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The development of therapeutics against biothreats requires that we understand the pathogenesis of the disease in relevant ani-
mal models. The rabbit model of inhalational anthrax is an important tool in the assessment of potential therapeutics against
Bacillus anthracis. We investigated the roles of B. anthracis capsule and toxins in the pathogenesis of inhalational anthrax in
rabbits by comparing infection with the Ames strain versus isogenic mutants with deletions of the genes for the capsule operon
(capBCADE), lethal factor (lef), edema factor (cya), or protective antigen (pagA). The absence of capsule or protective antigen
(PA) resulted in complete avirulence, while the presence of either edema toxin or lethal toxin plus capsule resulted in lethality.
The absence of toxin did not influence the ability of B. anthracis to traffic to draining lymph nodes, but systemic dissemination
required the presence of at least one of the toxins. Histopathology studies demonstrated minimal differences among lethal wild-
type and single toxin mutant strains. When rabbits were coinfected with the Ames strain and the PA� mutant strain, the toxin
produced by the Ames strain was not able to promote dissemination of the PA� mutant, suggesting that toxigenic action occurs
in close proximity to secreting bacteria. Taken together, these findings suggest that a major role for toxins in the pathogenesis of an-
thrax is to enable the organism to overcome innate host effector mechanisms locally and that much of the damage during the later
stages of infection is due to the interactions of the host with the massive bacterial burden.

Bacillus anthracis, the etiological agent of anthrax, is a Gram-
positive, spore-forming bacterium. Spores can be found in

soil, and anthrax is primarily a disease of herbivores. Human in-
fection may occur upon exposure to spores via the cutaneous,
gastrointestinal, or respiratory routes, but naturally acquired in-
fections in humans generally occur due to exposure to contami-
nated animal products and result in cutaneous anthrax, which can
be easily recognized and effectively treated (27). In contrast, wea-
ponized B. anthracis spores are optimal for aerosol delivery, and a
high fatality rate is associated with inhalational exposure, as illus-
trated by the outbreak in Svedlosk, Russia, in 1979 and the 2001
attacks through the U.S. Postal system (2, 27). For this reason, B.
anthracis is listed as a category A priority agent, and the events of
recent years have emphasized the need to develop better vaccines
and new therapeutics against this potential biothreat. Because the
natural incidence of anthrax in humans is very low, and human
studies are not feasible or ethical, we must rely on animal models
for evaluation of potential vaccines and therapeutics. However, in
order to make a strong link between the protection afforded by
new vaccines or therapeutics tested in animal models and human
efficacy, it is essential that we fully understand the pathogenesis of
anthrax and the role of potential therapeutic target(s) in the ani-
mal models utilized.

Although infection is initiated after exposure to spores of B.
anthracis, the spores germinate once they reach a supportive
growth environment in the body, and hematogenous spread of the
vegetative bacilli results in a rapidly fatal bacteremia and/or tox-
emia that is difficult to diagnose early and treat effectively. Pro-
duction of an antiphagocytic, poly-gamma-D-glutamic acid
(�DPGA) capsule (40), and two toxins by the vegetative bacilli are
considered the major virulence factors primarily responsible for

the symptoms and pathogenesis of anthrax (48). These virulence
factors are encoded on two different plasmids in B. anthracis, with
the capsule genes encoded on pX02, and the toxin genes encoded
on pX01 (21, 42). There are three toxin components that combine
to yield the two toxins of B. anthracis, such that the combination of
protective antigen (PA) with lethal factor (LF) forms lethal toxin
(LT), and PA with edema factor (EF) forms edema toxin (ET). PA
is the toxin component responsible for transporting EF and LF
into the cytosol of host cells. Upon protease cleavage of PA to its
active form, it is able to bind ubiquitously expressed receptors on
host cells (7, 15, 67) and heptamerize to form a prepore structure
to which one to three molecules of LF and/or EF can bind (46, 49,
50). The toxin complex is then internalized into the cell, followed
by a pH-induced conformational change in PA that allows the
translocation of EF and LF into the cytosol (1, 4, 45, 79). LF is a
zinc metalloprotease that can cleave several mitogen-activated
protein kinase kinase (MAPKK) family members and thus can
interfere with numerous signaling pathways (3, 10, 13, 56, 73). EF

Received 15 December 2011 Returned for modification 18 January 2012
Accepted 15 April 2012

Published ahead of print 23 April 2012

Editor: S. R. Blanke

Address correspondence to Julie A. Lovchik, jlovchik@salud.unm.edu.

* Present address: C. Rick Lyons, Infectious Disease Research Complex, Colorado
State University, Fort Collins, Colorado, USA; Melissa Drysdale, Millennium
Pharmaceuticals, The Takeda Oncology Company, Chicago, Illinois, USA.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.

doi:10.1128/IAI.06340-11

2414 iai.asm.org Infection and Immunity p. 2414–2425 July 2012 Volume 80 Number 7

http://dx.doi.org/10.1128/IAI.06340-11
http://iai.asm.org


is a calmodulin-dependent adenylate cyclase which can elevate
intracellular levels of cyclic AMP and induce edema (34, 64).

The development of therapeutics and vaccines against anthrax
have targeted both the capsule and toxins of B. anthracis. Although
the �DPGA capsule is relatively nonimmunogenic (55, 75), recent
immunization strategies have been successful in inducing anti-
�DPGA antibody responses (30, 61, 66, 74), and passive immuni-
zation with monoclonal antibodies (MAbs) specific for the cap-
sule of B. anthracis protected mice against a lethal pulmonary
spore challenge with the fully virulent Ames strain of B. anthracis
(9, 33). However, the predominant strategy for designing vaccines
against inhalation anthrax has focused on the toxins and utilizing
PA as the primary antigen. The anthrax vaccine currently ap-
proved for humans (AVA [anthrax vaccine absorbed]) is derived
from a cell-free culture filtrate of an acapsular, attenuated strain of
B. anthracis, and immunization of humans results in production
of anti-PA antibodies (6, 69, 70). Furthermore, vaccination with
AVA has been shown to protect against infection with B. anthracis
in animal models (17, 58). The two types of animals deemed most
reliable by the U.S. Food and Drug Administration for evaluation
of anthrax anti-toxin vaccines are nonhuman primates (NHPs)
and rabbits; although, due to the limitations of testing in NHPs,
the rabbit model is often the first choice for initial assessment of
potential therapeutics against anthrax. The pathological changes
in both NHPs and rabbits following aerosol exposure to B. anthra-
cis spores resembles that associated with human inhalation an-
thrax (20, 72, 80). Vaccination with AVA or rPA was protective
against an aerosol exposure to spores in both NHP and New Zea-
land White (NZW) rabbits, and the development of anti-PA an-
tibodies correlated with protection (17, 25, 28, 43, 44, 58, 76).
However, because PA is required for both toxins to function, it is
unclear whether the protective effect of anti-PA antibody is pri-
marily due to the neutralization of LT and/or ET. Studies exam-
ining the effects of pure LT and/or ET directly on cells in vitro, or
injection of pure toxin in animals have revealed several potential
mechanisms by which LF and EF may exert their toxic effects,
including immunomodulatory effects on cells of the immune sys-
tem, induction of apoptosis, and direct tissue damage (11, 14, 18,
23, 31, 47, 53, 54, 59, 62, 71). Nevertheless, the pathophysiological
roles and relative importance of the individual toxins produced
during an infection with B. anthracis remains uncertain. This
knowledge is particularly important with regard to new therapeu-
tic and vaccine strategies being developed that target the individ-
ual toxins or a combination of toxin components (26, 35, 60).

