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Killed but Metabolically Active Bacillus anthracis Vaccines Induce
Broad and Protective Immunity against Anthrax�
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Bacillus anthracis is the causative agent of anthrax. We have developed a novel whole-bacterial-cell anthrax
vaccine utilizing B. anthracis that is killed but metabolically active (KBMA). Vaccine strains that are asporo-
genic and nucleotide excision repair deficient were engineered by deleting the spoIIE and uvrAB genes,
rendering B. anthracis extremely sensitive to photochemical inactivation with S-59 psoralen and UV light. We
also introduced point mutations into the lef and cya genes, which allowed inactive but immunogenic toxins to
be produced. Photochemically inactivated vaccine strains maintained a high degree of metabolic activity and
secreted protective antigen (PA), lethal factor, and edema factor. KBMA B. anthracis vaccines were avirulent
in mice and induced less injection site inflammation than recombinant PA adsorbed to aluminum hydroxide
gel. KBMA B. anthracis-vaccinated animals produced antibodies against numerous anthrax antigens, including
high levels of anti-PA and toxin-neutralizing antibodies. Vaccination with KBMA B. anthracis fully protected
mice against challenge with lethal doses of toxinogenic unencapsulated Sterne 7702 spores and rabbits against
challenge with lethal pneumonic doses of fully virulent Ames strain spores. Guinea pigs vaccinated with KBMA
B. anthracis were partially protected against lethal Ames spore challenge, which was comparable to vaccination
with the licensed vaccine anthrax vaccine adsorbed. These data demonstrate that KBMA anthrax vaccines are
well tolerated and elicit potent protective immune responses. The use of KBMA vaccines may be broadly
applicable to bacterial pathogens, especially those for which the correlates of protective immunity are
unknown.

Bacillus anthracis is a spore-forming gram-positive bacte-
rium that is the causative agent of the disease anthrax. The
primary determinants of B. anthracis pathogenesis are lethal
toxin (LeTx), edema toxin (EdTx), and capsule, the genes for
which are carried on the large virulence plasmids pXO1 and
pXO2 (20, 57). LeTx and EdTx are each bipartite A-B toxins
with a common subunit, protective antigen (PA), that mediates
entry of the active toxin components lethal factor (LF) and
edema factor (EF) into the host cell cytoplasm (reviewed in
reference 4). The genes that encode PA, LF, and EF are pagA,
lef, and cya, respectively (39, 47, 53, 58). Once in the cytosol,
LF functions as a zinc metalloprotease that cleaves mitogen-
activated protein kinase kinase, resulting in death in macro-
phages and dendritic cells (4, 15). EF is a calmodulin-depen-
dent adenylate cyclase that causes an increase in cyclic AMP
(31). In addition to promoting either cell death or edema,
LeTx and EdTx have also been shown to have a wide range of
immunomodulatory functions when added to macrophages,
dendritic cells, neutrophils, and B and T lymphocytes in vitro

(1, 3, 4, 14, 16, 40, 48, 54). The B. anthracis capsule consists of
a polymer of gamma-linked D-glutamic acid (�DPGA) that is
formed by products of the capBCADE operon on pXO2 (37).
The B. anthracis �DPGA capsule is antiphagocytic and plays a
major role in the virulence of the organism. Strains that lack
pXO2 are dramatically reduced in virulence, whereas nontoxi-
nogenic encapsulated strains of B. anthracis retain virulence in
mice (22, 62).

Immunity to anthrax is mediated largely by an antibody
(humoral) response, and the primary immune correlates of
protection are circulating antibodies specific for PA that have
LeTx-neutralizing activity (34, 42). The development of a
pXO1� pXO2� nonencapsulated vaccine strain was accom-
plished by Sterne in 1939 (52), and this vaccine is still used in
livestock (56). A Sterne-like strain was also used to vaccinate
humans in the former Soviet Union and was reported to re-
duce the incidence of cutaneous disease (51). Since pXO1�

pXO2� strains contain functional toxin genes and cause sig-
nificant disease in mice, Brossier et al. developed a vaccine
strain that expressed catalytically inactive forms of EF and LF
(10). This strain was avirulent and induced a robust toxin-
neutralizing response that protected mice from lethal subcu-
taneous (s.c.) B. anthracis challenge.

The only licensed vaccine for human use in the United
States is a protein-based vaccine called anthrax vaccine ad-
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sorbed (AVA). AVA (now marketed as BioThrax) is com-
posed of B. anthracis culture supernatant proteins containing
variable amounts of PA, LF, and EF adsorbed to aluminum
hydroxide gel as an adjuvant. The vaccination regimen for
AVA requires six s.c. doses to be administered over an 18-
month period, followed by annual boosters. This vaccination
regimen is impractical and frequently causes significant local
inflammation and occasionally severe adverse events (50).
Since the bioterrorism attacks of 2001, there has been renewed
interest in developing new vaccines that protect humans
against inhalation anthrax and that do not require as rigorous
a vaccination regimen or elicit adverse events. As the primary
immune correlate of protection is circulating anti-PA antibody,
an anthrax vaccine based on purified recombinant PA (rPA)
has been developed for human use. This vaccine (called
rPA102) is composed of rPA combined with aluminum hydrox-
ide as an adjuvant (19). rPA-based vaccines have been shown
to induce high-titer anti-PA responses in animals and can pro-
tect rabbits and nonhuman primates against lethal B. anthracis
challenge (26, 35); however, in some studies, protection waned
dramatically over 6 to 12 months (35). Another major draw-
back to rPA-based vaccines is that they stimulate immunity to
only a single B. anthracis antigen, PA. Thus, it would be pref-
erable to develop a multivalent anthrax vaccine that potently
stimulates a broad immune response to rPA and other anthrax
antigens, as well. Indeed, it has been demonstrated that im-
munity to capsule- and spore-specific antigens can also con-
tribute to vaccine potency (9, 13).

Live-attenuated vaccines can provide robust and long-lived
immunity but present potential safety risks among immuno-
compromised individuals. While vaccines based on killed bac-
teria are safer, they are often less potent. We have recently
developed a new class of vaccines based on psoralen-killed but
metabolically active (KBMA) bacteria that combine the safety
of killed vaccines with the potency of live vaccines (7). Psor-
alens form covalent monoadducts and cross-links with pyrim-
idine bases of DNA and RNA upon exposure to long-wave-
length UV (UVA) light (64). Amotosalen HCl (S-59) is a
synthetic psoralen that has been developed for pathogen inac-
tivation in blood products (33). Photochemical treatment
(PCT) with S-59 and UVA inactivates a broad range of pro-
karyotic, eukaryotic, and viral pathogens by overwhelming the
ability of the pathogens to repair the numerous lesions in their
genomes. The primary mechanism by which bacteria repair
psoralen-induced DNA damage is through nucleotide excision
repair (NER). NER is initiated by the ABC exinuclease com-
plex, a product of the UV light response (uvrA, uvrB, and uvrC)
genes. Bacteria defective for NER are incapable of repairing
cross-links in their DNA and are exquisitely sensitive to pho-
tochemical inactivation by combined treatment with psoralen
and UVA light (7, 49). Replication can be blocked in NER-
deficient bacteria with a single covalent cross-link in the chro-
mosome, thus preserving the expression repertoire of the or-
ganism and its immunogenicity. The KBMA vaccine strategy
was initially demonstrated with Listeria monocytogenes, and it
was shown that photochemically inactivated NER-deficient L.
monocytogenes maintained the ability to escape the host cell
phagosome, deliver secreted antigens to the major histocom-
patibility complex class 1 pathway, and provide protective cell-
mediated immunity (7). Recently, the KBMA vaccine strategy

was extended to Salmonella enterica serovar Typhimurium vac-
cines (30). Here, we report the construction of a series of
vaccine candidate strains with sequential unmarked mutations
in the B. anthracis strain Sterne 7702 (Sterne) chromosome
and on pXO1, culminating in a strain that is asporogenic, NER
deficient, and nontoxinogenic that can be produced as a
KBMA vaccine. We demonstrate that KBMA B. anthracis vac-
cines provide protective humoral immunity against lethal B.
anthracis challenge in mice, rabbits, and guinea pigs. These
results provide the rationale for the development of a new
anthrax vaccine that elicits a greater breadth of immunity than
existing subunit vaccines.

