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bstract

Recombinant Bacillus subtilis strains, either in the form of spores or vegetative cells, may be employed as safe and low-cost vaccine vehicles.
n this study, we studied the role of promoter sequences and antigen-sorting signals on the immunogenicity based on previously constructed
. subtilis episomal expression systems. Mice orally immunized with spores or cells encoding the B subunit of the heat labile toxin (LTB),
riginally expressed by some enterotoxigenic Escherichia coli (ETEC) strains, under control of the stress-inducible gsiB promoter developed
igher anti-LTB serum IgG and fecal IgA responses with regard to vaccine strains transformed with plasmids encoding the antigen under
ontrol of IPTG-inducible (Pspac) or constitutive (PlepA) promoters. Moreover, surface expression of the vaccine antigen under the control
f the PgsiB promoter enhanced the immunogenicity of vegetative cells, while intracellular accumulation of LTB led to higher antibody
esponses in mice orally immunized with recombinant B. subtilis spores. Specific anti-LTB antibodies raised in vaccinated mice recognized
nd neutralized in vitro the native toxin produced by ETEC strains. Nonetheless, only mice orally immunized with recombinant B. subtilis

trains, either as vegetative cells or spores, expressing intracellular LTB under the control of the gsiB promoter conferred partial protection
o lethal challenges with purified LT. The present report further demonstrates that B. subtilis plasmid-based heterologous protein expression
ystems are adequate for antigen delivery via the oral route.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Bacillus subtilis strains have found different applications
uring the last decades including the industrial production
f proteases, preparation of alkaline-fermented food and as a

robiotic product for prevention of enteric infections both in
umans and animals [1–3]. Additionally, the knowledge on
enetics and physiology of B. subtilis together with the devel-
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pment of appropriate genetic tools have brought further
nterest in the use of genetically modified B. subtilis strains
or the expression of pharmaceutically useful recombinant
roteins and antigen carrier vehicles in vaccine formulations
4–6]. The use of B. subtilis spores as vaccine vehicles is
articularly appealing since, due to the natural resistance to
eat and different environmental stresses [7], recombinant

pores are easily prepared and maintained at room temper-
ture dramatically reducing production and storage costs.
ndeed, bacterial spores can remain dormant and viable for
mmense periods of time, perhaps millions of years [8].

mailto:lcsf@usp.br
dx.doi.org/10.1016/j.vaccine.2007.04.021
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The initial step towards the use of genetically engineered
. subtilis spores as vaccine vehicles was based on the sur-

ace expression of recombinant antigens genetically fused
o spore coat proteins [9–11]. Based on a single copy chro-

osomally integrated gene expression system, the tetanus
oxin fragment C (TTFC) was expressed at approximately
03 copies per recombinant spore [9]. In such an “out model”,
he pre-formed antigen is expressed at the surface of recom-
inant spores but de novo synthesis would not be expected to
ccur during passage through the host gastrointestinal envi-
onment. Oral or intranasal administration of recombinant B.
ubtilis spores to mice resulted in significant, but at low lev-
ls, specific secreted and systemic antibody responses to the
ncoded antigen and conferred protection to lethal doses with
he whole purified toxin [10,11].

Using a different “in” approach, our group described
he development of an alternative gene expression system
llowing the intracellular production of recombinant anti-
ens exclusively by vegetative B. subtilis cells transformed
ith an episomal vector endowed with enhanced structural

nd segregation stability [12]. Moreover, antigen expression
nder the control of a stress-inducible Sigma B-dependent
romoter allowed expression during in vivo transit through
he vertebrate host, as demonstrated by the induction of
ntigen-specific systemic and secreted antibodies follow-
ng oral administration of spores to mice [12] supporting
he notion that ingested B. subtilis spores germinate during
he transit through the host organism [13–15]. However, the
mpact of different promoter sequences and sorting signals on
he immunogenicity of antigens encoded by recombinant B.
ubtilis strains using such antigen expression system remains
nchecked.

The recent construction of new B. subtilis episomal
xpression vectors allowing production of recombinant pro-
eins under the control of different promoters and carrying
orting signals for secretion [16] or cell wall anchoring [17]
ffers the possibility to determine the in vivo performance
f orally delivered recombinant B. subtilis strains as vac-
ine vehicles. In this study, we describe the immunogenicity

f B. subtilis vaccine strains encoding the B subunit of the
eat-labile toxin (LTB), originally expressed by some entero-
oxigenic Escherichia coli strains, an important ethiologic
gent of infant and traveler’s diarrhea [18]. Based on the

p
s
o
g

able 1
acterial strains used in the present study

acterial strains Main characteristics

. subtilis WW02 leuA8 metB5 trpC2 hsrdRM1amyE::neo

. subtilis NHD03 WW02 with srtA gene under control of Pspac

. subtilis LDV4 WW02 carrying pHMC03

. subtilis LDV5 WW02 carrying pLDV5 (eltB under control of PgsiB)

. subtilis LDV8 WW02 carrying pLDV8 (eltB under control of PlepA)

. subtilis LDV11 WW02 carrying pLDV11 (eltB under control of Pspac)

. subtilis LDVsecr2 WW02 carrying pLDVsecr2 (secretion of LTB with �-a

. subtilis LDVanc2 NHD03 carrying pLDVanc2 (anchoring of LTB in the c

. coli DH5α recA1 endA1 gyrA96 glnV44 = supE44 relA1 deoR �(la
5 (2007) 4671–4680

resent results, the influence of promoter activity and antigen-
orting signals on the induced antibody response elicited in
ice orally vaccinated with recombinant B. subtilis strains

ould be inferred.

. Materials and methods

.1. Bacterial strains and growth conditions

All B. subtilis and E. coli K12 strains used in the
resent study are described in Table 1. Bacterial strains
ere routinely cultivated in Luria-broth (LB) with added
eomycin (25 �g/m) and/or chloramphenicol (5 �g/ml)
nd erythromycin (1 �g/ml), for B. subtilis, or ampicillin
100 �g/m) for E. coli, as appropriate. Sporulation of the
. subtilis strains was induced in Difco-sporulation media

DSM) using the exhaustion method as previously described
19]. E. coli competent cells were prepared with the CaCl2-
ediated transformation protocol [20], while B. subtilis

ompetent cells were obtained by the two-step transformation
ethod [21].

