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T

he Gram-positive bacterium Bacillus anthracis, the etiologic
agent of anthrax, has been identified as one of the potential
bioterrorist and warfare agents due to the ease of preparation and
dissemination of its spores. Inhalation anthrax was the cause of
death in the deliberate release of anthrax spores in the United
States in October 2002. B. anthracis virulence is due to two major
components, the poly-gamma-D-glutamic acid capsule and the
tripartite anthrax toxin, comprised of protective antigen (PA),
lethal factor (LF), and edema factor (EF). Because of the central
role it plays in the formation of lethal toxin (PA⫹LF) and edema
toxin (PA⫹EF), PA has been the principal target for the development of vaccines against anthrax (8, 9, 13). The current U.S.licensed human anthrax vaccine (AVA; BioThrax) is a culture filtrate of Bacillus anthracis strain V770-NP1-R adsorbed to
aluminum hydroxide that primarily consists of PA. Although
this is an effective vaccine, its undefined nature, prolonged
dose regimen, and reactogenicity are reasons to explore safer
vaccines (8, 9, 13).
Adjuvants often are important components of a vaccine formulation because they can enhance the immunogenicity of an
antigen (1). Purified recombinant PA adjuvanted with aluminum
hydroxide has been suggested as an alternative to AVA. Although
aluminum hydroxide is relatively safe, it sometimes causes local
reactions, including subcutaneous nodules, erythema, induration,
and contact hypersensitivity (5). The formulation of generic adjuvants that exhibit high levels of safety and superior immunopotency remain a major challenge in vaccinology (15).
Several adjuvant and delivery systems have been developed in
our laboratories which were shown to enhance the immunogenicity of a variety of antigens. Transcutaneous immunization (TCI) is
a novel needle-free skin immunization method that involves the
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coadministration of an adjuvant, such as Escherichia coli heatlabile enterotoxin (LT), along with an antigen(s) (6, 11, 14).
Liposome-encapsulated antigens containing lipid A or liposomal
lipid A-stabilized emulsions have been extensively used as potent
adjuvants (2, 4, 26, 33, 34). Bacteriophage T4 is a nanoparticle
antigen delivery system that allows the display of antigen(s) on the
capsid surface through fusion with the outer capsid proteins, Hoc
(highly antigenic outer capsid protein) and Soc (small outer capsid protein) (21, 35, 37). Although mice are very difficult to protect against lethal Ames strain spore challenge, we have previously
shown that mice immunized with PA by TCI were partially protected when challenged by the intranasal route with Ames strain
spores. A positive correlation between lethal toxin (LTx) neutralizing antibody titers and survival was observed (28). Currently,
rabbits and nonhuman primates have been accepted as the best
inhalation anthrax model systems to evaluate anthrax vaccine efficacy (9). Two rabbit anthrax inhalation models, the Dutchbelted (20, 29) and the New Zealand White rabbits, have been
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In an effort to develop an improved anthrax vaccine that shows high potency, five different anthrax protective antigen (PA)adjuvant vaccine formulations that were previously found to be efficacious in a nonhuman primate model were evaluated for
their efficacy in a rabbit pulmonary challenge model using Bacillus anthracis Ames strain spores. The vaccine formulations include PA adsorbed to Alhydrogel, PA encapsulated in liposomes containing monophosphoryl lipid A, stable liposomal PA oil-inwater emulsion, PA displayed on bacteriophage T4 by the intramuscular route, and PA mixed with Escherichia coli heat-labile
enterotoxin administered by the needle-free transcutaneous route. Three of the vaccine formulations administered by the intramuscular or the transcutaneous route as a three-dose regimen induced 100% protection in the rabbit model. One of the formulations, liposomal PA, also induced significantly higher lethal toxin neutralizing antibodies than PA-Alhydrogel. Even 5 months
after the second immunization of a two-dose regimen, rabbits vaccinated with liposomal PA were 100% protected from lethal
challenge with Ames strain spores. In summary, the needle-free skin delivery and liposomal formulation that were found to be
effective in two different animal model systems appear to be promising candidates for next-generation anthrax vaccine
development.
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TABLE 1 Vaccine formulations and abbreviations
Vaccine
designation
PA-AH
PA⫹HLT
L(PA⫹MPLA)