MATERIALS AND METHODS

Strain construction. All B. anthracis vaccine strains were derived from Sterne
(pXO1� pXO2�), which was generously provided by Theresa M. Koehler (12).
All genetic manipulations to construct vaccine candidates were performed by
serial allelic exchange, using methods described previously (11), leaving un-
marked mutations on the chromosome or pXO1 that were confirmed by PCR
and sequence analysis. The �uvrAB mutant was described previously (7). The
�spoIIE allele was constructed by splice overlap extension PCR (24), using
Sterne genomic DNA as a template and the primers Spo2A (5�-TAACGACCG
CGCTCCAAAAG-3�), Spo2B (5�-CGGCATATTTTTCTTCACTTTTGCCCA
CTTTACTCCTCCAAGCTGACC-3�), Spo2C (5�-GGTCAGCTTGGAGGAG
TAAAGTGGGCAAAAGTGAAGAAAAATATGCCG-3�), and Spo2D (5�-TG
CATTCATCCCGTATTGCT-3�). The resulting PCR product was first cloned
into pCRII-TOPO (Invitrogen) and then subcloned into the EcoRI restriction
sites of pKSV7, after allelic exchange, this resulted in an in-frame deletion of
2,328 bp from positions 33 to 2361 with respect to the start of the spoIIE coding
region in either the Sterne background, to generate the �spoIIE strain, or the
�uvrAB background, to generate the Sterne2 strain. Inactivating substitution
mutations that abrogate the activity of EF [cya(K346/353Q)] and LF [lef(H686A)]
have been described previously (27, 29, 65, 10) and were constructed by PCR
primer-based mutagenesis followed by allelic exchange as described above.
Briefly, the primers CyaF (5�-AGATAAAATACAGCAGACACAAGAC-3�)
and CyaR (5�-TAGTTGAATCCGGTTTCCTC-3�) were used to amplify the cya
gene. Codons for lysine at positions 346 and 353 of the mature protein were
replaced with codons for glutamine using primers Cya1F (5�-GGTGTGGCTA
CACAGGGATTGAATGTTCATG-3�), Cya1R (5�-CATGAACATTCAATCC
CTGTGTAGCCACACC-3�), Cya2F (5�-GATTGAATGTTCATGGACAGAG
TTCGGATTGGG-3�), and Cya2R (5�-CCCAATCCGAACTCTGTCCATGAA
CATTCAATC-3�). The cya(K346/353Q) allele was introduced into pXO1 of Sterne2

to produce Sterne3. For construction of the lef(H686A) allele, primers LefF (5�-A
AACCTGCAAATCTGTATAAGC-3�) and LefR (5�-TTATCACCAGATACTCG
AGC-3�) were used to amplify a region of the lef gene and LefHAF (5�-AGTGA
GGGTTTTATAGCCGAATTTGGACATGCTG-3�) and LefHAR (5�-CAGCAT
GTCCAAATTCGGCTATAAAACCCTCACT-3�) were used to replace the
histidine codon with an alanine codon at position 686 of the mature LF protein. The
lef(H686A) allele was introduced into pXO1 of Sterne2 to make Sterne3B or into
Sterne3 to make Sterne4, as shown in Table 1.

Vegetative-cell growth and storage. All B. anthracis vegetative cells were grown
in brain heart infusion (BHI) (Difco) to late log phase, harvested by centrifuga-
tion at 3,000 � g, and washed three times in cryopreservation solution (Hanks
balanced salt solution with calcium and magnesium but without phenol red
[HBSS]; HyClone) supplemented with 1% sucrose and either directly injected, or
frozen in medium containing 8% dimethyl sulfoxide at �80°C. The titers of
bacterial suspensions were determined by CFU analysis after plating serial dilu-
tions on BHI agar plates; no adjustments were made for the chain lengths of the
bacteria. To induce anthrax toxin production for immunoblotting and for analysis
of LeTx activity, B. anthracis vegetative cells were grown overnight in BHI and
diluted 1:10 in R medium containing 0.8% sodium bicarbonate (46). Cultures
were incubated at 37°C in tightly sealed containers for 4 h. Bacterial pellets and
culture supernatants were separated by centrifugation at 3,000 � g, and culture
supernatants were filtered through 0.22-�m filters and added directly to J774A.1
cells (ATCC) for toxicity assays or were precipitated with 10% trichloroacetic
acid for immunoblotting with anti-PA, anti-LF, or anti-EF monoclonal antibod-
ies. Bacterial pellets were suspended in 2� final sample buffer and were boiled
for 5 min prior to being immunoblotted with pooled sera from vaccinated mice.
For Western blots to detect recombinant protein, 30 ng of PA and 100 ng of LF
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and EF were loaded onto gels and transferred to nitrocellulose membranes, cut
into strips, and detected with pooled sera diluted 1:500. Reactive antibodies were
detected with goat anti-mouse immunoglobulin G-horseradish peroxidase
(IgG-HRP) (Jackson Laboratories) diluted 1:10,000, and ECL Plus reagent
(GE Healthcare) was used for the autoradiography.

Preparation of photochemically inactivated bacteria. Photochemical inactiva-
tion was performed as previously described (7). Briefly, vegetative cells were
grown in BHI to an optical density at 600 nm (OD600) of 0.6, S-59 was added to
the cultures at various concentrations, and the cultures were incubated for 1 h at
37°C. The cultures were transferred to polystyrene dishes and irradiated with 6.5
J/cm2 UVA. Inactivated bacteria were formulated in cryopreservation solution as
described above for live bacteria and stored at �80°C prior to injection. The
titers of vaccine stocks were determined by plating serial dilutions for CFU
analysis and measuring the OD600 of the culture just prior to illumination. The
OD600-to-CFU ratio of log-phase vegetative cells was determined to be as fol-
lows: an OD600 of 1.0 � 2 � 108 CFU. To ensure that equivalent doses of
previously frozen photochemically inactivated vaccine stocks were administered
to animals, the OD of each was measured by spectrophotometry after it was
thawed, and the doses were normalized to CFU equivalents and referred to as
particles.

Metabolic-activity assay. The metabolic activities of inactivated vaccine stocks
were measured using the Cell Titer 96 Aqueous Assay (Promega) according to
the manufacturer’s instructions. The assay measures the reduction in the tetra-
zolium compound 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS), in the presence of the elec-
tron-coupling reagent phenazine methosulfate into a formazan product. The rate
of formazan production corresponds to both the number and the metabolic
activity of the cells (32). Serial dilutions of KBMA and live bacteria were pre-
pared using BHI in 96-well plates, and 20 �l MTS/phenazine methosulfate
solution was added. The absorbance of the formazan was measured at 490 nm
every 15 min at 37°C in a Spectramax plus 384 plate reader (Molecular Devices).

Spore preparation. To induce sporulation, B. anthracis strain Sterne deriva-
tives were incubated in BHI for 8 h at 37°C and were diluted 1:1,000 in phage
assay medium (20). The cultures were shaken at 250 rpm and incubated for at
least 18 h at 37°C. The cultures were then heated at 68°C for 40 min to kill any
remaining vegetative cells. Serial dilutions of the cultures before and after being
heated were plated on BHI agar and used to determine the numbers of vegeta-
tive cells and spores. To produce Sterne spores for lethal challenge, Sterne 7702
was incubated in phage assay medium for 24 h at 37°C with vigorous shaking, at
which time 2 volumes of sterile water was added and the spores were incubated
for another 20 h. Spores were collected by centrifugation at 3,000 � g for 20 min
at 4°C, washed three times in sterile phosphate-buffered saline (PBS), heated at
68°C for 40 min, and frozen in aliquots at �80°C. The titers of individual aliquots
were determined by serial dilution and plating on BHI agar. Ames spores for
challenge experiments were produced as described previously (41).

Mouse studies. Six- to 12-week-old-female C57BL/6J, BALB/c, and DBA/2J
mice were obtained from Charles River Laboratories (Wilmington, MA). The
mice were housed in individually HEPA-filtered cages with autoclaved bedding.
Food and water were supplied to the mice ad libitum. The animals were allowed
to acclimate to their surroundings for at least 1 week prior to use. Vaccination
and challenge studies were performed under animal protocols approved by the

Cerus Institutional Animal Care and Use Committee. Intramuscular (i.m.) in-
jections were performed, after the mice were anesthetized, with 50 �l per quad-
riceps muscle. Intraperitoneal (i.p.), s.c., and intravenous (i.v.) injections were
performed by restraining the mice and delivering 100 �l of inoculum in the
peritoneal cavity, under the skin on the flank near the base of the tail, or in the
tail vein, respectively. Sterne spore challenges were delivered by s.c. administra-
tion. The i.m. 50% lethal dose (LD50) of live vegetative cells was calculated using
the method of Reed and Muench (44), as described previously (8).

