis

The LTB-specific IgG subclass (IgG1 and IgG2a)
esponses elicited in mice immunized with recombinant B.
ubtilis spores and vegetative cells were measured in serum
amples collected from animals inoculated via i.p. or p.o.
mmunizations routes. As indicated in Fig. 6, mice immu-
ized via the p.o. route, both with spores or 45 ◦C incubated
ells, developed a prevailing type 1 response as indicated

licited in mice p.o. immunized with spores or vegetative cells of B. subtilis
three consecutive daily doses containing 3 × 1010 CFU of 45 ◦C-incubated
e LDV1 strain. Samples tested: B. subtilis LDV1 spores (♦) and vegetative

each immunization. End-point titers were calculated as last dilution reverse
005) with regard to corresponding samples collected from mouse groups



J.D. Paccez et al. / Vaccine 24 (2006) 2935–2943 2941

Fig. 6. Serum anti-LTB IgG subclasses responses elicited in mice immu-
nized with spores or vegetative cells incubated at 45 ◦C of the B. subtilis
LDV2 strain via i.p. or p.o. routes. Serum samples were harvested on differ-
ent days post immunization from mice immunized via the i.p. route (open
symbols) or p.o. route (filled symbols) with spores (diamonds) or vegetative
cells (triangles) of the B. subtilis LDV2 strain. Mice immunized via the i.p.
route received three doses at Days 1, 14, and 28 while mice submitted to the
p.o. immunization regimen received doses at Days 1–3, 14–16, and 28–30.
The ratio of IgG2a/IgG1 for each tested serum sample is indicated according
to the time schedule of the immunization regimens.

by the predominant IgG2a subclass responses. On the other
hand, mice immunized with spores or vegetative cells via the
i.p. route expressed higher anti-LTB IgG1 levels, an indica-
tive of a prevailing type 2 response (Fig. 6).

3.6. Neutralization of native LT by antibodies raised in
mice immunized with recombinant B. subtilis strains

Anti-LT serum IgG antibodies raised in mice orally immu-
nized with spores or cells of the recombinant B. subtilis
LDV2 strain were able to recognize native LT produced by
ETEC strains and block the adhesion of the toxin to the
GM1 receptor. Incubation of purified LT aliquots (10 ng) with

Table 1
Anti-LT neutralization titers of serum collected from mice immunized with
recombinant B. subtilis strains

Immunization
regimena

IgG-ELISA titer ± S.E.b LT neutralization
titerc

Pre-immune sera 0 0
LDV1 cells 70 ± 5 0
LDV2 cells 1100 ± 145 2.85
LDV1 spores 108 ± 19 0
LDV2 spores 680 ± 86 2.65
LT 5.5 × 105 8.25

a Tested serum samples were harvested from BALB/c mice orally immu-
n
c
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G

a
a

sera collected from mice immunized with spores or cells of
the LDV2 strain blocked the GM1 binding activity of LT,
as demonstrated in GM1-ELISA plates (Table 1). The same
results were also observed when anti-LT sera raised in mice
immunized with purified toxin were tested. In contrast, serum
samples from mice orally immunized with cells or spores of
the LDV1 strain did not any significant inhibition of LT bind-
ing in GM1-ELISA tests.

4. Discussion

In addition to the economic relevance for industrial pro-
duction of enzymes and fermented foods [25], B. subtilis
strains have also been used as a probiotic in Europe and
Asia [3]. B. subtilis strains have also found applications on
the production of vaccines either as antigen cellular facto-
ries or as antigen carriers delivered via oral or parenteral
routes [26–28]. The proposed use of B. subtilis spores as oral
delivered vaccine vehicles has attracted considerable atten-
tion due to the extended shelf life and endogenous probiotic
effect for both humans and animals [26–28]. Nonetheless,
the widespread use of B. subtilis strains as delivery vec-
tor has been questioned by the reduced immunogenicity of
both spores and cells particularly after delivery via mucosal
routes. This limitation may be attributed to the brief transit of
B
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v

ized with consecutive daily doses containing 3 × 1010 CFU of vegetative
ells incubated at 45 ◦C or 1.5 × 1010 spores of the recombinant B. subtilis
DV2 strain (transformed with the LTB subunit encoding plasmid vector) or

he LDV1 (transformed with the empty vector). A control group was immu-
ized with four doses of purified LT (20 �g/dose) with Freund adjuvant.
b Means of serum IgG titer ± S.E. of serum pools harvested from the
ifferent mouse groups (minimum of five mice per group) determined in
M1-ELISA.
c Serum dilutions leading to a 50% reduction of the absorbance values

chieved in reactions carried out with 10 ng of purified LT in GM1-ELISA
ssays (approximately 2.8 OD units at 492 nm).
. subtilis through the mammalian gastrointestinal tract and
ow antigen loads resulting in reduced targeting to mucosal
mmune responses afferent sites and defective antigen pro-
essing and presentation by antigen presenting cells.

In this work we report the development of a new B. sub-
ilis antigen expression approach based on stable multicopy
pisomal system under the control of a stress-inducible pro-
oter, resulting in enhanced systemic and secreted antibody

esponses in mice immunized with either spores or live veg-
tative B. subtilis. Under such conditions we managed to
ncrease the immunogenicity of LTB expressed as an intracel-
ular antigen by a recombinant B. subtilis strain when deliv-
red via parenteral and oral routes. Based on this expression
ystem, significant secreted and systemic specific antibody
esponses were achieved with only one dose (three consec-
tive daily doses) of spores or cells delivered via the oral
oute, representing one third of the immunization load pre-
iously reported with B. subtilis spores genetically modified
o express heterologous antigens fused to spore coat proteins
1,2,4].