PA-emulsion

PA adsorbed to Alhydrogel
PA mixed with E. coli heat-labile
enterotoxin
PA encapsulated in 50 mM liposomes
containing monophosphoryl
lipid A
Liposome-stabilized oil-in-water
emulsion formulated with
L(PA⫹MPLA) and 40% light
mineral oil (125 mM
phospholipid)
PA displayed on bacteriophage T4
through Hoc and Soc

i.m.
TCI
i.m.

i.m.

i.m.

utilized for intranasal and bronchoscopy anthrax challenge studies, respectively (29, 30). In both models, PA-specific IgG enzymelinked immunosorbent assay (ELISA) titers and LTx neutralization titers were identified as correlates of protection. However, for
the intranasal rabbit model, LTx titers were the more predictive
correlates (reviewed in reference 9).
In this study, we evaluated various PA-generic adjuvant formulations with a variety of delivery platforms and sites of immunization in New Zealand White (NZW) rabbits. The efficacy of the
various PA-vaccine formulations was assessed by a pulmonary
challenge model using B. anthracis Ames strain spores. The results
provide insights on formulations that deserve further consideration as an alternative anthrax vaccine.
MATERIALS AND METHODS
Rabbits. Pasteurella-free female NZW rabbits, 13 to 16 weeks old (2 to 2.5
kg), were purchased from Charles River Laboratories, individually
housed, given water and food ad libitum, and maintained in a specificpathogen-free facility that was fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. The
study was approved by the Walter Reed Army Institute of Research Animal Safety Committee, was conducted in compliance with the Animal
Welfare Act. and adhered to the principles enunciated in the Guide for the
Care and Use of Laboratory Animals (27a). Rabbits were shipped in individual crates to the University of New Mexico Health Sciences Center
(UNMHSC). The investigators at UNMHSC were blinded with respect to
the vaccine regimen. Once the rabbits were transferred to UNMHSC, the
study was conducted under a protocol approved by the UNMHSC Institutional Animal Care and Use Committee.
Following Ames spore challenge, the animals were observed twice
daily for 14 days for signs of illness or morbidity. All surviving animals
were humanely euthanized at the end of the study.
Adjuvant formulations. The following vaccine formulations (Table
1) were utilized: PA-AH (Alhydrogel from EM Sergeant Pulp & Chemical
Co.); L(PA⫹MPLA) (PA encapsulated in 50 mM liposomes containing
monophosphoryl lipid A; MPLA was purchased from Avanti Polar Lipids); PA-emulsion [liposome-stabilized oil-in-water emulsion formulated with L(PA⫹MPLA) and 40% light mineral oil (125 mM phospholipid)]; T4-PA (PA displayed on bacteriophage T4 through Hoc and Soc);
and PA⫹HLT (PA mixed with E. coli heat-labile enterotoxin; HLT was a
kind gift from John Clements, Tulane University). Detailed procedures
for the preparation of liposomes (26), liposomal emulsion (26), display of
PA on bacteriophage T4 (22, 36, 37), and transcutaneous immunization
(TCI) on the backs of small animals were described previously (28). To
perform TCI, the backs of the rabbits were shaved (3 by 3 in.). A 2- by 2-in.
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gauze pad saturated with 10% glycerol in normal saline was placed on the
back of the rabbit for 5 min to hydrate the skin. The gauze pad then was
removed and the back blotted with dry gauze to thoroughly remove the
excess saline. The area then was rubbed lightly (10 strokes) with electrocardiogram sandpaper prep strips (GE Medical Systems) to remove oil
and dead epidermal cells, rehydrated again as described above, and blotted dry. PA mixed with HLT (300 l) then was applied on the surface of
the skin. Once the fluid was absorbed by the skin (approximately 15 min),
the rabbit was returned to its home cage. For all of the formulations
except the phage T4 nanoparticles, purified recombinant PA produced in
Bacillus anthracis strain BH445 was used (a gift from Stephen Leppla,
NIH) (31). For the T4 display, the recombinant PA-Hoc and Soc-PA
proteins were expressed in E. coli and purified (22, 37).
Immunization and immunological responses. Rabbits arrived at the
facility with ear tags and were randomly placed in cages by the caretaker.
The animals were immunized in groups of 5, starting with cages from the
top left corner. Rabbits (5/group for vaccine formulations and 6/group for
naïve animals) were immunized either by intramuscular (i.m.) or transcutaneous (TCI) routes at weeks 0, 4, and 8 or in separate experiments by
the i.m. route at weeks 0 and 4 with various recombinant PA-vaccine
formulations under animal biosafety level 1 (ABSL-1) conditions. All of
the rabbits that were immunized by the intramuscular route received 10
