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Bacillus cereus strains harboring a pXO1-like virulence plasmid cause respiratory anthrax-like disease in humans, particularly
in welders. We developed mouse models for intraperitoneal as well as aerosol challenge with spores of B. cereus G9241, harbor-
ing pBCXO1 and pBC218 virulence plasmids. Compared to wild-type B. cereus G9241, spores with a deletion of the pBCXO1-
carried protective antigen gene (pagA1) were severely attenuated, whereas spores with a deletion of the pBC218-carried protec-
tive antigen homologue (pagA2) were not. Anthrax vaccine adsorbed (AVA) immunization raised antibodies that bound and
neutralized the pagA1-encoded protective antigen (PA1) but not the PA2 orthologue encoded by pagA2. AVA immunization pro-
tected mice against a lethal challenge with spores from B. cereus G9241 or B. cereus Elc4, a strain that had been isolated from a
fatal case of anthrax-like disease. As the pathogenesis of B. cereus anthrax-like disease in mice is dependent on pagA1 and PA-
neutralizing antibodies provide protection, AVA immunization may also protect humans from respiratory anthrax-like death.

Several cases of severe or fatal respiratory disease have been
reported in the United States where sputum, bronchoalveolar

lavage, or postmortem samples revealed the presence of Bacillus
cereus strains with pXO1-like virulence plasmids (1–5). For most
of these cases, occupational records included welding, which may
predispose humans to respiratory infections with B. cereus (1). In
comparison with respiratory anthrax (6), the clinical course of
anthrax-like disease is similarly fulminant, and most cases are re-
vealed by postmortem diagnosis (3–5). Geographical restriction
of clinical cases to Louisiana and Texas suggests that welders in the
southern United States may be at risk of acquiring respiratory B.
cereus infections (3). We therefore tested the hypothesis that a
preventive strategy for B. cereus-induced respiratory anthrax-like
disease can be developed.

B. cereus and Bacillus anthracis are close relatives and belong to
the Bacillus cereus sensu lato group (7). B. anthracis is unique
among the B. cereus group due to its ability to cause anthrax in
animals and humans (8). Anthrax is transmitted by spores, which
germinate and replicate as vegetative forms throughout many or-
gan systems (8, 9). All clinical isolates of B. anthracis harbor two
large plasmids, pXO1 and pXO2 (10, 11). pXO1 harbors genes for
protective antigen (pag) (12), lethal factor (lef) (13), and edema
factor (cya) (14). The secreted gene products function together as
anthrax toxins to kill immune cells or promote tissue edema (15).
Following association with its host cell receptors (16, 17), protec-
tive antigen (PA) is cleaved, which triggers assembly of a heptam-
eric pore for transport of lethal factor and edema factor into host
cells (18–20). pXO2 provides for the expression of the poly-D-�-
glutamic acid (PDGA) capsule (10, 21), which endows bacilli with
resistance to opsonophagocytic clearance during infection (22, 23).

Most B. cereus isolates lack anthrax toxin (pXO1) and PDGA
capsule (pXO2) plasmids and cause human disease in both immu-
nocompromised as well as healthy individuals (24–26). The emer-
gence of anthrax-like disease has focused research efforts on B.
cereus G9241, a strain that was isolated from a severe case of respi-
ratory disease (2). Genome sequencing of B. cereus G9241 revealed

the presence of two plasmids, pBCXO1 and pBC218, as well as the
prophage lin29 (2). pBCXO1 exhibits a high level of synteny with
B. anthracis pXO1 and includes the toxin genes pagA1, lef1, and
cya1. In contrast, pBC218 is unique and does not display synteny
to other known B. cereus group plasmids (2).

Following intraperitoneal injection, B. cereus G9241 spores
cause anthrax-like disease in C57BL/6 mice, and the disease is
dependent on each of the two virulence plasmids (27). The depen-
dence on pBCXO1 can in part be explained as the requirement for
protective antigen (PA1): pagA1 mutant spores are severely atten-
uated in the intraperitoneal challenge model (27). Further, the
hasACB cluster on pBCXO1 provides for the synthesis of the B.
cereus hyaluronic acid capsule (27). pBC218 harbors the bpsX-H
genes, whose products synthesize a second capsule that, together
with hasACB, is essential for B. cereus G9241 escape from phago-
cytic clearance (27). pBC218 also carries pagA2 and lef2 (2).
PagA2, an orthologue of PagA1 (PA), has been hypothesized to
translocate Lef2 (CerADPr), an ADP-ribosyltransferase, into host
cells (2, 28). However, the contributions of pagA1 and pagA2 to B.
cereus G9241-mediated respiratory anthrax-like disease have not
been studied. These questions are addressed here in an effort to
test whether a protective antigen-derived vaccine can protect
against B. cereus G9241 respiratory disease.
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MATERIALS AND METHODS
Bacillus cereus growth and spore preparation. B. cereus G9241 was ob-
tained from the Biodefense and Emerging Infections Research Program
(BEI). B. cereus Elc4 was isolated from a fatal case of respiratory anthrax-
like disease in Texas (4). B. cereus G9241, its mutants, and B. cereus Elc4
were grown in tryptic soy broth (TSB) or propagated on tryptic soy agar
(TSA). Kanamycin (Kan) was added at a concentration of 50 �g ml�1 for
Escherichia coli and B. cereus to retain plasmids or select for mutant alleles.
For spore preparations, B. cereus strains were inoculated into TSB and
grown overnight at 30°C. Bacilli were diluted into modG medium (29) or
2� SG medium (30) and grown at 200 rpm and 30°C for at least 4 days.
The cultures were heated at 68°C for 150 min to kill the remaining vege-
tative cells. Spore preparations were then washed and suspended in water.
Ten-fold serial dilutions were spread on Luria-Bertani (LB) agar followed
by incubation and enumeration of CFU. The purity and extent of sporu-
lation were assessed by phase-contrast microscopy. Experiments with B.
cereus G9241 and Elc4 were conducted according to protocols that had
been reviewed and approved by the Institutional Biosafety Committee at
the University of Chicago. The experimental work was carried out in
biological safety level 3 containment laboratories at the Howard Taylor
Ricketts Laboratory.