Preparation of rPA adsorbed to aluminum hydroxide gel for vaccination. A
suspension of 100 �g/ml rPA (List Biological Laboratories), 0.3% aluminum
hydroxide (alhydrogel; Accurate Chemical), 150 mM NaCl was prepared and
incubated at room temperature for 1 h as previously described (9). Each mouse
was administered 10 �g rPA by i.m. injection of 50 �l of the suspension as
described above.

Histopathology. BALB/c mice were injected i.m. with 50 �l into each quadri-
ceps separated by 21 days, delivering a total of 1 � 108 KBMA Sterne2 or Sterne4

vegetative cells or 1 � 107 live Sterne spores, 10 �g rPA, or HBSS or HBSS
containing a trace amount of India ink to mark the injection site. One mouse per
group was sacrificed at 2 h and 1, 3, 5, 7, 14, and 21 days after the prime
vaccination and 1, 7, and 14 days after the boost vaccination. The quadriceps
muscle was dissected and fixed in with 10% neutral buffered formalin. Paraffin-
embedded tissues were sectioned and stained with hematoxylin and eosin for
blinded histological analysis by a board-certified veterinary pathologist (Com-
parative Biosciences Inc.). Sections of injection sites from both quadriceps mus-
cles for each animal were assessed for severity of inflammation based on three
parameters: the relative infiltration of neutrophils (acute cells) and mononuclear
cells (chronic cells) and myocyte damage (0 � normal; 1 � minimal; 2 � mild;
3 � moderate; 4 � severe).

ELISA. Serum samples were tested for specific antibody responses by enzyme-
linked immunosorbent assay (ELISA) using standard procedures (34). Blood
samples were collected from the retro-orbital sinus of mice, and serum was
assayed for PA-specific IgG antibody responses. Ninety-six-well maxiSorp immu-
noplates (Nunc) were coated with 3 �g of rPA/ml (List Biological Laboratories)
in 0.1 M carbonate buffer (pH 9.6) overnight at 4°C and then washed with PBS
containing 0.05% (vol/vol) Tween 20. The plates were then blocked with 5%
(wt/vol) skim milk in PBS for 1 h. Each serum sample, diluted in PBS-Tween 20
to anti-PA IgG concentrations within the curve range, was plated in triplicate,
and the plates were incubated for 1 h. Bound antibody was detected using
HRP-conjugated polyclonal goat anti-mouse IgG (Jackson Immunoresearch)
diluted 1:10,000 in wash buffer and incubated for 2 h. The plates were developed
with 100 �l of TMB substrate (Calbiochem) for 5 to 10 min. The reaction was
stopped by the addition of 50 �l 1 M sulfuric acid, and the OD450s of the plates
were measured using a Spectramax plus 384 plate reader (Molecular Devices). A
standard curve for each plate was generated using serial dilutions of a known
concentration of monoclonal mouse anti-PA antibody clone BAP0105 (Fitzger-
ald Industries). Endpoint serum antibody titers (ng/ml IgG) were calculated from
that curve using SoftmaxPro software and a four-parameter logistic equation and
then corrected for dilution. Rabbit and guinea pig anti-PA IgGs were detected in
serum samples using essentially the same methods described above with the
following modifications: alkaline phosphatase-conjugated goat anti-rabbit IgG
(Jackson ImmunoResearch) was used to detect rabbit IgG, and HRP-conjugated

TABLE 1. B. anthracis strains used in this study

Strain name Plasmid content Genotype Relevant characteristic(s)
i.m. LD50 in

DBA/2J
mice

Reference

Sterne pXO1� pXO2� Strain 7702 Unencapsulated parental strain 6.8 � 100 12
�spoIIE pXO1� pXO2� �spoIIE Asporogenic 9.1 � 100 This study
�uvrAB pXO1� pXO2� �uvrAB NER deficient NDa 7
Sterne2 pXO1� pXO2� �spoIIE �uvrAB Asporogenic, NER deficient 1.4 � 101 This study
Sterne3 pXO1� pXO2� �spoIIE �uvrAB cya(K346/353Q) Asporogenic, NER deficient,

inactive edema factor
7.2 � 100 This study

Sterne3B pXO1� pXO2� �spoIIE �uvrAB lef(H686A) Asporogenic, NER deficient,
inactive lethal factor

4.5 � 108 This study

Sterne4 pXO1� pXO2� �spoIIE �uvrAB cya(K346/353Q)
lef(H686A)

Asporogenic, NER deficient,
inactive edema factor,
inactive lethal factor

	7.4 � 108 This study

�Sterne pXO1�pXO2� Unencapsulated, atoxinogenic 	9.0 � 108 This study

a ND, not determined.
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goat anti-guinea pig IgG (Jackson ImmunoResearch) was used to detect guinea
pig IgG. For the rabbit ELISA, the detection reagent was para-nitrophenylphos-
phate dissolved in 40% diethanolamine substrate buffer, and the OD405 was read.
For rabbit and guinea pig ELISAs, endpoint antibody titers were expressed as
the maximum dilution of sample giving an absorbance of more than three times
the absorbance due to nonspecific binding detected in wells without serum. The
serum from each animal was tested individually in duplicate or triplicate, and the
titers were calculated as the mean of the reciprocal of the dilution. The titers are
presented as geometric means and 95% confidence intervals.

Anthrax LeTx-neutralizing assay. Antibodies to LeTx were measured for the
ability to neutralize the cytotoxicity of recombinant LeTx when added to J774A.1
macrophage cells. Anthrax LeTx-neutralizing assays were performed as de-
scribed previously (23, 43). Antisera were pooled from groups of animals receiv-
ing the same vaccination treatment. The pools were serially diluted in cell culture
medium and preincubated in quadruplicate with a final concentration of 250
ng/ml rPA and 50 ng/ml recombinant LF (List Biological Laboratories) for 30
min at room temperature. These concentrations of PA and LF were empirically
determined to cause 100% J774A.1 cell lethality. A plate-to-plate transfer from
the titration plate to another 96-well plate containing a subconfluent monolayer
of J774A.1 cells (plated at 1 � 105 cells/well the day before) was performed. The
plates were incubated for 2 to 3 h at 37°C in 5% CO2 until cytopathic effects in
the toxin-only control wells were visible by light microscopy. Cell viability was
measured using the Cell Titer 96 Aqueous Assay (Promega) as described above.
Toxin without sera was used to determine 0% cell viability, cells without toxin
were used to determine 100% viability, and 50% viability was calculated as the
mean of these values for each plate. For each dilution series of pooled sera, the
values were plotted, a curve was generated using a four-parametric-curve fit, and
the dilution that achieved 50% viability was determined using SoftMax software
and was expressed as the reciprocal of the dilution.

Demonstration of loss of anthrax toxin activity from vaccine candidates.
Frozen B. anthracis vegetative cells (1 � 109 CFU) were transferred to 6 ml R
medium with 0.8% sodium bicarbonate in a 50-ml tube with the cap tightly
screwed on. The cultures were incubated for 2 h at 37°C with shaking at 140 rpm.
The culture supernatant was collected after centrifugation for 10 min at 3,000 � g
and filtered through a 0.22-�m filter. The culture filtrates were added directly to
subconfluent J774A.1 cells and incubated at 37°C with 5% CO2 until cytopathic
effects were observed by microscopy (3.5 h), at which time a 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide assay was performed as de-
scribed above.

