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Abstract

Protective immunity to anthrax can be achieved by antibodies raised against the secreted protective antigen (PA) and this forms the basis of
the current acellular vaccines for human use. Bacillus subtilis spores have previously been used for delivery of heterologous antigens by the
oral and nasal routes and their intrinsic heat-stability make them attractive vaccine vehicles. In this study we have expressed PA, or segments
of PA, in B. subtilis using two strategies. First, display on the spore coat, and second, in the germinated spore (or vegetative cell). Using
parenteral delivery we show that recombinant spores can be used to confer protective immunity in a murine model using an in vitro toxin
neutralization assay and a challenge experiment with the latter showing protection to 100 median lethal dose of B. anthracis spores. PA must
be secreted from the live bacterium or alternatively displayed on the spore surface to confer protective immunity. Intracellular expression of
PA failed to confer protective immunity. The highest levels of protective immunity were achieved when PA was displayed on the spore surface

as well as in the germinating spore.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Anthrax caused by Bacillus anthracis is now a disease of
considerable interest because of its use as an agent of bioter-
rorism. The disease typically appears in one of three forms:
cutaneous, gastrointestinal and pulmonary [1] and two vac-
cines are currently licensed for human use. In the UK, an
alum-precipitated filtrate of a B. anthracis Sterne strain cul-
ture that is administered by intra-muscular injection is used.
In the USA, the AVA (anthrax vaccine adsorbed) is in use con-
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sisting mainly of protective antigen (PA) from cultures of the
unencapsulated, toxin-producing B. anthracis V770-NP1-R
strain adsorbed onto aluminum hydroxide and administered
by the sub-cutaneous route. Both vaccines have a number of
disadvantages including transient reactogenicity associated
with the UK vaccine [2—4] and minor reactions at the injection
site with the US vaccine [5,6]. Finally, both require frequent
boosting. Two virulence factors are produced by B. anthracis,
the poly-D-glutamic acid capsule [7] and the tripartite toxin
that is composed of PA together with edema factor or lethal
factor [8]. PA is the essential factor to which protection is con-
ferred in current vaccines [1]. This 83 kDa protein is secreted
from the cell and binds to a host cell membrane receptor.
Furin-mediated cleavage of a 20 kDa amino-fragment of PA
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(referred to as Domain 1a) at the cell surface produces the
mature 63 kDa form of PA that carries 4 domains, 1b, 2, 3
and 4. Upon cleavage the 63 kDa cleaved form of PA next
forms a heptameric pore to which either the edema factor or
lethal factor can bind using domain 1b for interaction [9].
An essential attribute of an anthrax vaccine must therefore
be neutralization of PA and prevention of its binding to the
host cell surface. Domains 1b and 4 are both known to carry
protective epitopes [10] and immunization with recombinant
PA has been shown to induce protection against B. anthracis
infection [10,11].

Bacterial endospores have shown potential as vehicles
for delivery of heterologous antigens with proof-of-principle
studies demonstrating that orally delivered Bacillus subtilis
spores expressing a Clostridium tetani antigen on the spore
surface can protect mice against toxin challenge [12]. Other
studies have shown that the B. subtilis spore can germinate
in the murine gut and that this provides an additional route
for antigen delivery [13,14]. In this approach the antigen is
expressed in the vegetative cell and relies upon germination
of the spore in the gastrointestinal tract (GIT). Interestingly,
it has also been shown that spores given orally can dissemi-
nate to the gut-associated lymphoid tissue (GALT) and enter
the Peyer’s Patches and mesenteric lymphoid tissues [12,15].
Although this is likely to represent the fate of only a sub-
population of ingested spores phagocytosed spores have been
shown to germinate and persist within the phagosome before
being destroyed [16]. Like B. anthracis, B. subtilis can cross
the gut wall and spores can germinate in the phagosome.
However, unlike B. anthracis, B. subtilis is unable to establish
a productive infection or to cause disease. The heat-stability

Table 1
B. subtilis recombinant strains®

of spores coupled with a convenient route of delivery (e.g.,
oral) make spore vaccines promising candidates for use in
developing countries and for military personnel.

We have considered that B. subtilis could provide a poten-
tial method for immunizing against anthrax. B. subtilis is a
non-pathogen and is being used commercially as a probi-
otic [17]. Although the importance of cellular responses in
anthrax immunity are currently poorly understood [6,18] this
feature could be important. Accordingly, we have engineered
B. subtilis to express the B. anthracis protective antigen on the
spore surface and/or from the germinating spore as a secreted
protein. In this study we evaluate the systemic responses pro-
duced to these spores given to mice by a parenteral route and
show that mice can be protected against a lethal dose of, B.
anthracis, STI spores (100 median lethal dose [MLD]).