Bacillus cereus G9241 mutants. Construction of the B. cereus G9241
pagA1 mutant has been previously described (27). The pagA2 deletion
mutant was generated with the temperature-sensitive replication plasmid
pLM4 (31). PCR products derived from the primer pairs P205 (TTTGAA
TTCAGATGCAGCATTGCAAAAGTC)/P206 (TTTGCTAGCCAGCTA
ATAATGGGATGAATAC) and P207 (AAAGCTAGCGTTTTAGTCCTT
TCGCTAAAGAAATAA)/P208 (TTTGGTACCCAAATACAATAAACTA
CCCTC) were inserted into pLM4 via its EcoRI, NheI, and KpnI
restriction sites (31). This generated pSY109, which carries the mutant
pagA2 allele. Plasmids were electroporated into B. cereus G9241 via a pre-
viously established protocol (32). Transformants were screened and ver-
ified for allelic replacement as described in an earlier report (27).

Purification of the D1 and D4 domains of PA2. The coding sequences
for the PA2 D1 and D4 domains were amplified with the primers p288
(AAAGGATCCACAACGCAAGAGGACAG)/p289 (AAAGAATTCTTA
TTACGAAGCAGTGCTCC) and p286 (AAAGGATCCTTCCGTTATGT
GGATGGG)/p287 (AAAGAATTCTTATTTCTTTAGCGAAAGG) by us-
ing B. cereus G9241 genomic DNA as a template. PCR products were
cleaved with BamHI and EcoRI, inserted into pGEX-2T to generate
pSY140 (GST-D1PA2) and pSY141 (GST-D4PA2). GST-D1PA2 and GST-
D4PA2 were purified by affinity chromatography using a protocol devel-
oped for the D4 domain of B. anthracis PA (GST-D4PA) (33).

Immunoblotting. B. cereus cultures were grown in TSB supplemented
with 0.8% sodium bicarbonate. Cultures were centrifuged, and the super-
natant was precipitated with 9% trichloroacetic acid (TCA). TCA precip-
itates were washed in acetone and dried, and proteins were solubilized in
50 �l sample buffer. Proteins were separated on SDS-PAGE, transferred to
polyvinylidene difluoride membrane and probed with guinea pig anti-
bodies specific for B. anthracis PA (33).

Toxin neutralization assay. J774A.1 murine macrophages were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum and 1% Glutamax (Gibco). Cells were seeded
in 96-well tissue culture dishes (Corning) at a concentration of 1 � 104

cells/well and incubated at 37°C with 5% CO2. Approximately 2 � 105

cells/well were washed with prewarmed DMEM prior to use. Purified
recombinant lethal toxin (LT), i.e., PA and lethal factor (LF), were pur-
chased from List Biologicals (Campbell, CA). LT was reconstituted from
equimolar amounts of PA and LF. Pooled serum from either mock-im-
munized (phosphate-buffered saline [PBS]) or anthrax vaccine adsorbed
(AVA)-immunized mice was incubated with 0.1 �g of LT for 20 min at
room temperature. LT or LT-serum mix was transferred to J774A.1 cells.
After 3 h of incubation at 37°C with 5% CO2, cell viability was determined
via the lactate dehydrogenase (LDH)-based cytotoxicity detection kit
(Roche) according to the manufacturer’s protocol.

Animal models of B. cereus infection. Animal experiments were con-
ducted according to protocols that had been reviewed and approved by
the Institutional Animal Care and Use Committee at the University of
Chicago. All infections were carried out in animal biological safety level 3
containment laboratories at the Howard Taylor Ricketts Laboratory.
C57BL/6 female mice were housed in cages with HEPA filters and infected
at 8 to 9 weeks of age. Infected animals were monitored at 8- to 12-h
intervals for survival or a moribund state (inability to remain upright,
weight loss, nonresponsive to touch) for 14 days. Moribund animals were
euthanized by inhalation of compressed CO2, subjected to necropsy, and
their spleen, liver, kidneys, and lungs were removed. Sections of organ
tissue were immediately fixed by submersion in 10% neutral-buffered
formalin and embedded in paraffin. Samples were submitted to the Uni-
versity of Chicago Animal Pathology Core for serial 4-�m sections and
staining with hematoxylin-eosin. Tissue samples were viewed by light
microscopy, and images were acquired with a cooled charge-coupled-
device camera. Organ samples isolated during necropsy were also homog-
enized in PBS with or without heat treatment (68°C for 30 min), serially
diluted, and plated on TSA to enumerate the load of vegetative bacilli and
spores as CFU. Alternatively, samples were fixed with neutral buffered
formalin and stained with India ink to visualize the capsule of bacilli. All
animal infection experiments were repeated at least once, and represen-
tative data are shown. Experimental protocols were reviewed, approved,
and performed under regulatory supervision of The University of Chica-
go’s Institutional Biosafety Committee (IBC). Animals were managed by
the University of Chicago Animal Resource Center. Animals that were
judged to be moribund were euthanized with CO2. For intraperitoneal
(i.p.) challenge, mice were given a spore 1 � 105 B. cereus spore suspension
in 100 �l PBS. The spore inoculum was serially diluted and spread on agar
plates to enumerate the challenge dose.

