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Protective antigen (PA)-based anthrax vaccines acting on toxins are less effective than live attenuated
vaccines, suggesting that additional antigens may contribute to protective immunity. Several reports indicate
that capsule or spore-associated antigens may enhance the protection afforded by PA. Addition of formalde-
hyde-inactivated spores (FIS) to PA (PA-FIS) elicits total protection against cutaneous anthrax. Nevertheless,
vaccines that are effective against cutaneous anthrax may not be so against inhalational anthrax. The aim of
this work was to optimize immunization with PA-FIS and to assess vaccine efficacy against inhalational
anthrax. We assessed the immune response to recombinant anthrax PA from Bacillus anthracis (rPA)-FIS
administered by various immunization protocols and the protection provided to mice and guinea pigs infected
through the respiratory route with spores of a virulent strain of B. anthracis. Combined subcutaneous plus
intranasal immunization of mice yielded a mucosal immunoglobulin G response to rPA that was more than 20
times higher than that in lung mucosal secretions after subcutaneous vaccination. The titers of toxin-neutral-
izing antibody and antispore antibody were also significantly higher: nine and eight times higher, respectively.
The optimized immunization elicited total protection of mice intranasally infected with the virulent B. anthracis
strain 17JB. Guinea pigs were fully protected, both against an intranasal challenge with 100 50% lethal doses
(LD50) and against an aerosol with 75 LD50 of spores of the highly virulent strain 9602. Conversely, immu-
nization with PA alone did not elicit protection. These results demonstrate that the association of PA and
spores is very much more effective than PA alone against experimental inhalational anthrax.

Bacillus anthracis is a gram-positive, aerobic, facultatively
anaerobic, spore-forming, rod-shaped bacterium and is the
etiologic agent of anthrax. B. anthracis resides in the soil as a
dormant spore that is highly resistant to adverse conditions and
can remain viable for years. The spore typically enters herbi-
vores through ingestion; although anthrax is predominantly a
disease of herbivores, humans can be infected through inci-
dental exposure during handling of animals or animal prod-
ucts. In humans, the disease may take three forms—cutaneous,
gastrointestinal, or pulmonary—depending on the site of entry.
The most common human form is cutaneous anthrax, typically
caused by spores infecting open wounds or skin abrasions. The
mortality of cutaneous anthrax is near 20% if untreated (21).
Gastrointestinal anthrax may in some cases extend to neuro-
meningitidis and generally leads to fatal systemic disease if
untreated (5, 21). Naturally acquired pulmonary anthrax is very
unusual. However, the mortality of pulmonary anthrax is al-
most 100% if not treated very early (80). Inhalational anthrax
manifests as the rapid development of nonspecific, flulike

symptoms that, if untreated, progress quickly to shock, respi-
ratory distress, and death (21, 80).

Inhaled spores are deposited in alveolar spaces where they
are ingested by macrophages (39, 66) and by dendritic cells
(DCs) (9, 15). Then, the intracellular spores germinate into
nascent bacilli that escape from the macrophage, multiply
extracellularly in the lymphatic system and spread into the
bloodstream, where rapid multiplication continues (38, 39);
alternatively, phagocytized spores are transported by migrating
macrophages to the mediastinal and peribronchial lymph
nodes, where they germinate into bacilli (66). DCs may be
central to this step of the infection (15). Anthrax disease ap-
pears to result from a two-step process involving overwhelming
bacterial replication and subsequent toxin production. Never-
theless, the fate of spores within macrophages, the resistance
of macrophages to anthrax toxins and the role of macrophages
in B. anthracis dissemination all remain controversial (19, 20,
38, 39, 83). An alternative mechanism has been recently de-
scribed, suggesting that inhaled spores establish an initial in-
fection in nasally associated lymphoid tissues where they ger-
minate. The bacteria then disseminate first to the draining
lymph nodes, then to the spleen and lungs, and finally to the
blood (37).

B. anthracis has two major virulence determinants. One is a
tripartite protein complex toxin composed of lethal factor
(LF), edema factor (EF), and protective antigen (PA) all en-
coded by plasmid pXO1. The other is antiphagocytic poly-�-
D-glutamic acid (�PDGA) capsule encoded by plasmid pXO2.
EF and LF combine with PA to form the edema toxin (ET) and
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lethal toxin (LT), respectively, which both impair host immune
defenses and probably act synergistically in vivo to cause
edema formation and death (58, 75). The PA-LF/PA-EF com-
plex is internalized by receptor-mediated endocytosis and, af-
ter acidification of the endosome, the toxin is translocated into
the host cell cytosol, where it exerts cytotoxic effects (89). LT
is a zinc metalloprotease that inactivates mitogen-activated
protein kinase kinases, leading to toxic effects on susceptible
macrophages (3, 18, 24, 54) and impairment of the bactericidal
activity of alveolar macrophages, thus facilitating B. anthracis
survival (35, 65). ET is a calmodulin-dependent adenylate cy-
clase that catalyzes the production of cyclic AMP from host
ATP, perturbing water homeostasis, which in turn causes mas-
sive edema (55). ET is also cytotoxic in a cell-dependent man-
ner and may contribute to the disease through directly killing
cells, leading to tissue necrosis (79) and multiorgan failure,
resulting in host death (28). LT and ET cooperatively inhibit
activation of both DCs (14, 76) and T cells (57), thereby sup-
pressing both the innate immune response and the priming of
adaptive immune responses. Therefore, preventing either the
entry of the toxin complex into the host cell or its translocation
into the cytosol would make a major contribution to protec-
tion.

The PDGA capsule is a poorly immunogenic polypeptide
but seems to be vital for the dissemination of B. anthracis in
the bodies of infected animals (12). The in vivo synthesis of
capsule determines the outcome of infection (22, 49), and
capsule degradation enhances both in vitro macrophage
phagocytosis and neutrophil killing of encapsulated B. an-
thracis (68).

The potential use of B. anthracis spores as a weapon of
biological warfare or as inhaled weapons of bioterrorism has
increased the need for a safe and effective vaccine to protect
humans against inhalational anthrax (6, 31).