.2. Plasmid constructions

Amplification of the LTB-encoding gene (eltB), derived
rom genomic DNA of the ETEC H10407 strain, was carried
ut with primers ELTBFw and ELTB2Rv, as previously
escribed [12]. Once digested with BglIII and XbaI, the
mplified fragment was cloned into the vectors pHCMC03,
HCMC02 and pHCMC05 [16], treated with BamHI
nd XbaI restriction enzymes. The resulting recombinant
lasmids were named pLDV5, pLDV8 and pLDV11 and
ncoded the LTB subunit under the control of the stress
nducible Sigma B-dependent promoter derived from the
siB gene, the constitutive promoter derived from the
epA gene, and the IPTG-inducible promoter derived from
he spac gene, respectively [16]. All expression plasmids
ere derived from pHCMC03 [16], which differ from our

reviously reported vector [12] by the presence of the tran-
criptional terminator trpA ensuring the efficient termination
f transcription immediately downstream of the recombinant
enes. One recombinant plasmid of each construction was

Source

[27]
[16]
This work
This work
This work
This work

mylase amyQ signal sequence under control of PgsiB) This work
ell wall under control of PgsiB) This work
cZ-argF)U169 hsdR17 thi-1 �− �80dlac �(lacZ)M15 F− Invitrogen
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rst subjected to restriction enzyme analysis, then nucleotide
equencing and, finally, introduced into B. subtilis WW02.
he secretion vector was generated following amplification
f the coding region for the signal peptide of the B. amyloliq-
efaciens amyQ gene using specific primers (AmylSFBclI,
′-GGCCATTGATCAATGATTCAAAAA CGAAAGCG-
ACAG 3′ and AmylPSRBamHI, 5′-GGCCATGGATCCT-
CGGCTGAT GTTTTTGTAATCGG 3′, restriction sites
nderlined) and plasmid pNDH15 [17] as template. The
mplified fragment (93 bp) was subsequently cloned into
he BamHI-cleaved pHCMC03 vector carrying the PgsiB
romoter [16]. The resulting plasmid containing the insert
n the right orientation was named pLDVsecr1. The final
loning step involved amplification of the eltB gene with
rimers ELTBFw and ELTB2Rv and cloning of the resulting
ragment, after digestion with BglII and XbaI, into pLD-
secr1 cleaved with the same restriction enzymes. One

ecombinant plasmid, named pLDVsecr2, was selected,
ubjected to restriction analysis, nucleotide sequencing
nd introduced into the B. subtilis WW02. The expression
ector allowing anchoring of recombinant LTB to the B.
ubtilis cell wall peptidoglycan cross-bridges was obtained
ollowing amplification of the 3′ terminal end of the S. aureus
nbB gene with specific primers (FnbBAatII, 5′-GGCCAT-
ACGTCCCGCGGAATG GTAACCAATCATTCGAAG-
AG 3′ and FnbBRStuI, 5′-GGCCATAGGCCTTTATG-
TTTG TGATTCTTTTTATTTCTGC 3′) and plasmid
NHD21 [17] as template. The amplified fragment was
loned into the pLDVsecr1 digested with AatII and StuI
esulting in pLDVanc1. The eltB gene, encoding 103 residues
f the complete LTB subunit amino acid sequence, was ampli-
ed using primers ELTBFw and ELTBRB (5′-GGCCATGA-
GTCTTAGGATCCGTTTTCCATACTGATTGCCGC 3′)
nd, following digestion with BglII and BamHI, cloned
nto BamHI-cleaved pLDVanc1. The final vector allowed
he recombinant protein to be expressed with a 196 amino
cid spacer region after the peptidoglycan anchor sequence
17]. One recombinant clone, carrying the plasmid named
LDVanc2, was selected, subjected to restriction analysis,
ucleotide sequencing and introduced into the B. subtilis
HD03, encoding the Listeria monocytogenes sortase
under the control of the spac promoter, as previously

escribed [17].

.3. In vitro expression of LTB by recombinant B.
ubtilis strains

Detection of recombinant LTB expressed by B. sub-
ilis strains was achieved after cultivation in Erlenmeyer
asks aerated in an orbital shaker set at 200 rpm at 37 ◦C
vernight. New cultures were prepared after diluting cells
1:100) into fresh LB medium kept at 37 ◦C under aeration

ntil an OD600nm of 0.6–0.8 was reached. IPTG was added
o a final concentration of 0.1 mM at this point in cultures
repared with the LDV11 strain (activation of the Pspac
eading to the intracellular accumulation of LTB) and the

a
u
m
o

5 (2007) 4671–4680 4673

DVanc2 strain (activation of Pspac required for expression
f L. monocytogenes sortase A required for cell wall anchor-
ng of LTB). Cultures prepared with LDV5 (activation of
he PgsiB promoter leading to intracellular accumulation of
TB), LDVsecr2 (activation of the PgsiB promoter leading to
ecretion of LTB) and LDVanc2 (activation of the PgsiB pro-
oter leading to surface expression of LTB) strains were heat

hocked at 45 ◦C for 2 h. No special treatment was applied
o cultures of the B. subtilis LDV8 strain (intracellular pro-
uction of LTB protein under the control of PlepA). Whole
ell extracts were prepared after incubation of cells to a final
D600nm of approximately 2.2 and suspension of the cells in

ysis buffer as described before [12]. Release the cell wall-
nchored LTB expressed from pLDVanc2 was achieved by
reating cells with lysozyme (500 �g/ml dissolved in water)
or 30 min at room temperature [17]. Released proteins were
recipitated with trichloroacetic acid [20]. Quantitative esti-
ates of LTB produced by each recombinant B. subtilis strain
ere carried out using Western blots of whole cell extracts at

stablished cell densities or culture supernatants, mouse anti-
T serum and determined quantities of purified LT produced
y recombinant E. coli strains.

