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FIG. 5. Groups of A/J mice were exposed to aerosols of spores of luciferase-expressing the B. anthracis 7702-lux, Alef-lux, Acya Alux, or TKO-lux
strain and imaged daily. Representative pictures, exhibiting the typical dissemination pattern observed following infection with each B. anthracis
strain, are shown. Units are given in photons/s/cm®. No deaths were observed after day 6 among the group of mice shown.
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aged daily. Figure 5 illustrates representative images from
challenges of A/J mice with each of the luminescent toxin KO
strains. Representative images of two mice challenged with
7702-lux are provided to illustrate that anthrax disease in mice
challenged with B. anthracis spores by the aerosol route does
not progress synchronously (Fig. S5A). Bacilli were first noted in
the NALT of all mice by day 1 postchallenge regardless of
challenge strain. In strain 7702-challenged mice, progression to
the cLNs was observed, followed by rapid dissemination to
distal organs. In individual strain 7702-challenged mice, the
day that progression to the cLNs was observed varied from day
1 to day 4 (data not shown). Once widespread bacteremia was
apparent, mice succumbed to infection. Previously, emphasis
has been placed only on the role of the lung and mLNs during
inhalational anthrax disease progression, but use of the bio-
luminescent strain (Sterne-/ux) with the in vivo imaging system
led us to identify the NALT and cLNs as an additional route of
dissemination following aerosol challenge. After challenge
with LT-deficient strains (the Alef-lux and TKO-lux strains),
bacilli were observed in the NALT of challenged mice by day
1 postchallenge (Fig. 5C and D). However, luminescence was
not observed in any tissue beyond the NALT, and lumines-
cence in the NALT diminished and was lost over time in these
mice. This result indicated that in the absence of LT expres-
sion, the infection was contained within the draining lymphoid
tissue and eventually cleared. The observation that ca. 50% of
mice challenged with the ET-deficient strain succumb to infec-
tion was reflected in these imaging experiments (Fig. 1A and
Fig. 5B). Representative images of two mice challenged with
the Acya-lux strain are provided to illustrate the two outcomes
of infection observed (Fig. 5B). In the mice that ultimately
survived infection (e.g., mouse 1, Fig. 5B), the progression
observed was similar to that observed in mice challenged with
the LT-deficient strains (Fig. 5C and D). In mice that suc-
cumbed to infection (e.g., mouse 2, Fig. 5B), the progression
observed was similar to that observed in mice challenged with
the parental 7702 strain (Fig. 5A).

In order to correlate studies in which luminescence was used
to monitor disease progression with studies in which tissue
CFU were enumerated, we exposed groups of A/J mice to
aerosols of spores prepared from luciferase-expressing toxin-
deficient strains (the TKO, Alef, and Acya strains) or the parent
strain (strain 7702) and imaged the mice each day. Mice were
sacrificed at one of three stages of infection and the numbers
of spores plus bacilli (UnT) and spores only (HT) were enu-
merated for the lung, NALT, cLNs, mLNs, liver, and spleen
(Fig. 6). Stage I was defined as the point in infection at which
the luminescence was first observed in the NALT (Fig. 6A).
For all mice, regardless of challenge strain, stage I was reached
by day 1 postinfection. Stage II was defined as the point at
which luminescence is first observed in the cLNs (Fig. 6B). For
both strain 7702-challenged mice and mice challenged with the
Acya-lux strain, stage II was attained between day 1 and day 4
postchallenge. No animal challenged with either of the LT-
deficient strains (TKO or Alef strain) was observed to progress
to stage II. Stage III was defined as the point in which infection
beyond the cLNs was observed (Fig. 6C). Due to spore depo-
sition from the aerosol challenge, CFU were always present in
the lungs of infected animals (Fig. 6). However, vegetative
bacilli were only observed in the lungs of animals sacrificed at
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stage III, as evidenced by the reduction in CFU upon HT (Fig.
6C). This is consistent with the observation that bacilli appear
in the lung vasculature at late stages of disease progression
after challenge with wild-type spores (42). Vegetative bacilli
were also found in the lungs of mice challenged with the Acya
strain at the late stage of disease (Fig. 6C).

As shown in Fig. 6, CFU were present in the NALT, cLNs,
and to a lesser extent in the mLNs of all animals at stage I of
infection regardless of toxin expression. The small reduction
seen in CFU upon heat treatment suggests that mixtures of
spores and bacilli were present in the NALT, cLLNs, and mLNs.
Overall, the presence or lack of toxin genes did not affect the
initial dissemination to these draining lymphoid tissues. How-
ever, replication and persistence of LT-deficient strains was
limited in these draining lymphoid tissues, unlike with the 7702
parent strain (Fig. 5 and 6). LT-deficient strains failed to per-
sist in the NALT or replicate to high numbers in the cLNs or
mLNs, as evidenced by the failure of these strains to progress
to stage II.