g of PA. Rabbits immunized with L(PA⫹MPLA) and PA-emulsion also
received 100 g of MPLA. Rabbits immunized by the transcutaneous
route received 20 g of PA and various doses of HLT (10 to 80 g).
Animals were bled at 2-week intervals from the central artery in the ear by
inserting a butterfly catheter, and individual serum samples were analyzed
for PA-specific IgG by ELISA and for lethal toxin (LTx) neutralizing antibodies using J774A.1 cells as described previously (20, 28) and in some
detail below. Antibody titers between the different PA-adjuvant vaccine
formulations were analyzed using 2-way analysis of variance (ANOVA)
with Bonferroni posttests.
PA-specific IgG ELISA. Sera from individual rabbits were assayed in
triplicate for the presence of PA-specific IgG by ELISA. Briefly, 96-well
flat-bottomed Nunc Maxisorp plates (VWR International, Inc.) were
coated with 0.1 g/well of PA (List Biological Laboratories, Inc.) overnight, blocked with 0.5% casein in phosphate-buffered saline (PBS) for 2
h at 37°C, washed, and incubated for 1 h at 37°C with the test serum. The
plates then were washed, followed by the addition of horseradish
peroxidase-labeled affinity-purified goat anti-rabbit IgG (The Binding
Site Group Ltd.) for 1 h at room temperature. After the washes,
the substrate (2,2=-azinobis [3-ethylbenzothiazoline-6-sulfonic acid]diammonium salt; KPL) was added for 1 h at room temperature. Plates
were read at 405 nm on a SpectraMax 250 plate reader (Molecular Devices). Human sera 801 (PA-specific IgG), kindly provided by Conrad
Quinn, was used as a positive control on each plate. Matched prebleed sera
were used as the negative control for each animal. The data are expressed
as endpoint titers defined as the highest dilution that yielded an optical
density reading greater than or equal to twice that of the background
values. The titers were calculated after subtracting the mean absorbance of
triplicate wells lacking antigen from wells containing antigen. Data were
analyzed using two-way ANOVA with Bonferroni posttests.
J774A.1 lethal toxin neutralization assay. LTx neutralizing antibody
titers were determined by the ability of the sera to neutralize the cytotoxicity of LTx in a J774A.1 macrophage cell line as described previously (18,
28). Briefly, 200,000 J774A.1 cells were plated in 96-well Costar flatbottom plates 15 h before the start of the experiment. Individual serum
samples were diluted in duplicate starting at a 1:12.5 dilution in the tube
before addition to a separate plate (175 l). Wells were serially diluted
2-fold for a total of 8 dilutions. Toxin (LTx; 0.5 g/ml) was added to each
of the wells that contained the serum, and the wells were incubated for 1 h
at 37°C. The serum-toxin mixture (125 l) from each of the wells then was
transferred onto a plate that had been preseeded with J774A.1 cells and
incubated for 6 h. Each plate contained wells that had cells and the toxin,
but no test serum (positive control), and wells that only had cells with no
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toxin or test serum (negative control). These served as controls for cell
death. Thiazolyl blue tetrazolium bromide (50 l) was added to each well
to a final concentration of 0.389 mg/ml and incubated at 37°C for 45 min.
The solution then was aspirated and lysis buffer (50 l) was added. The
plates were read at 570 nm on a plate reader (Molecular Probes). A
4-parametric sigmoid regression curve was used to determine the dilution
of antisera that resulted in a 50% reduction in toxicity (ED50) of anthrax
LTx. Monoclonal anti-PA antibody (a kind gift from Steve Leppla) and
human antibody 801 (a kind gift from Conrad Quinn) were used as positive controls each day to determine interassay variation. Matched prebleed sera were used as the negative control for each animal.
Pulmonary challenge. Rabbits were transferred (in a blinded manner)
to the ABSL-3/select agent facilities at UNMHSC on week 13, 18, or 25
after the first immunization. The rabbits were allowed to acclimatize for 1
week and then were anesthetized and challenged at week 14, 19, or 26 with
Bacillus anthracis Ames strain spores (1.4 ⫻ 106 spores; approximately 100
LD50) delivered in a volume of 1 ml just above the bifurcation of the lung
by bronchoscopy. Kaplan-Meier survival curves were prepared and evaluated using log-rank analysis.
Spore preparation. Spore stocks were prepared in phage assay medium as previously described (7, 16), and inocula were prepared from
frozen aliquots. The actual number of spores delivered was determined by
culturing the inoculum on sheep blood agar plates directly from the bronchoscope. In addition, it was confirmed that the inocula consisted of

