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Current vaccine approaches to combat anthrax are effective; however, they target only a single

protein [the protective antigen (PA) toxin component] that is produced after spore germination. PA

production is subsequently increased during later vegetative cell proliferation. Accordingly,

several aspects of the vaccine strategy could be improved. The inclusion of spore-specific

antigens with PA could potentially induce protection to initial stages of the disease. Moreover,

adding other epitopes to the current vaccine strategy will decrease the likelihood of encountering

a strain of Bacillus anthracis (emerging or engineered) that is refractory to the vaccine. Adding

recombinant spore-surface antigens (e.g. BclA, ExsFA/BxpB and p5303) to PA has been shown

to augment protection afforded by the latter using a challenge model employing

immunosuppressed mice challenged with spores derived from the attenuated Sterne strain of B.

anthracis. This report demonstrated similar augmentation utilizing guinea pigs or mice challenged

with spores of the fully virulent Ames strain or a non-toxigenic but encapsulated DAmes strain of

B. anthracis, respectively. Additionally, it was shown that immune interference did not occur if

optimal amounts of antigen were administered. By administering the toxin and spore-based

immunogens simultaneously, a significant adjuvant effect was also observed in some cases. Thus,

these data further support the inclusion of recombinant spore antigens in next-generation anthrax

vaccine strategies.

INTRODUCTION

Anthrax is an acute infection caused by the Gram-positive,
spore-forming bacterium Bacillus anthracis, and is pri-
marily a zoonotic disease. The natural route of infection
leading to anthrax is ingestion of B. anthracis spores by
animals (Turnbull, 2008). Human disease is generally mani-
fested in one of three major forms, cutaneous, gastro-
intestinal or inhalational. More than 95 % of reported human
cases worldwide are cutaneous infections. Whilst cutaneous
anthrax can resolve without antibiotic intervention, as many

as 20 % of untreated cases may be fatal (Turnbull, 2008). The
next most common form of anthrax observed in humans is
oropharyngeal/gastrointestinal anthrax, which can be caused
by consuming improperly cooked meat contaminated with
B. anthracis spores. Anthrax initiated by ingestion of the
organism is often difficult to diagnose due to the non-
specific symptoms (i.e. sore throat or abdominal pain) and
may result in substantial fatality rates if left untreated
(Mock & Fouet, 2001; Turnbull, 2008). An emerging new
form of infection, injectional/septicaemic anthrax, has been
reported among intravenous drug users in western Europe
(Powell et al., 2011; Ringertz et al., 2000). The sources of the
B. anthracis spores in these outbreaks were hypothesized to
be contaminated heroin, probably originating from Paki-
stan, Afghanistan or Iran.

Inhalation of B. anthracis spores results in the most severe
form of anthrax (Cote et al., 2011; Dixon et al., 1999; Mock
& Fouet, 2001). As with the other forms of anthrax,

3Present address: Office of Biodefence Research Affairs (OBRA)
DMID/NIAID/NIH, 6610 Rockledge Drive, Room 3716, Bethesda, MD
20892, USA.

Abbreviations: FIS, formaldehyde-inactivated spores; i.d., intradermal(ly);
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antigen; s.c., subcutaneous(ly); TTD, time to death; WFI, water for
injections.
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differential diagnosis of inhalational anthrax can be very
challenging due to its rather non-specific symptomato-
logy (Friedlander, 1999, 2000). It is important to note that
inhalational/pulmonary anthrax is not a true pneumonic
disease. The lungs serve as the portal of entry of the infec-
tious spores, but active infection generally occurs outside
the alveolar spaces within lymphoid tissue. Germinated
spores or vegetative bacilli are not typically found within the
alveolar spaces until after systemic bacteraemia results in
replicating bacilli being released back into the lungs through
capillary beds (Bozue et al., 2007a; Cote et al., 2006, 2011;
Glomski et al., 2007b; Heine et al., 2007; Heninger et al.,
2006; Pickering et al., 2004; Ross, 1957). Inhalational
anthrax has a nearly uniform fatality rate if appropriate
treatment is not initiated in a timely manner (Dixon et al.,
1999; Friedlander, 1999, 2000; Turnbull, 2008). Accordingly,
inhalational anthrax is of predominant concern particularly
when considering the impact of an attack or terrorism event
involving biological agents.