.4. SDS-PAGE and Western blots

SDS-PAGE was performed following standard procedures
sing a Mini Protean II vertical electrophoresis unit (Bio-
ad). Samples were boiled with an equal amount of sample
uffer (0.625 M Tris pH 6.8, 10% (v/v) glycerol, 2% (w/v)
DS, 5% (w/w) �-mercaptoethanol in distilled water) for
min and applied to 15% (w/v) polyacrylamide gels. Gels
ere run at 120 V and the sorted proteins transferred to nitro-

ellulose sheets (0.45 �m pore size, Sigma) at 200 mA for 1 h
ased on previously described conditions [22]. Western blots
ere carried out following incubation of nitrocellulose sheets
ith a mouse polyclonal anti-LT antiserum and development
f reactive bands with a chemoluminescent kit (Super Signal,
ierce), as previously described [12].

.5. Preparation of spores

Sporulation of B. subtilis was induced in DSM using
he exhaustion method as previously described [19]. Viable
pores were titrated for determination of the number of
FU/ml and then transferred to −20 ◦C until use.

.6. Immunization regimens

C57BL/6 and BALB/c female mice were supplied by
he isogenic mouse breeding facility of the Department
f Immunology, Biomedical Sciences Institute (ICB), Uni-
ersity of São Paulo (USP). All animal handling was in

ccordance with the principles of the Brazilian code for the
se of laboratory animals. Groups of five 8 weeks old female
ice were inoculated via the oral (p.o.) route with cells

r spores of the B. subtilis strains LDV5, LDV8, LDV11,
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DVsecr2 or LDVanc2. Suspensions (0.5 ml aliquots) con-
aining approximately 3 × 1010 vegetative cells or 1.5 × 1010

pores were delivered with a stainless-steel round tip gav-
ge cannule at days 1–3, 14–16, and 28–30. Mice received
.5 ml of a 0.1 M sodium bicarbonate solution 30 min before
he administration of the bacteria or spores. Blood and fecal
amples were collected three days before the immunization
egimen and on days 13, 27 and 44. Individual blood sam-
les of each mice group were tested for the anti-LTB antibody
esponse, pooled, and then stored at −20 ◦C for further test-
ng. Fecal materials were first freeze-dried and stored at

20 ◦C and processed as previously described [12].

.7. Detection of LTB-specific serum and mucosal
ntibody responses

Anti-LTB antibody responses were measured by GM1-
LISA carried out in 96-well MaxiSorp (Nunc) plates coated
ith the GM1 ganglioside according to conditions described
efore [12]. All tested samples were assayed in duplicated
ells. Absorbance values of pre-immune sera or sera from
on-immunized mice were used as reference blanks. Dilu-
ion curves were drawn for each serum sample and endpoint
iters, represented as the reciprocal values of the last dilution
ith an optical density of 0.1, expressed as the means ± S.D.
f all animals submitted to the same vaccine regimen.
erum LTB-specific IgG subclass responses were measured
ith same experimental procedure but using peroxidase-

onjugated rabbit anti-mouse IgG1 and IgG2a (Pharmigen).
ecal LTB-specific IgA titers, represented by means ± S.E.,
ere measured in pooled fecal pellets recovered from mouse
roups submitted to the same vaccine regimen.

.8. Determination of plasmid stability under in vivo
onditions

Plasmid stability under in vivo conditions was measured
n groups of five female mice inoculated with a single p.o.
ose of 1010 CFU of B. subtilis cells or spores. Mice were
ept in gridded floor cages to prevent coprophagia, and fecal
ellets were harvested at daily intervals for periods up to
2 h after the inoculation. Pellets were homogenized (1:10)
n PBS, submitted to serial dilutions in PBS, plated on DSM
gar plates containing neomycin and, then, replica-plated in
eomycin/chloramphenicol containing plates. In mice dosed
ith B. subtilis spores, fecal suspensions were incubated at
5 ◦C for 1 h to eliminate vegetative cells. The number of
ested colonies varied from 20 to 1500 according to the ana-
yzed time points. Sets of 5–10 chloramphenicol resistant
olonies were also submitted to Western blot experiments to
valuate LTB expression.
.9. Toxin neutralization effects of anti-LTB antibodies

Determination of the in vitro LT neutralization activity of
T-specific antibodies was achieved by competitive GM1-

o
t
s
F
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LISA. Briefly, LT aliquots (10 ng) incubated with different
ilutions of the tested serum samples were incubated in
icrotiter plates for 1 h at room temperature and transferred

o microtiter plates (Maxisorp, Nunc) previously coated with
he GM1 ganglioside. Blocking, incubation with rabbit anti-
holera toxin (CT)-specific antibodies and color reaction
teps were performed exactly as previously described [12].
bsorbance at 492 nm was measured on a microtiter plate

eader (LabSystem) and the anti-LT neutralization titers were
etermined as the reverse of the lowest serum dilution yield-
ng a 50% reduction of the absorbance measured with toxin
amples incubated with pre-immune sera.

.10. Toxin challenge experiments

Groups of four female C57BL/6 mice immunized with
ine oral dose sets of recombinant B. subtilis strains either in
he form of vegetative cells (LDV4, LDV 5 and LDVanc2) or
pores (LDV 5) were challenged i.p. with purified LT (50 �g),
orresponding to two-fold the minimal lethal dose, 2 weeks
ollowing the last immunization. Mice were observed daily,
nd mortality rates were measured during 1 week.

.11. Statistical analysis

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

. Results

.1. B. subtilis vaccine vehicles allowing antigen
xpression under the control of different promoters and
ccumulation at different cellular compartments

The development of a new series of B. subtilis expression
ectors conferring stable production of recombinant proteins
nder the control of different promoters was the starting point
or the construction of vaccine strains expressing LTB intra-
ellularly under the control of two inducible (PgsiB in LDV5
nd Pspac in LDV11) and one constitutive promoter (PlepA in
DV8) [16]. Moreover, based on construction of expression
ectors encoding the signal sequence of B. subtilis �-amylase
nd the anchoring motif of the S. aureus fibronectin-binding
rotein B (FnbB) and the L. monocytogenes sortase A (SrtA)
17], we investigated the impact of cell-sorting signals on
he immunogenicity of LTB encoded by B. subtilis vaccine
ehicles (LDVanc2 and LDVsec2 strains), either in the form

f vegetative cells or spores. A schematic linear represen-
ation of constructed episomal expression vectors, expected
ize and amount of the encoded products are shown in the
ig. 1.
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Fig. 1. Schematic linear representation of the genetic organization of the pLDV5, pLDV8, pLDV11, pLDVsecr2 and pLDVanc2 plasmids predicted molecular
weight and estimated amounts of the encoded products. The amounts of recombinant protein in each immunization dose (3 × 1010 CFU) encoded by each
c T or LT
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onstruct were estimated in Western blots using known concentrations of L
LDV11 encode LTB protein in the cytoplasm of transformed B. subtilis str
rotein band with molecular weight of 57 kDa, corresponding to putative pe
ubtilis strains transformed with the pLDVsecr2 vector.