Aerosol challenge. For aerosol challenge, mice were exposed to aero-
solized spores of B. cereus G9241 in distilled water with 0.01% Tween 80 by
using a nose-only inhalation exposure system (CH Technologies, NJ) op-
erated inside a class III biosafety cabinet. Spores were aerosolized with a
six-jet collision nebulizer holding 8 ml of inoculum suspension in its
liquid reservoir. Up to 22 animals were held in restraint tubes attached to
their respective inhalation ports of the exposure chamber, which was op-
erated under continuous negative pressure relative to the biosafety cabi-
net. In addition, two ports were utilized for real-time measurement of
aerosol particle size and particle collection via a Teflon impinger. Prior to
challenge, mice were supplied with fresh air for 10 min to allow their
respiratory rates to normalize. Exposure was initiated by directing the
airflow to the nebulizer for 10 or 20 min. Particle size distribution of the
aerosol was registered using an aerodynamic particle sizer spectrometer
(Promo 2070; Pallas GmbH, Germany). Viable spore exposure was deter-
mined by collecting aerosol with a Teflon impinger and plating the im-
pinger reservoir liquid on LB agar for CFU counts. Immediately following
exposure, 2 mice were euthanized with CO2 and necropsied; their lungs
were homogenized and plated for colony formation to determine the
number of organisms that had been deposited into lung tissues. Typically,
cohorts of 20 infected mice per experiment were monitored for survival.
To measure bacterial dissemination, mice were euthanized at variable
time points following exposure. Lungs and spleens were removed during
necropsy, homogenized, and plated on LB agar for CFU enumeration. In
order to distinguish between spores and bacilli, a fraction of each tissue
homogenate was heat treated at 68°C for 30 min to kill vegetative bacilli.
Heat-treated and untreated samples were serially diluted and plated for
CFU determination. The bacterial detection limit in animal tissues was
determined to be 100 CFU.

AVA immunization. Groups of female C57BL/6 mice (n � 10) were
immunized on days 1 and 15 by intramuscular injection into the hind leg
with 0.1 ml of AVA (Biothrax), the aluminum hydroxide-adsorbed pre-
cipitate of B. anthracis V63340 77/-NP1-R (pXO1� pXO2�) culture su-
pernatants (34). Animals were bled on day 25 to measure serum antibody
titers, prior to challenge on day 29. Levels of mouse serum immunoglob-
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ulin G (IgG) reactive with PA were determined by enzyme-linked immu-
nosorbent assay (ELISA) as described previously (33).

Statistical analysis. Data were processed using GraphPad Prism 5.0
software to generate graphs for statistical analyses. Bacterial load data
were analyzed for statistical significance with the two-tailed Student t test.
Comparisons of survival between two groups were evaluated with the log
rank test. Data from cytotoxicity experiments were analyzed with an un-
paired t test with Welch’s correction.

RESULTS
B. cereus G9241 harbors two orthologues of the protective anti-
gen gene. In response to a bicarbonate signal during host infec-
tion, B. anthracis synthesizes and secretes PA, LF, and edema fac-
tor (EF) (9, 35). PA is a major virulence factor of B. anthracis and
is also the principal immunogen of AVA (BioThrax) (36). Similar
to B. anthracis pXO1, B. cereus G9241 pBCXO1 harbors genes for
protective antigen (pagA1), lethal factor (lef1), and edema factor
(cya) (Fig. 1A). Furthermore, B. cereus G9241 pBC218 harbors an
orthologue of pagA, here designated pagA2, as well as a paralogue
of lef, here designated lef2. Comparison of amino acid sequences
via BLAST (37) revealed that B. cereus PA1 is a close relative of B.
anthracis PA, with 99.6%, 99.7%, 99%, and 100% amino acid
identities for protective antigen domains 1 to 4, respectively (Fig.
1B). PA2, on the other hand, is more distantly related to either

PA1 or PA and displayed 61%, 70%, 59%, and 45% amino acid
identities with protective antigen domains 1 to 4 (Fig. 1B).

By using allelic replacement, the pagA2 open reading frame was
deleted from pBC218. Under conditions of vegetative growth, the
B. cereus �pagA2 mutant replicated at the same rate as the wild-
type parent or the �pagA1 mutant strain. Following starvation,
�pagA2 bacilli formed spores at a similar rate as the wild type and
�pagA1 mutant B. cereus. To measure protective antigen synthesis
and secretion, B. cereus G9241 cultures were induced for toxin and
capsule expression by the addition of bicarbonate. Deletion of the
pagA1 or pagA2 gene did not interfere with B. cereus G9241 cap-
sule formation (data not shown). Following centrifugation of B.
cereus cultures, proteins in the extracellular medium were re-
moved with the supernatant, precipitated with TCA, and analyzed
by immunoblotting (Fig. 1C). PA-specific antibodies detected
PA1 secreted into the extracellular medium of B. cereus G9241
cultures. Deletion of the pagA2 gene did not affect PA1 secretion
(Fig. 1C). As expected, deletion of the pagA1 gene abrogated the
expression of protective antigen, as PA1 was not detected in the
extracellular medium of �pagA1 mutant cultures (Fig. 1C). As a
test of whether PA-specific antibodies recognize PA2, we ex-
pressed and purified two recombinant hybrids, GST-D1PA2 and
GST-D4PA2, with a fusion of the D1 or D4 domains of PA2
(pagA2) to glutathione S-transferase (GST). Antibodies directed
against GST bound to purified GST-D1PA2, GST-D4PA2, and to the
GST-D4PA control. In contrast, antibodies raised against purified
PA bound GST-D4PA (which is identical to D4PA1), but not GST-
D4PA2, and associated only weakly with GST-D1PA2 (Fig. 1D).
Thus, PA-specific antibodies recognize B. cereus PA1 but do not
significantly cross-react with PA2.

B. cereus G9241 pagA1, not pagA2, contributes to virulence
in mice. Spores were derived from B. cereus G9241 as well as the
�pagA1 and �pagA2 mutant strains. When 1 � 105 spores were
inoculated into the peritoneal cavity of C57BL/6 mice (n � 10), all
animals challenged with B. cereus G9241 succumbed to infection
within 4 days (Fig. 2A). In contrast, only two animals that were
challenged with the �pagA1 mutant strain succumbed to infec-
tion, one on day 4 and another on day 11 (wild type versus
�pagA1, P � 0.0001) (Fig. 2A). Animals challenged with the
�pagA2 mutant succumbed at a similar rate as the cohort infected
with wild-type B. cereus G9241 (wild type versus �pagA2, P �
0.5078) (Fig. 2A). Moribund animals were euthanized and nec-
ropsied. Tissue samples from the spleen, kidney, liver, and lung
were homogenized, and bacterial load was determined as the CFU
(Fig. 2B). Mice infected with B. cereus G9241 harbored high num-
bers of vegetative forms in the spleen (	108 CFU) as well as 106 to
108 CFU in kidney, liver, and lung tissues (Fig. 2B). Pathogen load
in host tissues was similar for animals that had been challenged
with the �pagA2 mutant strain (Fig. 2B). The bacterial load in
moribund animals harboring �pagA1 bacilli was reduced by 2 to 4
log10 CFU (wild type versus �pagA1, P � 0.0001) (Fig. 2B).