Human vaccines include the human anthrax vaccine
adsorbed (AVA or Biothrax-licensed vaccine in the USA),
the human anthrax vaccine precipitated (AVP-licensed
vaccine in the UK) and the newer recombinant protective
antigen (rPA) vaccine, which is in development. PA is
the toxin component responsible for translocation of the
effector molecules, oedema factor and lethal factor (Baillie
et al., 2004; Kudva et al., 2005; Young & Collier, 2007), and
PA-based vaccines elicit predominantly anti-toxin responses
(Baillie et al., 2004; Kudva et al., 2005). The anthrax toxins –
lethal toxin composed of a combination of PA, and lethal
factor and oedema toxin consisting of PA and oedema
factor – are important virulence factors in the pathogenesis
of anthrax, and are produced in large amounts by the
replicating bacilli later in the course of the disease. Although
effective, current vaccine strategies require a rigorous initial
series of doses and annual boosters to achieve long-lasting
immunity and, in general, current vaccine strategies can be
somewhat reactogenic (Wasserman et al., 2003). Live
attenuated vaccines (e.g. the unencapsulated Sterne or STI
strains) are routinely effective at protecting animals and
have been used to vaccinate humans in eastern European
countries (Shlyakhov & Rubinstein, 1994; Turnbull, 1991).
However, these vaccines may be too unsafe for approved use
in many countries. An improved human vaccine is needed
that requires fewer doses, is less reactogenic, elicits im-
munity targeting the early (pre-toxin) stages of infection,
and could ameliorate or prevent infection by emerging or
engineered strains that encode a PA refractory to anti-toxin
immunity. Thus, the development of more optimal anthrax
prophylactics remains a priority. Adding formaldehyde-
inactivated spores (FIS) to PA-based vaccines has been
reported to significantly augment the protection afforded
to mice and guinea pigs challenged with virulent strains of
B. anthracis (Brossier et al., 2002; Gauthier et al., 2009).
Ideally, an individual or group of defined protective epi-
topes would be preferable for use in new vaccine formu-
lations to obviate the use of whole killed spores. Disadvantages

of the latter include the risks involved in whole-organism
inactivation and the less well-defined nature of the pro-
tective immunogen(s). As the exosporium is the outermost
surface of a B. anthracis spore, the exosporium has been the
focus of numerous novel vaccination approaches by several
laboratories. The exosporium structure surrounding the B.
anthracis endospore is composed of numerous proteins. In
this report, we focused on the BclA, ExsFA (BxpB) and
p5303 proteins. BclA, the Bacillus collagen-like protein of B.
anthracis, forms the hair-like extensions protruding from
the exosporium membrane (Sylvestre et al., 2002, 2003).
The BclA protein has been shown to be immunodominant
(Steichen et al., 2003) and not essential for virulence (Bozue
et al., 2007a; Sylvestre et al., 2002); rather, it appears to be
involved in directing spores to professional phagocytes
(Bozue et al., 2007a, 2007b; Oliva et al., 2008). Additionally,
it has been shown that the BclA protein obscures other
potentially immunostimulatory antigens (e.g. ExsK) that
are located beneath the BclA ‘hair-like’ nap (Severson
et al., 2009). It is important to note that, although BclA
has structural similarities to human collagen, there has been
no significant immunological cross-reactivity detected to
date (Brahmbhatt et al., 2007). ExsFA was identified in
the exosporium and has been shown to be involved in
localization of the BclA protein (Redmond et al., 2004;
Steichen et al., 2005; Sylvestre et al., 2005; Thompson et al.,
2011; Todd et al., 2003). The putative exosporium protein
p5303 was identified through an immunological screen and
appears to be localized to the exosporium (Cybulski et al.,
2008).

Recombinant exosporium components have been shown to
augment the efficacy of a PA vaccination. Using the model
of immunodeficient A/J mice challenged with a lethal dose
of B. anthracis Sterne spores (Beedham et al., 2001; Flick-
Smith et al., 2005; Welkos et al., 1986), Brahmbhatt, et al.
(2007) demonstrated that the immune responses generated
in mice receiving a single suboptimal (partially protec-
tive) injection of PA were completely protective in mice
receiving a later injection (but not a concomitant injec-
tion) of BclA. These results were similar to those published
earlier by Hahn et al. (2006). In these studies, the authors
demonstrated that vaccination with a DNA construct
encoding PA in combination with a construct encoding
BclA offered superior protection against a challenge with
fully virulent B. anthracis strain Ames when compared with
vaccination with either BclA or PA constructs alone (Hahn
et al., 2006). It has also been shown that other immunogens
besides BclA may offer an advantage to vaccinated animals.
Cybulski et al. (2008) observed significant protection in
the Sterne vaccine strain challenge model when ExsFA or
p5303 was used in vaccine formulations. Augmented pro-
tection afforded by an active anti-spore immune response
has thus been reported by several laboratories. Efforts to
elucidate these benefits must continue to optimize fur-
ther the current anthrax vaccine strategies, as well as to in-
crease preparedness for combating future emerging and/or
engineered threats. In this report, we describe vaccine
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augmentation using PA administered concomitantly with
recombinant spore proteins in both mouse and guinea pig
models of B. anthracis infection.

METHODS

Bacterial strains and culture conditions. Spores of the wild-type
Ames strain (pXO1+/pXO2+) of B. anthracis and spores of the Ames
DbclA strain (Bozue et al., 2007a) were prepared from cultures grown
in Leighton and Doi medium (Cote et al., 2006). Spores of the DAmes
strain (pXO12/pXO2+) of B. anthracis, derived as described earlier
(Mikesell et al., 1983), were prepared on solid medium consisting of
0.8 % nutrient broth and 0.3 % yeast extract. These plates were
inoculated with DAmes culture, grown at 37 uC overnight and then
placed at room temperature in the dark until sporulation was
maximal. The spores were then harvested and purified on an
Omnipaque gradient, as described previously (Cote et al., 2006).