In the present study, we utilized the genetically complete, fully
virulent Ames strain of B. anthracis and isogenic mutants to com-
pare the relative importance of the capsule and individual toxins
in the pathogenesis of pulmonary anthrax in the NZW rabbit
model. Our findings indicate that the capsule and both ET and LT
contribute to the lethality of anthrax in rabbits, but the presence of
a capsule and only one toxin is sufficient to allow the organism to
successfully proliferate and spread systemically. However, the
presence of a toxin-producing bacteria did not enable a non-tox-
in-producing mutant to thrive in the host. Instead, the toxin
seems to function in a proximal fashion to allow individual bac-
teria to overcome host defenses and survive. These results have
important implications with regard to strategies for the develop-
ment and evaluation of future potential vaccines against B. an-
thracis.

MATERIALS AND METHODS
Preparation of B. anthracis spores or vegetative cell cultures. The Ames
strain of B. anthracis was provided by USAMRIID, Frederick, MD. Ames
mutant strains; UTA1 (EF�), UTA2 (LF�), or UTA3 (PA�) were pre-
pared by replacing coding sequences of the toxin genes, cya, lef, and pagA,
respectively, with an omega-kanamycin resistance cassette into the Ames
strain, using CP51-mediated transduction, as previously described (5,
24). The mutations were confirmed using PCR, and the toxin-negative
phenotypes were confirmed using Western blot analysis of supernatants
from cultures grown under conditions to promote toxin synthesis. The
Ames-derived cap-null strain (UTA8 [�capBCADE]) was similarly con-
structed using an omega-spectinomycin resistance cassette, as previously
described (36). Spore stocks were prepared in phage assay broth as previ-
ously described (8, 24), and kanamycin (Sigma; 50 �g/ml) or spectino-
mycin (100 �g/ml) was added to phage assay media for preparation of
UTA mutant spore stocks. The extent of sporulation was assessed by
phase-contrast microscopy. Final spore preparations were heated at 68°C
for 40 min to kill any remaining vegetative cells and then washed and
resuspended in Dulbecco phosphate-buffered saline (DPBS; Gibco), ti-
tered, divided into aliquots, and frozen at �80°C. All spores preparations
were confirmed to be 100% spores after quantitative plating of aliquots
before and after being heated to 68°C for 40 min. Inoculums were pre-
pared by thawing a stock vial to room temperature and diluting it in DPBS
to the desired concentration. Vegetative cultures were prepared as previ-
ously described (8, 24), and the parent and mutant strains were shown to
have similar growth rates under these growth conditions. Briefly, a B.
anthracis spore stock was used to streak a nutrient broth yeast agar plate
supplemented with 0.8% sodium bicarbonate (NBY-NaHCO3) plus ka-
namycin (50 �g/ml) when appropriate and incubated at 5% CO2, 37°C
for 24 h. Next, two to three colonies were inoculated into 15 ml of Luria-
Bertani (LB) broth containing 0.5% glycerol (and antibiotics as appropri-
ate) and shaken at 200 rpm overnight, and then an aliquot of the overnight
culture was added to NBY-NaHCO3 broth at an initial optical density at
600 nm (OD600) of 0.1 and shaken at 200 rpm in 10% CO2 in a 37°C
incubator to a final OD600 of 1.2 to give a known concentration. The
presence of capsule was confirmed by microscopic visualization using
India ink staining. An aliquot was then washed three times with DPBS and
diluted to a final desired inoculum concentration in DPBS.