Rabbit protection studies. New Zealand White rabbits (Myrtles Rabbitry), five
animals per group, were immunized i.m. with 1 ml vehicle (HBSS supplemented
with 1% sucrose and 8% dimethyl sulfoxide), KBMA Sterne4 (at three concen-
trations: 1 � 1010, 2 � 109, and 5 � 108 particles/ml), or 500 �l AVA (Bioport
Corp.), which is the full human dose. All animals were administered a boost
vaccination 4 weeks later. For serum analysis, blood was drawn from the ear vein
2 weeks after the prime vaccination and 3 weeks after the boost vaccination. Four
weeks after the boost vaccination, all animals were administered an Ames spore
dose 131 times the LD50 into the lungs as a 1-ml instillation just above the
tracheal bifurcation, using a bronchoscope. The experimentally determined titer
of the challenge dose was 9.20 � 105 spores per animal. Ames challenge studies
were performed within a registered select agent animal biosafety level 3 facility
at the University of New Mexico Health Sciences Center. The animals were
allowed at least 7 days to acclimate before being used in the study, and all
protocols were approved by the University of New Mexico Health Sciences
Center Institutional Animal Care and Use Committee.

Guinea pig protection studies. Female Hartley guinea pigs (Charles River), 10
to 12 animals per group, were immunized i.m. with 200 �l HBSS, KBMA Sterne2

(at 2 � 1010 particles/ml), or 200 �l AVA (BEI Resources). All animals were
administered a boost vaccination 4 weeks later. For serum analysis, blood was
drawn 2 weeks after the prime vaccination and 3 weeks after the boost vaccina-
tion. Four weeks after the boost vaccination, half the animals from each group
were challenged by intranasal administration with 50 �l of either a 10-LD50 dose
of 1.2 � 106 Ames spores (experimentally determined to be 1.35 �106 CFU) or
a 50-LD50 dose of 6 � 106 Ames spores (experimentally determined to be 7.4 �
106 CFU). Ames challenge studies were performed within a registered select
agent animal biosafety level 3 facility at the University of Texas Medical Branch.

Statistics. Analysis of survival data was carried out using the Kaplan-Meier
method, and the log rank test was used to determine the statistical significance
of observed survival differences using Prism software (GraphPad). For statistical
analysis of anti-PA ELISA data, ln-transformed titers were analyzed using an
unpaired t test with Welch’s correction (allowing for unequal variances) using
Prism software (GraphPad). One-tailed P values were reported for comparison
of titers from vaccinated animals to the vehicle-only (HBSS) negative control

animals, and two-tailed P values were calculated for comparisons between vac-
cinated groups. Unless otherwise indicated, analyses were compared with the
HBSS negative control from the same time point. When multiple comparisons
were performed on the same set of data, raw P values were reanalyzed to control
for false-discovery or familywise error rates. For the preliminary screen (see Fig.
3A), the false-discovery rate was controlled at 0.05. For the analyses of the
remainder of the ELISA data, the familywise error rate was controlled at 0.05
using the Hochberg step-up method. The multiple-comparison procedures were
implemented using Stata Statistical Software version 10 (StataCorp).

RESULTS

Construction of vaccine candidates of B. anthracis. Vaccine
candidate strains were constructed by the introduction of se-
quential unmarked deletions and point mutations into the
Sterne chromosome and pXO1 using allelic-exchange tech-
niques (Table 1) (11). The Sterne strain was chosen as the
background for our KBMA vaccine because it has been studied
extensively and is an effective live-attenuated vaccine for live-
stock that does not form the antiphagocytic �DPGA capsule
due to the absence of the pXO2 virulence plasmid. The Sterne
strain does, however, form spores. Thus, in order to prepare a
vaccine consisting entirely of photochemically killed bacteria, it
was essential to construct an asporogenic strain of B. anthracis.
The spoIIE gene encodes a transmembrane protein phos-
phatase required for the activation and release of the fore-
spore-specific transcription factor sigma F and is required for
sporulation of B. subtilis (5). We constructed in-frame dele-
tions of the spoIIE coding sequence on the Sterne chromosome
(�spoIIE) and also on the chromosome of a NER-deficient
�uvrAB strain (7) to make a double-mutant vaccine candidate,
known as Sterne2. Previously described inactivating substitu-
tion mutations were then introduced into cya and then the lef
genes on the pXO1 virulence plasmid of the Sterne2 strain to
produce the vaccine candidate strains Sterne3 and Sterne3B,
respectively (10). The lef-inactivating-mutation was then intro-
duced into Sterne3 to make the Sterne4 quadruple-mutant
vaccine candidate strain. The genotypes of the constructed
vaccine candidates are presented in Table 1.

SpoIIE is required for spore formation in B. anthracis. All
vaccine candidate strains grew at rates identical to that of the
parental Sterne strain (data not shown) with no morphological
differences during vegetative growth in BHI culture (Fig. 1A).
However, after being cultured for 16 h in phage assay medium
(conditions that induced 
70% spore formation of the paren-
tal strain), the �spoIIE mutants were unable to form phase-
bright spores, remained sensitive to heat, and were completely
inactivated with 1 or 100 �M S-59 psoralen (high-dose condi-
tions) and UVA PCT (Fig. 1A, B, and C). As expected, Sterne
and �uvrAB spores were highly resistant to heat and photo-
chemical inactivation with S-59 and UVA (Fig. 1B and C).
Under spore-inducing culture conditions, �spoIIE mutant strains
underwent a morphological change characterized by a loss of
phase-dense material over the surface of the bacilli and formation
of foci of phase-dense material suggestive of an abortive attempt
to sporulate, but at no time did these �spoIIE mutants form
heat-resistant phase-bright spores (Fig. 1A). After longer-term
cultivation in phage assay medium, the �spoIIE strains continued
to lose phase-dense material and viability (data not shown). These
data are the first demonstration that SpoIIE is required for sporu-
lation in B. anthracis.
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Asporogenic NER double mutants of B. anthracis are highly
sensitive to photochemical inactivation. To maximize the ex-
pression profiles and potencies of KBMA vaccines, it is essen-
tial to minimize the frequency of DNA cross-links by inacti-
vating the bacteria with the lowest concentration of psoralen
required to achieve complete inactivation (7). B. anthracis vac-
cine candidates were grown under vegetative culture condi-
tions and exposed to various concentrations of S-59 and then
inactivated with a UVA dose of 6.5 J/cm2. The majority of
Sterne bacilli were killed at a dose of 1,000 nM S-59, but
occasionally there were residual CFU that were resistant to

high doses of S-59 and were also heat resistant (Fig. 2A and
data not shown). These observations were likely due to sto-
chastic formation of spores during vegetative growth, because
the spoIIE mutant was inactivated with kinetics identical to
those for the Sterne strain, with the exception that the asporo-
genic strain was reproducibly completely killed at a concentra-
tion of 1,000 nM S-59. As expected, the NER-deficient strains
were much more sensitive to PCT, but because the �uvrAB
mutant was capable of forming spores during vegetative
growth, we were not able to consistently achieve full inactiva-
tion at any concentration of S-59 tested. In contrast, greater

FIG. 1. spoIIE is required for sporulation of B. anthracis. (A) �spoIIE mutants do not form phase-bright endospores. Cultures of B. anthracis
were grown for 16 h in phage assay medium to induce sporulation (top row) or in BHI (bottom row) and were then fixed with 10% formalin and
visualized by phase-contrast microscopy. White arrows indicate phase-bright spores; black arrows indicate phase-dense spores. (B) �spoIIE
mutants are heat sensitive. B. anthracis strains were grown in phage assay medium for 16 h, serially diluted and plated for CFU (Pre), and then
heated to 68°C for 30 min and plated (Post 68°C). For all �spoIIE strains (�spoIIE, Sterne2, and Sterne4), 10 ml of culture was plated for CFU,
and none were detected (ND). (C) Spores of B. anthracis are resistant to photochemical inactivation. B. anthracis strains were grown in phage assay
medium, serially diluted and plated for CFU (Pre), and then subjected to photochemical inactivation with 1 �M S-59 or 100 �M S-59 and 6.5 J/cm2

UVA light. Each plating was performed in triplicate, and the error bars represent the standard deviation within a representative experiment.
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than 5 � 108 CFU/ml of the asporogenic NER-deficient strains
(Sterne2 and Sterne4) were completely inactivated at a concen-
tration of 50 nM S-59. Thus, in asporogenic bacteria, the
�uvrAB deletion resulted in a 20-fold increase in sensitivity to
inactivation by PCT.