Vaccine formulations. The vaccines discussed in this report were
composed of rPA (List Biological Laboratories), recombinant spore-
specific proteins produced as described earlier (Brahmbhatt et al.,
2007; Cybulski et al., 2008; Mikesell et al., 1983) or a combination of
the antigens. The specific amounts of antigens used in the vaccine
formulations are described in the figure legend of each experiment.
Aluminium hydroxide gel (AL; aluminium content per vaccination
~125 mg for mice or ~500 mg for guinea pigs) or the Sigma adjuvant
system (SAS) was used as adjuvant (Sigma Aldrich). SAS is an
emulsion of monophosphoryl lipid A and trehalose dicorynomyco-
late, which may promote mixed T helper 1 (Th1)/Th2 immune
responses to vaccines, and was used as directed by the manufacturer.

Animal vaccinations and challenges. Female BALB/c mice were
obtained from the National Cancer Institute (Frederick, MD) and
were approximately 6–9 weeks old at the time of initial vaccination.
Hartley guinea pigs were obtained from Charles River Laboratories
and were ~800 g at the time of initial vaccination. Mice received the
vaccine delivered as a 200 ml dose via subcutaneous (s.c.) injection
and guinea pigs received the vaccine delivered as a 500 ml s.c. dose.
Animals received the initial vaccination on day 0 and booster
vaccinations were given at 4-week intervals. Blood was collected from
anaesthetized mice via a retro-orbital collection method every
14 days, and from anaesthetized guinea pigs via the cranial vena
cava on days 30 and 120. The blood was centrifuged and serum was
collected. Mice were challenged by intraperitoneal (i.p.) injection or
intranasal (i.n.) instillation with wild-type Ames strain spores or
DAmes strain spores (Cote et al., 2006, 2009; Lyons et al., 2004).
Guinea pigs were challenged by intradermal (i.d.) injection, or i.n.
instillation with wild-type Ames strain spores. The delivered challenge
doses are indicated in the figure legends. Unless otherwise stated, all
groups contained 10 animals.

The LD50 has been reported to be ~500 spores for BALB/c mice
challenged i.p. (Popov et al., 2004). LD50 equivalents for Ames spores
in the guinea pig infection model have been reported to be ~1.38
spores and ~1.26105 spores when administered i.d. and i.n.,
respectively (Bielinska et al., 2007). LD50 determinations were
performed in this study using DAmes spores delivered by i.p.
injection or i.n. instillation to female BALB/c mice that were ~6–8
weeks old. LD50 values were calculated to be ~26104 for i.p. injection
and ~2.96106 for i.n. instillation.

ELISA. Serum anti-PA antibody responses were determined by a
quantitative ELISA in accordance with the procedure of Little et al.
(2004). The anti-spore responses of the vaccinated animals were
determined using an anti-whole spore ELISA, which was a modi-
fication of previously described assays (Cote et al., 2005; Cybulski

et al., 2008; Welkos et al., 2004), and utilized plates coated with
antigen consisting of irradiated wild-type Ames spores or irradiated
spores of the bclA deletion mutant of Ames (DbclA) (Bozue et al.,

2007a). Polyclonal antibodies directed against spore proteins were
generated in rabbits by Covance, Inc., as described previously (Cote
et al., 2008; Moody et al., 2010), except that complete Freund’s adju-
vant was used with the prime vaccination and incomplete Freund’s
adjuvant was used in the subsequent booster(s) instead of the Ribi
adjuvant system.

Statistics. Survival rates were compared between each treatment
group and control group using Fisher’s exact test. Kaplan–Meier/

product-limit estimation was used to construct survival curves and to
compute mean survival times. Survival curves were compared
between each treatment group and control group by log rank tests.
Mean times to death or to euthanasia (TTD) were compared between
each treatment group and control group by t tests. LD50 equivalents

for spores of the DAmes strain (both i.p. and i.n. challenge routes)
were determined by Probit analysis. The above analyses were
conducted using SAS version 8.2 (SAS Institute). ELISA data were
analysed by a four-parameter logistic-regression model and analysis of
variance/multi-comparison t tests using GraphPad Prism version 5.00

(GraphPad Software).

RESULTS

Impact of recombinant spore proteins in the
mouse model of B. anthracis infection utilizing
fully virulent Ames strain (pXO1+/pXO2+) spores

Antigen combination screenings were performed using
BALB/c mice challenged with the fully virulent Ames strain.
Data generated in several laboratories have suggested that
inactivated spores or spore antigens may offer adjunct
benefits to PA-based vaccines (Brahmbhatt et al., 2007;
Brossier et al., 2002; Cote et al., 2008; Cybulski et al., 2008;
Enkhtuya et al., 2006; Gauthier et al., 2009; Hahn et al., 2006;
Vergis et al., 2011). We endeavoured to identify the pro-
tection afforded by specific combinations of recombinant
spore proteins. An initial experiment was performed testing
spore antigens (with or without suboptimal doses of PA). The
experimental design was an expansion of that reported by
Cybulski et al. (2008) and Brahmbhatt et al. (2007) using the
A/J mouse/Sterne challenge model, but instead using BALB/c
mice challenged with fully virulent Ames spores (BALB/c
mouse/Ames challenge model). This approach allowed us
both to characterize the impact on survival and to monitor
the effects (i.e. potential immune interference) of different
antigen combinations on the resulting immune response. All
spore antigens were delivered as doses of ~25 mg, whilst an
amount of PA shown to be suboptimal in the A/J mouse/
Sterne model (50 ng) was administered per dose. The spore
proteins BclA, ExsFA and p5303 were evaluated in this
experiment. As shown in Table 1, all of the antigens were
administered once by the s.c. route and were given as a single
antigen vaccine or as part of a multi-antigen vaccine, either
combined or separated. Mice were administered the vaccine
proteins on day 0 and/or on day 28.