Inoculation of rabbits with B. anthracis. (i) Pulmonary inoculation
of spores via bronchoscopy. The use of bronchoscopy was chosen to
ensure the accuracy and reproducibility of the dose delivered into the lung
between animals infected with wild-type (WT) or mutant strains and
between experiments, as well as to exclude the confounding effects of
spore uptake in the complex turbinate structure of the rabbit nasal cavity.
Female NZW rabbits (3.0 to 3.5 kg) were purchased from Harlan Labo-
ratories (Oxford, MI) or in early studies from Myrtles Rabbitry (Thomp-
sons Station, TN), and the animals were allowed at least 7 days to accli-
mate prior to use in studies. For challenge with B. anthracis spores, the
rabbits were first anesthetized with ketamine and xylazine and then chal-
lenged with either WT-Ames or UTA mutant strain spores delivered di-
rectly into the lung by using a specialty fiberscope with a 1.2-mm (3.6 Fr)
working channel (fiber-optic, flexible ureteroscope; Karl Storz Veterinary
Endoscopy). Each inoculum was prepared from an aliquot of frozen spore
stock that was thawed and diluted in DPBS. The bronchoscope was filled
with the inoculum through an attached syringe, and then the inoculum
was slowly ejected (1 ml/rabbit) from the bronchoscope directly above the
bifurcation of the lung as visualized on a color video monitor. Initial
studies showed that the number of organisms present in the lung at 4 h
postchallenge was consistent with the number of organisms in 1 ml of the
inoculum, indicating efficient inoculum delivery into the lung (four
experiments; n � 3 rabbits/experiment; P � 0.1 [inoculum versus 4-h
total lung CFU]). Preliminary studies were also conducted to examine
the distribution of Ames spores in the lung after inoculation via bronchos-
copy in which animals were euthanized within 4 h of spore instillation,
and each lung lobe (i.e., the right cranial, right caudal, right middle, right
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accessory, left cranial, and left caudal lobes) was separately dissected, ho-
mogenized in 2 ml of PBS, and plated for CFU. The results showed that
spores inoculated via bronchoscopy were distributed into all lung lobes
regardless of size or location (average range, 104 to 4 � 105 CFU/lobe; n �
2). In addition, the right and left halves of the lung were also assessed
separately from rabbits at 24 or 48 h postinfection in initial studies (two
experiments; n � six rabbits; two/time point) with similar results. Assess-
ment of total lung bacterial burdens was thus utilized in subsequent stud-
ies. For each experiment, the inoculum concentration was determined by
quantitative serial plating onto sheep blood agar plates (Remel) in dupli-
cate of inoculum samples obtained from the bronchoscope both before
and after administration to rabbits. Plates were incubated overnight to
determine the average number of CFU, and the results are expressed as the
CFU � the standard deviation (SD). Comparison plating of the inoculum
samples from before and after administration through the bronchoscope
showed �99% retention of inoculum concentration. In addition, it was
confirmed that each inoculum consisted of spores and not vegetative or-
ganisms by comparing the average number of CFU before and after an
aliquot of the postchallenge inoculum sample was heated at 68°C for 40
min. Appropriate antibiotic resistance of mutant spore inocula was also
confirmed by culturing on LB plates containing kanamycin (50 �g/ml) or
spectinomycin (100 �g/ml). For coinfection studies using a combination
of WT and UTA3 (PA�) strains, inocula were plated on agar plates with
or without kanamycin (50 �g/ml) to distinguish the number of PA�
(kanamycin-resistant) organisms from WT organisms. After challenge,
the rabbits were monitored, and clinical signs scored at least twice daily
postinfection. The mean time to death (MTD) of 2.7 days for animals
infected with a lethal dose of Ames strain spores by bronchoscope was
similar to what has previously been reported for rabbits after aerosol ex-
posure to spores at 100 times the 50% lethal dose (100 LD50) (78, 80).
Studies also confirmed that immunization with AVA provided 100% pro-
tection in this model against a lethal pulmonary spore challenge in rabbits
(68) and up to the highest dose tested of 8 � 108 Ames spores/rabbit
equivalent to 8 � 104 LD50.

(ii) Intravenous injection of vegetative bacilli. Rabbits were sedated
with acepromazine (1 mg/kg, given subcutaneously) and placed in a re-
strainer. The ear was sterilely prepped, and then the inoculum was in-
jected (0.5 ml/rabbit) intravenously (i.v.) into the marginal ear vein using
a syringe with a 25-gauge needle. The final CFU/ml of inoculum was
determined by serial dilution and plating in duplicate onto sheep blood
agar plates (Remel) and/or on LB plates containing kanamycin (50 �g/
ml). All work was conducted in an ABSL-3/SA lab at UNMHSC, and all
animal protocols were approved by the UNMHSC Institutional Animal
Care and Use Committee.

Organ bacterial burden determination. Rabbits were euthanized at
various times postinfection with Sleepaway, and lung-associated lymph
nodes (LALN) and individual organs were harvested and placed in DPBS
for CFU determination. With regard to the liver, the whole liver was first
weighed, and then a midsection was dissected, weighed, and placed in 3 ml
of DPBS for CFU determination. Organs were immediately homogenized,
and homogenates were then serially diluted and plated onto blood agar
plates using an Autoplate 4000 (Spiral Biotech). Colony counts were re-
corded using an automated counter/scanner system (Q-Count; Spiral
Biotek). To enumerate the number of heat-resistant spores present in
organ homogenates, diluted samples were plated before and after heating
at 68°C for 40 min. For coinfection studies using a combination of WT
and PA� strains, aliquots of organ homogenates were plated on agar
plates both with or without kanamycin (50 �g/ml) to distinguish the
number of PA� (kanamycin resistant) organisms from WT organisms.

Vinblastine treatment. Rabbits were injected i.v. into the marginal ear
vein with injectable vinblastine sulfate (APP Pharmaceuticals) at a dose of
0.75 mg/kg (19, 65) 1 day prior to a pulmonary challenge with B. anthracis,
UTA3 (PA�) spores. Blood samples were collected into EDTA-coated
collection tubes and analyzed using a veterinary Forcyte hematology sys-
tem (Oxford Science, Inc.), which included a complete blood count,

platelet counts, hematocrit, and white blood cell counts and differentials.
Initial studies were conducted to determine the optimal time course for
heterophil depletion by monitoring daily changes in cell numbers in in-
dividual rabbits before and after vinblastine treatment up to 14 days post-
treatment. For B. anthracis spore challenge studies, blood was collected
from individual animals prior to organ harvest on day 3 postinfection to
confirm cell depletion compared to untreated animals.

Histopathology studies. Whole organs or a portion of organs were
collected, fixed in 10% buffered formalin, processed and embedded in
paraffin. Lungs were inflated with 10% buffered saline at time of harvest.
Sectioned tissues (	5 �m in thickness) were stained with hematoxylin
and eosin, and slides were analyzed by a veterinary pathologist.

Statistics. Comparison of the survival curves between different groups
were statistically evaluated by Kaplan-Meier and log-rank (Mantel-Cox)
analysis (Prism, version 4.0; GraphPad, San Diego, CA). The LD50 was
determined by using both probit and logistic regression analysis with 95%
confidence intervals (CI). The data for single comparisons were analyzed
by using a Student unpaired t test. Comparison of heated and unheated
lung bacterial burdens in the same group of animals was analyzed by
paired t test. Comparisons of bacterial burdens between strains were an-
alyzed by one-way analysis of variance using the Newman-Keuls multiple-
comparison post hoc test or the Dunnet’s test for comparisons with the
WT strain.