The generation of episomal expression systems capable of
romoting enhanced antibody responses to antigens carried
y recombinant B. subtilis strains involved fundamentally
wo steps: first, the development of an adequate episomal
ector and second, the identification of a promoter allowing
ntigen expression duing in vivo conditions. Production of
ecombinant proteins encoded by episomal expression vec-
ors is usually unstable in B. subtilis, as well as in other Gram-
ositive bacterial species, since most convenient expression
ectors are derived from rolling-circle replicating plasmids
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originally isolated from S. aureus strains, such as pUB110
[30], pC194 [31], and pE194 [30]. Although these plasmids
replicate stably in B. subtilis, addition of recombinant DNA
sequences trigger intramolecular recombination events in the
single-stranded DNA intermediate that may result in dele-
tions affecting the recombinant gene [8,29]. Such observa-
tions led to the development of integrative expression systems
in which an expression cassette sandwiched between the two
halves of a non-essential gene, such as amyE and lacA, is
cloned in non-replicative vectors and, then, inserted into the
B. subtilis chromosome [32,33]. The development of stable
expression vectors became feasible after the discovery and
handling of a B. subtilis bi-directional replicating plasmid
allowing the development of structurally stable expression
vectors [10,34].

Another relevant aspect on the development of the B. sub-
tilis expression system was the selection of the gsiB promoter,
reported to be expressed at low levels by exponentially grow-
ing cells and further activated following exposure to different
stress factors such as heat, nutrient starvation, anaerobiosis
and low pHs [12,22]. The cloning of the LTB toxin sub-
unit under the control of the gsiB promoter resulted into a
expression system that proved to be stable both under in vitro
and in vivo conditions as compared to pREP9, an expres-
sion plasmid replicating via a single-stranded intermediate
[16]. Moreover, the encoded peptide could be detected both
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LTB-specific immune responses, we conclude that the gsiB
promoter is active under in vivo conditions, particularly at
sites involved in the generation of immune responses such as
GALT afferent sites and phagocytic cells.

Determination of IgG subclass responses elicited in mice
immunized with the recombinant LDV2 strain suggested
that both the immunization route and the nature of the
bacterial carrier affect at different extents the activation of
specific T helper cell populations. Although mice immu-
nized via the parenteral route elicited higher serum IgG2a
responses than those orally dosed with the same antigen
carriers, mice immunized with spores were capable of mount-
ing higher IgG2a/IgG1 ratios than those immunized with
vegetative cells. These results suggest that parenteral admin-
istration and antigen delivery by recombinant spores prefer-
entially activate type 1 responses and, consequently, trigger
more efficient T cell-dependent immune responses, a fea-
ture presently under investigation with antigens derived from
other pathogens.

We could also show that LTB-specific antibodies raised
in mice immunized with recombinant LDV2 cells or spores
were able to recognize and neutralize the receptor-binding
function of LT purified from ETEC strains. This result
demonstrates that, although intracellularly accumulated, LT
produced by recombinant B. subtilis is expressed in a confor-
mation compatible with the generation of antibodies capable
o
f
g
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t
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n
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a
s
n
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A
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b
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J

n exponential phase cells incubated at elevated temperatures
nd in stationary phase cells deprived of nutrients. Collec-
ively, the observations cited above indicate that the new B.
ubtilis expression system, while not requiring addition of
xpensive inducers, allows the expression of recombinant
roteins in B. subtilis at a high and stable fashion, two rele-
ant features of strains to be used either as antigen factory or
elivery vectors.

Immunization of C57BL/c mice with vegetative B. subtilis
pores revealed that three consecutive daily p.o doses were
ufficient to trigger enhanced serum IgG responses to the
accine antigen. Analysis of the induced immune responses
chieved with vegetative B. subtilis revealed that a minimum
oad of pre-formed antigen is important for the activation of
pecific antibody responses. B. subtilis LDV2 cells incubated
t 45 ◦C, but not those incubated at 28 ◦C expressing approx-
mately one-fifth of the protein produced by heat-shocked
ells, were able to trigger specific anti-LT antibody responses
n mice immunized via the oral route. These results suggest
hat vegetative cells do not efficiently promote de novo pro-
ein synthesis during in vivo transit, an expected consequence
f the massive cell death and lack of gut epithelium colonizing
bility of B. subtilis [35]. In contrast, mice immunized with B.
ubtilis LDV2 spores elicited systemic and secreted anti-LTB
ntibody responses even after a single dose delivered either
ia the parenteral or oral route. The induction of specific anti-
ody responses in mice immunized with recombinant spores
urther indicates that B. subtilis spores germinate during the
ransit through the gastrointestinal tract or after ingestion by
hagocytic cells [24,35]. Moreover, based on the induction of
f recognizing the toxin and inhibiting the receptor-binding
unction. Future studies should address the question if anti-
en expression at different cellular compartments can affect
he immunogencity and epitope affinity of antibodies targeted
o antigens expressed by recombinant B. subtilis strains.

In contrast to previous reports based on the use of recom-
inant B. subtilis spores [2,4], we observed that mice immu-
ized with spores or vegetative B. subtilis LDV2 cells showed
reduction in the secreted and systemic specific antibody

esponses following repeated immunizations. It is conceiv-
ble that the repeated antigen exposure carried by B. subtilis
train would lead to immunological tolerance due to the large
umber of immunization doses and amount of delivery cells
r spores. We believe that the development of improved B.
ubtilis antigen expression systems and establishment of opti-
ized immunization regimens would enhance the immuno-

enicity of passenger antigens and the more efficient use of
. subtilis strains as vaccine vehicles.
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