2. Materials and methods
2.1. Bacterial strains and transformation

The laboratory strain of B. subtilis used in this work was
strain PY79 a prototrophic, Spo*, derivative of the type strain
168 [19]. All recombinant strains described here are isogenic
derivatives of PY79. Plasmid amplification for nucleotide
sequencing, subcloning experiments and transformation of
Escherichia coli competent cells were performed in the E.
coli strain TG1 [20]. Methods for growth, sporulation and
transformation of B. subtilis were detailed elsewhere previ-
ously [21]. B. anthracis STI (Tox* Cap™) was used for the
challenge experiments.

Strain no. Relevant genotype Expressed PA antigen and location® Quantification®
Vegetative cell Spore

DL330 thrC::PrrnO-pagAlb-3 Domains 1b-3 50kDa 3.0 x 10~ pg/cell

DL346 thrC::PrrnO-pagA Full length PAY secreted 83 kDa 53.6 wg/ml culture supernatant

DL348 thrC::PrrnO-pagA4 Domain 4, 19 kDa 4.5 x 10~* pg/cell

DL359 thrC::PrrmO-pagAl-4 Full length PAY 85 kDa 1.4 x 1073 pg/cell

DL372 amyE::cotC-pagA4 CotC-domain 4 31 kDa 2.2 x 10~ pg/sp

DL374 amyE::cotB-pagAlb-3 CotB-domains 1b-3 91 kDa 1.5 x 10~* pg/sp

DL387 amyE::cotBA-pagA4 CotB-domain 4 48 kDa 2.4 x 10~ pg/sp

DL507 thrC::PrrnO-pagA, Full length PAY secreted 83 kDa CotB-domains 1b-3 91 kDa 53.6 pg/ml culture medium 1.5 x 10~ pg/sp
amyE::cotB-pagAlb-3

DL509 thrC::PrrnO-pagA, Full length PAY secreted 83 kDa CotC-domain 4 31 kDa 53.6 wg/ml culture medium 2.2 x 10~ pg/sp
amyE::cotC-pagA4

DL511 thrC::PrrO-pagA, Full length PAY secreted 83 kDa CotB-domain 4 48 kDa 53.6 pg/ml culture medium 2.4 x 10~ pg/sp

amyE::cotBA-pagA4

4 Strains were made as described in Section 2.
b Molecular weight of expressed protein chimera determined by SDS-PAGE analysis.
¢ Verified by Western blotting and quantified by dot-blot analysis on exponentially growing vegetative cells, filtered culture supernatants or coat extracts from
mature spores (sp).
4 There are two versions of full length PA. The secreted version of 83 kDa where the N-terminal leader sequence is cleaved following membrane transition
and an 85 kDa that lacks the leader sequence and cannot be secreted. The higher molecular weight. reflects a 2.3 kDa leader introduced during cloning (see

Section 2).
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2.2. Recombinant strains expressing heterologous
antigens

2.2.1. PrrnO expression vectors

Strains made are listed in Table 1. The first stage was to
construct a vector, pDL242, for expression of the cloned DNA
under the control of the PrrnO promoter (Fig. 1A). The rrnO
promoter was first amplified by PCR using B. subtilis strain
PY79 chromosome as template DNA and two oligonucleo-
tides (gaagatctGCATGACCATTATGACTAG and gctctaga-
ACAGGTTAAGTTCACCGCATCC) as primers, resulting in
a 244 bp amplicon containing the —35 and —10 regions of
the B. subtilis rrnO promoter. The ribosome binding site
(RBS) of the B. subtilis sspA gene was artificially synthe-
sized by annealing two complementary oligonucleotides (cta-
2aACAAGGAGGTGAGACc and catggGTCTCACCTC-
CTTGTt). The rrnO promoter amplicon was restricted using
BgII and Xbal enzymes, ligated to the sspA RBS and then
cloned into plasmid pET28b (Novagen) between the Bg/II
and Ncol restriction enzyme sites, yielding plasmid pDL180.
The region containing the rrnO promoter-sspA RBS-pET28b