The current United Kingdom licensed anthrax vaccine, an-
thrax vaccine precipitate, is an alum-precipitated filtrate of B.
anthracis 34F2 Sterne strain culture consisting mainly of PA
(77). The U.S. licensed anthrax vaccine absorbed (AVA/Bio-
thrax) also consists mainly of PA, in this case extracted from
cultures of the unencapsulated, toxin-producing strain of B.
anthracis V770-NP1-R adsorbed onto aluminum hydroxide
(33). Both vaccines contain small amounts of EF and LF and
probably other components that presumably contribute to vac-
cine efficacy (33, 77, 88).

These vaccines have the major disadvantage of inducing only
a limited duration of protection and require frequent booster
injections if sufficient immunity is to be maintained (32). Fur-
thermore, such PA-based vaccines, acting on toxins, are less
effective than live attenuated vaccines such as the Sterne strain,
suggesting that additional antigens may contribute in a signif-
icant manner to protective immunity (4, 16, 42, 51, 59, 85).

Various animal models have been used for testing the pro-
tective activities of vaccines against anthrax infection, including
mice (10, 30, 86), rats (46), guinea pigs (10, 26, 46, 70), ham-
sters (27), rabbits (26, 50, 60, 61), and nonhuman primates (26,
40, 44, 60). These studies emphasize the large differences of
protection between species. For instance, PA-based vaccines
confer better protection to guinea pigs, rabbits, and nonhuman
primates than to mice, probably because the �PDGA capsule is
the primary virulence factor in mice (87). Indeed, many reports

suggest that capsule antigen(s) (13, 47, 64, 67, 81) and spore
antigen(s) (10, 16, 23) might confer additional protection. An
immunodominant glycoprotein antigen of the spore surface
(BclA) has been identified among the various surface proteins
of the exosporium and may contribute to protective immunity
(72, 74). Sera from animals immunized with living spores of the
toxinogenic unencapsulated STI-1 strain of B. anthracis have
been reported to express both antitoxin and antispore activi-
ties, the latter involving inhibition of spore germination, which
was attributed by some authors to both anti-PA and anti-LF
antibodies (73). Furthermore, PA-based vaccines induce anti-
spore activity characterized by stimulation of phagocytosis of
opsonized spores by murine macrophages in vitro and by inhi-
bition of spore germination. As a consequence, anti-PA anti-
body-specific immunity may contribute to impeding the early
stages of infection with B. anthracis spores (84).

Brossier et al. demonstrated that the addition of formalde-
hyde-inactivated spores (FIS) of B. anthracis to PA antigen
(PA-FIS) elicits total protection of mice and guinea pigs
against subcutaneous (s.c.) challenge with a virulent B. anthra-
cis strain (10). However, vaccines that are effective for the s.c.
route of infection may not be so against the pulmonary route
(30).

Several studies have demonstrated that either live spore-
based vaccines or PA-based vaccines may confer variable pro-
tection against different B. anthracis strains and isolates in both
mice and guinea pigs (26, 43, 51, 82, 85). Therefore, we used
two different B. anthracis challenge strains in our study,
namely, strains 9602 and 17JB from the Institut Pasteur col-
lection. Although both strains are encapsulated and toxino-
genic (cap� tox�), harboring both pXO1 and pXO2 plasmids,
they differ in virulence, as shown by the 50% lethal doses
(LD50) (s.c. route), estimated to be about 50 and 500 spores
per mouse, respectively (10). Strain 9602 is as virulent as the
Ames strain (10, 43); strain 17JB (the atypical Pasteur vaccine
strain 2-17JB (78), harboring both pXO1 and pXO2 (cap�
tox�), is very similar to the so-called “Carbosap” strain used in
Italy for immunization against ovine and bovine anthrax (25).
It has residual pathogenicity characteristics that cause death in
mice and guinea pigs but expresses no virulence in rabbits (25).
Adone et al. demonstrated that the attenuation of the Car-
bosap vaccine strain is not due to the lack of virulence genes
(cya, lef, and pagA), of regulatory genes (atxA and pagR), or of
the gerX operon involved in germination within macrophages,
or to divergence of the sequences of these genes from those of
a wild-type virulent B. anthracis strain (1). Indeed, sophisti-
cated advanced molecular analysis has been unable to identify
the genetic differences accounting for differences in virulence
between Carbosap and virulent strains (48).

There are various possible causes of these differences in
virulence and pathogenesis, including (i) involvement of un-
known virulence factors and/or mechanisms involved in atten-
uation, (ii) differences in expression and activity of the known
virulence factors and their regulators (48), and (iii) differences
in pXO2 plasmid copy number (17). Nevertheless, like the
Vollum strain, 17JB remains a relevant model for the study of
vaccine efficacy: it is less pathogenic than wild-type strains such
as 9602 or Ames but is nevertheless cap� tox�.

In summary, despite obvious efficacy in nonhuman primates,
the currently licensed anthrax vaccines have shortcomings,
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such as a limited duration of protection and the need for
frequent booster injections. Moreover, trace amounts of LF,
EF, and probably other components are likely to have contrib-
uted to the efficacy of the vaccine in the reported studies. For
instance, AVA provides partial protection in a guinea pig
model of inhalational anthrax, whereas a recombinant anthrax
PA from B. anthracis (rPA)-based vaccine elicits no protection
(53). Furthermore, PA-based vaccines may confer variable
protection against different B. anthracis strains and isolates,
and large differences in the level of protection afforded are
observed between animal species. These limitations have stim-
ulated interest in the development of improved anthrax vac-
cines. The data discussed above suggest that other antigens in
addition to PA are required for full protection.

The aim of the present study was to optimize the PA-FIS
vaccine immunization protocol so as to elicit protection against
inhalational anthrax in an experimental model of lung infec-
tion. We assessed the systemic and mucosal immune response
to PA-FIS in mice and guinea pigs, immunized either through
the s.c. or the intranasal (i.n.) route or both. Second, we as-
sessed the protection afforded in an experimental model of
inhalational anthrax of mice and guinea pigs infected by nasal
instillation or an aerosol.

MATERIALS AND METHODS

Bacterial strains. The spore stocks of the B. anthracis clinical isolate 9602 (5)
and isolate 17JB were from the Institut Pasteur de Paris collection.

Preparation of B. anthracis spores. Spores of B. anthracis strains were pre-
pared as previously described (39, 58). RPLC2 spores used in vaccine for-
mulations were purified by differential centrifugation through a Radioselec-
tan gradient as previously described (74), inactivated overnight in 4%
paraformaldehyde, washed, and stored in deionized water. All spore stocks
were stored at 4°C until use.