Histopathology of anthrax-like disease caused by B. cereus
G9241 wild-type, �pagA1, or �pagA2 mutant strains. Tissue
samples of infected mice were fixed with formalin, embedded,
thin sectioned, and stained with hematoxylin-eosin (Fig. 3). B.
cereus G9241 infection resulted in massive replication of encapsu-
lated bacilli in the spleen, predominantly in splenic sinuses (red
pulp), but also infiltrating the lymphoid tissue (white pulp)
(Fig. 3A). Histopathological disease features included large num-
bers of encapsulated bacilli with sparse infiltrations of phagocytes.

FIG 1 B. cereus G9421 virulence plasmids harbor two protective antigen or-
thologues. (A) B. cereus G9241 virulence plasmid pBCXO1 harbors anthrax
toxin genes pagA1 (protective antigen, PA1), lef1 (lethal factor), and cya
(edema factor). The B. cereus G9241 virulence plasmid pBC218 harbors genes
for expression of BPS capsule as well as pagA2 (protective antigen, PA2) and
lef2 (encoding the ADP-ribosylase CerADPr) (28). (B) The amino acid iden-
tities between Bacillus anthracis PA and B. cereus PA1 and PA2 were revealed
with BLAST searches (37) and are listed for each of its four domains (D1 to D4)
(60). (C) The extracellular medium of B. cereus G9241 wild type or its �pagA1
and �pagA2 mutants was precipitated with TCA and subjected to immuno-
blotting with PA-specific antibodies. (D) Purified GST hybrids with the N-ter-
minal end of the D1 or D4 domain of PA2 or the D4 domain of PA were
subjected to immunoblotting with PA- or GST-specific antibodies. In the right
panel, the concentrations of GST-D1PA2 and GST-D4PA2 were 500-fold higher
than that of GST-D4PA.
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Histopathological analysis of lung tissues revealed the interstitial
replication of encapsulated bacilli in addition to a moderate
phagocytic infiltration (Fig. 3D). In contrast, �pagA1 mutant ba-
cilli displayed fewer signs of bacterial invasion and stronger im-
mune responses. The histopathology of the spleen was dominated
by massive invasion of polymorphonuclear leukocytes with few
encapsulated bacilli (Fig. 3B). Similarly, the histopathology of
lung tissues presented massive phagocytic infiltrates with few
�pagA1 mutant bacilli (Fig. 3E). Animals infected with �pagA2
mutant bacilli displayed histopathological lesions in the spleen
and lung tissues that were indistinguishable from those caused by
wild-type B. cereus G9241 (Fig. 3CF).

AVA-immunized mice are protected against B. cereus G9241
challenge. We hypothesized that AVA immunization, which
raises PA-specific serum IgG protective for anthrax disease (34,
36), would protect animals against B. cereus-mediated anthrax-
like disease. To test this, cohorts of C57BL/6 mice (n � 10) were
immunized by intramuscular injection of 100 �l AVA by using a
prime-booster regimen with a 14-day interval between injections.
Ten days following the booster, immune sera were analyzed for
the presence of PA-specific antibodies (IgG) via enzyme-linked
immunosorbent assay. An average titer of 11,169 (
349 [standard
error]) PA-specific IgG was determined in AVA-immune serum.
PA-specific antibodies were not detected in mock (PBS)-immu-
nized animals. To examine whether or not these antibodies neu-
tralize anthrax toxin, purified PA and LF were mixed. Reconsti-
tuted LT was incubated for 20 min in the presence or absence of
immune sera and was then added for 3 h to J774A.1 macrophages
(Fig. 4A). LT (0.1 �g) lysed 77.5% (
5%) of 2 � 105 J774A.1 cells,
as measured with the LDH release assay (Fig. 4A). When mixed
with pooled serum from mock (PBS)-immunized animals, no sig-

nificant reduction in LT toxicity for J774A.1 cells was observed
(no serum treatment versus PBS immune serum, P � 0.1807)
(Fig. 4A). However, incubation of LT with AVA-immune serum
neutralized most of its toxin activity, as only 10.05%
(
3.891%) of J774A.1 cells were lysed following the 3-h incu-
bation period (no serum treatment versus AVA immune se-
rum, P � 0.0006) (Fig. 4A).

Immunized mice were challenged via intraperitoneal injection
with 1 � 105 spores derived from B. cereus G9241 wild-type or
�pagA1 mutant strains (Fig. 4B). Compared to mock (PBS)-im-
munized animals, which died on days 2 to 5 following spore in-
jection, AVA immunization afforded complete protection against
B. cereus G9241 challenge (PBS versus AVA, P � 0.0001) (Fig. 4B).
AVA immunization did not affect the outcome of the B. cereus
�pagA1 spore challenge, as mock-immunized mice displayed a
similar survival rate as cohorts receiving AVA vaccine (PBS versus
AVA, P � 0.3173) (Fig. 4B).

Moribund animals as well as survivors at the end of their ob-
servation period were euthanized and necropsied. Tissue homog-
enates from the spleens and lungs of infected animals revealed
average loads of 9.9 � 107 and 1.5 � 107 CFU B. cereus G9241 in
PBS (mock)-immunized mice, respectively (Fig. 4C). As expected,
the bacterial load of mock-immunized animals receiving the
�pagA1 spore challenge was reduced, i.e., 9.1 � 104 CFU in the
spleen and 1.0 � 105 CFU in lung tissues (Fig. 4C). Of note, AVA-
immunized animals harbored 1.3.�102 CFU B. cereus G9241 and
66.7 CFU �pagA1 bacilli in their organ tissues (Fig. 4C). These
data suggest that AVA-induced PA-specific antibodies provide
cross-protection against B. cereus G9241 by neutralizing secreted
PA1. As reported before, PA-specific antibodies cannot confer
sterilizing immunity, because the antibodies cannot trigger op-
sonophagocytic killing of bacilli (33). Nevertheless, neutralization
of PA1 via PA-specific antibodies ameliorates the pathogenesis of
B. cereus G9241 in the intraperitoneal spore challenge model and
allows injected animals to survive an otherwise lethal challenge.