Anthrax toxin expression appears to have a significant role in
bacterial dissemination beyond the draining lymphoid tissue,
since only mice challenged with the parent strain (strain 7702)
or, at a lower frequency, mice challenged with the Acya strain
attained stage III of infection. Mice at this late stage of infec-
tion had high numbers of bacilli in the liver and spleen (Fig.
6C). This observation is supported by experiments in which
large numbers of mice challenged with the nonluminescent
7702 and nonluminescent LT-deficient strains were all sacri-
ficed on day 5. In these experiments, liver CFU counts in mice
exposed to aerosols of 7702 averaged 1.7 X 10* CFU, but
bacilli were not observed in the livers of mice challenged with
any toxin-deficient strain (see Fig. S2 in the supplemental ma-
terial).

DISCUSSION

Although cases of humans contracting inhalational anthrax
are rare, the 2001 mail attacks highlighted the potential threat
posed by the use of this agent in a bioterrorist or biowarfare
attack. Thoroughly investigating and defining the involvement
of various anthrax virulence factors, including toxins, is critical
for the development of new vaccines and therapeutics. While
utilizing in vitro models to investigate the mechanism by which
toxins hinder host cell signaling and responses is important, in
vitro experiments utilizing purified components do not always
accurately model the complex interactions between host and
pathogen. Thus, the availability and use of animal models is
essential to further our understanding of anthrax and the de-
velopment and evaluation of new vaccines and therapeutics.

Rabbits and nonhuman primates often serve as models for
studying anthrax pathogenesis following exposure to virulent
pXO1* pXO2™" strains of B. anthracis, and these models are
thought to accurately reflect disease in humans (21, 25, 41, 51,
65). Mice can also serve as a model that is useful and afford-
able for the study of anthrax disease pathogenesis. We utilize
a mouse model in which complement-deficient mice are chal-
lenged with an unencapsulated, toxigenic strain of B. anthracis
(pXO1* pX0O27). Confidence in any animal model of patho-
genesis requires the accumulation of results from many studies
that address different aspects of disease. In previous work we
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described disease progression, innate cytokine responses, and
histological changes following aerosol challenge of comple-
ment-deficient mice with Sterne strain B. anthracis spores. Our
previous studies demonstrated that the course of anthrax dis-
ease in complement-deficient mice (A/J) challenged with aero-
solized Sterne spores is similar to that observed in rabbits and
nonhuman primates challenged with fully virulent B. anthracis.
More specifically, the bacterial dissemination and pathological
changes observed in mice were similar to those observed in
rabbits and nonhuman primates (42). We and others have
demonstrated that this model can be used to evaluate toxin-
based vaccines (23, 37), and in the present study we demon-
strate that functional LT is required for disease progression in
this mouse aerosol challenge model.

Previous studies have demonstrated that toxins are involved
in virulence and that host exposure to toxin is required for the
development of a protective immune response (10, 35, 43, 46,
47). Our results are consistent with these earlier findings. We
have extended our study to include an examination of the
contribution of the anthrax toxins to dissemination and persis-
tence of B. anthracis following pulmonary infection in vivo and
of the role of the toxin components in eliciting protective
primary and secondary antibody responses.

Our examination of the contribution of the anthrax toxin
proteins to the induction of protective adaptive immunity dem-
onstrated that exposure to all three toxin proteins, in the con-
text of a sublethal aerosol challenge, provided the highest
survival rate to a subsequent, lethal aerosol challenge (Fig.
2C). Primary exposure of mice to strains expressing either PA
or LF/EF also affords the animals protection to secondary
lethal challenge. Our results suggest that primary exposure to
PA provided the greatest protection to secondary lethal chal-
lenge, since survival after rechallenge was not significantly dif-
ferent between strain 7702, which expresses all three toxin
components, and the DKO (Acya-lef) strain, which expresses
only PA. Taken together, our results indicate that after pri-
mary aerosol exposure, responses to PA provide the greatest
level of protection following secondary lethal challenge, but
exposure to LF and EF contributes to protection as well. It is
striking that although the host was exposed to a variety of
spore and vegetative cell antigens after aerosol immunization,
as evidenced by the detection of bacilli in the NALT and
draining lymph nodes of challenged animals, development of
protective immunity depended on expression of PA and/or
LF/EF.

To further our understanding of the contribution of anthrax
toxins to disease pathogenesis, we utilized an in vivo biolumi-
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nescence imaging system to monitor disease progression after
aerosol spore exposure. Our results show that after challenge
with 7702 spores, luminescence is first observed in the NALT,
indicating that vegetative bacilli are present in sufficient num-
bers to be detected in this system (Fig. 5). At this same point
in infection, bacilli and spores can be detected in the cLNs and
to a lesser extent in the mLNs (Fig. 6A). Taken together, these
results indicate that following aerosol exposure to anthrax
spores, spores not only are deposited in the lungs but also are
taken up in the NALT. From the NALT, spores and/or bacilli
presumably drain to the cLNs, and from the lungs, spores
presumably traffic to the mediastinal lymph nodes. In our
model, luminescence is next observed in the cLNs, indicating
that sufficient proliferation has occurred at this site for the
threshold level of detection to be reached. When luminescence
was observed in the cLLNs of live animals, it was also detectable
in the mLNs of the same animal; however, in order to observe
the luminescence in the mLNs, it was necessary to dissect the
animal and expose the lymph nodes ex vivo for imaging (data
not shown). Furthermore, when mice with luminescence in the
cLNs were sacrificed and the CFU enumerated, CFU were
observed in both the cLNs and the mLNs (Fig. 6B). These
results support the conclusion that dissemination occurs by
both the nose and the lung following aerosol exposure to
spores.