Animals. Female Swiss mice were obtained from the Centre d’Elevage Janvier
(Le Genest-St-Isle, France) and used (first immunization) when 8 weeks old (25
to 30 g). Female Hartley guinea pigs obtained from Charles River Laboratories
(l’Arbresle, France) were used when 3 to 4 weeks old (250 to 300 g).

All animals were cared for according to the guidelines of the European
convention for the protection of vertebrate animals used for experimental and
other scientific purposes (ETS 123). Experiments were conducted in compliance
with the principles stated in the Guide for the Care and Use of Laboratory
Animals, National Research Council of the USA (1996 edition). All experimental
protocols were approved by the CRSSA Animal Use Committee.

For protection studies all animals were kept in an animal biosafety level 3
containment area.

Immunization of mice and guinea pigs. The vaccine consists of a mix of rPA
(List Biological Laboratories, Inc., Campbell, CA) and FIS from the previously
described RPLC2 derivative of the Sterne strain of B. anthracis (11). rPA was
given at a dose of 10 �g to mice and 30 �g to guinea pigs. FIS was used at a dose
of 108 spores per injection as previously described (10). Immunization was
performed through the s.c. route with 0.3% aluminum hydroxide gel (Sigma-
Aldrich, St. Louis, MO) as an adjuvant and/or by nasal instillation (i.n.) with 5 �g
of cholera toxin (List Biological Laboratories) as an adjuvant. Mice immunized
through the s.c. route were given 200 �l of the vaccine suspension. For nasal
immunization, mice were given a total volume of 50 �l, with 25 �l placed into
each nare. Guinea pigs were immunized with a volume of 1 ml through the s.c.
route and 50 �l per nostril through the i.n. route. All animals were lightly
anesthetized with O2-halothane before nasal immunization. Animals were given
one or two booster injections at 15-day intervals as appropriate. Control animals
were immunized with adjuvant only.

i.n. challenge of animals. Mice were lightly anesthetized with O2-halothane,
and 25 �l of the challenge spore suspension was deposited on each nare for
inhalation into the lungs. Guinea pigs were challenged in the same way with a
50-�l inoculum per nostril. Mice and guinea pigs were observed until all died or
for 3 weeks postinfection.

The spore load in the lung was determined at time zero (within 10 min of
challenge). Mice and guinea pigs were euthanized by O2-CO2 inhalation. The

lungs were dissected aseptically and homogenized in either 3 ml (mouse) or 6 ml
(guinea pig) of sterile saline in a tissue homogenizer (Potter cell grinder) on ice.
Aliquots (200 �l) of 10-fold serial dilutions of the homogenate were plated on
brain heart infusion agar (Difco/Becton Dickinson France, Pont de Claix,
France) and incubated at 37°C for 24 h. Colonies were counted, and the bacterial
load is expressed as the total number of B. anthracis CFU per organ.

LD50 values were determined by the method of Reed and Muench (62).
Aerosol challenge of guinea pigs. Animals were exposed for 30 min to a

muzzle-only aerosol (Ysebaert, Frépillon, France) containing B. anthracis 9602
spores. An aqueous suspension containing 2.9 � 107 spores per ml was aerosol-
ized. The actual inhaled dose was 2.7 � 105 spores, corresponding to approxi-
mately 75 LD50, as assessed by counting the bacteria in the lungs of two control
animals.

Immunoassays for anti-PA and antispore antibody in sera and lung mucosal
secretions. Anti-PA and antispore total immunoglobulin G (IgG) were measured
by enzyme-linked immunosorbent assay (ELISA) in the sera and bronchoalveo-
lar lavage (BAL) fluids from uninfected animals, 3 weeks after the last booster
immunization. Blood was drawn by cardiac puncture from animals deeply anes-
thetized with O2-halothane. After euthanasia, BAL was performed with 5 ml
(guinea pigs) or 1 ml (mice) of sterile phosphate-buffered saline (PBS) contain-
ing protease inhibitor.

Anti-PA ELISA was performed as previously described (59). Briefly, 96-well
microplates (Nunc Maxisorb immunoplate) were coated with rPA (200 ng/well)
overnight at 4°C, washed three times with 0.1% Tween in PBS, and blocked by
incubation for 60 min with 2% bovine serum albumin (BSA) in PBS at room
temperature. Then, serial twofold dilutions of the samples in 2% BSA-PBS were
added, followed by incubation for 120 min at room temperature. After three
washes with 0.1% Tween in PBS, horseradish peroxidase-labeled goat anti-
mouse antibodies (Amersham Biosciences) were added, and incubation was
continued for 1 h at room temperature. After three washing steps, freshly pre-
pared 0.2% orthophenylenediamine (Sigma) and 0.03% H2O2 in 0.1 M citrate
buffer (pH 5.2) were added to each well for 10 min. The reaction was stopped
with 50 �l of 2 N H2SO4, and plates were read at 492 nm (against 620 nm). Titers
are expressed as the log2 of the reciprocal of the dilution giving an optical density
value of 0.5.

Antispore ELISA was performed as previously described (10). Briefly, 96-well
microplates (Nunc Maxisorb immunoplate) were coated with FIS of the �sap
�eag 7702 Sterne strain (107/well) and left drying overnight at 37°C. After a
15-min fixation step in 4% paraformaldehyde in PBS at room temperature, wells
were washed three times with 0.1% Tween in PBS and saturated with 2% BSA
in PBS at room temperature. The protocol thereafter was as for anti-PA ELISA.

Toxin-neutralizing assay. Neutralizing assays with macrophages were per-
formed as previously described (10). Briefly, murine macrophages (RAW 264.7)
were seeded in 96-well plates (Corning) (2 � 105 cells/well) and incubated
overnight at 37°C under a 5% CO2 atmosphere. PA (100 ng/ml, the 100%
effective concentration) was preincubated for 1 h at 37°C under a 5% CO2

atmosphere with serial twofold dilutions of either sera or BAL fluids from
immune mice or guinea pigs. The complexes were then incubated with LF (200
ng/ml) and the macrophages for 4 h at 37°C under a 5% CO2 atmosphere. Cell
viability was quantified by the MTT colorimetric assay as previously described
and the plates were read at 540 nm. Titers are expressed as the log2 of the
reciprocal of the dilution giving 50% of the maximum optical density (viable cells
without PA and LF) minus the background values (dead cells after incubation
with PA and LF at a 100% effective concentration).