The monitoring of LTB production during in vitro growth
f the B. subtilis LDV5, LDV8 and LDV11 strains revealed
hat PgsiB conferred the highest antigen expression by veg-
tative cells following induction at 45 ◦C for 2 h (Fig. 2A).
nder such conditions, the amount of LTB accumulated by
. subtilis cells reached approximately 30 ng in 108 CFU,

epresenting an increase of 5- to 10-fold, as compared to val-
es obtained with cells incubated at 37 ◦C. As expected, the
mount of LTB produced under control of the constitutive
lepA did not change during in vitro cultivation of the LDV8
train and reached values of approximately 10 ng in 108 CFU.
inally, the B. subtilis LDV11 strains (Pspac) accumulated

he LTB antigen at concentrations ranging from 5 to 10 ng in
08 CFU and the amounts of LTB detected in cells cultivated
n the presence of IPTG for 2 h was approximately two-fold
igher than the amount of antigen detected in cultures pre-
ared without the inducer (Fig. 2A). As also expected, no
ecombinant antigen was detected in spores produced by each
f the three tested B. subtilis strains (data not shown). Based
n the higher protein yields obtained with the LDV5, further
xperiments aiming the evaluation of antigen sorting signals

n the immunogenicity of B. subtilis were based on the PgsiB
romoter.

Targeting LTB to the extracellular environment was
chieved in two different ways. The N-terminal in-frame

i
L

f

B previously purified from E. coli strains. Plasmids pLDV5, pLDV8 and
der the control of gsiB, lepA and spac promoters, respectively. (*) A single
of the LTB subunit, was consistently detected in culture supernatants of B.

usion of the �-amylase signal sequence coding region to
TB allowed the secretion of the antigen into the extracellular
edium using LDVsecr2, while co-expression of L. mono-

ytogenes sortase A and the C-terminal in-frame fusion of
he S. aureus FnbB anchoring motif allowed surface expres-
ion of the antigen by B. subtilis LDVanc2 cells. As shown in
ig. 2B, immunoblot analyses of secreted protein fractions of

he LDVsecr2 strain confirmed that LTB accumulated in the
rowth medium of cultures prepared either at 37 or 45 ◦C.
uriously, the secreted protein cross-reacting with the LT-

pecific serum had an apparent electrophoretic mobility of
7 kDa, instead of the expected 11.5 kDa of the B subunit
onomer, suggesting oligomerization of the encoded pro-

ein subunit that, for unknown reasons, was resistant to the
DS-PAGE denaturing conditions. Lysozyme-soluble frac-

ions recovered from the B. subtilis LDVanc2 incubated in the
resence of IPTG revealed the presence of protein bands with
iverse molecular weights cross-reacting with the LT-specific
erum corresponding to the protein attached to peptidoglycan
ragments with different lengths and partial proteolysis of the
ncoded peptide. As expected, no residual LTB was detected

n spore preparations carried out with strains LDVanc2 and
DVsecr2 strains (data not shown).

All tested recombinant B. subtilis strains cultivated in vitro
or 100 generations retained the LTB-encoding plasmid as
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Fig. 2. Detection of in vitro expressed LTB encoded by the recombinant B.
subtilis strains. (A) Expression of LTB under the control of different promot-
ers. Lane 2, LDV5 (PgsiB) strain incubated at 37 ◦C. Lane 3, LDV5 (PgsiB)
strain incubated at 45 ◦C. Lane 4, LDV8 (PlepA) strain at early exponential
phase. Lane 5, LDV8 (PlepA) strain at late exponential phase. Lane 6, LDV11
(Pspac) strain incubated without IPTG. Lane 7, LDV11 (Pspac) strain incu-
bated in the presence of 0.1 mM IPTG for 2 h; lane 8 LDV4 (negative control)
strain. (B) Expression of LTB in different cell compartments. Lane 2, LDV5
strain incubated at 37 ◦C. Lane 3, LDV5 strain incubated at 45 ◦C. Lane
4, lysozyme-digests containing cell wall-anchored proteins of the LDVanc2
strain incubated without IPTG; Lane 5, lysozyme-digests containing cell
wall-anchored proteins of the LDVanc2 strain incubated with 0.1 mM IPTG
for 2 h, Lane 6, LDVsecr2 strain culture supernatant following incubation at
37 ◦C. Lane 7, LDVsecr2 strain culture supernatant following incubation at
45 ◦C; lane 8, LDV4 (negative control) strain. Whole cell extracts (approx-
imately 20 �g of total protein) were probed with anti-LT mice serum and
developed in Western blots with peroxidase-conjugated rabbit anti-mouse
s
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Fig. 3. Systemic and secreted antibody responses elicited in mice immu-
nized with B. subtilis strains encoding LTB under the control of different
promoters and sorted to different cellular compartments. LT-specific serum
IgG (A) or fecal IgA (B) titers were measured in C57BL/6 mice immunized
via the p.o. route with three consecutive doses of spores (hatched columns) or
cells (black columns). Mice were immunized with the recombinant B. sub-
tilis LDV4 (negative control strain), LDV5 (intracellular LTB expression
under the control of PgsiB), LDV8 (intracellular LTB expression under the
control of PlepA), LDV11 (intracellular LTB expression under the control
of Pspac), LDVsecr2 (secreted LTB expression under the control of PgsiB)
or LDVanc2 (cell wall-anchored LTB expressed under the control of PgsiB).
All serum IgG and fecal IgA values were measured 2 weeks following the
last immunization dose. Values corresponding to serum IgG titers repre-
sent the means ± S.D. of two independent experiments with five animals per
immunization group. Fecal IgA (means ± S.E.) results are measured in fecal
pools collected from each mice group. Statistically significant differences at
p
n
a

i
4
w

e
B
L
a

erum. Purified LT (0.1 �g) was applied in Lane 1 of both panels. Positions
nd molecular weight of the (A) 30 kDa and (B) 11.5 kDa subunits of LT are
ndicated.