January 2012 Volume 19 Number 1

spores but not vegetative organisms by comparing the average CFU of an
aliquot of each postchallenge inoculum sample before and after heating at
68°C for 30 min.

RESULTS

Immunogenicity and challenge data of PA-adjuvant formulation delivered by TCI (three immunizations). We first examined
the efficacy of needle-free immunization via the transcutaneous
route. Even low concentrations of the adjuvant HLT that were
applied with PA on the surface of the skin by TCI on weeks 0, 4,
and 8 induced high PA-specific IgG and LTx-ED50 titers (Fig. 1A
and B). The PA-specific IgG titers ranged from 1.3 ⫻ 106 to 2.3 ⫻
106 (Fig. 1A) on week 14, while the ED50 titers ranged from 1,600
to 4,900 (Fig. 1B). At week 14 of the study, rabbits were challenged
by bronchoscopy with B. anthracis spores. All of the naive animals
died by day 3, while 100% (20/20) of the TCI immunized rabbits
were protected throughout the duration of the study (Fig. 1C).
Immunogenicity and challenge data of PA-adjuvant formulations delivered i.m. (three immunizations). Rabbits were immunized by the i.m. route with three particulate antigen formulations using alternative adjuvants or platforms [L(PA⫹MPLA),
PA-emulsion, and T4-PA], and the responses were compared to
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FIG 1 Immune responses to PA-adjuvant vaccine formulations. PA-specific IgG endpoint titers (A and D) and LTx neutralizing antibody titers (ED50) (B and
E) were determined by ELISA and toxin neutralization assay, respectively, in individual serum samples of rabbits immunized with PA⫹HLT by the TCI route (A
and B) or with PA-adjuvant vaccine formulations by the i.m. route on weeks 0, 4, and 8 (D and E). Data represent means ⫾ standard errors of the means.
Kaplan-Meier survival curves for rabbits challenged with 100 LD50 Ames strain spores on week 14 (C) or 19 (F) of the study are shown. ⴱ, P ⱕ 0. 0.01.
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FIG 2 Immune responses to PA-adjuvant vaccine formulations after two immunizations. PA-specific IgG endpoint titers (A) and LTx-ED50 titers (B) were
determined through week 26 of the study in individual serum samples of
rabbits immunized with PA-adjuvant vaccine formulations by the i.m. route.
Data represent means ⫾ standard errors of the means. (C) Kaplan-Meier survival curves for rabbits challenged with Ames strain spores at week 26 of the
study. n ⫽ 5 rabbits/immunized group or 6/naïve group.