Statistics. Survival curves were created by using the Kaplan-Meier method
under GraphPad Prism version 4.00 for Windows (GraphPad Software, San
Diego, CA). They were compared by using the log rank test. A P value of �0.05
was considered to indicate a statistically significant difference between two
curves.

Antibody titers (log10 values) were compared according to the unpaired Stu-
dent t test, with a two-tailed P value, using GraphPad InStat version 2.03 for Mac.
A P value of �0.05 was considered to indicate a statistically significant difference
between two means.

RESULTS

Protection against B. anthracis i.n. challenge in s.c.-immu-
nized guinea pigs and mice. Immunization of guinea pigs with
PA-FIS through the s.c. route elicited total protection against
i.n. challenge with 50 LD50 of the highly virulent strain 9602 of
B. anthracis. All vaccinated animals infected i.n. with 4.7 � 106
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spores survived. All 10 animals in the control group died within
3 days of exposure (Fig. 1A).

On the contrary, s.c. immunization of mice with PA alone,
FIS alone, or PA-FIS failed to elicit protection against i.n.
challenge with 9 LD50 of strain 9602 of B. anthracis. All
animals from the PA, FIS, and the PA-FIS groups that
received 1.7 � 107 spores i.n. died within 3 to 7 days after
challenge. The median survival was 3 days in the PA and
PA-FIS groups (Fig. 1B).

However, s.c. immunization of mice with PA-FIS elicited
partial protection against i.n. challenge with 8 LD50 of the B.
anthracis strain 17JB (intermediate virulence, pXO2�,
pXO1�). Eight of ten vaccinated mice infected i.n. with 2 �
107 spores survived, whereas seven of ten control animals died
within 7 days of challenge. The median survival (the time by
which half the subjects have died) was 6 days for control mice
and too long to be determined for vaccinated mice (Fig. 1C).

These results show that s.c. immunization with PA-FIS elic-
its total protection of guinea pigs but not mice against lethal
i.n. challenge with the highly virulent 9602 strain.

Increased survival after i.n. challenge with B. anthracis
spores in mice immunized i.n. with PA-FIS. With the aim of
improving the protective immune response of mice against
pulmonary anthrax, we immunized them through the i.n. route.
When mice were i.n. immunized (two i.n. immunizations ad-
ministered 15 days apart [i.n.�2]) and then challenged i.n. with
spores of the 9602 strain, PA-FIS resulted in longer survival
than PA alone (*, P � 0.045) and than that of mice in the i.n.
control group (*, P � 0.0016). All animals of the PA-FIS group
died within 6 days of i.n. challenge with 1.75 � 107 spores,
whereas mice of the control and PA groups died within 2 and
5 days, respectively. The median survival was 2 days in the
control group and 4 days in the PA-FIS group (Fig. 2).

Increasing the number of i.n. booster injections to two (PA-
FIS; i.n.�3) did not increase protection (data not shown).

These results show that, contrary to s.c. immunization, i.n.
immunization with PA-FIS delays the mortality of mice i.n.
challenged with the highly virulent 9602 strain, compared to
nonvaccinated control animals.

Comparison of antibody production in lung mucosal secre-
tions and sera between s.c. and i.n. immunization in mice and
guinea pigs. To assess the beneficial effects of nasal immuni-
zation, we studied the immune response in lung mucosal se-
cretions from both mice and guinea pigs. Anti-PA and anti-
spore antibody titers elicited by PA-FIS were measured in the
BAL fluids from immunized animals. After immunization of
mice given PA-FIS either i.n.�2 or i.n.�3, the mean titer of
total IgG anti-PA in BAL fluid was 1,450; this was seven times
greater than the titer after s.c.�2 immunization (titer � 210).
Similarly, the total IgG antispore titer was significantly higher
after i.n.�3 (titer � 795) or i.n.�2 immunization (titer �

FIG. 1. Efficacy of s.c. vaccination with PA-FIS in the guinea pig
and mouse models of respiratory anthrax. (A) Guinea pigs were s.c.
immunized twice with PA-FIS (s.c.�2; see Materials and Methods).
Three weeks after the booster injection, all animals (six per group)
were i.n. infected with 50 LD50 of B. anthracis 9602 spores; 2.6 � 106

spores were recovered from the lungs at time zero. The guinea pigs
were observed for 17 days after exposure. The number of survivors in
the PA-FIS group was significantly greater than that in the control
group (���, P � 0.0001). (B and C) Mice were s.c. immunized twice
with either PA-FIS, PA alone, or FIS alone (s.c.�2). Three weeks after
the booster injection, all animals (10 per group) were either i.n.

infected with 9 LD50 of B. anthracis 9602 spores and observed for 6
days after exposure (B) or i.n. infected with 8 LD50 of B. anthracis 17JB
spores and observed for 17 days after exposure (C). The number of
mice in the PA-FIS group surviving the 17JB challenge was signifi-
cantly greater than that in the adjuvant control group (F) (�, P �
0.0102) (C).
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1,034) than after s.c.�2 immunization (titer � 110). The toxin
neutralizing antibody (TNA) titer was significantly higher after
i.n.�3 immunization (titer � 71) than after s.c.�2 immuniza-
tion (titer � 18) (Fig. 3A).

Conversely, both anti-PA and TNA titers were significantly
higher in the BAL fluids from guinea pigs immunized s.c. than
i.n. Total IgG anti-PA antibody titers were 12 times lower in
the BAL fluids from i.n.�3-immunized guinea pigs (titer �
388) than s.c.�2-immunized animals (titer � 4,567); similarly,
the TNA titer was five times lower (i.n. titer � 11 versus s.c.
titer � 56; Fig. 3B). Furthermore, anti-PA (**, P � 0.0028),
antispore (***, P � 0.0001), and TNA (**, P � 0.0015) titers
were also significantly higher in the sera from s.c.�2-immu-
nized guinea pigs than in the sera from i.n.�3-immunized
animals (see Table 2).