onitored by the presence of the chloramphenicol resistance
arker. Moreover, the number of chloramphenicol-resistant

olonies recovered from feces 48 h after oral administration
f the vaccine strains to mice ranged from 88 to 100%, while
ll colonies recovered from mice fed with B. subtilis spores
etained the expression vectors (data not shown).

.2. Evaluation of systemic and secreted immune
esponses in mice after oral administration of
TB-expressing B. subtilis strains

As indicated in Fig. 3, the immunogenicity induced by
train LDV5, applied either as vegetative cells or spores, was
igher than those achieved by LDV8 and LDV11 as demon-
trated by the amount of LTB-specific serum IgG or fecal IgA,
hus, indicating that the stress-inducible promoter derived
rom the gsiB gene has a better in vivo performance than the
PTG-inducible (Pspac) and the constitutive (PlepA) promot-
rs. As previously observed [12], the systemic and secreted

mmune responses elicited in mice orally immunized with
. subtilis vegetative cells were consistently higher (maxi-
al mean IgG titer of 1005 ± 110 and fecal IgA titer of 214

n animals immunized with LDV5 cells) than those elicited

i
t
d
s

< 0.05 (*) or p < 0.005 (**) with regard to values recorded in mice immu-
ized with LDV4 strain and with regard to values achieved with LDVanc2
nd those recorded in mice immunized with LDV5 at p < 0.05 (#).

n mice inoculated with spores (maximal mean IgG titer of
50 ± 70 and fecal IgA titer of 100 in animals immunized
ith LDV5 spores) (Fig. 3).
In another series of experiments, we evaluated the rel-

vance of cell sorting signals on the immunogenicity of
. subtilis vaccine vehicles. Surface expression of LTB in
DVanc2 cells enhanced by at least two-fold the serum IgG
nti-LTB responses (mean IgG titer of 2000 ± 100) detected

n mice immunized with B. subtilis LDV5 cells. In contrast,
he immunogenicity of LDV5 spores was superior to that
etected in mice inoculated with spores of the LDVanc2
train, as measured by the LTB-specific serum IgG titers.
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hich days a vaccine dose was administered. Titer values are represented b

ice immunized with LDVsecr2 cells or spores did not
licit any significant serum IgG or fecal IgA LTB-specific
esponses (Fig. 3). Taken together, these results indicate that
xpression of LTB anchored at the cell wall enhanced the
erum antibody responses in mice immunized with vegeta-
ive cells. Nonetheless, the intracellular expression of LTB
nder the control of PgsiB proved to be the better approach
o enhance systemic and secreted antibody responses in mice
rally dosed with recombinant spores.

The serum IgG responses elicited in mice orally dosed
ith B. subtilis LDV5 and LDVanc2 strains were followed

t different time points during the immunization regimen.
s indicated in Fig. 4, mice immunized with one, two or

hree dose sets of LDVanc2 cells elicited consistently higher
nti-LTB serum IgG responses than mice immunized with
egetative cells of the LDV5 strain. In contrast, mice orally
osed with LDV5 spores elicited higher anti-LTB serum IgG
esponses than those inoculated with the LDVanc2 strain
rrespective of the dose number (Fig. 4).
The LTB-specific serum IgG subclass responses were ana-
yzed in mice immunized with spores or vegetative cells
f the B. subtilis LDV5 and LDVanc2 strains. As indicated
n Fig. 5, mice orally immunized with vegetative cells of

ig. 5. Serum IgG subclass responses in orally immunized mice with spores
r cells of the B. subtilis LDV5 and LDVanc2 strains. Serum samples
ere collected at different time periods during the immunization regimen

rom animals receiving spores (open symbols) or cells (closed symbols) of
he B. subtilis LDV5 (circles) or LDVanc2 (squares) vaccine strains. The
gG2a/IgG1 ratios of each tested serum sample are indicated according to
he immunization periods and nature of the vaccine strains.
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nized with vegetative cells or spores of the B. subtilis LDV5 or LDVanc2
mice orally immunized with vegetative cells (A) or spores (B). Mice were
4 (�) LDV5, (�) or LDVanc2, (�) vaccine strains. The arrows indicate on
ean ± S.D. of five animals per immunization group.

ither LDV5 or LDVanc2 strains developed a more biased
h1 response as inferred by the predominant serum IgG2a
ubclass response. Indeed, the IgG2a/IgG1 ratios detected in
ice immunized with B. subtilis LDV5 or LDVanc2 strains

ncreased according to the number of immunization doses
eaching a IgG2a/IgG1 ratio close to 6 after the third dose
et. In contrast, mice orally immunized with spores of LDV5
nd LDVanc2 strains developed a more balanced Th1/Th2
esponse with IgG2a/IgG1 ratios ranging from 1 to 2 (Fig. 5).
n the other hand, mice inoculated parenterally (i.p.) with
oth cells and spores of both vaccine strains developed a pro-
ounced Th2-response with IgG2a/IgG1 ratios bellow 1 (data
ot shown).

.3. LTB-specific antibodies raised in mice immunized
ith B. subtilis vaccine vehicles neutralize LT produced
y ETEC strains

Anti-LTB serum antibodies raised in mice orally dosed
ith spores or vegetative cells of the B. subtilis LDV5 or
DVanc2 strains recognize native LT produced by ETEC
trains. Incubation of purified LT with sera harvested from
ice orally immunized with cells or spores of the B. subtilis
DV5 or LDVanc2 strains blocked the binding of LT to the
M1-ganglioside receptor, as demonstrated in GM1-ELISA

Table 2). Similar results were obtained with LT-specific
erum raised in i.p. mice immunized with the native pro-
ein purified from ETEC cells. No significant inhibition of
T receptor-binding function was recorded with mouse sera
arvested from mice immunized with cells or spores of the
. subtilis LDV4 strain (Table 2).