MCs
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multiple cloning site (MCS) was amplified from pDL180
using gccagetgCGATGCGTCCGGCGTAGAGGATCG and
gccagctgGCAGCCGGATCTCAGTGG TGGTGG oligonu-
cleotides as primers, and the PCR product, blunt-ended
using the Pvull restriction enzyme was cloned into plasmid
pDG1664 [22] between EcoRI and BamHI restriction enzyme
sites which had been blunt-ended using Klenow fragment,
yielding plasmid pDL242. To express PA or fragments of
PA the pagA ORFs corresponding to different domains of
PA were PCR amplified from B. anthracis pXO1 and lig-
ated, in frame, into the MCS of pDL242 (Fig. 1A). The clone
was then verified by DNA sequencing. The leader sequence
(black box in Fig. 1A) added approximately 23 amino acids
to ORFs cloned into the MCS after the Nkel site and enabled
secretion of the nascent polypeptide across the cytoplasmic
membrane. To introduce the cloned DNA into the B. subtilis
genome the pDL242 derivative was subsequently linearized
by digestion with Pvul and transformed into competent cells
of strain PY79 with selection for erythromycin resistance
(ErmR; 1 pg/ml). Erm® transformants were checked for their
ability to grow on minimal agar plates or on plates supple-
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Fig. 1. Cloning strategy. Panel A shows the essential components of the pDL242 cloning cassette. DNA is cloned into the multiple cloning site (MCS) that
enables in frame fusion to a short 23 residue leader sequence under the control of the B. subtilis rrnO promoter and the ribosome binding site (RBS) of the B.
subtilis sspA gene. The plasmid cassette is then linearized and introduced into competent cells of the recipient. Selection for Erm® resistance (erythromycin
resistance) enables a double-crossover recombination between the front and back portions of the thrC gene as shown and described elsewhere [22]. Panel B shows
the integration of linearised pDG364 DNA carrying a chimeric gene at the amyE locus following selection for CmR encoded by the car gene (chloramphenicol

acetyltransferase).
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mented with threonine as described [22]. Erm® transformants
that were thrC™ carried stable integrations of the PrrnO-pagA
clones as shown in Fig. 1A.

2.2.2. Expression vectors expressing PA domains fused
to a spore coat protein

Three B. subtilis strains, termed DL374, DL387 and
DL372, were made that displayed domains of PA on the
spore surface (Table 1). DL374 carried domains 1b-3 of PA
fused to the full length CotB protein (comprising 382 amino
acids), DL387 carried domain 4 fused to a truncated CotB
protein (fused after residue 277 of CotB), and DL372 carried
domain 4 fused to the full length CotC protein (comprising
120 amino acids). In all cases, fusions were C-terminal. Ini-
tially, PCR was used to amplify the pagA fragments from
pXO1 that were cloned in frame to cotB or cotC sequences
contained in pBluescript. The cotB and cotC sequences car-
ried the natural B. subtilis promoter ensuring expression of
the chimera only during development. Clones were verified
by DNA sequencing and then subcloned into the plasmid
pDG364, allowing integration of cloned DNA at the amyE
(amylase) locus of B. subtilis as shown in Fig. 1 [22]. Com-
petent cells of PY79 were transformed with pDG364 clones
that had been linearized by digestion with Pvull. Selection
was made for chloramphenicol resistance (CmR; 5 pg/ml)
and then checked for their ability to produce amylase. Trans-
formants that were CmR and Amy~ were then checked for
expression of PA on the spore surface.

2.2.3. Strains containing two expression cassettes

Three strains of B. subtilis were made that carried two
expression cassettes using a simplified procedure of trans-
formations (Table 1). Thus, PA or fragments of PA could be
expressed both within the vegetative cell and on the spore coat
within each strain. For example, strain DL507 was made by
transforming competent cells of strain DL346 (thrC::rrnO-
pagA) with plasmid pDG364 carrying the recombinant cotB-
pagAlb-3 followed by selection for CmR and screening for
transformants that were Amy .

2.3. Recombinant PA protein

Recombinant PA was produced in E. coli BL21 (DE3)
from a pET28b expression vector (Novagen) that carried the
pagA gene fused to a C-terminal poly-histidine tag. High lev-
els of expression were obtained upon induction with IPTG,
and PA was purified by nickel affinity column chromotog-
raphy. Eluted PA-His protein was checked for integrity by
SDS-PAGE and the concentration determined using the Bio-
Rad DC Protein Assay kit.

2.4. Mouse anti-PA antibody
Purified recombinant PA was used to raise anti-PA anti-

body in Balb/C mice. On day 0, 6-week-old mice were
injected via the intra-peritoneal route with 10 pg PA in sterile

0.85% NaCl formulated with 50% (v/v) Freund incomplete
adjuvant in a total volume of 100 p.l per dose. The animals
were boosted on days 14 and 28, and sera were collected on
day 42. Mouse sera were checked by Western blotting and
ELISA, and used in immuno-blotting experiments at a dilu-
tion of 1:1000 followed by a anti-mouse IgG-HRP conjugate
(Sigma) at a dilution of 1:3000.

2.5. Preparation of spores

Sporulation of each B. subtilis strain was made in DSM
(Difco-Sporulation Medium) using the exhaustion method as
described elsewhere [23]. Using this method we could reli-
ably produce 6 x 1010 spores per litre of DSM. Each batch of
spores prepared in this way was checked for the presence of
the CotB/CotC-PA fusion proteins in extracts of spore coat
protein or the expression of PA protein in growing vegetative
cells by Western blotting using a polyclonal anti-PA anti-
serum.