In short, delayed mortality of i.n.-immunized mice (Fig. 2)
correlated with greater specific antibody production in lung
mucosal secretions than in s.c.-immunized mice (Fig. 3A). In
contrast to mice, guinea pigs are well protected by s.c. immu-
nization (Fig. 1), which elicits a high bronchial immune re-
sponse that is not improved by i.n. immunization (Fig. 3B).

Effects of double immunization (s.c. plus i.n.) on mucosal
and systemic responses to PA-FIS in mice and guinea pigs.
The findings described above suggest that it may be beneficial
to combine s.c. and i.n. routes of immunization, eliciting both
systemic and mucosal responses for a species-independent op-
timized protective immunization protocol. Combining s.c. and
i.n. routes of immunization, in a (s.c.�i.n.)�3 schedule, re-
sulted in significantly higher titers of both the anti-PA and
antispore antibodies in mouse BAL fluids than after s.c.�2
immunization (Table 1). No such difference was observed in
mouse sera for either anti-PA or antispore titers (Table 2).

Nevertheless, the TNA titer was significantly higher in both

sera (Table 2) and BAL fluids (Table 1) in (s.c.�i.n.)�3-
immunized mice than in s.c.�2-immunized mice.

There was no significant difference in the titers of anti-PA
and antispore IgA antibodies in mouse BAL fluids after
(s.c.�i.n.)�3 and i.n.�3 immunization (data not shown).

In contrast to mice, the optimized (s.c.�i.n.)�3 immunization
protocol with PA-FIS did not elicit a significantly higher mucosal
response than s.c.�2 immunization in guinea pigs. None of the
anti-PA, antispore, and TNA titers were significantly different in
the BAL fluid (Table 1). Nevertheless, and again unlike in mice,
anti-PA, antispore, and TNA titers in guinea pig BAL fluids
(Table 1) and sera (Table 2) were very significantly higher after
(s.c.�i.n.)�3 immunization than after i.n.�3 immunization.

In brief, s.c.-i.n. immunization of mice with PA-FIS led to
significantly greater anti-PA titers and lethal toxin neutralization
activity in BAL fluid than either s.c. immunization or i.n. immu-
nization alone. Antibody titers in s.c.-plus-i.n.-immunized guinea
pigs were significantly greater than titers of i.n.-immunized but
not s.c.-immunized guinea pigs, thus confirming the above obser-
vations.

The (s.c.�i.n.)�3 optimized immunization protocol with
PA-FIS elicits protection against inhalational anthrax. (i) Pro-
tection of mice challenged i.n. The optimized immunization
protocol described above, i.e., (s.c.�i.n.)�3, significantly delayed
the death of mice infected i.n. with 10 LD50 of strain 9602 with
respect to control mice (*, P � 0.042; data not shown). Further-
more, the (s.c.�i.n.)�3 immunization elicited 100% protection in
mice infected i.n. with 33 LD50 of spores from strain 17JB (Fig.
4A); nine of the ten control mice i.n. infected with 8.30 � 107

FIG. 2. Efficacy of i.n. vaccination with PA-FIS in the mouse model
of respiratory anthrax. Mice were immunized with either PA-FIS or
PA alone through the i.n. route (i.n.�2). Three weeks after the booster
injection all animals (eight per control group, nine per assay group)
were infected i.n. with 9 LD50 of B. anthracis 9602 spores. The mice
were observed for 6 days after exposure. The number of mice in the
PA-FIS group surviving the challenge was significantly greater than
that in either the control group (��, P � 0.0016) or the PA group (�,
P � 0.045). The number of mice in the PA group surviving the chal-
lenge was significantly greater than that in the control group (�, P �
0.036).

FIG. 3. Comparison of antibody production in lung mucosal se-
cretions between s.c. and i.n. immunization in mice and guinea pigs.
Animals were immunized with PA-FIS either s.c. (s.c.�2) or i.n.
(i.n.�2 or i.n.�3). Three weeks after the booster injection, BAL
was performed on at least two animals from each experimental
group. The titers of anti-PA and antispore total IgG were deter-
mined in duplicate by ELISA (left y axis). Anti-PA neutralizing
antibody titers were determined by the TNA assay (TNA, right y
axis) as described in Materials and Methods. The data reported
represent means of two independent experiments, except for the
i.n.�3 guinea pig group (one experiment involving four animals).
Bars represent means � the standard deviations of the log2 values
of the titers measured. For each antibody, an unpaired Student t
test was used to compare titers obtained after either i.n.�3 or
i.n.�2 immunization to those after s.c.�2 immunization. A P value
of �0.05 was considered to indicate a statistically significant differ-
ence between the means. According to the P value, the difference
was significant (�), very significant (��), or extremely significant
(���).
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spores died within 8 days, whereas all ten mice in the PA-FIS
group survived (Fig. 4A).

(ii) Protection of guinea pigs against i.n. challenge. The
optimized protocol completely protected guinea pigs against
i.n. challenge with 100 LD50 of B. anthracis 9602 spores (Fig.
4B), whereas PA alone provided no protection against doses as
low as 5 LD50 (Fig. 4C). All six control guinea pigs challenged
i.n. with 8 � 106 spores of B. anthracis 9602 spores died within
3 days, whereas all guinea pigs immunized (s.c.�i.n.)�3 with
PA-FIS survived (Fig. 4B). In another experiment, all six
guinea pigs immunized (s.c.�i.n.)�3 with PA alone, and chal-
lenged i.n. with 4 � 105 spores of B. anthracis 9602 spores, died
within 5 days, whereas all guinea pigs immunized (s.c.�i.n.)�3
with PA-FIS survived. The median survival was 3 days in the
control group and 5.5 days in the PA group (Fig. 4C).

(iii) Protection of guinea pigs against aerosol challenge.
Similar to the findings for i.n. challenge, the optimized pro-
tocol elicited protection of guinea pigs against aerosol chal-

lenge with B. anthracis 9602 spores. PA alone did not pro-
vide protection and caused only a short but significant delay
of mortality. Five of six guinea pigs immunized (s.c.�i.n.)�3
with PA-FIS survived aerosol challenge with 75 LD50 of B.
anthracis 9602 spores, whereas all six animals from the PA
group died within 7 days of exposure. The median survival
was 2 days in the control group and 5.5 days in the PA group
(Fig. 5).

To sum up, although s.c. immunization is protective in
guinea pigs, a double s.c.-i.n. immunization with PA-FIS is the
best way of eliciting total protection in both mice and guinea
pigs against experimental inhalational anthrax.