.4. Challenge experiments

The vaccine potential of the LTB-specific antibodies
aised in C57/BL6 mice immunized with recombinant B.
ubtilis strains was evaluated following a lethal parenteral

hallenge with purified LT extracted from ETEC cells. As
hown in Fig. 6, mice immunized with cells of the B. subtilis
DV4 strain did not survive the challenge with LT. Similarly,
o mice immunized with B. subtilis LDVanc2 cells survived



4678 J.D. Paccez et al. / Vaccine 2

Table 2
Anti-LT neutralization titers of serum samples collected from mice immu-
nized with recombinant B. subtilis strains

Immunization
regimena

Anti-LTB IgG-ELISA
(titer ± S.E.)b

LT neutralization
titerc

Pre-immune sera 0 0
LDV4 cells 99 ± 10 0
LDV5 cells 1005 ± 110 2.8
LDVanc2 cells 2500 ± 100 3.1
LDV4 spores 109 ± 20 0
LDV5 spores 450 ± 70 2.6
LDVanc2 spores 200 ± 23 1.3
LTd 5.5 × 105 ± 780 8.25

a Serum samples collected from mice immunized with three dose sets of
the recombinant spores or cells of the B. subtilis LDV5 and LDVanc2 vaccine
strains. A pre-immune serum sample and sera from mice immunized with
LT purified from ETEC cells were used as negative and positive control
samples, respectively.

b Mean IgG titers ± S.E. of serum pools collected from mouse groups
submitted to the same immunization regimens. IgG titers determined in
GM1-ELISA, as described in the text.

c Serum dilutions causing a 50% reduction of the absorbance values
reached in reactions with 10 ng of purified LT in GM1-ELISA tests (approx-
imately 2.8 OD units at 492 nm).

d Hyper immune serum raised in mice C57BL/6 immunized s.c. with four
doses of purified LT (10 �g) with complete (first two doses) or incomplete
(last two doses) with a final IgG2a/IgG1 of 0.02 or less.

Fig. 6. Challenge of C57BL/6 mice immunized with recombinant B. subtilis
strains with purified LT. Groups of four mice were i.p. challenged with
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0 �g of purified LT toxin 2 weeks following the last oral immunization
ith different B. subtilis vaccine strains, as indicated by the symbols: (�)
DV4 cells, (�) LDV5 cells, (�) LDV5 spores or (�) LDVanc2.

he challenge with purified LT. However, immunization with
he LDV5 strain, either as spores or vegetative cells, conferred
0% protection to mice challenged with LT.

. Discussion

The recent demonstration that B. subtilis spores can be
afely engineered to express vaccine antigens has brought
enewed interest on the development of safe, easily prepared,

eat-resistant, and low-cost mucosal delivered vaccine vehi-
les [4,6,10]. In this study, we evaluated the immunogenicity
f different B. subtilis vaccine strains transformed with a set
ecently described plasmids [16,17] conferring segregation-

g
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c
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lly/structurally stable expression of heterologous proteins
nder the control of different promoter sequences (PlepA,
gsiB and Pspac), and allowing secretion or cell-wall anchor-

ng of the target antigen. Supporting our previous evidences
12], the stress-inducible gsiB gene promoter had a better
erformance in vivo, both in vegetative cells and spores, than
he other tested promoters, as measured by the induction of
ystemic and secreted specific antibody responses. Moreover,
nchoring the vaccine antigen to the cell wall had enhanced
he immunogenicity of orally delivered B. subtilis vegeta-
ive cells but reduced the in vivo neutralization activity of
he elicited antibody response towards LTB, used as model
ntigen.

The antigen load of a vaccine vehicle, either biotic or
biotic, is a key parameter affecting immunogenicity in mam-
alians, particularly following delivery via the oral route.
mong Gram-positive bacteria, the unstable expression of

ecombinant proteins encoded by single strand intermediate
eplicating plasmids led to the adoption of expression systems
ased on integration of the target gene at non-essential loci at
he bacterial chromosome, thus reducing the gene copy num-
er and the amount of accumulated antigen [9,11,23]. The
onstruction of B. subtilis theta-like replicating expression
lasmids endowed with structural and segregational stabil-
ty permitted the accumulation of higher antigen loads and
nhanced the immunogenicity of spores and vegetative cells
16,17,24]. Our estimates indicated that maximal antigen
oads, reaching up to 9 �g of antigen per dose were achieved
n expression vectors carrying the gsiB promoter follow-
ng a temperature upshift. Curiously, the amount of antigen
xpressed by B. subtilis strains transformed with derivatives
f pHCMC03 encoding LTB was reduced when compared to
alues previously achieved with a previous expression vec-
or based on the gsiB promoter [12]. So far we do not have
clear explanation for such difference since the only differ-

nce between the two expression vectors is the presence of the
rpA transcriptional terminator placed at the end of the cloned
eterologous gene in pHCMC03 [12,16]. In both cases the
n vivo expression of the target antigen occurs during traf-
c through the gastrointestinal tract, as demonstrated by the
eneration of specific antibody responses in mice immunized
ith spores. Indeed, several environmental conditions favor-

ng activation of PgsiB were expected to be faced both by
egetative cells and spores including the low-stomach pH,
naerobic environments, restricted carbohydrate supply and
he presence of an oxidative environment in phagosomes of

acrophages and other antigen-presenting cells [25]. Consid-
ring that B. subtilis spores are able to germinate during the
ransit through the gastrointestinal tract [13–15], the gsiB pro-

oter, as well as other Sigma-B dependent stress-inducible
enes, seems particularly interesting for oral immunization
urposes with live vaccine vehicles leading to higher anti-

en loads in B. subtilis vegetative cells and more efficient
xpression following spore germination.