AVA immunization protects against B. cereus Elc4 spore
challenge. We wondered whether AVA immunization provides
universal protection against respiratory anthrax-like disease
caused by virulent B. cereus strains. B. cereus Elc4 was isolated
from a fatal case of respiratory anthrax-like disease (4). When
tested in the mouse model of intraperitoneal challenge, 1 � 105 B.
cereus Elc4 spores caused lethal disease in 70% of mock (PBS)-
immunized animals (Fig. 5A). For comparison, all mice chal-
lenged with a similar dose of B. cereus G9241 spores developed
anthrax-like disease and died (Fig. 5A). AVA-immunized mice
were fully protected from a lethal challenge with 1 � 105 spores of
either B. cereus G9241 or B. cereus Elc4 (B. cereus Elc4 PBS versus
AVA, P � 0.0012; B. cereus G9241 PBS versus AVA, P � 0.0001)
(Fig. 5A). In mock-immunized mice, the spores of B. cereus Elc4
germinated and disseminated from the site of infection to the
peripheral organ tissues, including the spleen, kidney, liver, and
lung. The tissue dissemination and organ load of vegetative forms
were similar for B. cereus Elc4 and B. cereus G2941 (Fig. 5B).

Histopathology of infected spleen tissues revealed large num-
bers of encapsulated B. cereus Elc4 bacilli in sinuses of the red pulp,
together with an infiltrate of granulocytes and macrophages (Fig.
6A). In lung tissues, encapsulated B. cereus Elc4 vegetative forms
were found as microcolonies in the interstitial space, presumably
within lung capillaries, together with a modest infiltrate of phago-
cytes (Fig. 6D). In AVA-immunized animals that had been chal-

FIG 2 PA1 contributes to the pathogenesis of B. cereus G9241 anthrax-like
disease in mice. (A) Survival of C57BL/6 mice (cohorts of 10 animals) follow-
ing intraperitoneal injection of 1� 105 spores derived from B. cereus G9241 or
its �pagA1 and �pagA2 mutant strains. (B) The bacterial loads in various
organ tissues of dead or moribund C57BL/6 mice infected with either wild-
type or �pagA1 or �pagA2 mutant B. cereus G9241 were quantified. Animals
were necropsied, organs (spleen, kidney, liver, and lung) were removed, and
tissue homogenates were spread on agar plates to enumerate colony forma-
tion. Data are representative of three independent experiments.
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lenged with B. cereus Elc4 spores, we observed infiltrates of gran-
ulocytes and macrophages in splenic sinuses but failed to detect
encapsulated bacilli (Fig. 6B). Similarly, we failed to detect B. ce-
reus Elc4 vegetative forms in lung tissues, although a moderate
infiltrate of granulocytes and macrophages could be detected in
the interstitial space (Fig. 6E). AVA immunization abolished the
appearance of encapsulated B. cereus G9241 in either spleen or
lung tissues. Histopathology revealed infiltrates of phagocytes in
splenic sinuses and the lung interstitium, similar to that observed
with B. cereus Elc4-challenged animals (Fig. 6C and F).

B. cereus G9241 causes respiratory anthrax-like disease in
mice. The pathogenesis of B. cereus respiratory anthrax-like dis-
ease in humans is initiated via the inhalation of spores (4). To
examine whether B. cereus G9241 causes respiratory anthrax-like
disease in mice, a suspension of spores was aerosolized in a Colli-
son 6-jet nebulizer (38) to infect the lung tissues of C57BL/6 mice,
individually immobilized in a nose-only exposure chamber. Dif-
ferent aerosol challenge doses of B. cereus G9241 spores were ob-
tained by varying the inoculum concentration between 1.0 � 108

and 2.0 � 1010 CFU/ml. Each challenge dose was experimentally
verified in euthanized animals by homogenizing lung tissues and
quantifying the spore load via enumeration of bacterial colonies
(CFU). At a challenge dose of 2.3 � 105 B. cereus G9241 spores, all
infected animals succumbed to respiratory anthrax-like disease
within 5 days. Most mice remained clinically asymptomatic until
12 to 18 h prior to death; at this time, moribund animals displayed
a gradual decrease in activity, labored gait, and were eventually
immobilized and unable to remain upright. Spore challenge doses
of 2.3 � 104, 1.3 � 104, and 4.3 � 103 precipitated lethal respira-
tory anthrax-like disease in 70%, 50%, and 20% of infected ani-
mals, respectively (Fig. 7A). From these data we derived a 50%

lethal dose (LD50) of 1.1 � 104 spores for B. cereus G9241 (39),
which is 20-fold higher than the LD50 for respiratory anthrax
caused by B. anthracis Ames spores (40) and 4-fold higher than the
LD50 for intraperitoneal challenge with B. cereus G9241 (27).