The conditions used in this initial experiment were quite
stringent. Mice have proven historically to be difficult to
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protect with PA alone against a fully virulent challenge,
despite stimulation in mice of high titres of toxin-neu-
tralizing anti-PA antibody (Bielinska et al., 2007; Boyaka
et al., 2003; Brossier et al., 2002; Flick-Smith et al., 2005;
Hahn et al., 2006; Shivachandra et al., 2007; Welkos et al.,
1989; Welkos & Friedlander, 1988; Williamson et al., 2005).
In addition, our PA doses were purposefully selected to be
suboptimal to increase the chances of revealing any anti-
spore antibody contributions to protection. Mice vacci-
nated with PA alone succumbed as rapidly as the controls
and had only a 10 % survival rate. However, some of the
mice receiving the other vaccines exhibited extended TTD
or enhanced overall survival rates compared with the PBS
or PA-only control groups. The mortality data from this
challenge experiment are depicted in Table 1. One group
had a significantly delayed time to death (group 15,
comprising primary vaccination with 50 ng PA followed by
a day 28 vaccination of BclA and ExsFA at 25 mg each).
Anti-PA ELISA titres were determined with sera collected
from all 17 groups over the course of the pre-challenge
vaccination period. Although the titres were low, as ex-
pected, levels significantly above those of the PBS controls
were detected in some groups (data not shown). Anti-PA
levels above background were detected in some of the mice

that received PA concomitantly with spore antigens (e.g.
group 8), and in groups given PA separately and at a
different time from the spore antigen dose (groups 12–
17); in general, the anti-PA titres in sera from groups 3–11
were negligible. These results suggest a possible interfering
effect of the spore antigens on development of anti-PA
antibodies when given at the same time, thus appearing to
confirm the previous findings of Brahmbhatt et al. (2007).
The overall results of this experiment were encouraging,
given the stringent conditions involving single adminis-
trations of relatively low levels of antigen. The improved
performance of the combination (PA and spore antigen)
vaccines compared with PA alone further supported the
hypothesis of several laboratories that spore components
will be essential for an optimally effective novel anthrax
vaccine.

Subsequent experiments were performed to determine the
protection afforded to mice using vaccination conditions
anticipated to be more efficacious. We sought to maximize
the protection afforded by the PA+spore antigen vaccines
by evaluating the timing, number and quantity of the vac-
cines and their components. In the first vaccine experi-
ment, none of the groups vaccinated with spore antigens

Table 1. Antigen screening performed using BALB/c mice challenged with Ames spores

Group no. Primary dose Secondary dose Survival* TTD (days)D

1 PBS+AL PBS+AL 1/10 3.0 (±1.2)

Single antigen:

2 PA+AL PBS+AL 1/10 2.4 (±0.5)

3 BclA+AL PBS+AL 2/10 3.1 (±1.3)

4 ExsFA+AL PBS+AL 1/10 3.7 (±2.1)

5 P5303+AL PBS+AL 4/10 2.5 (±0.6)

Multi-antigen, combined:

6 PA+BclA+AL PBS+AL 2/10 2.9 (±0.6)

7 PA+ExsFA+AL PBS+AL 2/10 4.0 (±4.1)

8 PA+p5303+AL PBS+AL 4/10d 3.8 (±2.1)

9 PA+BclA+ExsFA+AL PBS+AL 1/10 4.9 (±3.7)§

10 PA+BclA+p5303+AL PBS+AL 2/10 2.8 (±1.0)

11 PA+ExsFA+p5303+AL PBS+AL 3/10 3.9 (±2.5)

Multi-antigen, separated:

12 PA+AL BclA+AL 0/10 3.6 (±1.2)

13 PA+AL ExsFA+AL 1/10 4.2 (±3.9)

14 PA+AL p5303+AL 2/10 3.5 (±1.7)

15 PA+AL BclA+ExsFA+AL 1/10 5.8 (±3.3)||

16 PA+AL BclA+p5303+AL 1/10 3.9 (±2.7)

17 PA+AL ExsFA+p5303+AL 2/10 3.3 (±1.0)

*The protective efficacy of spore antigens alone and with PA. BALB/c mice were vaccinated s.c. with a suboptimal amount of PA (50 ng), 25 mg

spore antigen(s) or both. The mice received one dose per antigen, given as a single antigen vaccine or as part of a multi-antigen vaccine (combined

or separated). All vaccines included AL. Challenges with Ames spores of ~3.4610 3 (or ~7 LD50 equivalents) were given 4 weeks after the last dose

by the i.p. route.