Surface expression of antigens has been frequently
laimed to enhance the immunogenicity of Gram-positive
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accine vehicles [26]. The present data indicated that surface
xposure of the encoded antigen enhances the immunogenic-
ty of B. subtilis LDVanc2 vegetative cells. However, due to
imitations of the tested expression vector, sortase expression
ould not be expected to occur in the absence of IPTG and,

herefore, would restrict the interpretation of results obtained
n mice immunized with recombinant spores. Nonetheless,
nchoring of the target antigen to the cell wall of vege-
ative cells resulted in statistically significant enhancement
p < 0.05 when compared to the IgG levels achieved in mice
mmunized with LDV5 cells) of the serum IgG anti-LTB
iters. On the other hand, secretion of the encoded antigen
id not result in significant induction of LTB-specific immune
esponses in mice inoculated with recombinant cells. A find-
ng that may reflect either the low amount of encoded antigen
r the degradation by extracellular proteases. However, tak-
ng into account the in vivo LT neutralizing activity of the
nduced LTB-specific antibodies, neither secretion nor cell
all anchoring seems to improve the vaccine potential of the

licited serum IgG responses.
Characterization of the IgG subclass responses of mice

rally immunized with B. subtilis LDV5 or LDVanc2
ells revealed a prevailing type 1 immune response either
ith spores or vegetative cells, as measured by the

erum IgG2a/IgG1 subclass ratios. The higher LTB-specific
gG2a/IgG1 ratios (close to 6) recorded in mice immunized
ith vegetative cells of LDV5 and LDVanc2 as compared to
ur previous reported data might be attributed to the slightly
educed antigen load expressed by these strains compared to
he previously used strain [12]. Indeed, based on our present
nd previous data, definition of antigen-specific IgG2a/IgG1
ubclass ratio in mice immunized with B. subtilis strains is
ore closely related to the administration route than to the

ature of the vaccine vehicle or antigen cellular location.
lightly different serum IgG subclass responses obtained
ith B. subtilis spores reported by other groups might be

scribed to the nature of the encoding antigen or the use of
he intranasal administration route [6,10,11,28].

The present results showed that anti-LTB antibodies raised
n mice immunized with cells and spores of the recombi-
ant B. subtilis LDV5 and LDVanc2 vaccine strains recognize
nd neutralize in vitro the receptor-binding activity of native
T isolated from ETEC. Nonetheless, in vivo experiments
emonstrated that mice immunized with LDVanc2 cells
id not survive parenteral challenges with the native toxin.
lthough LT produced by human-derived ETEC strains did
ot exert any toxic effects to orally challenge mice, the i.p.
dministration of the toxin has been shown to kill adult
ice, thus representing a protection correlate based on the

oxin neutralization properties of the induced serum antibody
esponse [29]. On the other hand, half of the mice immu-
ized with spores or cells of the LDV5 strain were protected

o the lethal challenge strongly suggesting that the induced
TB-specific response efficiently recognize and neutralize
he native toxin. Collectively, these evidences indicate that
ntracellular expression of LTB, in contrast to the same pro-
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ein genetically fused to the cell wall of B. subtilis, probably
reserves conformational epitopes required for the genera-
ion of surface-exposed domains involved with recognition
f host cell receptors and, thus, represents the best approach
o express the antigen by recombinant vaccine vectors.

Experimental vaccines targeting diarrhea caused by ETEC
trains usually rely on the induction of secreted IgA responses
o colonization factor antigens and LT [22,30]. The present
esults indicated that the recombinant B. subtilis LDV5 strain,
ither in the form of spores or vegetative cells, elicit both
ystemic IgG and secreted IgA response to LTB. Consider-
ng the potential probiotic effects of B. subtilis spores [31],
he development of vaccine vehicles carrying antigens of
nteric pathogens represents an interesting alternative for
mmediate therapeutic intervention and long term induction
f protective immune responses. Nonetheless, considerable
mprovements in the performance of B. subtilis-based vac-
ine vehicle involving both immunogenicity and specificity
f the induced immune responses should be pursued before
fficient antigen expression systems could effectively be used
n the development of new vaccine vehicles for enteric and
ystemic infections of humans and animals.
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mparo à Pesquisa do Estado de São Paulo (FAPESP), Con-

elho Nacional do Desenvolvimento Cientı́fico e Tecnológico
CNPq) and Coordenação de Aperfeiçoamento de Pessoal de
ı́vel Superior (CAPES). We thankfully acknowledge the

killful technical support of Camila Calderon.

eferences

[1] Hong HA, Duc LH, Cutting SM. The use of bacterial spore formers as
probiotics. FEMS Microbiol Rev 2005;29:813–35.

[2] Harwood CR. Bacillus subtilis and its relatives: molecular biological
and industrial workhorses. Trends Biotech 1992;10:247–56.

[3] Wang J, Fung DY. Alkaline-fermented food: a review with emphasis
on pidan fermentation. Crit Rev Microbiol 1996;22:101–38.

[4] Ferreira LCS, Ferreira RCC, Schumann W. Bacillus subtilis as a tool
for vaccine development: from antigen factories to delivery vectors.
Acad Bras Ciências 2005;77:113–24.

[5] Ricca E, Cutting SM. Emerging applications of bacterial spores in
nanobiotechnology. J Nanotechnol 2003;1:6–15.

[6] Oggioni MR, Ciabattini A, Cuppone AM, Pozzi G. Bacillus spores for
vaccine delivery. Vaccine 2003;31:96–101.

[7] Nicholson WL, Munakata N, Horneck G, Melosh HJ, Setlow P. Resis-
tance of Bacillus endospores to extreme terrestrial and extraterrestrial
environments. Microbiol Mol Biol Rev 2000;64:548–72.

[8] Vreeland RH, Rosenzweig WD, Powers DW. Isolation of a 250-million-
year-old halotolerant bacterium from a primary salt crystal. Nature
2000;407:897–900.
[9] Isticato R, Cangiano G, Tran HT, Ciabattini A, Medaglini D, Oggioni
MR, et al. Surface display of recombinant proteins on Bacillus subtilis
spores. Infect Immun 2001;183:6294–301.

10] Duc LH, Hong HA, Fairweather N, Ricca E, Cutting SM. Bacterial
spores as vaccine vehicles. Infect Immun 2003;71:2810–8.