To monitor the progression of respiratory anthrax-like disease,
cohorts of C57BL/6 mice (n � 5) were euthanized and necropsied
0, 24, 48, and 72 h following infection. The load of B. cereus vege-
tative forms was determined in lung and spleen tissues. To evalu-
ate germination of B. cereus G9241 spores in lung tissues of in-
fected mice, the numbers of heat-resistant spores and heat-
sensitive vegetative forms were determined. At the time of
infection (0 h), mice harbored �0.1% vegetative forms in their
lung tissues. Thus, we did not observe high numbers of vegetative
forms in the lungs of animals that had been euthanized via CO2

inhalation, as has been reported for mice receiving an intratra-
cheal instillation of B. anthracis Ames spores (40); CO2 inhalation
has been reported to trigger germination of B. anthracis Ames
spores in lung tissues (40). B. cereus vegetative forms in lung tis-
sues increased to 60% and 93% of the bacterial load at 24 and 72 h
post-aerosol challenge, respectively (Fig. 7B). At the time of death,
	99.9% of bacilli in lung tissue were comprised of heat-sensitive
vegetative forms with a concomitant increase in the bacterial load
by 1 to 2 log10 CFU (Fig. 7B). The dissemination of vegetative
forms from the lung to the spleen commenced 24 h postinfection
(Fig. 7B). By 48 h, several animals harbored large numbers of
bacilli in their splenic sinuses. The pathogenesis of splenic an-
thrax-like disease caused by disseminating B. cereus G9241 was
completed by 72 h; at this time, most of the infected mice were
moribund (Fig. 7B). Organ tissues of infected animals were also
subjected to histopathological analysis. Shortly following aerosol
challenge, neither lung nor spleen tissues revealed pathological

FIG 3 Histopathology of B. cereus G9241 wild-type and �pagA1 or �pagA2 mutant disease in mice. C57BL/6 mice were infected with 1 � 105 spores of B. cereus
G9241 (A and D) or its �pagA1 (B and E) or �pagA2 mutant (C and F). Sections from infected spleen and lung tissues were fixed, thin sectioned, and stained with
hematoxylin-eosin. Tissue sections were viewed by light microscopy, and images of the spleen (A, B, and C) and lung (D, E, and F) were captured. Low-
magnification views are presented on the left, and higher magnifications of the same image are shown on the right of each panel.
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changes (Fig. 8A and B). We could not detect B. cereus G9241
spores in lung tissues, likely because the spores were too small and
sparse for detection. We also did not detect pathological changes
in lung or spleen tissues at 24 h following challenge (Fig. 8C and
D). Tissues obtained from animals that were euthanized 48 h fol-
lowing challenge revealed intra-alveolar and interstitial encapsu-
lated bacilli and phagocytic infiltrates in lung tissues (Fig. 8E).
Large numbers of encapsulated bacilli were detected in splenic
sinusoids (Fig. 8F). At 72 h, lung tissues harbored small areas of
hemorrhage in addition to encapsulated bacilli and phagocytic
infiltrates (Fig. 8G). At this time point, B. cereus G9241 was found
disseminated throughout splenic sinusoids (Fig. 8H). Thus, sim-
ilar to B. anthracis (23), B. cereus G9241 causes respiratory infec-
tions in mice and disseminates rapidly from lung tissues to other
organ systems, thereby triggering fatal anthrax-like disease.

AVA immunization protects mice against B. cereus G9241
respiratory anthrax-like disease. Cohorts of C57BL/6 mice (n �
10) were immunized by intramuscular injection with 0.1 ml of
AVA (BioThrax) or mock (PBS) control using a prime-booster
schedule as described above. Fourteen days following the booster,
mice were challenged via aerosol with either 3 � 105 B. cereus

FIG 4 AVA-immunized mice are protected against B. cereus G9241 challenge.
(A) Lethal toxin neutralization assay. Serum from mock (PBS)-immunized or
AVA-immunized C57BL/6 mice was incubated with 0.1 �g anthrax lethal
toxin (PA � LF), and the toxin-serum mix as well as a no-serum control
reaction mixture was transferred to 105 J774A.1 cells. Cell viability was moni-
tored with an LDH-based cytotoxicity assay after 3 h of incubation. (B)
C57BL/6 mice (n � 10) were immunized with a prime-booster regimen of
AVA or mock (PBS) in 14-day intervals. Animals were challenged by intraper-
itoneal inoculation with 1 � 105 spores derived from the B. cereus G9241 wild
type or its �pagA1 mutant, and survival was monitored. Data are representa-
tive of three independent experiments. (C) Bacterial loads in spleen and lung
tissues of immunized mice that had been infected with either B. cereus G9241
wild type or its �pagA1 mutant. The organs of mock-immunized mice were
removed during necropsy when animals were either dead or moribund. Tissue
homogenates were spread on agar plates to enumerate colony formation. Data
are representative of three independent experiments.

FIG 5 AVA immunization protects mice against B. cereus Elc4 spore challenge.
(A) C57BL/6 mice (n � 10) were immunized with a prime-booster regimen of
AVA or mock immunization (PBS) in 14-day intervals. Animals were challenged
by intraperitoneal inoculation with 1 � 105 spores derived from B. cereus Elc4 or
B. cereus G9241, and survival was monitored. Data are representative of three
independent experiments. (B) Bacterial loads in organ tissues of mice infected with
B. cereus Elc4 or B. cereus G9241. The organs of mock-immunized mice were
removed during necropsy when animals were either dead or moribund. Tissue
homogenates were spread on agar plates to enumerate colony formation. Data are
representative of three independent experiments.

FIG 6 Histopathology of AVA-immunized mice following challenge with spores
of B. cereus Elc4 or B. cereus G9241. C57BL/6 mice were infected with 1 � 105

spores of B. cereus Elc4 (A, B, D, and E) or B. cereus G9241 (C and F). Sections from
infected spleen and lung tissues were fixed, thin sectioned, and stained with hema-
toxylin-eosin. Tissue sections were viewed by light microscopy, and images of the
spleens (A, B, and C) and lung (D, E, and F) were captured.
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G9241 wild-type spores (30� LD50) or 1 � 106 �pagA1 mutant
spores. All mock-immunized animals challenged with B. cereus
G9241 spores succumbed to respiratory anthrax-like disease
within 2 to 5 days (Fig. 9A). Half of the mock-immunized animals
challenged with �pagA1 mutant spores succumbed to infection;
these data suggest that the LD50 of the �pagA1 mutant is 	80-fold
higher than that of wild-type B. cereus G9241 spores. AVA immu-
nization protected 90% of animals challenged with B. cereus
G9241 spores and 80% of mice that were infected with �pagA1
mutant spores (for wild-type challenge, AVA versus mock, P �
0.0001; for �pagA1 challenge, AVA versus mock, P � 0.1384)
(Fig. 9A).