2.6. Extraction of proteins from recombinant spores and
vegetative cells

Spore coat proteins were extracted from suspensions of
spores at high density (>1 x 10'° spores/ml) using an SDS-
DTT extraction buffer [23]. Extracted proteins were assessed
for integrity by SDS-PAGE and for concentration by the
BioRad DC Protein Assay kit (BioRad). For vegetative
cell expression, cells were grown to early stationary phase
(approximately 4h at 37°C), centrifuged and the culture
supernatant was kept for analysis.

2.7. Western and dot-blot analysis

Western blot filters were visualized by the ECL (Amer-
sham Pharmacia Biotech) method following the manufac-
turer’s instruction. Serial dilutions of spore coat extract,
vegetative cell culture supernatant and purified PA were
used for dot blot analysis. Filters were visualized by the
ECL (Amersham Pharmacia Biotech) method and subjected
to densitometric analysis by the ChemiDoc XRS system
equipped with the Quantity One software (BioRad). Standard
curves were generated from known amounts of purified PA,
from which the concentration in the unknown samples were
estimated.

2.8. Confocal immunofluorescent microscopy

The expression and assembly of CotB-PA1b-3 on the
spore coat was confirmed using confocal immunofluorescent
microscopy and a polyclonal antiserum to PA. Cells of recom-
binant DL374 or wild type PY79 strains were allowed to
sporulate by the resuspension method [23] and samples were
taken and prepared for microscopy as described previously
[12].
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2.9. Immunisations

Groups of six mice (female, Balb/C, 6 weeks old) were
immunised by the intra-peritoneal route with pure spore sus-
pensions of either recombinant strains or the control strain
PY79. Injections contained 1 x 10° spores/ml in a volume
of 0.1 ml administered on days O, 14 and 28. A naive, non-
immunised control group or a group immunised with puri-
fied rPA protein (10 pg/injection, with 1 mg/ml Alhydrogel
[Sigma] as adjuvant) were also included. Three doses of rPA
(10 pg) have been shown to be protective in A/J mice [10].
Serum samples were taken on days —1, 13, 27 and 44. A
second set of immunisations was carried out for the intra-
peritoneal challenge with B. anthracis spores (see below).

2.10. Indirect ELISA for detection of PA-specific serum
antibodies

Serum samples from mice were tested by ELISA using
the procedure described by Duc et al. [12] with the fol-
lowing modifications: plates were coated with 1 pg/ml puri-
fied PA, blocked with 2% BSA for 1.5h, and serum sam-
ples were incubated for 1h at 37 °C. Dilution curves were
drawn for each sample and endpoint titers were calcu-
lated as the reciprocal of the dilution producing an optical
density that was 0.1 U greater than the background value
(1/40 dilution of a pooled pre-immune serum). Titres lower
than 40 (negative samples) were arbitrarily assigned as 40.
Statistical comparisons between groups were made by the
Mann—Whitney U test. For multiple comparisons among
groups, the Mann—Whitney U test was carried out for each
paired group. A P value of >0.05 was considered non-
significant.

2.11. Toxin neutralising assay (TNA)

Sera from mice were subjected to the toxin neutralising
assay using the protocol described and validated by Her-
ring et al. [24] with the following modifications. The murine
macrophage-like cell line RAW264.7 (European Collection
of Cell Cultures, ECACC) was used instead of J774A.1
(the RAW264.7 macrophage cell line is also sensitive to the
anthrax lethal toxin and has been used by others in TNA, e.g.
[25]). The anthrax lethal toxin (LeTx) consisted of 0.074 pg
of LF and 0.093 wg of PA (List Biological Laboratories)
per ml in cell culture medium. To measure the viability of
macrophage cells, WST-1 cell proliferation reagent (Roche
Diagnostics) was used according to the manufacturer’s man-
ual. TNA assays were performed independently at the NIBSC
and RHUL using the same protocol. At each site the assay
was done in triplicate for each serum sample. A dilution
curve was drawn from each of the triplicates and endpoint
titer was calculated as the reciprocal of the highest dilu-
tion of serum sample which gave absorbance higher than the
median absorbance of control wells (medium only + LeTx
only)/2. Initial dilution of each sample was 1/40, and titres

lower than 40 (negative samples) were arbitrarily assigned as
1. Results were presented as arithmetic mean titres as mea-
sured at both institutions. Statistical comparisons between
groups were made using the Mann—Whitney U test. For mul-
tiple comparisons among groups, the Mann—Whitney U test
was carried out for each group pair. A P value of >0.05 was
considered non-significant.