Photochemically treated asporogenic NER mutants of B.
anthracis are KBMA. To determine whether the increase in
sensitivity to photochemical inactivation was correlated with
a higher degree of metabolic activity, we photochemically
treated the Sterne parental strain or the asporogenic NER
mutants with 1,000 nM or 50 nM S-59 (the lowest psoralen
concentrations required for full inactivation of parental or
NER-deficient strains, respectively) and measured the capac-
ities of the bacteria to reduce the tetrazolium compound MTS
to a formazan. There were no detectable CFU in either culture
after PCT in these experiments. At physiological tempera-

tures, the asporogenic NER-deficient vaccine candidate
Sterne4 maintained metabolic activity that was comparable to
that of live B. anthracis for greater than 5 h (Fig. 2B). In
contrast, the parental Sterne strain demonstrated no detect-
able metabolic activity when treated with the minimal concen-
tration of S-59 required to inactivate 100% of the bacteria,
likely due to the increase in number of photochemical cross-
links required to overwhelm the NER system. An essential
feature of KBMA vaccines is their ability to continue to tran-
scribe, translate, and secrete antigenic proteins post-PCT (7).
Significantly, when the photochemically inactivated bacteria
were induced to secrete virulence determinants (by transfer to
media that contained sodium bicarbonate), the Sterne2 and
Sterne4 strains were still able to secrete critical antigens, in-
cluding PA, LF, and EF (Fig. 2C), whereas the photochemi-
cally inactivated �spoIIE strain with intact NER was not able
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FIG. 2. Increased sensitivity of �spoIIE �uvrAB strains to photochemical inactivation allows bacteria to retain metabolic activity and secrete
critical antigens. (A) �spoIIE �uvrAB double mutants are exquisitely sensitive to PCT. S-59 was added to mid-log-phase cultures at the indicated
concentrations for 1 h at 37°C, and then the cultures were illuminated with 6.5 J/cm2 UVA. The cultures were serially diluted and plated on BHI
agar for enumeration of CFU. The symbols represent the mean titers from three independent experiments, and the error bars represent the
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in the presence of 1,000 nM or 50 nM S-59, respectively, for 1 h. The cultures were inactivated by exposure to 6.5 J/cm2 UVA or were not irradiated
and then were serially diluted to 5 � 104 CFU per well and assayed for metabolic activity using an MTS assay at 37°C. (C) KBMA B. anthracis
secretes critical antigens. Live or photochemically inactivated bacteria were transferred into R medium supplemented with 0.8% sodium
bicarbonate to induce anthrax toxin production and incubated for 4.5 h at 37°C. The cell culture supernatants were precipitated with trichloroacetic
acid, and culture supernatant equivalents were separated by SDS-PAGE and immunoblotted with anti-PA (�PA), anti-EF, or anti-LF monoclonal
antibody. (D) Frozen vegetative cells (1 � 109 CFU) were incubated in R medium with 0.8% sodium bicarbonate for 2 h at 37°C. The culture
filtrate was added directly to J774A.1 cell cultures for 3.5 h, at which time a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide assay
was used to determine the degree of metabolic activity of the cells. The data presented in panels B, C, and D are from representative experiments
that were repeated at least twice.
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to secrete detectable quantities of these antigens into the me-
dia. Together, these data demonstrate that abrogation of the
NER pathway allows B. anthracis to maintain metabolic activ-
ity and antigen secretion after photochemical inactivation.

The Sterne4 vaccine candidate is nontoxinogenic and avir-
ulent in mice. We have demonstrated that �spoIIE �uvrAB
mutant bacteria can maintain metabolic activity after being
photochemically inactivated with low doses of S-59 and UVA
light. However, a possible safety concern could be that the
Sterne2 strain secretes active toxin components, and a single
bacterium surviving PCT might grow and cause disease. The
substitution of glutamine residues for lysine residues at posi-
tions 346 and 353 of EF [cya(K346/353Q)] prevented adenylate
cyclase activity (29, 65) but had little effect on virulence when
vegetative cells of Sterne3 were injected i.m. into highly sus-
ceptible DBA/2J mice (Table 1). DBA/2J mice carry a defect in
the Hc locus, which encodes complement factor 5 (C5), and
thus are highly susceptible to B. anthracis infection (60, 61).
The substitution of alanine for histidine 686 in LF [lef(H686A)]
abrogated metalloprotease activity (27) and rendered B. an-
thracis spores avirulent in mice (10). Culture filtrates of both
the Sterne and Sterne2 strains contained toxin components
that caused a dose-dependent decrease in the viability of
J774A.1 cells (Fig. 2D). In contrast, the Sterne4 and pXO1�

(�Sterne) negative control did not produce culture filtrates
that were toxic to J774A.1 cells. Importantly, the point muta-
tions in EF and LF did not affect the levels of secretion of these
proteins into culture supernatants compared to those of the
native toxins (Fig. 2C). We next determined whether the re-
duction in toxinogenicity of Sterne4 measured in vitro was
correlated with attenuated virulence in mice. Vegetative cells
of the parental Sterne strain were delivered i.m., and the me-
dian lethal dose in C5-deficient DBA/2J mice was approxi-
mately 6 CFU (Table 1). In striking contrast, the Sterne4 strain
was essentially avirulent, as no deaths were observed even at
doses up to 7.4 � 108 CFU. This result demonstrated that the
live Sterne4 vaccine candidate is attenuated by at least 8 log
units. The attenuated virulence of Sterne4 was mostly attrib-
utable to the point mutation in the lef gene, as the LD50 of the
EF-deficient Sterne3 strain was comparable to that of the pa-
rental Sterne strain.

Vaccination with KBMA B. anthracis induces potent hu-
moral responses in mice. The immune correlates of protection
against pneumonic B. anthracis challenge are circulating anti-
bodies that bind PA and neutralize LeTx (23, 43). We evalu-
ated the abilities of KBMA B. anthracis vaccine candidates to
elicit anti-PA antibodies in mice when administered through
the i.v., i.p., s.c., or i.m. route. Highly resistant BALB/c mice
were vaccinated with 1 � 108 particles (heat-killed or PCT
vegetative cells) of KBMA Sterne2, heat-killed Sterne2, or pho-
tochemically inactivated �spoIIE, and the results were com-
pared to those of immunization with 1 � 107 CFU live Sterne
spores. The mice were vaccinated by a prime-and-boost regi-
men separated by 3 weeks. The levels of anti-PA IgG in serum
were determined, using an anti-PA ELISA, from blood sam-
ples collected at 1-week intervals following each vaccination
(Fig. 3A). As expected, there was no significant increase in the
anti-PA titer after vaccination with buffer, heat-killed Sterne2,
or PCT �spoIIE (i.e., with intact NER) after the prime or
boost vaccination. Surprisingly, i.v. administration of KBMA

Sterne2 did not induce a significant anti-PA response. How-
ever, within 1 week after the boost vaccination, there were
significant increases in the anti-PA IgG titers in the groups
vaccinated i.p., i.m., or s.c. with KBMA Sterne2. The highest
titers of anti-PA IgG were observed 3 weeks after the boost
vaccination in the groups immunized by the s.c. or i.m. route,
and these titers were significantly higher than those for the
groups immunized i.v. or i.p. but were not distinguishable from
each other. Anti-PA titers in animals vaccinated s.c. with live
Sterne spores were highly variable but trended higher over
the 3 weeks following the boost vaccination, which was likely
due to longer persistence of Sterne spores.

To determine which route of administration induced the
highest titer of LeTx-neutralizing antibody, we compared the
ability of serum collected 3 weeks after boost vaccination (day
45) to protect J774A.1 murine macrophage cells from recom-
binant LeTx challenge. Mice vaccinated i.m. with KBMA
Sterne2 produced the highest levels of toxin-neutralizing anti-
body, with a reciprocal mean 50% neutralizing titer of 989.
This titer was approximately 20-fold higher than that for i.v.
administration (titer, 54), 4-fold higher than for s.c. adminis-
tration (titer, 263), and, 2-fold higher than for s.c. administra-
tion (titer, 500) of live Sterne spores. These data, combined
with the near equivalence between the i.m. and s.c. routes, as
measured by the anti-PA IgG titer, led us to select the i.m.
route for further studies.