DISCUSSION

The potential use of B. anthracis spores for biowarfare has
led to the need for a safe and efficient vaccine to protect
humans against inhalational anthrax. Current licensed anthrax

TABLE 1. Total IgG anti-PA and antispore antibody responses to either PA-FIS or PA alone in the lung mucosal secretions from immunized
mice and guinea pigsa

Animal model Antigen(s) Immunization
protocol

No. of
animals

Anti-PA antibody titer
Antispore antibody titer

ELISA TNAb

Median � SD P Median � SD P Median � SD P

Mouse PA�FIS (s.c.�i.n.)�3 19 11.70 � 1.22 6.64 � 1.52 9.24 � 1.42
PA�FIS i.n.�2 4 9.79 � 1.91 0.0173* 4.78 � 1.05 0.0304* 9.79 � 0.95 NS
PA�FIS i.n.�3 10 10.21 � 0.83 0.0019† 5.76 � 0.98 NS 9.49 � 0.67 NS
PA�FIS s.c.�2 12 7.56 � 0.70 0.0001‡ 3.60 � 0.96 0.0001‡ 6.75 � 0.26 0.0001‡

Guinea pig PA�FIS (s.c.�i.n.)�3 6 12.24 � 0.54 5.22 � 0.97 7.35 � 0.39
PA (s.c.�i.n.)�3 2 11.26 � 0.41 NS 5.11 � 1.71 NS
PA�FIS i.n.�3 4 8.57 � 0.31 0.0001‡ 3.42 � 0.13 0.0067† 6.71 � 0.08 0.0136*
PA�FIS s.c.�2 6 11.80 � 1.28 NS 5.62 � 0.79 NS 7.06 � 0.37 NS

a In each column of values (ELISA anti-PA, anti-PA TNA, and ELISA antispore), an unpaired Student t test (5%, two-tailed P value) was used to compare the
median obtained with each of the protocols (rows) to the median of PA-FIS [(s.c.�i.n.)�3] in the same column. A P value of �0.05 was considered to indicate a
statistically significant difference. According to the P value, the difference was either significant (�), very significant (†), extremely significant (‡), or not significant (NS).
Median � SD values are log2 � the standard deviation. Antibody titers were measured in the BAL fluids from immunized animals as described in Materials and
Methods.

b TNA, lethal TNA titer.

TABLE 2. Total IgG anti-PA and antispore antibody responses to either PA-FIS or PA alone in the sera from immunized mice
and guinea pigsa

Animal model Antigen(s) Immunization
protocol

No. of
animals

Anti-PA antibody titer
Antispore antibody titer

ELISA TNAb

Median � SD P Median � SD P Median � SD P

Mouse PA�FIS (s.c.�i.n.)�3 24 17.85 � 1.07 14.75 � 1.04 14.03 � 1.23
PA (s.c.�i.n.)�3 4 18.08 � 0.44 NS 15.08 � 0.27 NS
PA�FIS i.n.�2 4 16.40 � 1.10 0.0186* 12.79 � 0.54 0.0012† 13.23 � 0.78 NS
PA�FIS i.n.�3 8 16.86 � 1.92 NS 13.66 � 0.99 0.0148* 13.40 � 1.43 NS
PA�FIS s.c.�2 12 17.95 � 1.10 NS 11.64 � 1.75 0.0001‡ 13.10 � 1.45 NS

Guinea pig PA�FIS (s.c.�i.n.)�3 7 18.76 � 0.10 14.31 � 0.45 16.14 � 0.49
PA (s.c.�i.n.)�3 2 17.43 � 1.49 0.0224* 13.24 � 0.19 0.0160*
PA�FIS i.n.�3 4 15.83 � 0.86 0.0001‡ 10.61 � 0.74 0.0001‡ 11.02 � 0.59 0.0001‡
PA�FIS s.c.�2 6 18.65 � 1.12 NS 14.16 � 1.35 NS 14.31 � 0.36 0.0001‡

a In each column of values (ELISA anti-PA, anti-PA-TNA, and ELISA antispore), an unpaired Student t test (5%, two-tailed P value) was used to compare the
medians obtained with each of the protocols (rows) to the median of PA-FIS [(s.c.�i.n.)�3] in the same column. A P value of �0.05 was considered to indicate a
statistically significant difference between the means. According to the P value, the difference was significant (�), very significant (†), extremely significant (‡), or not
significant (NS). Median � SD values are log2 � the standard deviation. Antibody titers were measured in the sera from immunized animals as described in Materials
and Methods.

b TNA, lethal TNA titer.
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vaccines, based on PA, have serious drawbacks: they confer
protection for only a limited duration and require frequent
booster injections to maintain sufficient immunity. Further-
more, such PA-based vaccines, acting on toxins, are less effec-
tive than live attenuated vaccines, suggesting that additional
antigens may make a significant contribution to protective im-
munity, especially by containing septicemia. Coimmunization
with PA and FIS has previously been shown to confer protec-
tion against experimental cutaneous anthrax, whereas immu-
nization with either PA alone or FIS alone was not protective
in mice and only partially protective in guinea pigs (10). Here,
we assessed the efficacy of the PA-FIS vaccine candidate
against pulmonary anthrax in experimental rodent models of
inhalational anthrax.

s.c. immunization with PA-FIS elicited 100% protection of
guinea pigs against i.n. challenge with 50 LD50 of spores of the
virulent strain 9602 of B. anthracis but failed to elicit any

FIG. 4. Protection of mice and guinea pigs after a double immuni-
zation with PA-FIS. (A) Mice were immunized both s.c. and i.n.,
(s.c.�i.n.)�3, by the optimized protocol. Three weeks after the second
booster injection all animals (10 per group) were i.n. infected with 33
LD50 (8.3 � 107) of B. anthracis 17JB spores. Mice were observed for
23 days after exposure. The number of mice in the PA-FIS group
surviving the challenge was statistically greater than that in the adju-
vant control group (���, P � 0.0001). Guinea pigs were immunized
with either PA-FIS or PA alone both s.c. and i.n.. i.e., (s.c.�i.n.)�3.
Three (B) or two (C) weeks after the booster injection, all animals (six
per group) were i.n. infected with either 100 LD50 (8 � 106) (B) or 5

LD50 (4 � 105) (C) of B. anthracis 9602 spores. Guinea pigs were
observed for 21 days after exposure. In both cases, the number of
guinea pigs in the PA-FIS group surviving the challenge was signifi-
cantly higher than that in the adjuvant control group (���, P � 0.001
[B]; ���, P � 0.0004 [C]). In the experimental results shown in panel
C, the number of animals in the PA-FIS group surviving the challenge
was significantly higher than that in the PA group (���, P � 0.0005).
Also, in panel C the number of survivors in the PA group was signif-
icantly higher than that in the adjuvant control group (�, P � 0.0149).