doses of L(PA⫹MPLA) were sufficient to induce a long-lived protective immune response lasting 5.5 months after the second immunization.
DISCUSSION

It is well established that the administration of PA with aluminum
hydroxide as an adjuvant confers protection to both rabbits (23)
and nonhuman primates (19, 33) against a lethal pulmonary challenge with Bacillus anthracis spores. The current regimen for the
licensed human anthrax vaccine, AVA, consists of 5 i.m. injections
at 0, 1, 6, 12, and 18 months, followed by yearly boosters. While
this has led to a decrease in the local reactions compared to those
of the vaccine administered by the subcutaneous route, it also has
resulted in lower anti-PA antibody titers (24). Therefore, a variety
of approaches currently are being employed to develop an improved anthrax vaccine that has potent immunogenicity but low
to no reactogenicity. Nonreplicating vectors, live attenuated
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the immune responses obtained with PA-AH. These formulations
overall induced 10-fold greater PA-specific IgG endpoint titers
(Fig. 1D) than skin immunization using HLT (Fig. 1A). All four
formulations induced significantly higher (P ⱕ 0.05) PA-specific
IgG titers at week 10 than PA⫹HLT. Among the formulations
delivered by the i.m. route, there were no significant differences in
the PA-specific IgG endpoint titers (3.5 ⫻ 106 to 5.8 ⫻ 106) between the three groups or compared to the PA-AH group (Fig.
1D). On the other hand, the L(PA⫹MPLA) group induced higher
LTx neutralizing titers than all other groups, including PA-AH, at
weeks 10, 12, and 14 following the primary immunization. The
L(PA⫹MPLA) titer at week 14 (14,100) was significantly higher
(P ⬍ 0.01) than that of PA-AH (7,600) (Fig. 1E), while the PAemulsion and T4-PA titers were significantly lower (Fig. 1E).
The rabbits were challenged on week 19 of the study. There
was 100% death in naive rabbits (2/2) on days 2 and 3 postchallenge (Fig. 1F). Although the vaccine formulations showed
protection, the statistical significance between the different
formulations could not be determined because of the small
number of rabbits challenged. PA-AH, L(PA⫹MPLA), and PAemulsion induced 100% survival (2/2, 4/4, and 3/3, respectively), whereas the T4-PA-immunized rabbits showed a 66.7%
survival rate (2/3) (Fig. 1F).
Immunogenicity and challenge data of PA-adjuvant formulations delivered i.m. (two immunizations). Since the LTx-ED50
titers with the various PA-vaccine formulations administered i.m.
were significantly different from those of PA-Alhydrogel after
three immunizations (Fig. 1E), we examined the effect of two i.m.
immunizations (weeks 0 and 4) on the titers and on the duration
of the immune response. As shown in Fig. 2A, all of the vaccine
formulations induced PA-specific IgG endpoint titers ranging
from 105 to 107. The titers were maintained even at week 26 of the
study and ranged from 650,000 to 1.4 ⫻ 106. At week 14, the endpoint titers ranged from 1.3 ⫻ 106 to 6.7 ⫻ 106 for all of the groups
(Fig. 2A), compared to endpoint titers of 3.8 ⫻ 106 to 5.7 ⫻ 106 for
all of the groups that received three immunizations (Fig. 1D). The
LTx-ED50 titers were maximally elevated 2 weeks after injection,
but the titers were not maintained through week 26 (Fig. 2B). The
titers also were significantly lower (P ⱕ 0.001) in the immunized
groups at week 14 in the animals that received two doses (945 to
5,000; Fig. 2B) of the vaccine formulations versus three doses
(1,300 to 14,000; Fig. 1E). At week 26, L(PA⫹MPLA)- and PAAH-immunized animals had LTx-ED50 titers of 2,326 and 5,015,
respectively, whereas T4-PA and PA-emulsion showed lower titers, 1,470 and 945, respectively. However, the difference in LTx
neutralization titers between the PA-AH and L(PA⫹MPLA)
groups was not significant.
The immunized rabbits were challenged with B. anthracis
spores (100 LD50) at week 26 of the study. All of the naive animals