2.12. Intra-peritoneal challenge with B. anthracis spores

The correlation of serum IgG titers and TNA responses
between mice receiving rPA and DL507 spores suggested that
DL507 could induce protection. Groups of eight female A/J
mice (8—12 weeks old) were immunized with 1 x 10 spores
of DL507 or PY79 strains on days 0, 14 and 28. Control
groups included naive, non-immunized, mice, or groups of
mice immunized with rPA (10 pg/injection). Serum samples
were taken on day 63 and, on day 72 mice were challenged
with approximately 1 x 10° STI (Tox* Cap™~) spores (equiv-
alent to 100 50% median lethal doses (MLDsqs)) [18] by the
intra-peritoneal route. The animals were observed everyday
for 14 days to determine their protected status. The chal-
lenge experiment was carried out in a blinded fashion and
humane endpoints were strictly observed so that any animal,
which displayed a collection of clinical signs that indicated
a lethal infection was culled and death was recorded. Indi-
viduals showing no symptoms after 14 days were considered
immune.

3. Results

3.1. Expression of PA in vegetative cells and on spores
of B. subtilis

The pagA gene, or gene fragments encoding domains
of PA, were cloned in B. subtilis using vectors pDL242 or
pDG364 (Section 2 and Fig. 1) to facilitate expression of
heterologous genes within the vegetative cell or on the spore
surface. For vegetative cell expression, DNA was cloned, in
frame, with a short leader sequence of 23 codons (2.4 kDa)
that was under the control of the B. subtilis PrrnO promoter
and the sspA RBS to provide maximal levels of expression
of cloned DNA during vegetative cell growth. Using this
strategy a number of different pagA clones were made in B.
subtilis (Table 1). These expressed full length PA (DL346),
domains 1-4 (DL359), domains 1b-3 (DL330) and domain 4
(DL348). In the case of DL359 the first 29 residues of pagA
gene had been deleted, in frame, so that PA was synthesised
without the N-terminal 29 amino acid (3.2kDa) secretory
signal sequence that is cleaved following translocation of PA
across the membranes.

The levels of PA produced in vegetative cell growth were
verified by Western blotting and quantified by dot blotting
(Table 1). Western blotting results are shown for DL.346 and
DL359 (Fig. 2A) and demonstrate that the 83 kDa PA protein
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Fig. 2. Immuno-detection of PA expression. Panel A: B. subtilis strains DL346, DL359 and PY79 (non-recombinant control) were grown in LB medium and, at
exponential phase (ODgoonm = 0.8), total cell lysates and cell culture supernatant examined by SDS-PAGE followed by Western blotting. For total cell lysates,
10 ml of culture was centrifuged and suspended in 250 .l of SDS-PAGE loading buffer and 20 .l loaded on a SDS-PAGE gel (12.5%). For culture supernatants,
the supernatant was filtered (0.45 mm) and 15 I mixed with 5l of a 4x loading dye and examined by SDS-PAGE. After blotting, membranes were probed
with mouse polyclonal antiserum to PA (1:1000 dilution) followed by a 1:3000 dilution of an anti-mouse-IgG-HRP conjugate. (+) is purified PA (0.7 ng).
Panel B. B. subtilis strain DL374 and PY79 were induced to sporulate by the resuspension method and samples taken 5h (7s) and 6 h (T§) after the onset of
development. Samples were labelled with mouse anti-PA serum followed by the anti-mouse IgG-TRITC conjugate. Images were taken by a Nikon Eclipse
fluorescence microscope equipped with a BioRad Radiance 2100 laser scanning system. The image size was 16pm x 16 pm.

was secreted in DL346 cells but not in DL359 cells. The
higher molecular weight of the PA protein in DL359 cells
is due to the 2.4 kDa leader sequence added in the cloning
procedure. Interestingly, these results show that even with
a 23 amino acid leader sequence (including six histidine
residues) attached to the N-terminus of PA the protein does
not prevent secretion of PA across the membrane.

In addition to expression in the vegetative cell, the spore
coat was also used for antigen display with either CotB
(43kDa) or CotC (15kDa) as anchors. The use of these
proteins for antigen display has been described previously
[26,27]. Domain 1b-3 was fused to the C-terminus of CotB
(DL374) and domain 4 was fused to a truncated CotB protein
(DL387) or full length CotC (DL372). Expression of these
PA domains was verified by Western blotting (not shown) and
confocal imaging of immunostained spores (Fig. 2B shows
surface display of D1b-3 in DL374). Finally, we made three
B. subtilis strains containing two expression cassettes as listed
in Table 1. These strains expressed one of the three chimeric
proteins on the spore coat (CotB-PA1b-3, CotBA-PA4, or
CotC-PA4) as well as the full length, secretable, form of PA
in the vegetative cell.