When examined for its effect on the bacterial load in moribund
animals, we observed that AVA immunization reduced the load of
B. cereus G9241 vegetative forms in lung and spleen tissues by 2 to
3 log10 CFU and in kidney or liver tissues by 1 to 2 log10 CFU
(Fig. 9B). As expected, AVA immunization did not affect
pathogen load in host tissues infected with the �pagA1 mutant.
Of note, in mock-immunized animals, the load of the �pagA1
mutant was reduced by 2 to 3 log10 CFU compared to wild-type
B. cereus G9241 (Fig. 9B).

Earlier work reported that PA-specific antibodies promote op-
sonophagocytic clearance of B. anthracis spores by macrophages
(41, 42). These antibodies are thought to bind PA that is produced
during sporulation and remains bound to the surface of spores

(42). We therefore wondered whether AVA immunization re-
duced the number of spores in lung tissues of animals that sur-
vived the respiratory challenge experiments. Survivors were eu-
thanized on day 14, and homogenized lung tissues were heat
treated to kill vegetative forms. AVA-immunized mice that had
been challenged with either wild-type or �pagA1 mutant B. cereus
G9241 still harbored 104 spores in their lung tissues. Thus, AVA
immunization did not eliminate the load of B. cereus G9241 spores
in lung tissues (Fig. 9C).

DISCUSSION

B. anthracis is a highly virulent pathogen whose spores cause fatal
anthrax disease when inhaled (wool sorter’s disease) (43). B. ce-
reus strains harboring pXO1-like virulence plasmids for the ex-
pression of anthrax toxins have been isolated from welders with
severe or fatal respiratory pneumonia (3). Unlike B. anthracis,
these B. cereus strains are not designated select agents, and their
virulence and pathogenic strategies have only recently been inves-
tigated. Wilson and coworkers studied the virulence of B. cereus
G9241 spores in a rabbit model of inhalational anthrax-like dis-
ease (44). In contrast to B. anthracis strain Ames, which causes
lethal respiratory disease in rabbits at a dose of �1 � 105 spores,

FIG 7 Virulence of B. cereus G9241 spores in an aerosol challenge model of
respiratory anthrax-like disease in mice. (A) Survival of C57BL/6 mice follow-
ing aerosol infection. Cohorts of 10 mice were exposed to aerosols of B. cereus
G9241 spores and monitored over 14 days. The actual doses retained in the
lungs of animals following exposure was determined for a subset of mice from
each challenge group and are denoted in the legend. (B) Dissemination of
vegetative forms following aerosol infection of B. cereus G9241 spores. Cohorts
of 20 mice were infected with 1 � 106 spores derived from B. cereus G9241. Five
mice were euthanized in 24-h intervals and necropsied. The spleen and lung
homogenates were diluted and spread on agar plates to enumerate bacterial
loads. Each circle represents data from one mouse. The closed circle denotes a
mouse that succumbed to infection. The bars represent the arithmetic means
of CFU values. Data shown are representative of two independent experi-
ments.

FIG 8 Histopathology of lung and spleen tissues in mice infected with aero-
solized spores of B. cereus G9241. C57BL/6 mice (n � 20) were infected with
1 � 106 spores of B. cereus G9241 (see Fig. 7B). Immediately following chal-
lenge (A and B, 0 h) or after 24 h (C and D), 48 h (E and F), or 72 h (G and H),
animals in each cohort were euthanized and necropsied, and lung or spleen
tissues were prepared for histopathology. Thin sections were stained with he-
matoxylin-eosin and viewed by light microscopy using 400� or 1,000� (in-
sets) magnification. Bar, 10 �m. Red arrows identify vegetative forms of B.
cereus G9241. See the text for details.

Oh et al.

1014 iai.asm.org Infection and Immunity

http://iai.asm.org


only one out of seven rabbits infected with B. cereus G9241 spores
succumbed to aerosol challenge; the moribund rabbit had re-
ceived a dose of approximately 107 spores (44). By using intranasal
spore challenge of anesthetized C57BL/6 mice, those authors cal-
culated an LD50 of 6.3 � 105 B. cereus G9241 spores. This dose is
approximately 20- to 50-fold higher (less virulent) than the LD50

of B. anthracis Ames spores administered intranasally into anes-
thetized BALB/c or C57BL/6 mice (40). However, when spores are
inoculated directly into the trachea of anesthetized mice, the LD50

of B. anthracis Ames drops to 5 � 102 to 1 � 103 spores (40). Of
note, the structural genes for anthrax toxins (cya, lef, and pagA)
are not required for the pathogenesis of respiratory anthrax in
mice, as the LD50 for the corresponding mutants does not vary
significantly from that of the wild-type parent (45, 46). Thus, it
seems likely that AVA immunization and PA-specific antibodies
may not protect mice against B. anthracis Ames challenge, as pagA
expression is not required for anthrax disease in mice challenged
via subcutaneous, intraperitoneal, or intratracheal spore inocula-
tion (33, 45, 46). These results were a surprise, as earlier work had
defined protective antigen as the key immunogen for vaccine pro-
tection against toxin-mediated disease (47). Indeed, intravenous

injection of purified LT into mice causes lethal disease at a dose of
100 �g, and PA-specific antibodies, when administered via passive
immunization, provide protection against such challenge (48).