4 ccine 2

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

680 J.D. Paccez et al. / Va

11] Mauriello EMF, Duc LH, Isticato R, Cangiano G, Hong HA, De Felice
M, et al. Display of heterologous antigens on the Bacillus subtilis spore
coat using CotC as a fusion partner. Vaccine 2004;22:1177–87.

12] Paccez JD, Luiz WB, Sbrogio-Almeida ME, Ferreira RCC, Schumann
W, Ferreira LCS. Stable episomal expression system under control of
a stress inducible promoter enhances the immunogenicity of Bacillus
subtilis as a vector for antigen delivery. Vaccine 2006;24:2935–43.

13] Hoa TT, Duc LH, Isticato R, Baccigalupi L, Ricca E, Van PH, et al.
Fate and dissemination of Bacillus subtilis spores in a murine model.
Appl Environ Microbiol 2001;67:3819–23.

14] Duc LH, Hong HA, Cutting SM. Germination of the spore in the
gastrointestinal tract provides a novel route for heterologous antigen
delivery. Vaccine 2003;21:4215–24.

15] Tam NKM, Uyen NQ, Hong HA, Duc LH, Hoa TT, Serra CR, et al. The
intestinal life cycle of Bacillus subtilis and close relatives. J Bacteriol
2006;188:2692–700.

16] Nugyen HD, Nguyen QA, Ferreira RCC, Ferreira LCS, Tran LT, Schu-
mann W. Construction of plasmid-based expression vectors for Bacillus
subtilis exhibiting full structural stability. Plasmid 2005;54:241–8.

17] Nguyen HD, Schumann W. Establishment of an experimental system
allowing immobilization of proteins on the surface of Bacillus subtilis
cells. J Biotechnol 2006;122:473–82.

18] Black RE, Merson MH, Rowe B, Taylor PR, Abdul Alim ARM, Gross
RJ, et al. Enterotoxigenic Escherichia coli diarrhea: acquired immu-
nity and transmission in an endemic area. Bull World Health Org
1981;59:263–8.

19] Nicholson WL, Setlow P. Sporulation, germination and outgrowth. In:
Harwood CR, Cutting SM, editors. Molecular biological methods for
Bacillus. Chichester, UK: Wiley Press; 1990. p. 391–450.

20] Sambrook J, Fritsch EF, Maniatis T. Molecular cloning: a laboratory

manual. 2nd ed. Cold Spring Harbor, NY: Cold Spring Harbor Labora-
tory Press; 1989.

21] Cutting SM, Vander-Horn PB. Genetic analysis. In: Harwood CR,
Cutting SM, editors. Molecular biological methods for Bacillus. Chich-
ester, UK: Wiley Press; 1990. p. 27–74.

[

5 (2007) 4671–4680

22] Alves AMB, Lasaro MO, Almeida DF, Ferreira LCS. Epitope speci-
ficity of antibodies raised against enterotoxigenic Escherichia coli
CFA/I fimbriae in mice immunized with naked DNA. Vaccine
1998;16:9–15.

23] Oggioni MR, Manganelli R, Contorni M, Tommasino M, Pozzi G.
Immunization of mice by oral colonization with live recombinant
comensal streptococci. Vaccine 1995;13:775–80.

24] Phan T, Nguyen HD, Schumann W. Novel plasmid-based expression
vectors for intra and extracellular production of recombinant proteins
in Bacillus subtilis. Protein Expr Purif 2006;46:189–95.

25] Maul B, Völker U, Riethdorf S, Engelmann S, Hecker M. �B-dependent
regulation of gsiB in response to multiple stimuli in Bacillus subtilis.
Mol Gen Genet 1995;248:114–20.

26] Wells JM, Pozzi G. An overview of Gram-positive bacteria as vaccine
vehicles for mucosal immunization. In: Pozzi G, Wells JM, editors.
Gram-positive bacteria vaccine vehicles for mucosal immunization.
Berlin: Springer Verlag; 1997. p. 1–8.

27] Wehrl W, Niederweis M, Schumann W. The FtsH protein accumulates
at the septum of Bacillus subtilis during cell division and sporulation.
J Bacteriol 2000;182:3870–3.

28] Uyen NQ, Hong HA, Cutting SM. Enhanced immunization and expres-
sion strategies using bacterial spores as heat-stable vaccine delivery
vehicles. Vaccine 2007;25:356–65.

29] Beignon A-S, Briand JP, Muller S, Partidos CD. Immunization onto
bare skin with heat-labile enterotoxin of Escherichia coli enhances
immune responses to coadministered protein and peptide antigens and
protects mice against lethal toxin challenge. Immunology 2001;102:
344–51.

30] Lasaro MO, Luiz WB, Sbrogio-Almeida ME, Ferreira LCS.
Prime-boost vaccine regimen confers protective immunity to human-

derived enterotoxigenic Escherichia coli. Infect Immunity 2005;23:
2430–8.

31] Duc LH, Hong HA, Barbosa TM, Henriques AO, Cutting SM. Charac-
terization of Bacillus probiotics available for human use. Appl Environ
Microbiol 2004;70:2161–71.


	Evaluation of different promoter sequences and antigen sorting signals on the immunogenicity of Bacillus subtilis vaccine vehicles
	Introduction
	Materials and methods
	Bacterial strains and growth conditions
	Plasmid constructions
	In vitro expression of LTB by recombinant B. subtilis strains
	SDS-PAGE and Western blots
	Preparation of spores
	Immunization regimens
	Detection of LTB-specific serum and mucosal antibody responses
	Determination of plasmid stability under in vivo conditions
	Toxin neutralization effects of anti-LTB antibodies
	Toxin challenge experiments
	Statistical analysis

	Results
	B. subtilis vaccine vehicles allowing antigen expression under the control of different promoters and accumulation at different cellular compartments
	Evaluation of systemic and secreted immune responses in mice after oral administration of LTB-expressing B. subtilis strains
	LTB-specific antibodies raised in mice immunized with B. subtilis vaccine vehicles neutralize LT produced by ETEC strains
	Challenge experiments

	Discussion
	Acknowledgments
	References