DValues shown are means, with SD in parentheses.

dP50.07 when comparing the survival curve with that of group 1.

§P50.09 when comparing TTD with that of group 1.

||P50.01 when comparing TTD with that of group 1.
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alone had been significantly protected. Even though PA
alone was not efficacious, the groups that were significantly
protected received PA as well as spore antigens. Thus, in
later vaccine experiments, all the groups given spore
antigens were also vaccinated with PA, and a more typical
dose of PA (25 mg) was used.

The efficacy of vaccines delivered with two different adju-
vants – AL or SAS – was compared to evaluate the roles of
Th1- and Th2-biased immune responses in protection. SAS
is a stable oil-in-water emulsion containing components
originally formulated by Ribi Immunochem and induces
mixed Th1/Th2 immune responses to vaccines. SAS con-
tains squalene, trehalose, monophosphoryl lipid A and
Tween 80 (SAS data sheet). Adjuvants containing these
complex components have been shown to induce robust
antibody responses as well as significant cell-mediated
responses (Fox, 2009). In contrast, aluminium-based
adjuvants such as AL, which are the only adjuvants licensed
to date in the USA for human use, elicit mostly Th2-based
humoral immunity. Several experiments were conducted
to evaluate these various alterations in the vaccination
scheme. There were only slight differences in survival noted
in the groups of mice receiving the vaccines with different
adjuvant formulations or different mixtures or numbers of
doses of vaccine antigens, and these differences generally
were not statistically significant. Mice receiving combi-
nation vaccines (PA+spore antigens) delivered with AL
tended to respond with earlier detectable levels of PA anti-
bodies (Fig. 1a) and slightly greater, although not signifi-
cantly different, concentrations of anti-spore antibodies

(Fig. 1b, c). However, these differences were transient
and were no longer relevant in later study time points or
after subsequent booster vaccinations (Fig. 1). Regardless
of the slight differences in immune kinetics, there were
no significant differences noted in protective efficacy
(data not shown). Whilst antibody titres provide valu-
able information on immune responses during the early
stages of developing a novel vaccine, it will be impor-
tant to examine in more detail the impacts on cellular
immune responses of a later-stage multi-antigen anthrax
vaccine.

Evaluating potential immune interference

Titres to both PA and spore antigens were evaluated over
the course of the vaccination period in all experiments
performed. We confirmed results suggesting that con-
comitant administration of PA+spore antigens resulted in
a reduced immune response to PA when PA was given
at significantly lower amounts relative to spore antigens
(Brahmbhatt et al., 2007). We wanted to characterize
further this potential immune interference and assay the
immune response when approximately equal amounts of
antigen were used in vaccine formulations. In experiments
in which two to three doses of vaccine antigens (PA and
spore antigens) present in similar concentrations (micro-
gram quantities) were administered, high titres of anti-PA
and anti-spore antibodies were detected, and there was no
obvious interference by spore antigens on the anti-PA res-
ponses (data not shown, discussed further below). PA did
not have to be delivered separately from spore antigens to
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Fig. 1. Effects of adjuvant on the resulting
immune response generated from PA+spore
(BclA, ExsFA and p5303) vaccinations. (a)
Changes in the anti-PA IgG titres of each
vaccine group during the 12-week vaccination
(pre-challenge) period. The vaccines were
delivered at weeks 0, 4 and 8. Sera were
collected just prior to each vaccine dose. (b, c)
Spore antibody ELISAs using plates coated
with Ames spores (b) or DbclA spores (c) and
sera from mice collected at week 12 post-
vaccination/pre-challenge. Representative data
are shown. Sera collected from mice vaccinated
with a prime and boost (2�) or a prime followed
by two boosts (3�) were analysed.
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elicit high anti-PA titres. However, although PA appeared
to be required for any degree of protection, the anti-PA
antibody levels were not associated with protective immu-
nity in mice, as shown in the first experiment and pre-
viously (Brahmbhatt et al., 2007; Brossier et al., 2002;
Gauthier et al., 2009; Welkos & Friedlander, 1988). Anti-
body responses to spore antigens were evaluated on plates
coated with irradiated wild-type Ames spores or irradiated
DbclA spores. As detailed in representative data included in
Table 2, mice receiving PA+spore antigens exhibited sig-
nificant anti-spore titres. By using the DbclA spores as the
capture antigen, the impact of antibodies directed against
spore components that are beneath the external-most layer
of BclA (i.e. ExsFA and p5303) could be evaluated. Before
conducting these assays, ELISA titrations of rabbit anti-
spore IgGs specific for these three spore exosporium anti-
gens were carried out. As expected, whereas anti-BclA
antibody had a much higher titre against the wild-type
spores than the DbclA mutant spores, antibodies directed
against the other exosporium antigens (p5303 and ExsFA)
recognized the mutant spores better than wild-type spores
(Fig. 2). Thus, the presence of BclA (major component of
the outer ‘hair-like’ nap) partially masks recognition in the
wild-type Ames spore ELISA of immune responses to the
exosporium basal membrane and probably partially but
not completely blocks their exposure in vivo to the immune
system (Basu et al., 2007; Bozue et al., 2007b; Cybulski
et al., 2008). We used antibody titres as a determinant of
any potential immune interference observed by co-admin-
istering PA with recombinant spore proteins. Further
development of this vaccine strategy will require evaluation
of the resulting antibodies by a functional toxin-neutral-
ization assay (Pitt et al., 1999).