Here we characterized the contribution of protective antigen to
B. cereus-mediated anthrax-like disease in C57BL/6 mice. Follow-
ing intraperitoneal challenge, spores of B. cereus G9241 cause le-
thal anthrax-like disease, with an LD50 of 2,710 CFU; the disease is
associated with massive replication of vegetative forms in all organ
tissues (27). The intraperitoneal LD50 of B. cereus G9241 is only 5-
to 10-fold higher than that of B. anthracis Ames spores (33). Un-
like B. anthracis, secretion of protective antigen is required for B.
cereus G924-mediated lethal disease, because the LD50 of the
pagA1 mutant strains is increased 	80-fold (27). The pBC218
(pagA2)-carried orthologue, PA2, presumably translocates Lef2
(CerADPr) into host cells (2). When purified as a recombinant
polypeptide, the product of lef2, CerADPr, leads to ADP-ribosy-
lation of a 120-kDa protein in HeLa tissue culture cells (28). Ex-
pression of lef2 as a hybrid with a fluorescent reporter (EGFP-
CerADPr) caused HeLa cell rounding (28); however, the role of
this activity in B. cereus G9241-mediated anthrax-like disease was
hitherto not appreciated. We have shown here that the pagA2 gene
and the presumed translocation activity of PA2 are not required
for anthrax-like disease in mice. Encouraged by the phenotype of
the pagA1 mutant strain, we developed a mouse model for respi-
ratory anthrax-like disease by challenging mice with aerosolized
spores. An LD50 of 1.1 � 104 spores was determined for B. cereus
G9241, which is 20-fold higher (less virulent) than that of B. an-
thracis Ames (40). Unlike B. anthracis Ames (46, 49), B. cereus
G9241 secretion of PA1 was required for the pathogenesis of re-
spiratory anthrax-like disease.

We therefore reasoned that AVA immunization may be able to
protect mice against B. cereus-mediated anthrax-like disease. AVA
immunization indeed protected mice against lethal intraperito-
neal spore challenge with B. cereus G9241 as well as B. cereus Elc4.
Vaccinated animals displayed a significant reduction in bacterial
load, but not sterilizing immunity. This is explained via the toxin-
neutralizing activity of PA-specific antibodies, which cannot pro-
mote the opsonophagocytic clearance of either B. cereus spores or
vegetative forms. Vaccine protection was also observed for AVA-
immunized mice that were aerosol challenged with 30� the LD50

of B. cereus G9241 spores.
From these data, we conclude that B. cereus G9241 is a fully

virulent pathogen that causes respiratory anthrax-like disease not
only in humans but also in mice. Its LD50 is 20-fold higher than
that of B. anthracis Ames, which is one of the most virulent B.
anthracis strains (50). Unlike B. anthracis Ames, B. cereus G9241
requires PA1 (pagA1) for the establishment of respiratory an-
thrax-like disease. PA1-neutralizing antibodies can be derived via
AVA immunization, which protects mice against B. cereus G9241
respiratory anthrax-like disease. We therefore propose that AVA
immunization may also protect humans from B. cereus-mediated
respiratory anthrax-like disease and provide a preventive strategy
for this newly emerging disease.

The amino acid sequences of protective antigen in B. anthracis
(PA) and B. cereus G9241 (PA1) are almost identical (2). How then
can the same molecule be required for disease pathogenesis in one
but not in the other species? B. anthracis Ames A35 (pXO1�

pXO2�), a variant that is attenuated similar to the B. anthracis
Sterne vaccine strain (51, 52), causes lethal disease in mice at a
subcutaneous challenge dose of 1 � 106 spores (53). The patho-

FIG 9 AVA-immunized mice are protected against aerosol challenge of B.
cereus G9241 spores. (A) Survival of mock (PBS)- or AVA-immunized
C57BL/6 mice (n � 10) following aerosol challenge with B. cereus G9241 wild-
type or �pagA1 mutant spores. Doses of 3 � 105 wild-type G9241 spores or 1 �
106 �pagA1 mutant spores were delivered into the lungs of C57BL/6 mice. (B)
Bacterial loads in various organ tissues of mice that succumbed to disease. (C)
Numbers of spores retained in the lungs of AVA- or mock (PBS)-immunized
animals that survived aerosol challenge with B. cereus G9241 wild-type or
�pagA1 mutant spores.
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genesis of B. anthracis A35-mediated disease in mice is dependent
on the expression of CMG2 (capillary morphogenesis protein 2),
the receptor for PA-mediated translocation of LF and EF into host
cells (53). Recently, Liu and colleagues demonstrated that lethal
disease in mice (following subcutaneous injection of B. anthracis
A35 spores) was dependent on CMG2 expression in myeloid cells,
such as macrophages, neutrophils, and dendritic cells (54). Of
note, CMG2 expression in myeloid cells was not a requirement for
toxin-mediated death, as the LD50 for intravenous LT injection
was not altered in mice with or without CMG2 expression (54).
These results suggest that secretion of PA and LT/ET-mediated
intoxication of neutrophils and macrophages enable the disease
pathogenesis of B. anthracis (54). However, to detect these pheno-
types in mice, B. anthracis must be defective for expression of its
PDGA capsule (55, 56). PDGA is a key virulence factor that not
only interferes with opsonophagocytic killing of vegetative forms
(23, 57), but also, when released from bacilli, displays immune-
suppressive attributes (58). B. cereus G9241 does not express
PDGA; its capsular material is comprised of hyaluronic acid and
the B. cereus exopolysaccharide (BPS) (27). Therefore, the patho-
genesis of B. cereus G9241 respiratory anthrax-like infection in
mice requires the secretion of PA1 by vegetative bacilli, likely be-
cause LT-mediated destruction of neutrophils and macrophages
enables pathogen escape from innate immune defenses (59). Sup-
port for this hypothesis can be found in the histopathology of B.
cereus G9241 anthrax-like disease. As shown in Fig. 2 and 3, veg-
etative forms of B. cereus G9241 replicated in splenic sinuses to
reach 	108 CFU/g of tissue; however, bacterial colonies were as-
sociated with only a sparse infiltrate of neutrophils and macro-
phages. In contrast, the tissue load of the �pagA1 mutant was
reduced by 	4 log10 CFU, and isolated bacilli in splenic sinuses
were accompanied by a massive infiltrate of macrophages and
neutrophils (Fig. 2 and 3).

Finally, although AVA vaccine and PA-specific antibodies can
neutralize anthrax toxin, the associated adaptive immune re-
sponse does not establish sterilizing immunity. This is explained
by the absence of antibodies against either capsule or another sur-
face molecule that would promote opsonophagocytosis. It is our
conjecture that an ideal anthrax vaccine must accomplish both
toxin neutralization and opsonophagocytic clearance of the in-
vading pathogen, i.e., of either spores and/or vegetative forms. For
this reason, additional work is needed to develop anthrax vaccines
for licensure and use in humans.
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