RESULTS
The presence of a capsule in combination with either LT or ET is
sufficient to induce lethality following a pulmonary spore chal-
lenge in rabbits. To investigate the role of individual virulence
factors in the pathogenesis of anthrax in rabbits, we utilized iso-
genic mutants on the Ames background in which either the cap
operon (capBCADE) or individual toxin genes—lef (LF), cya (EF),
or pagA (PA)— had been deleted. The 50% lethal dose (LD50) for
the WT Ames strain of B. anthracis delivered directly into the lung
was found to be 	104 spores/rabbit (Table 1), and 100% lethality
was consistently observed at 100 LD50 (106 WT spores/rabbit)
with the rabbits succumbing to disease by day 3 (MTD, 2.7 days).
However, no deaths occurred following a pulmonary exposure to
the cap-null, toxin-positive strain (Cap�) at the maximum dose
tested of 109 spores/rabbit, which was equivalent to 105 LD50 for
the WT strain. Similarly, the toxin-negative mutant (PA�) was
completely avirulent at 109 spores/rabbit. The mutants producing
only one toxin also showed a decrease in virulence with a �2-log
increase in the LD50 for each strain compared to the WT strain.
However, the expression of either lethal toxin or edema toxin

TABLE 1 LD50 values for Ames and isogenic mutant strains following
pulmonary delivery of spores in NZW rabbitsa

Strain Genotype Mean LD50 � SE (log10)b

Ames WT 3.98 � 0.19
UTA1 (EF�) �cya 6.37 � 0.59
UTA2 (LF�) �lef 6.47 � 0.66
UTA3 (PA�) �pagAR �9.0
UTA8 (Cap�) �capBCADE �9.0
a Groups of rabbits were challenged with B. anthracis spores of the Ames (WT), UTA1
(EF�), UTA2 (LF�), UTA3 (PA�), or UTA8 (Cap�) strain at doses ranging between
103 and 109 spores/rabbit for the WT, EF�, and LF� strains (n � 4 to 6 rabbits/dose/
strain � two to three experiments/dose/strain) and between 106 and 109 spores/rabbit
for the PA� and Cap� strains (n � 3 to 6 rabbits/dose/strain � one to two
experiments/dose/strain). The rabbits were monitored twice daily for survival and
clinical observations over the course of infection.
b The LD50 was determined using probit analysis (95% CI). Similar results were
obtained using logistic regression analysis.
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alone by B. anthracis mutants was found to be sufficient to cause
death, with 84 and 100% lethality observed following infection
with 109 spores/rabbit for the LF� and EF� mutants, respec-
tively.

Toxins are not required for B. anthracis to reach the LALN
and proliferate. Next, to determine whether the observed differ-
ences in virulence between the B. anthracis strains reflected a dif-
ference in the ability of the organisms to spread systemically, the
early kinetics of bacterial dissemination were compared following
a pulmonary spore challenge with 106 spores/rabbit of the WT or
the mutant strains. Bacterial burdens were assessed in the lungs,
draining lung-associated lymph nodes (LALN), and spleens as a
measure of systemic dissemination. Systemic dissemination was
also assessed in the blood in early studies, but the results indicated
that splenic bacterial burdens provided a more sensitive readout
of bacteremia. Higher levels of bacteria were consistently detected
in the spleen compared to the blood, and no bacteria were detect-
able in blood samples from 31% of the rabbits with readily detect-
able splenic burdens. The presence of bacteria in the spleen also
consistently correlated with similar levels of bacteria present in the
liver and kidneys (data not shown). Thus, assessment of splenic
bacterial burdens was utilized as a measure of systemic bacteremia
in subsequent studies.

At 4 h after a pulmonary spore challenge with either the WT,
EF�, LF�, or PA� strain of B. anthracis, the number of organ-
isms detected in the lungs of infected rabbits was similar to the
inoculum levels for every strain of B. anthracis, and all organisms
were heat resistant, indicating that no germination had yet oc-
curred (Fig. 1A). Bacteria could also be quantitatively enumerated
(between 60 and 2,000 CFU) in LALN at 4 h postchallenge from
2/6, 2/6, 1/6, and 0/6 animals infected with the WT, LF�, EF�,
and PA� strains, respectively, and bacteria were detectable in
broth cultures prepared from LALN homogenates from infected
rabbits for all strains of B. anthracis (WT, 6/6; EF�, 4/6; LF�, 3/6;
and PA�, 5/6 rabbits). However, no organisms were detected in
the spleens of any animals tested at 4 h postchallenge (data not
shown). By 24 h postchallenge, 100% of the rabbits infected with
WT spores had bacteria in their LALN (range, 102 to 4 � 106

CFU/LALN), and 2/6 rabbits also had bacteria present in their
spleens (Fig. 1B). In contrast, fewer numbers of rabbits infected
with the toxin mutants had bacteria present in their LALN and at
significantly lower levels (range, 0 to 400 CFU/LALN) than seen in
WT-infected rabbits (P 
 0.001). Also, no bacteria were detected
in the spleens of the rabbits infected with the toxin mutants at 24
h. At 48 h postchallenge, measurable bacterial burdens were found
in LALN of all WT-infected rabbits and in �70% of the rabbits
infected with the B. anthracis toxin mutants, although the bacte-
rial burdens in the toxin mutant-infected rabbits were still signif-
icantly (P 
 0.05) lower than those observed in the LALN from
WT-infected rabbits (Fig. 1C). Dissemination to the spleen was
observed in 66% (4/6) of the WT-infected rabbits and in 50%
(3/6) of the rabbits infected with the LF� mutant at 48 h postin-
fection but was not detected in rabbits infected with the EF� or
PA� mutants. Bacteria were still undetectable in the spleens of
rabbits 2 weeks after challenge with the PA� mutant (Fig. 1D).
Instead, a significant decrease in the lung bacterial burden was
observed (P 
 0.001). Similarly, no bacteria were detected in
spleens harvested at 2 weeks postchallenge from animals infected
with the toxin-producing, Cap� strain (data not shown). Analysis
of the lung bacterial burdens in infected animals at 24 and 48 h

postchallenge revealed that the lung heat-resistant spore levels re-
mained similar to inoculum levels at all time points examined. On
the other hand, the majority of organisms in the LALN were heat
sensitive, with only a low level (range, 0 to 400 CFU/animal/
strain) of heat-resistant organisms found in the LALN. Further-
more, all splenic CFU were found to be heat sensitive, indicating
that only vegetative organisms were present in the spleen. Overall,
an increase in total lung bacterial burden was observed only in
WT-infected animals with high levels of bacteria present in their
spleens, suggesting that germination did not occur in the airways
and that the increased number of organisms detected in the lungs
resulted from the hematogenous spread of vegetative organisms in
these animals.