Detoxified KBMA vaccine candidates provide protective im-
munity in mice. The purified toxins of B. anthracis have im-
munomodulatory functions in vitro and in vivo (1, 3, 4, 14, 16,
40, 48, 54); however, the impact of the toxin’s enzymatic activ-
ities on the ability of the host to mount a protective humoral
response to B. anthracis is not known. While Brossier et al. (10)
demonstrated that a genetically detoxified live vaccine is capa-
ble of inducing high-titer anti-PA responses, it was not possible
to compare equivalent doses to the parental strain because the
parental strain retained virulence in mice. Since KBMA vac-
cines are avirulent, we were able to compare equivalent doses
of vaccine candidates expressing enzymatically active or inac-
tive EF and/or LF (Sterne2, Sterne3, Sterne3B, and Sterne4)
and to measure the effects of toxin activities on anti-PA re-
sponses and protection. Each KBMA vaccine candidate was
formulated under identical conditions, and C57BL/6 mice were
immunized twice with 1 � 108 particles of KBMA vaccine.
�spoIIE mutant bacilli were photochemically inactivated with
1,000 nM S-59 and used as a negative control. Ten micrograms
of rPA adsorbed to alhydrogel and 0.1 LD50 of live Sterne
spores were used as positive controls. There were slight but
significant increases in the anti-PA titer after vaccination with
the photochemically inactivated �spoIIE mutant, suggesting a
low level of residual activity. However, immunization with each
of the KBMA vaccine strains induced dramatically higher lev-
els of PA-specific IgG (P � 0.001). Of the KBMA vaccine
candidates tested, the Sterne3B vaccine (expressing inactive
LF) induced the highest titers, while Sterne4 (expressing inac-
tive EF and LF) induced the lowest anti-PA IgG titers, which
is consistent with the titers reported for live strains with the
same point mutations (10) and could suggest that a functional
EF may enhance humoral responses. However, in other
studies, KBMA Sterne4 induced anti-PA titers that were
equivalent to those for Sterne2 (Fig. 3D and data not
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i.p. i.p. i.m. i.m. s.c. s.c. s.c.

FIG. 3. KBMA B. anthracis induces protective humoral immunity in mice. (A) Kinetics of the anti-PA response in BALB/c mice after different
routes of administration. Five mice per group were vaccinated with 1 � 108 particles of KBMA or heat-killed Sterne2, 1 � 108 particles of �spoIIE
inactivated with 1,000 nM S-59 and UVA (PCT), or 1 � 107 live Sterne spores on day 0 and day 21 by the indicated route: i.v., i.p., i.m., or s.c.
Serum samples were taken from the mice every 7 days and analyzed for anti-PA IgG titers by ELISA. Day 45 titers that were significantly different
from that of the negative control are indicated (ns, not significant; *, P � 0.05; **, P � 0.01; ***, P � 0.001), and statistical analyses between
groups are indicated with brackets. The data are representative of two independent experiments. (B) KBMA B. anthracis vaccine candidates induce
protective anti-PA responses in C57BL/6 mice. Ten mice per group were vaccinated i.m. with 1 � 108 particles of KBMA Sterne2, Sterne3, Sterne3B,
or Sterne4; 1 � 108 particles of PCT �spoIIE; 1 � 105 live Sterne spores; or 10 �g rPA on day 0 and day 21. Two mice vaccinated with live Sterne
spores died after the primary vaccination. Serum samples were obtained 3 days prior to (white bars) and 7 days after (black bars) the boost
vaccination and were analyzed for anti-PA IgG titers by ELISA. All animals were challenged with 5 � 107 Sterne spores administered s.c., and
the ratios of survivors to the number challenged are shown above the bars. (C) Dose response of KBMA Sterne4. C57BL/6 mice were vaccinated
i.m. with the indicated doses of KBMA Sterne4 or 10 �g rPA on day 0 and day 21. Serum samples were obtained 3 days prior to (white bars) and
11 days after (black bars) the boost vaccination and analyzed for anti-PA IgG titers by ELISA. All animals were challenged s.c. with 5 � 107 Sterne
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shown). rPA-immunized mice had significantly higher titers
than all of the KBMA-immunized animals, and mice vacci-
nated with live Sterne spores had comparable titers after the
boost (despite receiving a dose of spores that resulted in
20% death).

Two weeks after a boost vaccination, mice were challenged
s.c. with 20 LD50 Sterne spores. All mice vaccinated with
KBMA B. anthracis vaccine candidates survived, regardless of
whether the vaccine strains encoded functional or nonfunc-
tional EF and/or LF. Animals vaccinated with rPA also sur-
vived lethal challenge. Surprisingly, only 63% of the mice that
survived vaccination with live Sterne spores were protected
against a subsequent lethal challenge with Sterne spores, which
was significantly less protective than vaccination with KBMA
vaccines (P � 0.05) but still more than vehicle alone (P �
0.001). None of the animals vaccinated with buffer or nonmeta-
bolically active PCT �spoIIE mutant bacilli were afforded pro-
tection, although animals in the PCT �spoIIE cohort survived
1 day longer on average (P � 0.05). These results demon-
strated that there is a requirement for the photochemically
inactivated vaccines to be metabolically active in order to pro-
vide full protection, which requires abrogation of the NER
pathway. These data also demonstrate that the functional ac-
tivities of EdTx and LeTx do not negatively impact the ability
of mice to mount a protective immune response after KBMA
vaccination and suggest that the Sterne4 strain is an attractive
vaccine candidate based on the decreased virulence of the live
organism.

We then performed a titration of KBMA Stern4 immuniza-
tion to determine the dose range that elicited protective im-
munity (Fig. 3C). Tenfold serial dilutions ranging from 1 � 109

to 1 � 105 particles of KBMA Sterne4 were administered i.m.
to C57BL/6 mice, and the anti-PA titers were compared to
those with 10 �g rPA. After a boost vaccination with 1 � 109

or 1 � 108 particles of KBMA Sterne4, the anti-PA IgG titers
were comparable to those after rPA vaccination, but there was
a significant decrease in anti-PA IgG titers at a10-fold-lower
dose. After lethal s.c. challenge with Sterne spores, all mice
that were vaccinated with rPA or �1 � 107 particles of KBMA
Sterne4 survived, and 80% of the mice vaccinated with 1 � 106

particles of KBMA Sterne4 survived. Although there were no
surviving mice in the group immunized with 1 � 105 KBMA
particles, there was a single-day delay in the mean time to
death compared with animals vaccinated with buffer alone
(P � 0.05). These data demonstrate that there was a 3-log-unit
dose range of KBMA B. anthracis vaccine that provided 100%
protection in mice that correlated with anti-PA responses.

C5-deficient DBA/2J mice are highly susceptible to B. an-
thracis infection, and the animals die in a toxin-dependent

manner when challenged with low doses of the Sterne strain,
with pathology that resembles that of encapsulated B. anthracis
challenge in rabbits and primates (21). When mice were vac-
cinated twice with KBMA Sterne2 or Sterne4, we were able to
measure a greater-than-1,000-fold increase in the anti-PA IgG
titer (Fig. 3D) and a 10,000-fold increase in the anti-PA titer
after vaccination with rPA. The immunized mice were chal-
lenged via the s.c. route 2 weeks after boost vaccination with
500 times the LD50 of Sterne spores. Despite their extreme
sensitivity to B. anthracis, 100% of the KBMA Sterne2- or
Sterne4-immunized DBA/2J mice were protected (Fig. 3D).
Interestingly, even though all animals vaccinated with rPA had
high anti-PA titers, only 90% of them were protected against
the lethal challenge.

While the difference in protection between the KBMA and
rPA vaccines was not statistically significant, it may reflect
factors other than anti-PA titers that may have contributed to
protection. To begin to address this possibility, we compared
the breadths of humoral immunity elicited in response to im-
munization with KBMA and rPA vaccines. Samples of B. an-
thracis grown in the presence of sodium bicarbonate to induce
anthrax toxin production were prepared, and then secreted
proteins and proteins from whole bacterial lysates were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to a nitrocellulose
membrane. We evaluated the breadths of vaccine-induced an-
tibodies specific for the fractionated B. anthracis proteins by
blotting the membrane with serum from immunized C57BL/6
mice. Mice immunized with rPA adsorbed to alhydrogel elic-
ited antibodies that recognized PA and a few lower-molecular-
weight species that were most likely degradation products of
PA (Fig. 3E). These sera did not react with any bacterium-
associated proteins from Sterne or �Sterne. In contrast, sera
from mice vaccinated with KBMA Sterne4 contained antibod-
ies that recognized numerous bacterium-associated proteins
from both the Sterne and �Sterne strains. Interestingly, the
KBMA-vaccinated animals elicited antibodies that detected
numerous secreted bacterial proteins from the Sterne strain
but none from the �Sterne strain, highlighting the immu-
nodominance of pX01-derived proteins. Unlike rPA vaccina-
tion, sera from the KBMA-vaccinated animals also induced
antibodies that recognized recombinant PA, LF, and EF pro-
teins (Fig. 3F). These data provided strong evidence that vac-
cination with KBMA B. anthracis vaccines induced a humoral
response of substantially greater breadth than that elicited by
rPA-based vaccines.