Table 2. Anti-spore antibody responses: titre comparisons of vaccinated and unvaccinated groups

Statistical analysis of variance with post-hoc Tukey’s tests for pairwise group comparisons. Titres of sera collected from vaccinated mice in a

representative experiment were determined by ELISA in plates coated with wild-type (WT) Ames or DbclA spores.

Week Group compared with PBS controls* Highest significant dilutionD

WT Ames plate DbclA Ames plate

4 PA alone ,50d ,50d

PA+BclA+ExsF combined (3) 3200 3200

PA (1), BclA+ExsF separately (2) ,50d ,50d

8 PA alone ,50d ,50d

PA+BclA+ExsF combined (3) 3 200 ¢204 800

PA (1), BclA+ExsF separately (2) 200 800

12 PA alone ,50d ,50d

PA+BclA+ExsF combined (3) ¢204 800§ ¢204 800

PA (1), BclA+ExsF separately (2) 3200 51 200

*The number of total vaccine doses over the course of the entire study is shown in parentheses. Vaccinations were administered on day 0, week 4

and week 8. All vaccinations included AL. For example, the third group in each set of three received one PA dose (25 mg) on day 0 and one

PA+spore antigen dose (25 mg) on week 4 and a second on week 8.

DHighest dilution with A405 significantly elevated (P,0.05) compared with the PBS control (reciprocal dilution).

dP.0.05 at lowest dilution tested (1 : 50).

§P,0.05 at highest dilution tested (1 : 204 800).
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Fig. 2. ELISA titrations of rabbit anti-spore IgGs specific for the three
spore exosporium antigens BclA (m), ExsFA (&) and p5303 ($) were
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Impact of recombinant spore proteins in the
mouse model of B. anthracis infection utilizing
DAmes strain (pXO1”/pXO2+) spores

To dissect better the contribution of spore antigens in
multi-antigen anthrax vaccine protection, mice were chal-
lenged with spores of the DAmes derivative, a pX01-cured
(toxin-negative) derivative of wild-type Ames. Such toxin-
negative, capsule-positive strains of B. anthracis are highly
virulent for mice (Heninger et al., 2006; Welkos et al., 1986,
1993), and the absence of toxin antigens allows spore-
mediated immunity to be shown more clearly. Vaccina-
tions of the mice included a prime and booster dose of the
PA+spore antigen combination vaccines, and the vacci-
nated mice were then challenged with DAmes strain spores.
The spore antigens comprised BclA, ExsFA and p5303. We
chose to keep PA in the vaccine formulation, in spite of the
fact we were challenging with a non-toxigenic strain of B.
anthracis, for the sake of consistency and also to evaluate
further any potential impact on immune responses to indi-
vidual vaccine components associated with concomitant
antigen administration and because any later new-genera-
tion vaccine will undoubtedly include toxin antigen(s). As
shown in Fig. 3(a), these data confirmed that spore anti-
gens significantly enhanced the protection afforded by a PA
vaccination (with AL) against lethal parenteral challenge
with either a toxigenic or non-toxigenic but encapsulated
B. anthracis Ames strain. Mice challenged by i.n. instilla-
tion were not significantly protected (Fig. 3b).

ELISA titrations of the sera from these mice indicated that,
as observed in the previous experiments, spore antigens did
not suppress the anti-PA IgG responses when given
together with PA (Fig. 4a). Interestingly, the presence of
the spore antigens with PA enhanced the anti-PA antibody
responses (Fig. 4a). Also in agreement with our previous
vaccination results, two doses of vaccine antigens elicited
significantly elevated levels of serum anti-spore antibodies,
as determined by ELISA analyses using wild-type spores
(Fig. 4b, d) or DbclA spores (Fig. 4c, e).

Impact of recombinant spore proteins in the
guinea pig model of B. anthracis infection
utilizing fully virulent Ames strain spores

Because of the difficulty associated with protecting mice
against challenge with virulent strains of B. anthracis
(Brossier et al., 2002; Flick-Smith et al., 2005; Gauthier
et al., 2009; Hahn et al., 2006; Welkos et al., 1993), we
chose additionally to test the vaccine candidates in a guinea
pig model of infection. Guinea pigs received a total of three
vaccinations s.c. at 4-week intervals. Guinea pigs were then
challenged 4 weeks after the third vaccine dose (week 12) via
challenge i.d. or i.n. with spores of the Ames strain.
Regardless of the route tested, the vaccine consisting of
both PA and spore-specific antigens appeared to outperform
vaccination by rPA alone, and the results were suggestive of
greater protection afforded by the combination compared
with PA-only vaccines (Fig. 5). Serum antibody analyses

revealed that, although the presence of spore antigens in the
vaccine was associated with a weak and temporary inhibition
of anti-PA titres early during the vaccination (Fig. 6a), anti-
PA levels in the PA+spore antigen group caught up to and
surpassed those in the PA-only group sera before spore
challenge (Fig. 6b). This stimulatory effect of spore antigens
on anti-PA titres was similar to that observed in mice (Fig.
3a, Table 2). As expected, the anti-spore antibody titres of
the groups receiving PA+spore antigens were significantly
higher than those of the PA-only group at both the 4 and 12
week time points (Fig. 6c–f).