Either ET and/or LT are required for survival of vegetative
bacilli systemically. We next sought to determine whether the
decreased rate of death for the single toxin mutants simply re-
flected the delay in dissemination from the LALN compared to
WT organisms or whether there was also a difference in the ability
of the host to control the bacilli once they became systemic. To test
this, rabbits were challenged i.v. with equivalent doses of fully
capsulated, vegetative organisms of the WT, EF�, LF�, or PA�
strains (Fig. 2). Infection with the single toxin mutants (EF� or
LF�) was 80 to 100% lethal, although there was a delay in time to
death compared to rabbits infected with the WT strain (average
MTD was 1.9 days [WT], 4.2 days [EF�], and 3.8 days [LF�]). In
contrast, 100% of the rabbits infected with the PA� strain sur-
vived infection, and no bacteria were detectable in the spleens of
survivors (data not shown). Further evaluation of lung and splenic
bacterial burdens following an i.v. challenge with vegetative bacilli
revealed that, although the levels of bacteria present in the lungs
and spleens were similar for the different B. anthracis strains at 2 h
postchallenge, there were significant differences observed between
the strains by 24 h postinfection (Fig. 3). The burdens observed in
rabbits infected with the LF� and EF� mutant at 24 h postchal-
lenge remained statistically similar to the levels detected at 2 h
postchallenge, whereas a significant increase in bacterial burdens
was seen in rabbits infected with the WT strain. In contrast, a
significant decrease in bacterial burden was observed in rabbits
infected with the toxin-negative (PA�) strain by 24 h postinjec-
tion, with no bacteria detectable in four of six rabbits.

End-organ histopathology is similar after infection with WT
or toxin mutant strains of B. anthracis. All rabbits infected bron-
choscopically with a lethal dose of the WT Ames strain exhibited
typical histopathologic lesions associated with inhalational an-
thrax as previously reported in rabbits (78, 80). Briefly, bacilli
were detected in vessels of all tissues examined, frequently embed-
ded in fibrin. In the lungs, the alveolar capillaries were distended
with fibrin or blood and bacilli, with occasional foci of edema,
fibrin exudation, and hemorrhage into alveoli or interstitial con-
nective tissues. The draining lymph nodes exhibited fibrinohet-
erophilic to necrohemorrhagic inflammation with abundant ba-
cilli in the subcapsular, trabecular, and medullary sinuses, and the
adjacent mediastinal connective tissue and fat frequently exhib-
ited edema, hemorrhage, and bacilli. The splenic red pulp exhib-
ited similar fibrinoheterophilic to necrohemorrhagic inflamma-
tion with abundant bacilli. Bacilli were also detected in the hepatic
sinusoids, along with widespread necrotic cell debris; in the renal
glomeruli; and in the meninges, with variable fibrin exudation,
edema, and hemorrhage. Lymphocyte necrosis and depletion was
evident in the LALN, spleen, thymus, and lymphoid tissue of the
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FIG 1 Both ET and LT are required for rapid systemic dissemination. Rabbits (Rb) were inoculated via the pulmonary route with an average of (1.5 � 0.3) �
106 (WT), (1.2 � 0.1) � 106 (EF�), (1.6 � 0.3) � 106 (LF�), or (1.9 � 0.5) � 106 (PA�) B. anthracis spores. (A) Analysis of lung bacterial burdens at 4 h
postchallenge (n � 6 Rb/WT strain or 3 Rb/EF�, LF, or PA� strain). No significant difference was detected between total and heat-resistant (HR) CFU for any
strain (P � 0.5), and no bacteria were detectable in spleens at 4 h postchallenge. (B and C) Analysis of lung, LALN, and spleen bacterial burdens at 24 h (B) and
48 h (C) postchallenge (n � 6 Rb/strain/time point). Lung dilution samples were also plated for CFU after heating at 68°C for 40 min to determine the number
of HR spores present (one heated lung sample from an LF� strain-infected Rb was lost at 24 h postchallenge). The superscript “a” and “b” denote spleens and
lungs, respectively, from the same rabbit. *, Organ bacterial burdens were significantly different from those in WT-infected rabbits (P 
 0.05). (D) Bacterial
burdens on day 2 (n � 3) and day 14 (n � 5) after pulmonary challenge with PA� mutant spores. Lung bacterial burdens were significantly different between
day 2 and day 14 postinfection (*, P 
 0.0001).
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sacculus rotundus and cecal appendix. These findings are also
similar to what has been described in human anthrax cases (22).

Next, we wanted to compare the effects of having two versus
one toxin on the resulting organ histopathology after a lethal in-
fection with the WT, EF�, or LF� strains. Because the lethal
pulmonary challenge doses between WT and toxin mutant strains
were different, organ histopathology was examined following an
i.v. challenge using equivalent doses of vegetative organisms of
either the WT or toxin mutant strains. Postmortem examination
of organs, including the lungs, heart, brain, liver, kidney, spleen,
and lymphoid tissues (LALN, cecal appendix, and sacculus rotun-
dus), following a lethal i.v. challenge with WT organisms again
revealed typical histopathologic lesions, as seen following inhala-
tional exposure with a lethal dose of WT organisms. Similar find-
ings were also identified upon examination of organs from ani-
mals that died after i.v. inoculation with the single toxin mutants,
but no abnormalities were observed in the PA� mutant-infected
rabbits sacrificed at day 19 postinfection (Fig. 4). Overall, no dis-
cernible differences were observed in the histopathologic pattern
that distinguished rabbits infected with the B. anthracis WT strain
from those infected with the EF� or LF� mutants.

Depletion of phagocytes decreases host resistance to toxin-
negative B. anthracis mutants. The lack of detectable bacteria in
the lung and spleen 24 h after an i.v. challenge with the PA�
mutant suggested that the host innate defenses were able to effec-

tively clear this organism. Previous in vitro studies have shown
that human neutrophils were able to phagocytize and kill B. an-
thracis (41). To investigate whether these effector cells played a
role in the clearance of the PA� mutants in vivo, the chemother-
apy drug, vinblastine, was utilized to deplete rabbit heterophils
(the rabbit equivalent of human neutrophils). A dose of vinblas-
tine was chosen that temporarily, but significantly reduced the
heterophil levels starting between 48 and 72 h after vinblastine
treatment, with an average of 93% reduction in heterophil levels
by 96 h after vinblastine treatment compared to untreated rabbits.
The monocyte levels also showed some decrease but remained
within normal ranges. Rabbits were treated with vinblastine 1 day
prior to a pulmonary challenge with the PA� mutant at a dose of
106 spores/rabbit, and then the organ bacterial burdens were as-
sessed over time. The results revealed a significant increase in bac-
terial levels in the LALN of vinblastine-treated compared to un-
treated rabbits by 48 h postchallenge (P 
 0.05; data not shown).
By 72 h postchallenge (96 h after vinblastine treatment), there was
a further increase in the LALN bacterial burdens in vinblastine-
treated animals, as well as evidence of systemic dissemination with
bacteria detected in the spleens of three of six vinblastine-treated
rabbits compared to none of the seven untreated animals (Fig. 5).
No significant differences were detected in lung spore numbers
between treated and untreated rabbits or between heated and un-
heated lung samples (data not shown).