died by day 3 (6/6), while all of the PA-AH- and L(PA⫹MPLA)immunized rabbits were 100% protected throughout the duration
of the study (5/5) (Fig. 2C). In the PA-emulsion- and T4-PAimmunized groups, 80% of the rabbits were protected (4/5), with
one rabbit in each group succumbing to anthrax infection on day
4. All of the blood samples from naive animals had bacteremia at
levels equal to or greater than 520 CFU/ml (day 2 postchallenge),
but all of the immunized groups were negative (days 2 and 8 postchallenge) except for one of the T4-PA-immunized rabbits that
succumbed to anthrax challenge and had bacteremia at 20
CFU/ml (day 2 postchallenge). These results demonstrate that two
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strains, and various adjuvant and delivery systems are among
some of the strategies being explored (9, 33).
In this study, the potency and efficacy of four different adjuvant and delivery systems were compared with those of PA-AH
against a lethal pulmonary challenge with B. anthracis spores in
NZW rabbits, and this has resulted in three significant insights.
First, the delivery of PA through skin using HLT as the adjuvant
induced 100% protection, even at the lowest dose tested. Considering that skin patch vaccination is a simple, easy-to-administer,
noninvasive procedure and has been evaluated in several animal
models as well as in humans (12, 25, 28, 33, 38), TCI might be a
good alternative to i.m.-based anthrax vaccines.
Second, in a three-dose regimen, L(PA⫹MPLA) elicited significantly higher LTx neutralization titers than PA-AH. Furthermore, complete protection with two doses of L(PA⫹MPLA) as
well as the durability of PA-specific antibodies for at least 5
months after the last immunization further supports this formulation as a potent anthrax vaccine candidate. However, further
work is necessary to evaluate the potency of this formulation in
comparison to the licensed AVA anthrax vaccine (24). The safety
and immunogenicity of liposome-encapsulated antigens containing MPLA has been well documented both in animals (17, 32) and
in human clinical trials (3, 10, 27). Because of its safety and potency, liposomal MPLA is an attractive adjuvant to be considered
for an anthrax vaccine.
Third, these data, when combined with our studies in other
animal models (25, 28, 33), demonstrate that different animal
species show different responses to various PA adjuvant and delivery systems. The complete protection of NZW rabbits vaccinated with L(PA⫹MPLA) and PA⫹HLT (TCI) is consistent with
the complete protection observed in nonhuman primates (rhesus
macaques) immunized with the same formulations (33). On the
other hand, PA-emulsion and T4-PA conferred complete protection in the nonhuman primate model (33), which was not the case
in the NZW rabbit model. However, in a separate study using the
Dutch-belted intranasal rabbit anthrax challenge model, PA-AH,
PA⫹HLT (TCI), and T4-PA (i.m.) conferred 100% protection
(20/20, 16/16, and 11/11, respectively; data not shown).
These differences indicate that comparative adjuvant studies in
small-animal models sometimes exhibit results different from
those of nonhuman primates and humans. Therefore, the animal
models must be combined with the nonhuman primate studies
and, where possible, with human clinical trials to assess the predictive quantitative differences in the immunogenicity between
different adjuvant-vaccine formulations before the selection of
the final human vaccine.
In conclusion, two anthrax vaccine formulations, L(PA⫹MPLA)
and a noninvasive transcutaneous administration of PA⫹HLT,
showed complete protection in rabbits. Furthermore,
L(PA⫹MPLA) showed the durability of the PA-antibody response and protection. These data, combined with our previous
anthrax vaccine work in nonhuman primates (33), makes these
two formulations highly attractive candidates for further consideration for a next-generation anthrax vaccine.
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