DISCUSSION

Whilst the current and next-generation anthrax vaccines
are effective, they mainly target PA (Friedlander et al.,
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Fig. 3. Survival results of mice vaccinated with PA alone (&) or
PA+spore antigens (m) and challenged i.p. (a) or i.n. (b) with
DAmes spores. All vaccines were given as two immunizations each
separated by 4 weeks and all contained ~25 mg PA or 25 mg
PA+10 mg BclA+10 mg ExsFA+10 mg p5303 and ~125 mg AL.
Mice challenged by i.p. injection (a) received ~3�105 spores
delivered in 200 ml sterile water for injections (WFI) (representing
~15 LD50 equivalents). Mice challenged through i.n. instillations
(b) received ~5.2�107 spores delivered in 40 ml WFI (represent-
ing ~15 LD50 equivalents). The results from the i.p. challenge
indicated that the addition of spore antigens to the vaccine
afforded significant protection against DAmes spores (P50.0004
for the survival curve and P50.004 for TTD). The results after i.n.
challenge were not statistically significant.
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1999). However, there are several drawbacks associated
with this strategy. Because these vaccine strategies are pre-
dominantly anti-toxin, essentially the bacteria are often
able to infect and multiply within the host until the
vaccine-induced anti-toxin effects begin to take effect. Addi-
tionally, it would be beneficial to have a multi-component
anthrax vaccine capable of combating emerging or engi-
neered threats that may be refractory to current vaccine
approaches. The most promising data indicating protection
attributed to early host responses specific for other com-
ponents, such as the spore, have been generated by vac-
cinating small animals with FIS (Brossier et al., 2002;
Gauthier et al., 2009). These authors demonstrated that, by
targeting both the earliest phase of infection (entry of
ungerminated B. anthracis spores into hosts) and also the
later stage of infection (intoxication), the experimental
animals were more likely to survive infection with lethal
doses of B. anthracis spores.

Data from passive protection studies performed using anti-
sera generated against whole spores have been less striking.
It has been reported that passive transfer of anti-spore
antibodies can significantly protect mice against challenge
with a fully virulent strain of B. anthracis (Enkhtuya et al.,
2006). The antibodies used were generated in rabbits
against a strain of B. anthracis that was cured of both pXO1
and pXO2 to ensure that antibodies were not directed
against either toxin or capsule but rather spore structures,
presumably the surface-exposed exosporium layer. In con-
trast, Glomski et al. (2007a) could not demonstrate signi-
ficant levels of passive protection when mouse immune FIS
sera were transferred to naı̈ve mice (Goossens et al., 2007).
Additionally, Cote et al. (2008) demonstrated that slight
protection was afforded by passive transfer of rabbit anti-
irradiated-spore IgG into naı̈ve mice, but this protection
was only statistically significant when compared with
completely naı̈ve mice. When the survival was compared
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Fig. 4. ELISAs to detect anti-PA and anti-
spore antibodies in sera from vaccinated
BALB/c mice. (a) Mice were vaccinated twice
with PA with (+Sp) or without spore antigens
on day 0 and week 4 and challenged at week 8
with DAmes spores. Sera were collected on
weeks 2, 4, 6 and 8 and assayed on plates
coated with PA. There were no statistically
significant differences noted in the week 2
samples. There were significant differences
between vaccines consisting of PBS or PA
alone (P50.0009, week 4; P,0.0001, weeks
6 and 8), PBS or PA+Sp (P,0.0001 for
weeks 4, 6 and 8) and PA or PA+Sp
(P50.0009, week 2; P,0.0001, week 6).
(b–d) Anti-spore antibody titres were deter-
mined for sera collected on week 2 (b, c) and
week 6 (d, e) of the vaccination period and
assayed on plates coated with wild-type
Ames (b, d) or DbclA Ames (c, e) spores.
The responses (b–e) of the PA+Sp vaccine
group were significantly greater than those of
the PBS control groups, with a mean recip-
rocal end-point dilution titre of 800 (P5

0.0347) for (b) and (c) and 12 800 (P50.007)
for (d) and (e), as determined by t tests with
stepdown Bonferroni adjustment for multiple
comparisons. The symbols for the PBS control
and PA-only groups overlapped in the graphs
depicted in (c–e).
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with mice receiving normal rabbit IgG, the observed pro-
tection was statistically insignificant, suggesting that some
aspect of the protection was not spore-specific. Glomski
et al. (2007a) further investigated the mechanisms asso-
ciated with the supplementary protection offered by FIS
when added to a PA vaccine regimen. These authors de-
monstrated a cellular component to this anti-spore immu-
nity. When splenocytes harvested from FIS-immune mice

were transferred to naı̈ve mice, significant protection was
achieved. Through further experimentation using transgenic
animals and in vivo lymphocyte depletion methodology, it
was demonstrated that interferon-c-producing CD4 lympho-
cytes were, in part, responsible for the vaccine augmentation
associated with FIS (Glomski et al., 2007a).