3.2. Serum antibody responses following immunisation
with recombinant spores

The immunogenicity of the recombinant spores was moni-
tored after intra-peritoneal delivery into groups of six Balb/C
mice. All of the recombinant B. subtilis strains expressing
full-length PA or domains of PA whether in the vegetative
cell or displayed on the spore surface were able to trigger
significantly higher serum anti-PA IgG responses (P <0.05)
than those of naive non-immunised mice or mice immunised
with non-recombinant PY79 spores as assessed by ELISA

(Fig. 3). Antibody titres in all groups receiving recombinant
spores were at levels close to those obtained in mice receiving
three injections of rPA (10 pg/injection). The temporal profile
of anti-PA IgG responses generated against DL346, DL374
and DL507 spores is shown in Fig. 4 and revealed that DL507
and DL346 spores generated responses similar to injection
with purified rPA protein (P > 0.05). Responses derived from
injection of DL374 spores generated lower IgG responses
compared to those of DL507 and DL346 spores (P <0.05),
however this IgG level remained higher than those of naive
non-immunised group or group receiving non-recombinant
PY79 spores (P <0.05). In all cases though, after the third
injection on day 28 the steady increase in total IgG responses
began to level-off.

3.3. Analysis of IgG subclasses

Sera from day 44 were examined for the presence of
PA-specific IgG1, IgG2a and IgG2b subclasses (Fig. 3). In
mice immunised with purified PA protein, the mean titers
were significantly higher than baseline titers in naive mice
and control mice immunised with non-recombinant PY79
spores (P <0.05), with a predominance of the IgG1 subclass
followed by IgG2b and then IgG2a. By contrast animals
immunised with DL372, DL374 and DL387 recombinant
spores showed high levels of the IgG1, IgG2a and IgG2b
isotypes with IgG1 being the most abundant subclass and
IgG2b the least, significantly different from naive mice and
group immunised with PY79 spores (P < 0.05). This was also
true for mice immunised with DL346, DL507, DL509 and
DL511. However, in mice immunised with DL328, DL330,
DL348 or DL359 spores where PA was only expressed upon
spore germination and was not secreted only the IgG2a
subclass was produced in significant amounts (P < 0.05). No
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Fig. 3. Immunogenicity of PA expressed in recombinant B. subtilis strains. Groups of six Balb/C mice were immunised by the intra-peritoneal route with
1 x 10° spores of recombinant B. subtilis strains (Section 2 and Table 1) on days 0, 14 and 28. Serum samples were collected on day 44 and tested by ELISA
for PA-specific total IgG (on individual samples with data presented as arithmetic means), by the TNA for ability to neutralise anthrax lethal toxin (on pooled
samples of each group). Anti-PA antibody isotype profiles (IgG1, 1G2a, IgG2b) isotypes were also determined by indirect ELISA. Sera from a naive control
group were also assayed. Data are presented as arithmetic means and error bars are standard deviations.

significant variation (P>0.05) in any of the subclasses was
seen between groups administered with non-recombinant
spores and the naive group.

3.4. Export or surface display of PA is required for the
induction of toxin neutralising antibody

The anthrax lethal toxin neutralising assay (TNA) was
used to determine the levels of neutralising IgG antibodies
in groups of mice immunised parenterally with recombinant
spores on day 44 of the immunisation schedule (Fig. 3). As
controls, we also measured sera from naive mice, mice immu-
nised with non-recombinant PY79 spores, or with purified
rPA protein (three doses; 10 pg/injection). No neutralising
antibodies were detected in the naive group or in the group
immunised with PY79 spores. Mice dosed with rPA had
serum antibody titres greater than 10°. For mice immunised
with spores where PA was expressed only in the vegetative
cell (i.e., following spore germination), toxin neutralising
antibodies were only generated when PA was secreted (strain
DL346) and in strains DL328, DL.330, DL348 and DL359, no
measurable levels of neutralising antibody could be detected.
Neutralising antibody levels, when detected, were signifi-
cantly higher than those of the naive group or the group immu-
nised with PY79 spores (P <0.05). When PA was expressed
on the spore coat as well as secreted (strain DL507), the neu-

tralising antibody level was significantly increased compared
to when PA was either expressed on the spore coat only (in
strains DL372, DL374 and DL387) or by secretion only (in
strain DL346) (P <0.05).