Vaccination with KBMA B. anthracis induces less inflam-
mation in muscle than adjuvanted rPA. AVA is administered
s.c. and causes injection site reactions in approximately 28% of

spores, and the ratios of survivors to the number challenged are shown above the bars. (D) KBMA B. anthracis vaccine candidates induce anti-PA
responses in C5-deficient DBA/2J mice. DBA/2J mice were vaccinated i.m. with HBSS, 1 � 108 KBMA particles of Sterne2 or Sterne4, or 10 �g
rPA on day 0 and day 21. Serum samples were obtained 3 days prior to (white bars) and 7 days after (black bars) the boost vaccination and analyzed
for anti-PA IgG titers by ELISA. Two weeks post-boost vaccination, the animals were challenged s.c. with 5e5 Sterne spores (
500 times the LD50).
(E) KBMA B. anthracis induces humoral responses against multiple B. anthracis proteins. Proteins from Sterne (St) and pXO1� Sterne (�St)
culture supernatants (S) or pellets (P) were separated by SDS-PAGE and immunoblotted with sera from C57BL/6 mice taken 7 days post-boost
vaccination with HBSS, 10 �g rPA, or 1 � 108 particles of KBMA Sterne4. (F) KBMA B. anthracis induces humoral responses against multiple
toxin components. Recombinant PA, LF, and EF were separated by SDS-PAGE and immunoblotted with sera from C57BL/6 mice taken 7 days
post-boost vaccination with buffer (HBSS). In panels E and F, the numbers on the left are molecular sizes in kilodaltons.
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vaccinees, while systemic and severe reactions occur at lower
rates (1 to 4%) (38, 50). The rPA102 vaccine is injected i.m.,
and when these vaccines were directly compared, significantly
fewer adverse events were reported with rPA102 than with
AVA (19). We compared the degree of inflammation at the
injection site in mouse muscle following immunization with
KBMA vaccines or rPA adjuvanted with alhydrogel (Fig. 4).
Injection sites were evaluated blindly for severity of inflamma-
tion based on the presence of neutrophils and mononuclear
cells or myocyte damage. Inflammation in the KBMA-vacci-
nated group peaked 1 day after the prime vaccination and was
indistinguishable from that with HBSS injected after 1 week.
Inflammation peaked again 1 day after a boost vaccination and
waned rapidly thereafter. For animals vaccinated with live
Sterne spores, inflammation increased progressively until day
14, remained high until day 21, and peaked again 1 day later,
after the boost vaccination. With rPA and alhydrogel, inflam-
mation peaked 3 days after the primary vaccination and re-
mained high throughout the course of the experiment, with a
peak of inflammation on day 35 (2 weeks postboost). Inflam-
mation induced by KBMA Sterne2 was indistinguishable from
that with Sterne4 with the exception that there was slightly
increased inflammation after immunization with Sterne2 at day
28 (not shown). These data demonstrated that the degree of
inflammation induced by vaccination with KBMA B. anthracis
was less pronounced and persisted for a shorter time than that
after vaccination with rPA and alhydrogel or live Sterne
spores.

Vaccination with KBMA B. anthracis protects rabbits from
lethal bronchial instillation challenge with Ames spores.
While mice can be used to determine the immunogenicity of
vaccine candidates, they are a poor model of protection against
encapsulated strains of B. anthracis (22, 60). A rabbit model of
pulmonary anthrax has been developed because the pathology
of the disease caused by virulent encapsulated B. anthracis
resembles that in nonhuman primates and humans (17, 66).
We evaluated the ability of KBMA Sterne4 vaccine to confer
protective immunity in rabbits against a lethal bronchial-instil-
lation challenge with spores of the fully virulent Ames strain of
B. anthracis (Fig. 5). Rabbits were vaccinated i.m. two times,
separated by 4 weeks, with 500 �l of AVA or three different
dose levels of KBMA Sterne4 (5 �108, 2 � 109, or 1 � 1010

particles) with the same prime-boost immunization regimen.
The circulating anti-PA IgG titer and the levels of LeTx-neu-
tralizing activity in serum were measured, and the animals
were challenged with a lethal dose of Ames spores 4 weeks
after the boost vaccination. All three doses of KBMA Sterne4

induced robust anti-PA and toxin-neutralizing titers (Fig. 5A
and B). The anti-PA and toxin-neutralizing titers elicited by
AVA vaccination were approximately 10-fold higher than for
KBMA vaccination after the boost. Rabbits immunized with all
three dose levels of KBMA vaccine or with AVA were com-
pletely protected against a pulmonary Ames spore challenge
that was 131 times greater than the LD50 (Fig. 5C). We have
also observed that rabbits vaccinated twice with109 KBMA
Sterne2 and exposed to doses up to 9.8 � 108 Ames spores
(140,000 times the LD50) were 100% protected (data not
shown). These data demonstrate that while AVA induced
higher-titer anti-PA responses, KBMA B. anthracis afforded

complete protective immunity in rabbits against a vigorous
challenge.

Vaccination with KBMA B. anthracis protects guinea pigs
from lethal intranasal Ames spore challenge. Guinea pigs have
also been utilized as a model for anthrax protection studies.
Guinea pigs are less consistently protected by AVA vaccina-
tion (17) but appear to be more completely protected by live
Sterne spore vaccination (36). We evaluated the ability of
KBMA Sterne2 vaccine to confer protective immunity in
guinea pigs against lethal intranasal challenge with Ames
spores. Hartley guinea pigs were vaccinated i.m. in a 4-week
prime-and-boost regimen with 200 �l of AVA or 4 � 109

particles of KBMA Sterne2. As in rabbits, AVA induced
anti-PA titers that were significantly higher than in KBMA
Sterne2-immunized animals (Fig. 6A). Anti-PA responses in-
duced by vaccination with Sterne2 and Sterne4 vaccines in
guinea pigs were indistinguishable (data not shown). Upon
challenge with 50 times the intranasal LD50 of Ames spores,
33% of the animals vaccinated with AVA survived, and 50% of
the animals vaccinated with KBMA B. anthracis survived (Fig.
6B). The survival benefit, while incomplete, was statistically
significant compared with vehicle alone (P � 0.01). The ob-
served survival difference between the KBMA and AVA
groups was not statistically significant. Similar results (incom-
plete protection that was not statistically different between
AVA and KBMA) were also observed when guinea pigs were
challenged with 10 times the LD50 of Ames spores (data not
shown). These data demonstrated that KBMA B. anthracis
vaccines protected against a lethal Ames spore challenge even
in an animal model in which the correlates of protection are
not as well established as in rabbits. Collectively, the vaccine
potency studies conducted in this investigation demonstrate
that KBMA B. anthracis vaccines confer significant protective
immunity against lethal B. anthracis challenge in three animal
species and elicit antibodies against the known correlate of
protection (PA), as well as other bacterial determinants.