The presence of the toxin-producing WT strain of B. anthra-
cis does not increase survival or dissemination of a toxin-defi-
cient strain in the host. Finally, we investigated whether the pro-
duction of toxin in vivo would sufficiently disable host defenses to
allow the proliferation and systemic spread of a toxin-negative
organism. To address this question, rabbits were coinfected via the
pulmonary route with WT strain spores and an equal dose of the
toxin-negative (PA�) strain spores, and then the numbers of WT
organisms versus the kanamycin-resistant PA� mutant were as-
sessed in organs over time. Differences were detected by 24 h post-
challenge, with significantly greater numbers of WT organisms
present in the LALN compared to PA� organisms (Fig. 6A). In
addition, only WT organisms were found in the spleens of all
rabbits. A similar pattern was observed when animals were coin-
fected with 10-fold more PA� organisms than WT organisms,
although fewer organisms overall were detected in the LALN at 24
h postinfection when using a 10:1 PA�/WT ratio compared to a
1:1 ratio. Again, only WT organisms were detected in the spleen of
one rabbit with evidence of systemic dissemination (Fig. 6B). In a
second experiment, bacterial burdens were assessed at 48 h postin-
fection (Fig. 6C and D). Again, the level of WT organisms was
higher than PA� organisms in all infected rabbits, and only WT
organisms were present in the spleens, except in one rabbit in-
fected at the 10:1 PA�/WT ratio with concurrently �1,000-fold
higher WT splenic burdens (Fig. 6D). In all cases, the number of
heat-resistant organisms present in the lungs remained at inocu-
lum levels as previously observed (P � 0.05 [inoculum versus lung
heat-resistant CFU]), and an increase in total lung CFU was ob-
served only in rabbits with evidence of splenic bacterial burdens
(data not shown).

Because the differences observed upon coinfection with the
WT and the PA� strain could reflect host control in the LALN
rather than the ability of the PA� mutants to thrive once they
reached the bloodstream, experiments were conducted in which
rabbits were coinfected i.v. with equal numbers of WT and PA�

FIG 2 ET and/or LT are required for virulence after an i.v. inoculation of
rabbits with vegetative organisms. Survival after i.v. infection with fully cap-
sulated, vegetative bacilli was assessed. (A) Rabbits were infected with 1.9 �
105 WT, 2.5 � 105 EF�, 2.7 � 105 LF�, or 2.9 � 105 PA� vegetative organ-
isms/Rb (n � 3 Rb/strain). (B) Rabbits were infected with 1.3 � 105 WT, 2.2 �
105 EF�, 2.1 � 105 LF�, or 2.0 � 105 PA� organisms/Rb (n � 6 Rb/strain).
At the end of the study, no bacteria were detectable in the spleens from rabbits
infected with the PA� strain. Significant differences in survival curves were
observed for rabbits infected with PA� versus WT, EF�, or LF� strains (P 

0.001) and WT versus EF� or LF� (P 
 0.05) but not between rabbits infected
with and LF� versus EF� strains (P � 0.23).
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vegetative bacilli, and then the organ bacterial burdens were ex-
amined at 24 h postchallenge (Fig. 7A to C). Although the num-
bers of WT and PA� organisms injected were similar, few toxin-
deficient (PA�) organisms remained by 24 h postinfection. In
contrast, a significant increase in the number of WT organisms
was evident. Furthermore, the organ bacterial burdens observed
in rabbits injected with a mixture of both B. anthracis strains was
similar to the levels observed in rabbits infected in parallel with
only WT or PA� organisms alone. In parallel, an additional group
of rabbits infected with either WT or PA� organisms alone were
monitored for survival. All rabbits infected with the WT organ-
isms were dead by day 3 of infection, whereas no deaths occurred
in animals infected with the PA� organism (Fig. 7D).

DISCUSSION

In this study, we utilized the genetically complete, fully virulent
Ames strain of B. anthracis and isogenic mutants to examine the
role of individual virulence factors in the pathogenesis of inhala-
tional anthrax in NZW rabbits. The results of these studies con-
firmed that both the capsule and the toxins were required for full
virulence of B. anthracis in rabbits. As expected, 100% survival was
observed in rabbits exposed to a pulmonary spore challenge as

high as 109 spores of an acapsular, toxin-producing Ames mutant
that was at a dose equivalent to 105 LD50 of the WT strain. Simi-
larly, no deaths were observed after infection with 109 spores of the
isogenic mutant lacking PA, which possessed a capsule, but no
active toxin. Interestingly, we found that both edema toxin and
lethal toxin significantly contributed to the virulence of B. anthra-
cis in rabbits. Removal of one toxin did reduce virulence, resulting
in a �2-log increase in the LD50 for either the EF- or LF- negative
mutants compared to the WT strain. Importantly, however, the
presence of either lethal toxin or edema toxin alone was sufficient
to cause lethality in NZW rabbits.

The presence of a capsule and both toxins appeared to be crit-
ical for optimal proliferation and systemic dissemination of the
organism following germination in the LALN. Although the lung
was the initial site of infection, it was not the site of active germi-
nation of the spores. The numbers of heat-resistant spores in the
lung remained constant over time, whereas heat-sensitive organ-
isms were only detected in animals that also had bacteria present
in their spleens, suggesting that the increased lung burden in these
animals was due to the hematogenous spread of the organism
following systemic dissemination. Similar findings have been de-
scribed in murine anthrax models (24, 37, 39). Likewise, exposure