FIG. 5. Efficacy of PA-FIS against aerosol challenge in the guinea
pig model of inhalational anthrax. Guinea pigs were immunized with
either PA-FIS or PA alone both s.c. and i.n., i.e., (s.c.�i.n.)�3. Three
weeks after the second booster injection all animals (six per group)
were exposed to a muzzle-only aerosol challenge with B. anthracis 9602
spores. An aqueous suspension containing 2.9 � 107 spores per ml was
aerosolized. The actual inhaled dose was 2.7 � 105 spores, correspond-
ing to approximately 75 LD50, as determined by bacterial counting in
the lungs of two control animals at time zero. Guinea pigs were ob-
served for 21 days after exposure. The number of guinea pigs in the
PA-FIS group surviving the challenge was significantly higher than
those in both the adjuvant control group (���, P � 0.0005) and the PA
group (���, P � 0.0008). The number of survivors in the PA group was
significantly higher than that in the adjuvant control group (��, P �
0.0013).
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protection of mice against i.n. challenge with 9 LD50 of the
same strain.

The difference in vaccine efficacy between mice and guinea
pigs may be partly due to the �DPGA capsule being the pri-
mary virulence factor in mice (87) but less important in guinea
pigs (and also rabbits and nonhuman primates).

Indeed, i.n. challenge with the nontoxinogenic 9602P strain,
a derivative of 9602 carrying a pagA gene deletion, the viru-
lence of which is due solely to its multiplication (10), was as
lethal as 9602 i.n. challenge in naive mice (Y. P. Gauthier,
unpublished results). PA-FIS immunization similarly failed to
protect mice against i.n. challenge with 9602P, indicating that
septicemia was not prevented (Gauthier, unpublished). Other
studies have demonstrated the dominance of the capsule com-
ponent as a virulence factor in mice (22): most mouse strains
are very sensitive to infection by even low doses of toxin-
producing encapsulated stains of B. anthracis (30, 86). How-
ever, susceptibility to the toxin component varies greatly be-
tween mouse strains, from resistant (e.g., CBA/J, BALB/cJ,
and C57L/J mice) to susceptible (e.g., A/J and DBA/2J mice)
to infection with the unencapsulated toxin-producing Sterne
strain (86). These observations demonstrate the diversity of the
protective activity of PA-based vaccines in mice, varying from
moderate in CBA/J mice to very weak in A/J mice (45, 85).
Thus, vaccine efficacy may vary greatly depending on the
mouse strain, the B. anthracis challenge strain and the route of
infection (30). More generally, there is no direct correlation
between anti-PA titers and protection in mice or hamsters (27,
30, 45, 85), whereas both the anti-PA IgG titer and toxin
neutralization correlate with protection in rabbits (50, 61).
Brossier et al. demonstrated that s.c. immunization with PA
alone is unable to protect either Swiss mice or guinea pigs
against s.c. lethal challenge with the encapsulated nontoxino-
genic strain 9602P, whereas immunization with FIS alone elic-
its partial protection of mice (50% survival) and total protec-
tion (100% survival) of guinea pigs against this strain (10).
These findings and our results highlight the large differences
between mice and guinea pigs with regard to their ability to
raise protective immunity against B. anthracis. Nevertheless,
we observed that s.c. immunization with PA-FIS partially pro-
tected mice against i.n. challenge with B. anthracis strain 17JB,
in contrast to its inefficacy against challenge with strain 9602.
Brossier et al. showed that s.c. immunization with PA-FIS
elicits total protection of Swiss mice against s.c. challenge with
17JB, whereas mice immunized with either PA or FIS alone
were only partially protected (10).

In an effort to improve the protective immune response
against pulmonary anthrax, we immunized mice and guinea
pigs with PA-FIS via the i.n. route to stimulate a mucosal
immune response. Administration of vaccines via the nasal
route can, unlike parenteral immunization, efficiently induce
both mucosal and systemic antibody responses against infec-
tious diseases. This is a consequence of the large amounts of
associated lymphoid tissue and antigen-presenting cells in the
nasal mucosa, which is also the site of pathogen entry (56).

Mice immunized with PA-FIS through the i.n. route
(i.n.�2), but not those immunized s.c., survived significantly
longer after i.n. challenge with strain 9602 than did both mice
immunized with PA alone and control mice. This suggests
potentially synergistic protective activity of antispore and

anti-PA immune responses against anthrax spore infection at
mucosal surfaces.

We measured anti-PA and antispore antibody titers elicited
by PA-FIS in lung mucosal secretions (BAL fluids) from both
mice and guinea pigs. As expected, total anti-PA and antispore
IgG values for mouse BAL fluid were significantly higher in
i.n.-immunized mice than in s.c.-immunized animals. Also,
TNA titers were significantly greater in i.n.�3-immunized an-
imals than in s.c.�2-immunized mice.

Surprisingly, in contrast to mice, both anti-PA and TNA
titers were significantly higher in BAL from s.c.-immunized
guinea pigs than in BAL from i.n.-immunized animals.

Nasal immunization of mice with either rPA or purified PA
coadministered with either CT (8) or other adjuvants (7, 29, 34,
71) yields high levels of both plasma and mucosal anti-PA, as
well as neutralizing anti-PA. Anti-PA and antispore responses
in lung mucosal secretions of mice and guinea pigs immunized
either i.n. or s.c. have not previously been compared. Oral
vaccination (mucosal immunization) of guinea pigs with a non-
toxinogenic nonencapsulated B. anthracis live spore vaccine
expressing rPA has been reported to elicit very high specific
humoral and mucosal responses and generate long-lasting pro-
tective immunity (2). Nevertheless, the proportion of guinea
pigs that develop measurable anti-PA antibodies and protec-
tive immunity is lower after per os immunization than after s.c.
immunization. Furthermore, although s.c. vaccination with ef-
fective spore doses elicits protection of all immunized guinea
pigs against a high lethal challenge, oral vaccination is consis-
tently only partially protective (2, 16). A clinical study showed
that i.n. administration of live attenuated measles vaccine to
humans elicited immune responses that were very much lower
than those generated by s.c. administration (69); this observa-
tion is in agreement with our observations.