DISCUSSION

In this study, we demonstrated that mutant B. anthracis
strains engineered to be asporogenic and NER deficient are
exquisitely sensitive to photochemical inactivation with S-59
psoralen and UVA light. The inactivated vaccine candidates
maintained metabolic activity and secreted PA, LF, and EF
antigens. While all of the KBMA vaccine strains were avirulent
in mice, the potential safety profile of the vaccine was im-
proved by mutating EF and LF toxin components, which ren-
dered the live (i.e., not photochemically inactivated) vaccine
strain avirulent but retained the antigenicity of these toxins.
After an immunization regimen consisting of a prime and a
single boost in mice, rabbits, and guinea pigs, KBMA B. an-
thracis vaccines elicited potent toxin-neutralizing and humoral
antibody responses against multiple bacterial proteins. The
degree to which this broad spectrum of antigens contributes to
the protective response has yet to be determined, but vaccina-
tion with KBMA B. anthracis provided 100% protection in
mice against a lethal Sterne spore challenge and in rabbits
against a lethal Ames spore challenge. Together, these data
demonstrate that KBMA B. anthracis vaccines provide a broad
and protective immune response. The protection observed was
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FIG. 4. KBMA vaccine induces less inflammation than rPA and alhydrogel. BALB/c mice were vaccinated on day 0 and day 21 with HBSS containing a trace
amount of India ink (A), 1 � 108 KBMA Sterne4 vegetative cells (B), 1 � 107 live Sterne spores (C), or 10 �g rPA (D). Individual mice were sacrificed at 2 h
(day zero) and 1, 3, 5, 7, 14, and 21 days after the prime vaccination and 1, 7, and 14 days after the boost vaccination. The quadriceps muscle was dissected and
stained with hematoxylin and eosin. (A) The severity of inflammation was scored based on three parameters: infiltration of neutrophils (acute cells) and
mononuclear cells (chronic cells) and myocyte damage (0 � normal; 1 � minimal; 2 � mild; 3 � moderate; 4 � severe). Thus, total inflammation scores are
represented on a scale of 0 to 12. (B) Stained sections from day 35 muscles (14 days postboost) were visualized by transmitted-light microscopy.
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similar to that of other, previously described vaccines: rPA, live
Sterne spores, and the licensed anthrax vaccine AVA. Neither
AVA nor KBMA B. anthracis provided full protection against
a lethal Ames spore challenge in guinea pigs. AVA has been
shown to provide incomplete protection against Ames spore
challenge in this model, but for unknown reasons, AVA is
more protective against other challenge strains, such as
Vollum1b (17, 66). Comparison of KBMA B. anthracis and
AVA in a challenge model using such a strain may allow a
better comparison of the protective efficacies of these vaccines.

Numerous vaccination strategies have been developed to
prevent B. anthracis infection. To date, the only vaccine li-

FIG. 5. Vaccination with KBMA Sterne4 protects rabbits from a
lethal pulmonary Ames spore challenge. New Zealand White rabbits
were vaccinated i.m. on day 0 and day 28 with HBSS, KBMA Sterne4,
or 500 �l AVA. (A) Serum samples were obtained 14 days prior to and
21 days after the boost vaccination (black bars) and analyzed for
anti-PA IgG titers by ELISA. (B) A toxin-neutralizing antibody assay
was performed on pooled samples from the same animals. (C) Four
weeks after the boost vaccination, all animals were challenged with
9.20 � 105 Ames spores (131 times the LD50) via bronchoscope instil-
lation, and survival was monitored for 2 weeks after challenge. The
data are representative of three independent rabbit challenge studies.
The error bars represent the 95% confidence interval. ***, P � 0.001;
ns, not significant.

FIG. 6. Vaccination with KBMA Sterne4 protects guinea pigs from
a lethal intranasal Ames spore challenge. Hartley guinea pigs were
vaccinated i.m. on day 0 and day 28 with HBSS, 4 � 109 particles of
KBMA Sterne2, or 200 �l AVA. (A) Serum samples were obtained 14
days prior to (white bars) and 21 days after the boost vaccination
(black bars) and analyzed for anti-PA IgG titers by ELISA. (B) Four
weeks after the boost vaccination, the animals were challenged intra-
nasally with 1.48 � 108 Ames spores. Survival after vaccination with
Sterne2 or AVA was statistically different from the HBSS control (**,
P � 0.01) but not statistically different from each other. The data are
representative of two independent guinea pig challenge studies. The
error bars represent the 95% confidence interval. *, P � 0.05; ***,
P � 0.001.
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censed for human use in the United States is AVA, which is
composed of B. anthracis culture filtrate from a toxinogenic
strain that is adsorbed to aluminum hydroxide as an adjuvant.
While AVA is a potent stimulator of toxin-neutralizing immu-
nity, it is poorly characterized and frequently reactogenic (38,
50). Additionally, the results from the first clinical trial with
rPA102 demonstrated that it has a higher rate of systemic
reactogenicity than AVA (19). The reactogenicity of these
vaccines is likely due to the use of aluminum hydroxide as an
adjuvant. KBMA vaccines may not require adjuvants because
the metabolically active bacteria produce a repertoire of im-
munomodulatory molecules sufficient to induce a protective
immune response. The decrease in the severity and duration of
inflammation in the muscles of mice vaccinated with KBMA B.
anthracis compared to mice vaccinated with rPA provides early
evidence that the KBMA vaccine may induce a low level of
reactogenicity. There are numerous other anthrax vaccines in
development that combine rPA with adjuvants other than alu-
minum hydroxide that may also reduce the reactogenicity of
rPA-based vaccines, but the reactogenicities of these vaccines
have not been described (25, 45, 55, 63).

While PA-targeted antibodies provide protection in rabbit
and nonhuman primate models, B. anthracis pathogenesis is
not solely a function of anthrax toxins. This point is substan-
tiated by observations that anti-PA responses do not always
correlate with protection in all animal models. Anthrax vac-
cines that elicit immune responses against multiple antigenic
targets may be conceptually desirable for human development.
The �DPGA capsule is also a major virulence determinant. In
mice, encapsulated B. anthracis strains that do not express PA
are as virulent as wild-type strains, and anti-PA responses
provide no protection against encapsulated strains (22, 59).
The presence of capsule and other less well characterized vir-
ulence determinants raise concern about relying solely on an
antibody response against a single protective antigen. In a
biodefense setting, it is important to consider that weaponized
strains could be engineered to subvert a vaccine based on a
single antigen. Under these extreme circumstances, an rPA-
based vaccine may provide less protective benefit. In order to
provide the highest degree of immunity against potentially
weaponized strains of B. anthracis, however, live or KBMA
whole-cell vaccines may enhance protection due to induction
of a broader repertoire of immune responses against B. an-
thracis antigens. The live Sterne strain is commonly used in
livestock to protect against environmental exposure to B. an-
thracis spores, but the organism secretes active toxins, remains
highly virulent in mice, and is reactogenic. Brossier et al. (10)
have developed EF- and LF-inactive live vaccine strains that
provide modest protective immunity against a lethal dose of
spores of a toxinogenic encapsulated strain in mice. This live-
attenuated strain can be formulated as a spore, and thus, it can
be prepared as a highly stable vaccine. However, the bacteria
can still grow and therefore could potentially cause disease in
an immunocompromised host. This potential for infection is
overcome by the use of KBMA vaccines.

For continued development, possible practical limitations of
KBMA B. anthracis vaccines may need to be addressed. To
achieve complete photochemical inactivation, the bacteria
must be asporogenic, making the vaccine inherently less stable
than spore-based vaccines. While loss of stability can be over-

come by storage at �80°C, this is not a suitable formulation for
stockpiling. We are currently in the process of developing dried
formulations of KBMA B. anthracis vaccine that maintain met-
abolic activity after storage at elevated temperatures. Addi-
tionally, the prototype KBMA vaccine does not encode spore
antigens, which may contribute to protection (9, 18). Another
factor that may contribute to protective immunity is anticap-
sule immunity (28). It has been demonstrated that conjugation
of �DPGA to proteins (including PA) induces high anticapsule
titers (45, 63), but these protein conjugates are still limited in
the number of antigens that are presented. Both AVA and
KBMA vaccines failed to protect against a lethal atoxigenic
encapsulated challenge (data not shown). Since the KBMA B.
anthracis vaccine is attenuated genetically by inactivation of
the toxins and by photochemcial cross-linking of the DNA, it
would be possible to produce a KBMA B. anthracis vaccine
that is encapsulated (6), but addition of pXO2 it would make
it a select agent and unlikely to be acceptable for development.
However, chemical conjugation of capsular polypeptides to
KBMA vaccines could overcome this limitation but would
complicate manufacturing processes.

We have previously demonstrated that KBMA L. monocy-
togenes vaccine elicits potent protective cell-mediated immu-
nity (7). In this study, we demonstrated that KBMA B. anthra-
cis vaccines elicit potent protective humoral immunity.
Together, these studies have demonstrated that bacterial
pathogens formulated as KBMA vaccines maintain the ability
to induce the protective response in a manner that is similar to
that of the live organism. This does not hold true for vaccines
killed by traditional methods, primarily because they lose their
ability to secrete key determinants of protection (e.g., listerio-
lysin O or PA) (2). These studies suggest that the KBMA
vaccine strategy is broadly applicable to bacterial pathogens
and can be applied to diseases for which the correlates of
immunity are unknown.
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