FIG 3 Capsulated, toxin-negative B. anthracis bacilli are rapidly cleared by host. Bacterial burdens in the lungs and spleens at 2 and 24 h after an i.v. infection with
capsulated, B. anthracis WT (A), LF� (B), EF� (C), or PA� (D) strains were determined. Each experiment was performed twice (n � 3 Rb/strain/time
point/experiment). Average inocula: WT, 1.4 � 105 CFU/Rb; EF�, 3.1 � 105 CFU/Rb; LF�, 3.2 � 105 CFU/Rb; PA�, 2.0 � 105 CFU/Rb. Significant differences
in bacterial burdens between 2 and 24 h postinfection are indicated (*, P 
 0.05; **, P 
 0.001). No difference was observed between time points for rabbits
infected with the EF� and LF� strains (P � 0.05). Significant differences were detected for 24-h bacterial burdens in rabbits infected with WT or PA� strains
compared to rabbits infected with EF� and LF� strains (P 
 0.05).
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to B. anthracis spores via the respiratory route in humans does not
result in bronchopneumonia, but instead mediastinal lymphade-
nopathy is prevalent, with prominent hemorrhage and edema in
the mediastinal lymph nodes, and evidence of bacteremia and
various manifestations of hematogenous spread observed in all
fatal cases (2, 22). In contrast to the lung, the majority of organ-
isms in the LALN were heat sensitive, suggesting that the LALN
was the primary site of germination. Notably, both the WT and
mutant strains were detectable in the rabbit LALN as early as 4 h
postinfection, including the toxin-negative (PA�) organisms,
which increased in numbers at a rate similar to that observed for
the single toxin mutants within the first 48 h of infection. Thus, as
shown in mice (38), toxin production was not needed for spores to
reach the LALN or germinate in rabbits. Instead, the striking dif-
ference observed between the rabbits infected with WT versus the

mutant strains was the rapid increase in WT bacterial numbers in
the LALN and earlier systemic dissemination. Systemic dissemi-
nation was also observed in rabbits infected with the LF� mutants
by 48 h postchallenge. This was not unexpected, since an infection
dose of 106 spores was approximately the LD50 for both the LF�
and EF� mutants, and the lower splenic bacterial burdens ob-
served in rabbits infected with the LF� mutant were consistent
with the longer MTD observed in rabbits that died after infection
with the single toxin mutants at this dose of spores compared to
those infected with the WT strain. No systemic dissemination was
detected following a pulmonary challenge with 106 spores of the
mutants lacking either a capsule or both toxins (PA�). Further-
more, the results of the i.v. inoculation studies utilizing a defined
number of vegetative organisms suggests that, even if some toxin-
negative organisms were to gain access to the bloodstream, they

FIG 4 Terminal microscopic lesions in the lungs, spleens, livers, and cecal appendices were similar for rabbits challenged i.v. with lethal doses of vegetative Ames
strain or either of the single toxin deletion mutants. (A) Lungs. The lungs of rabbits succumbing to WT, EF�, and LF� strains had alveolar septal walls
(arrowheads) that were distended by fibrin and protein-rich fluid, which frequently exuded into alveoli (arrows). The lungs of rabbits challenged i.v. with the
PA� strain were normal. (B) Spleen. The splenic red pulp (arrows) of the rabbits succumbing to WT, EF�, and LF� strains were necrotic, and fibrin was
frequently deposited in red pulp sinuses. The splenic white pulp (arrowheads) of the rabbits succumbing to WT, EF�, and LF� strains exhibited necrosis and
depletion of lymphocytes. The spleens of rabbits challenged with the PA� strain were normal. (C) Liver. The hepatic sinusoids of rabbits succumbing to WT,
EF�, and LF� strains contained necrotic cell debris and heterophils, and there were small foci of hepatic necrosis (arrows) and loss of hepatocytes. The livers of
rabbits challenged with the PA� strain were normal. (D) Cecal appendix. The cecal appendices of rabbits succumbing to WT, EF�, and LF� strains exhibited
mucosal edema with necrosis and depletion of lymphoid tissue (arrowheads) and replacement by edema, fibrin, and/or hemorrhage. The cecal appendices of the
PA� rabbits were normal. Hematoxylin and eosin staining was used.
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would be effectively handled by host defenses, as evidenced by the
significant clearance of the PA� mutant by 24 h after i.v. chal-
lenge. In contrast, the presence of only one toxin enabled the veg-
etative bacilli to persist following an i.v. inoculation, although the
fully virulent WT strain producing both toxins had the greatest
survival advantage with infection resulting in a more rapid bacte-
rial expansion and subsequent death of the host compared to an
infection with mutants producing only one toxin. Thus, we hy-
pothesize that the production of both toxins enabled the WT or-
ganisms to effectively overcome host defenses, first in the LALN
and then systemically, while host defenses were able to slow the
proliferation and subsequent spread of organisms producing only
one toxin, and effectively prevent systemic spread of organisms
that lacked both toxins or a capsule. Such a function of toxin(s)
may also help explain the protective effect of passive treatment
with anti-PA MAbs in preventing widespread dissemination in
infected animals (51, 57). Interestingly, the postmortem organ
histopathology following an i.v. challenge with equivalent num-
bers of either the WT or single toxin mutants was similar regard-
less of whether the organisms produced both toxins, only LT, or
only ET. Our results are consistent with previous reports showing
that detection of circulating PA levels correlated with bacteremia
(32) but that toxin concentrations did not correlate with time to

FIG 5 Depletion of heterophils decreases host resistance to toxin-negative B.
anthracis mutant. The bacterial burdens in the LALN and spleens 72 h after a
pulmonary inoculation with PA� mutant spores in untreated rabbits and
rabbits that had received a 0.75-mg/kg dose of vinblastine (Vin) i.v. 1 day prior
to challenge were determined. An average 93% decrease (range, 92 to 96%) in
heterophil levels was observed at the time of harvest in vinblastine-treated
rabbits. The experiment was performed twice (average of 2.5 � 106 spores/Rb;
n � 3 to 4 Rb/group/time point/experiment). One vinblastine-treated rabbit
died prior to 72 h harvest. The LALN CFU levels were significantly different
between untreated and vinblastine-treated rabbits (P 
 0.005).

FIG 6 The presence of the toxin-producing WT strain of B. anthracis does not increase the survival of a toxin-deficient strain after a pulmonary spore challenge.
Bacterial burdens in the LALN and spleen were analyzed at 24 h after a pulmonary challenge with 1.8 � 106 WT plus 1.5 � 106 PA� spores/Rb (A) or 0.9 � 106

WT plus 1.4 � 107 PA� spores/Rb (B) (n � 3 Rb/group) or at 48 h after a pulmonary challenge with 0.9 � 106 WT plus 1.4 � 106 PA� spores/Rb (C) or 0.9 �
106 WT plus 1.5 � 107 PA� spores/Rb (D). (Three Rb/group were infected, but two Rb died prior to harvest.) PA� organisms were distinguished from WT
organisms by plating on agar plates with or without kanamycin. Significant differences were observed between WT and PA� bacterial burdens in the LALN or
spleen (*, P 
 0.05).
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death (52). Taken together, these findings suggest that a major role
for toxins in the pathogenesis of anthrax is to enable the organism to
overcome innate host defenses and that the death of the host corre-
sponded with the timing of bacteremia and the degree of organ bac-
terial burdens rather than due to a systemic toxemia.