In mice immunised with spores that displayed domains 4
(DL372 or DL387) or 1b-3 (DL374) on the spore surface
toxin neutralising antibodies were found to be detectable
at significant levels compared to the naive group or group
immunised with PY79 spores (P <0.05). However these lev-
els remained significantly (P < 0.05) lower than when PA was
secreted from the vegetative cell (DL346). As shown in Fig. 3,
in mice immunised with spores (DL507, DL509 and DL511)
which expressed PA domains on the spore surface as well as
PA secreted from the vegetative cell, TNA titres were signif-
icantly enhanced in all cases compared to without secreted
PA, particularly in the case of DL507 (P <0.05).

3.5. Challenge with B. anthracis spores

The high levels of neutralising antibody titers determined
from the TNA in mice immunised with DL507 spores sug-
gested these might be at protective levels [10]. ELISA and
TNA titres of pre-challenge sera (day 63) of A/J mice were
comparable to those of final sera (day 45) of Balb/C mice
(data not shown). In order to test the biological activity of the
elicited antitoxin response and the associated level of pro-
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Fig. 4. Serum anti-PA IgG responses following parenteral delivery of B.
subtilis spores. Groups of six Balb/C mice were immunised (1) by the intra-
peritoneal route with 1 x 10° spores of DL507 (M), DL346 (O), DL374
(#) or non-recombinant spores (PY79; OJ). Individual serum samples from
groups were tested by ELISA for PA-specific IgG. Sera from a naive control
group () and a group immunised with 10 pg/dose of purified PA protein
(A) were also assayed. Data are presented as arithmetic means and error bars
are standard deviations.

tection, A/J mice immunised with DL507 spores were chal-
lenged with a dose of approximately 100 MLD of B. anthracis
STI spores given by the intra-peritoneal route (Fig. 5). Mice
are generally considered a poor model for anthrax infection
but A/J mice were used here because they are uniquely
susceptible to the B. anthracis STI strain, which is capsule
deficient [28]. In addition, A/J mice have previously been
used to assess the efficacy of PA based vaccines against
anthrax [29,30]. These mice were fully protected against this
challenge. In comparison, all naive mice and mice immunised
with wild type B. subtilis spores (PY79) showed anthrax
symptoms and died within 2-5 days after the challenge.

4. Discussion

In this study, we have questioned whether the B. subtilis
spore could be used to deliver PA either by display on the

Survivors
B
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Days after challenge

Fig. 5. Protection after intra-peritoneal challenge with B. anthracis spores
Groups of eight A/J mice were immunised by the intra-peritoneal route
with 1 x 10° spores carrying cotB-pagA1b-3 rrnO-pagA (DL507; B) or non-
recombinant spores (PY79; UJ) on day 0, 14 and 28. On day 72 mice were
challenged with 100 MLD of B. anthracis STI spores via the intra-peritoneal
route, and numbers of survivors were recorded. A naive control group ()
and a group immunised with recombinant PA protein (A; 10 pg/dose) were
included.

spore surface or by germination of the spore within the host
animal and its subsequent expression within the germinat-
ing spore, i.e., the live vegetative cell. In previous work PA
has been expressed in B. subtilis primarily to evaluate its
use as a host expression system to produce rPA and thereby
improve the safety of the existing anthrax vaccines [31,32].
In these studies, PA has been detected in culture supernatants
and shown to confer protection in guinea pigs and in mice
immunised with vegetative cells [31,32]. These studies also
indicated that the B. subtilis spore could be used for PA
delivery and for this reason we have examined in detail the
potential use of the B. subtilis spore as a vaccine delivery
system against anthrax. B. subtilis is particularly amenable to
genetic manipulation and has been used for heterologous anti-
gen display and oral vaccination against tetanus and offers a
promising route for vaccination against toxin-based diseases
[12,14]. The outcome of our studies reported here, are that
the B. subtilis spore can be used for efficient delivery of the
PA polypeptide by a parenteral route and can be used to con-
fer protection in a murine model. Importantly, though, these
studies also reveal a number of important aspects of using
recombinant B. subtilis spores for anthrax immunisation.
Firstly, we have shown that to induce protective, i.e., neu-
tralising, antibodies PA must be expressed outside of the
delivery vehicle, either by secretion from the vegetative cell or
by display on the spore surface. Optimal expression appears
to require expression and secretion of the full-length PA
polypeptide and interestingly, up to 23 amino acids can be
added to the N-terminus with no apparent effect on its abil-
ity to target and translocate the cytoplasmic membrane of
B. subtilis. Although high levels of IgG antibodies are pro-
duced against PA in cells that don’t secrete PA (e.g., DL330,
DL348 and DL359), in mice immunised with these strains
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no neutralising antibodies were detectable. A straightforward
explanation to account for these non-neutralising anti-PA IgG
titres is that they are antibodies raised against incorrectly
folded, or unfolded, PA polypeptide. Normally, PA would
be synthesised in the cytoplasm and then be secreted. Fol-
lowing secretion, the N-terminal signal sequence would be
cleaved and the nascent polypeptide refolded into its correct
form. Antibodies made against secreted PA would therefore
be protective but it is quite possible that antibodies raised
against intracellular, unfolded, PA would fail to recognise
the appropriate neutralising epitopes of the folded protein.
Of course, if true, this must also imply that domains 1b-3
and domain 4 of PA displayed on the spore surface (i.e.,
in spores of DL372, DL374 and DL387; see below) must
be presented properly. Interestingly, only the IgG2a isotype
is generated against cells expressing PA intracellularly with
no detectable levels of the IgG1 or IgG2b subclasses that
is potentially indicative of a type 1 (Thl) T-cell response
[33-35]. It is not clear whether the export of PA is required
for the induction of protective antibodies in other vaccine vec-
tor systems. However, the protection against anthrax afforded
after immunisation by recombinant Salmonella enterica was
also improved by exporting PA using the Aly export system
[36].