To sum up, i.n. immunization of mice elicited both a better
mucosal immune response to PA-FIS and better protection
against inhalational anthrax than could be obtained with s.c.
immunization. In contrast, s.c. immunization was more effec-
tive than nasal immunization in guinea pigs as assessed by
either the specific antibody response or protection. These ob-
servations show that the induction of an efficient mucosal re-
sponse is dependent on the animal species tested and suggest
that it may be beneficial to combine the two routes of immu-
nization for a species-independent optimized protective immu-
nization protocol.

Combining both the s.c. and the i.n. routes of immunization,
the optimized (s.c.�i.n.)�3 PA-FIS immunization schedule
elicited a significantly higher anti-PA and antispore mucosal
response in mice than either s.c.�2 or i.n.�3 immunization.
No such difference was observed in mouse sera. However, this
optimized immunization did not elicit a better mucosal re-
sponse than s.c.�2 immunization in guinea pigs. Unlike the
findings for mice, anti-PA, antispore, and TNA titers were
significantly higher in the BAL fluids and sera from
(s.c.�i.n.)�3-immunized guinea pigs than in i.n.�3-immu-
nized animals. These various observations demonstrate the
differences between mice and guinea pigs regarding the muco-
sal immune response to PA-FIS after mucosal and s.c. immu-
nization.

Nevertheless, despite the differences between mice and
guinea pigs regarding the comparative efficacy of i.n. and s.c.
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immunization, the optimized (s.c.�i.n.)�3 immunization with
PA-FIS elicited 100% protection in both species against ex-
perimental inhalational anthrax with B. anthracis spores of
strains 17JB and 9602, respectively. Flick-Smith et al. reported
that, despite differences in rPA-specific antibody titers, A/J
mice vaccinated with rPA by a combined intramuscular (i.m.-
i.n.) schedule were more consistently protected against both
injected and aerosol lethal challenges with B. anthracis STI
spores than after either i.m. or i.n. immunization alone (29).
These results and data emphasize the importance of stimulat-
ing both the mucosal and systemic immune systems to elicit full
protection against inhalational anthrax, because the respira-
tory tract epithelium is the initial site of infection after inha-
lation of spores.

Despite the combined s.c.-i.n. schedule, alhydrogel-adju-
vanted PA alone failed to elicit protection of guinea pigs
against i.n. or aerosol challenge with B. anthracis 9602.

PA-based vaccines are more effective in guinea pigs than in
mice (7, 10, 45). However, vaccination of guinea pigs with PA
alone generally confers only limited protection against aerosol
or i.n. lethal challenge with B. anthracis spores (7, 41). Fur-
thermore, guinea pigs are commonly described as being diffi-
cult to protect consistently with alum-adjuvanted PA (26, 41,
45, 53). Nevertheless, in our study guinea pigs immunized with
the alum-containing PA-FIS vaccine were fully protected
against aerosol and i.n. lethal challenge with 75 and 100 LD50,
respectively, of the highly virulent B. anthracis strain 9602.
Protection was elicited by combined s.c. plus i.n. immunization,
as well as by s.c. immunization alone. It has been reported that
immunization with FIS alone elicits total protection of guinea
pigs against s.c. infection with the PA-deficient strain 9602P
(10), indicating that the sensitivity of guinea pigs to anthrax
disease is not solely due to toxemia and that antibodies to PA
are not sufficient to confer protection in this species. This
suggests that antibodies specific to other B. anthracis antigens
(spore or others), stimulation of cell-mediated immunity, or
both are needed for protection.

Marcus et al. demonstrated that primary immunization with
threshold levels of PA could induce a long-term T-cell immu-
nological memory response in guinea pigs without inducing
detectable anti-PA antibodies. However, protection is attained
only after boosting, concomitant with the detection of neutral-
izing antibodies in the circulation (52). Other authors have
confirmed that, despite the absence of correlation between
protective immunity and anti-PA titers determined by ELISA
in the guinea pig model, neutralizing antibodies to PA are a
major component of the protective immunity of guinea pig
against anthrax (63). Nevertheless, vaccination of guinea pigs
with PA combined with Ribi adjuvant (MPL-TDM-CWS) is
more effective against both aerosol (53) and parenteral (i.m.)
(45) challenge with the Ames strain than immunization with
either PA adsorbed onto Al(OH)3 (45, 53) or the licensed
human anthrax vaccine (45), thereby suggesting the possible
role of cell-mediated immunity in protection against anthrax
(53). Similar observations have been reported for mice (85).

In conclusion, as demonstrated for mice (36, 45, 53, 85),
although the production of antibody is necessary, a cell-medi-
ated immune response may be required for protection of
guinea pigs against anthrax infection. The notion that spore
antigen(s) exerts a protective role through eliciting a cell-me-

diated immune response in guinea pig is strengthened by re-
cent reports that mouse immunization with FIS induces a pro-
tective cellular immune response by gamma interferon-
producing CD4 T lymphocytes, whereas humoral immunity is
not protective (36).

In summary, our study clearly shows that the addition of
killed spores to PA antigen greatly enhances the protective
efficacy of the PA-based vaccine and elicits total protection
against inhalational anthrax. Our findings emphasize the im-
portance of stimulating both the mucosal and systemic immune
systems to elicit full protection against inhalational anthrax:
the best protection of mice against inhalational anthrax was
elicited with a combined s.c.-i.n. immunization schedule and
increased protection of mice correlated with higher antispore,
anti-PA, and TNA titers in lung mucosal secretions than those
elicited by s.c. immunization alone. Nevertheless, no such clear
correlation was observed in guinea pigs, and s.c. immunization
alone is strongly protective in this model. These findings and
other reported observations demonstrate that there is no ab-
solute correlation between specific antibody titers and protec-
tion and implicate cell-mediated immunity in protection
against inhalational anthrax.
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