Because anthrax is such an acute infection, there is not enough
time for the host to develop an adaptive immune response before
succumbing to the disease. Instead, host defenses must rely on
innate effector cells, particularly phagocytes. Previous studies
found that bacteremia in rabbits with inhalational anthrax corre-
lated with an increased number of heterophils in the blood follow-
ing bacteremia (78), and numerous heterophils were observed
histologically in the vicinity of bacilli in both LALN and spleen at
early time points during infection (80; data not shown). However,
although a heterophilic response could explain clearance of the
PA� mutant, it was not enough to provide protection against the
fully virulent WT Ames strain in vivo. In vitro studies have shown
that both recombinant LT and ET can impair macrophage and
neutrophil functions and the production of proinflammatory cy-
tokines (11, 14, 54, 62). Such an immunomodulatory effect of LT
and/or ET on heterophils and monocytes may explain the ability of
the toxin-producing organisms to overcome innate host defenses in
the rabbit. This hypothesis is supported by our finding that the toxin-
negative mutant was able to thrive in rabbits depleted of heterophils,
with evidence of higher bacterial burdens in the LALN and a signifi-
cantly increased incidence of systemic dissemination.

The fact that the WT organisms were able to more quickly
overwhelm host defenses compared to the single-toxin-producing
mutants suggests that there was an additive and/or synergistic
effect of having both toxins present. Surprisingly, the toxin(s) ap-
peared to have a limited range of function. Rather than inducing a
widespread immunomodulatory effect or toxemia, coinfection
with WT and PA� spores did not enable the toxin-negative mu-
tant to persist and expand in the host. Although dissemination of
both strains to the LALN occurred by 24 h postinfection in all
rabbits coinfected with WT and PA� mutants, only WT organ-
isms were detected systemically, even when a ratio of 10:1 PA� to
WT spores were inoculated into the lung. Interestingly, at the 10:1
inoculation ratio, lower numbers of WT organisms were ob-
served, both in the LALN and systemically, than at the 1:1 infec-
tion dose. Thus, dissemination of spores to the draining lymph
nodes likely represents a stochastic event resulting in fewer WT
organisms reaching the LALN at a 10:1 (PA�/WT) ratio. By 48 h
after coinfection with WT plus PA� spores, the number of PA�
organisms had further expanded in the LALN to levels observed
when inoculated alone. However, only the WT organisms were
able to effectively spread systemically. This finding was further
confirmed in studies in which rabbits were inoculated i.v. with
equivalent numbers of WT and PA� vegetative organisms. Even
in the presence of equal numbers of toxin-producing vegetative
organisms following an i.v. coinfection of WT and PA� strains,
the host was able to effectively clear the PA� organisms. Further-

FIG 7 The presence of the toxin-producing WT strain of B. anthracis does not increase survival of a toxin-deficient strain after an i.v. challenge with vegetative
bacilli. Analysis of the bacterial burdens in the lungs, spleen, and liver was performed at 24 h after an i.v. challenge with 1.3 � 104 WT CFU/Rb (A), 0.9 � 104 PA�
CFU/Rb (B), or 1.3 � 104 WT plus 0.9 � 104 PA� CFU/Rb (C) (n � 3 Rb/group). PA� organisms were distinguished from WT organisms by plating on agar
plates with or without kanamycin. Significant differences between WT and PA� organ bacterial burdens were observed (*, P 
 0.05). (D) Survival of rabbits after
an i.v. challenge with 1.3 � 104 WT compared to 0.9 � 104 PA� CFU/Rb (n � 3 Rb/group) was significantly different (*, P 
 0.05).
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more, the bacterial levels of fully vegetative WT and PA� organ-
isms observed 24 h after i.v. coinfection were similar to the levels
observed when rabbits were infected with either the WT or PA�
strain alone, suggesting that survival of B. anthracis bacilli was
dependent on the ability of each individual organism to produce
toxin(s) in order to evade elimination by host effector cells. Our
results are consistent with previous reports showing that high
plasma levels of toxin are not detected until right before death
(32). Instead, the localized effect of toxins may be explained by the
recent findings that toxins in blood were associated with capsule
(16) and can be packaged as extracellular vesicles which would
allow the bacteria to disperse concentrated toxin complexes to act
within their immediate vicinity or upon uptake in host phagocytes
(63).

The findings in these studies emphasize the need to understand
and compare the roles of individual virulence factors in the patho-
genesis of anthrax in different mammalian host species in order to
facilitate rational strategies for testing potential therapeutics
against anthrax and to correctly interpret the results of efficacy
studies. For example, evaluation of antitoxin therapeutics would
need to utilize animal models in which toxin functions as an im-
portant virulence factor. This would include rabbit and NHP
models. In immunocompetent mice, the elimination of one or
both toxins genes has no impact on the LD50 of the virulent Ames
strain (24). Instead, the capsule of B. anthracis is the overwhelm-
ingly dominant virulence factor in mice (12). An alternative
mouse model to evaluate antitoxin therapeutics would be to use
the complement C5-deficient, A/J or DBA/2, mouse strains. These
mouse strains are protected against inhalational anthrax by vacci-
nation with rPA or AVA (77, 81), and lethal toxin was shown to be
required for systemic bacterial dissemination and death (38).
However, these models require using the acapsular, avirulent
Sterne strain of B. anthracis. Thus, depending on the experimental
question, evaluation of certain types of therapeutics may be more
relevant utilizing a rabbit model with regard to potential treat-
ment strategies for humans. The results of the current studies
suggest that, while antitoxin therapeutics against PA would be
effective in a rabbit model, therapeutics focused on LT alone
would not provide adequate protection in rabbits. On the other
hand, NHP would likely serve as a suitable model for LT-targeted
therapeutics based on our ongoing studies with these mutants in
NHP (unpublished data). Overall, the pathogenesis of anthrax in
different species, particularly inhalational anthrax is complex. An-
thrax, whether acquired naturally or due to the intentional dis-
semination of spores, results from infection with the bacterium, B.
anthracis, and a critical role of the toxins is to enable B. anthracis
organisms to bypass host defenses and disseminate. It is the com-
bination of toxin production in the context of the whole organ-
ism, rather than the acquisition of toxins alone that lead to the
death of the host. This function of B. anthracis toxins must be
considered when designing future vaccines and therapeutics to
protect against inhalational anthrax.
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