The TNA test s, of course, more meaningful than straight-
forward ELISA determination of anti-PA IgG titres. In a
previous study where microsphere-associated PA was deliv-
ered intra-muscularly [11] it was shown that an ELISA titre
of 103 (corresponding to an anti-PA IgG titre of approxi-
mately 70 pg/ml) would protect immunised animals against
103 MLD of STI spores in an intra-peritoneal challenge.
Inclusion of rPA as a control and at an amount that has been
shown to confer protection when administered by a parenteral
route [10] allowed us to correlate our ELISA titres and TNA
assays and we can define a TNA titre of approx 10° as being
protective to a challenge dose of 10> MLD of STI spores (con-
firmed from challenge experiments performed in this study).
It is feasible though that TNA titres as low as 10% will yield
some level of protection and indeed Hering et al. [24] had
shown positive human anti-AVA sera could have TNA titres
ranging from 102 to 103

In this work we were unable to express full length PA
on the spore coat but succeeded in displaying domains 1b-3
and domain 4. The carboxy-terminal, domain 4, in particular,
has been shown to contain the dominant epitopes of PA and is
involved in binding to the host cell receptor [10]. Interestingly
though, secretion of PA appears to enhance responses to PA
domains displayed on the spore surface or conversely, display
of these domains on the spore surface enhances responses to
the PA secreted from the vegetative cell. This can be seen
in the TNA titres of DL507, DL509 and DL511-immunized
mice. Isotype analysis revealed different profiles for mice
receiving rPA versus recombinant spores. In the case of rPA
IgG1 levels were highest followed by IgG2b which is indica-
tive of a Th2 bias and would be expected for responses against
soluble antigen and leading to B cell activation and a humoral

response. As has been noted before immunisation of full
length or truncated versions of rPA in the presence of the
adjuvant Alhydrogel produces a noticeable Th2 bias [10,37].
A Th2 bias is also produced when rPA is given as micro-
spheric formulations [11]. On the other hand, in serum from
animals receiving recombinant spores, IgG1 predominated
followed by IgG2a instead of IgG2b. This also agrees with
other studies using B. subtilis spores for spore coat delivery of
tetanus antigens [12]. While this might appear as only a sub-
tle difference it does imply that use of the spore is introducing
a Th1 bias indicated by the higher IgG2a levels. Spores of
B. subtilis have been shown to survive uptake by phagocytic
cells and can actually germinate within the phagolysosome
and undertake at least a short phase of gene expression in
the newly formed vegetative cell [16]. While this fate resem-
bles that of B. anthracis where the pagA gene is expressed
within minutes of phagocytosis [38,39], the B. subtilis cell is
of course destroyed.

For mice immunised with DL346 spores anti-PA IgG
responses can only be generated if the spore germinates, the
vegetative cell emerges from its protein shell and metabolism
is restored. Experimentally, using RT-PCR, this process has
been shown to occur within 15min [38] but would still
require the appropriate conditions of ‘activation’ and ger-
mination signals [40]. Although studies have suggested that
B. anthracis can germinate in the peritoneum of the guinea
pig (cited in [38]) the most likely scenario is of germi-
nation within the phagolysosome. As mentioned above B.
subtilis spores have been shown to germinate within the
phagolysosome and can initiate vegetative gene expression
so we would expect PA to be synthesised and secreted
within the phagolysosome mimicking the B. anthracis
life cycle.

In conclusion, these studies have demonstrated the valid-
ity of B. subtilis to serve as a recombinant anthrax vaccine.
In the immediate term, B. subtilis could, based on the prelim-
inary studies shown here, be considered for development as
areplacement of the current anthrax vaccine used in animals
and composed of the spores of the Sterne strain and which is
recognised as being far from ideal [1].
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