Our current report adds to the growing body of literature
supporting the concept that spore-specific immunity is
important when designing next-generation anthrax vac-
cines. Using both mouse and guinea pig models of B.
anthracis infection, we demonstrated that recombinant
spore proteins augment protection afforded by PA alone.
The rationale for testing PA combined or separately
with the spore protein stems from the observation of
Brahmbhatt et al. (2007) that, when given with BclA, PA
elicited lower titres of anti-PA antibodies than when PA
was given alone and at a time separate from that of the
spore proteins; protection was also less. Suboptimal
amounts of PA were used by Brahmbhatt et al. (2007)
to identify any adjunct benefits of spore antigens, as
optimal amounts of PA can completely protect A/J mice
against a Sterne spore challenge (Welkos & Friedlander,
1988). We wanted to confirm whether this spore antigen-
associated interference held true in the BALB/c mouse/
Ames spore challenge model.

We demonstrated that immune responses to PA are not
necessarily hindered by the addition of spore antigens.
High pre-challenge anti-PA antibody titres were observed
with at least two doses of PA and with both of the adjuvants
tested; however, there was no correlation between anti-
PA levels and protection in the BALB/c mouse/Ames
spore challenge model. These results are in agreement
with previous literature on protection and immune
responses to PA vaccines delivered with aluminium-based
adjuvants (Brossier et al., 2002; Flick-Smith et al., 2005;
Welkos & Friedlander, 1988; Welkos et al., 1989). In
contrast to experiments utilizing suboptimal amounts of
PA (nanogram quantities), when greater amounts of PA
(microgram quantities) and/or increased numbers of
vaccine doses were employed, PA and spore antigens
could be delivered together without apparent interfering
effects on PA responses by spore antigens. In some cases,
giving the spore antigens and PA as a single vaccine
resulted in an increase in the resulting anti-PA immune
response (Figs 4a and 6b).

In all experiments in which BALB/c mice were challenged
with fully virulent Ames strain spores, any degree of
protection over the PBS controls required the addition of
at least one spore antigen to the PA vaccine (Table 1 and
data not shown). Neither PA alone nor spore antigens
alone were significantly protective in this model. Similar
results were obtained when BALB/c mice were challenged
with the non-toxigenic DAmes strain spores (Fig. 3).
Mice are difficult to protect because of their high sus-
ceptibility to most fully virulent B. anthracis strains and
their sensitivity to non-toxin virulence factors (Welkos
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Fig. 5. Survival results of guinea pigs vaccinated with PA alone
(&) or PA+spore antigens (m) and challenged i.d. (a) or i.n. (b)
with Ames spores. All vaccines were given as three immunizations
each separated by 4 weeks and all contained ~30 mg PA or 30 mg
PA+10 mg BclA+10 mg ExsF+10 mg p5303 and ~500 mg AL.
The control groups ($) received PBS and AL alone. The guinea
pigs challenged by i.d. injection (a) received ~156 spores
delivered in 200 ml WFI and the guinea pigs challenged through
i.n. instillations (b) received ~1.35�107 spores delivered in 100 ml
WFI. The guinea pigs challenged i.d. were significantly protected
with PA alone (P50.0062 for percentage survival and 0.0002 for
the survival curve) and the vaccine including spore antigens was
also protective (P,0.0001 for percentage survival and 0.0002 for
the survival curve). The P value comparing the survival curves of PA
alone with PA+spore antigens was 0.067. When challenged i.n.,
the animals receiving PA alone were significantly protected
(P50.013 for TTD and P50.0002 for the survival curve), as were
the animals receiving the PA vaccine with the addition of the spore
antigens (P50.012 for TTD and P50.0002 for the survival curve).
There were 10 animals per group with the exception of the
negative-control groups, which contained nine animals in each
group.
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et al., 1986, 1989, 1993). Accordingly, our findings from the
mouse models, whilst incremental, offer important clues to
the concept of spore-specific immunogens. We also used
guinea pigs to test the vaccines because of the extreme
stringency associated with using fully virulent B. anthracis
strains in the mouse model. Guinea pigs were partially
protected (statistically significant) with PA vaccination
alone; however, the addition of recombinant spore proteins
improved this protection (Fig. 5). Whilst significant vaccine

augmentation was observed in the mouse i.p. model and
guinea pig i.d. models, the augmentation of protection
afforded to these animals when they were challenged via i.n.
instillation was not statistically significant. We hypothesize
that this is due to the inherent differences in pathogenesis
between inhalational anthrax and that of anthrax initiated
through parenteral inoculation of spores. Particularly,
synchronicity of infection probably plays a role in
distinguishing these two disease models (Cote et al., 2011).
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In summary, our data suggested that significant protec-
tion in the current mouse model requires a combination
of PA and a spore antigen(s). These results agree with
those reported earlier (Brossier et al., 2002; Gauthier et al.,
2009; Hahn et al., 2006). The demonstration of improved
protection using purified spore proteins as supplementary
components of a PA vaccine provides an important proof
of principle establishing spore antigen-mediated protec-
tion in animal models challenged with fully virulent B.
anthracis spores.
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