Although bacilli are observed by in vivo imaging in the
NALT of all challenged animals as early as day 1 postinfection,
the day at which luminescence is first observed in the cL.Ns
varied from as early as day 2 to as late as day 4. We speculate
that the delay in disease progression observed at this step is
due to the engagement of the host innate immune response
and the effort of the host to contain the infection. The appear-
ance of luminescence in the cLN correlates with the failure of
the host innate immune response to control the infection since
100% of the animals that exhibited luminescence in the cLNs
progressed to broadly disseminated disease and death.

We investigated the contribution of each toxin to dissemi-
nation, replication, and bacterial persistence during inhala-
tional anthrax and discovered that neither LT nor ET was
required for the initial dissemination to the NALT or to the
draining lymph nodes (Fig. 5 and 6). Work in the field has
shown that both macrophages and dendritic cells can traffic
spores to the draining lymph nodes (8, 11, 29, 54). Thus, it is
not surprising that toxins would not be required for this step,
since toxins would not be expressed prior to germination of
spores and the outgrowth of bacilli. Our finding that toxins do
not contribute to the initial dissemination to the draining

FIG. 6. Bacilli and spore load after acrosol challenge of A/J mice. Groups of mice were exposed to aerosols of the luciferase-expressing B.
anthracis 7702-lux, Alef Alux, Acya Alux, or TKO-/ux strain and imaged daily. Three stages of disease progression were examined. (A) Stage I was
defined as the point in the infection at which luminescence is observed only in the NALT. (B) Stage II was defined as the point in the infection
at which luminescence is observed in the NALT and cLNs. (C) Stage I1I was defined as the point in the infection at which luminescence is observed
in tissues in addition to the NALT and cLNs. Representative images of 7702-lux-infected animals at each stage of infection are shown. Mice were
sacrificed at each stage of infection, and the CFU numbers in the lungs, NALT, cLNs, mLNs, livers (0.3 g), and spleens were determined. Spore
germination gives rise to heat-sensitive bacilli. To determine CFU resulting from spores or spores plus bacilli, a fraction of each homogenate was
heat treated (HT) at 65°C for 30 min prior to diluting and plating. Untreated (UnT) CFU values represent spores plus bacilli, whereas HT CFU
values represent spores only. The limits of detection were 250 CFU for lung, NALT, liver, and spleen and 10 CFU for the mLNs and cLNs. The
dose used for all strains was 2 X 10° to 4 X 10° (= 10 LDss for strain 7702). Each dot is representative of a single animal, and data from two

independent experiments are shown.
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lymph nodes is consistent with previous observations indicating
that germination does not occur in the lungs and suggests that
the location where toxins first have an opportunity to be ex-
pressed and have an impact on disease or antigen presentation
is in the draining lymphoid tissues (14, 30, 42, 49). Although
LT did not affect the initial appearance of B. anthracis spores
and bacilli in the NALT and draining lymph nodes, it was
required for persistence and replication to high numbers in
both sites (Fig. 5 and 6). In animals challenged with strains
lacking LT, luminescence was never observed in the cLLNs, and
the luminescence observed initially in the NALT diminished
and was ultimately eliminated. This indicates that in the ab-
sence of LT, the bacterium cannot evade clearance by the host.
This observation is consistent with the growing body of data
generated utilizing in vitro approaches that suggests the an-
thrax toxins impair host innate immune responses, allowing the
establishment of a productive infection (2, 3, 13, 16, 20, 53, 59,
60, 63). Our results provide the first in vivo demonstration that
toxin expression is required early and that the bacterial infec-
tion does not progress beyond the draining lymphoid tissue in
the absence of LT. LT may be the primary contributor to
persistence and subsequent mortality, since challenge with the
ET-deficient (Acya) strain was still lethal in 60% of the chal-
lenged animals, but challenge with an LT-deficient (Alef) strain
was not lethal (Fig. 1A). The results using in vivo imaging
suggest that ET also contributes to evasion of the innate im-
mune response in that all animals that survived challenge with
the ET-deficient strain cleared the infection before high num-
bers of bacilli could be observed in the draining lymph nodes
(Fig. 5 and 6). Taken together, our results demonstrate that LT
is required for the progression of disease beyond the draining
lymphoid tissues and that ET contributes to that process but is
not essential. Ongoing and future experiments are directed
toward the identification of LT-inhibited, innate immune func-
tions essential for the control of B. anthracis infection.

Our results demonstrating the requirement for LT and the
contribution of ET to disease progression provide further ev-
idence of the relevance and usefulness of this mouse aerosol
challenge model. We have demonstrated the role of the an-
thrax toxins in evasion of the host response and the establish-
ment of disseminated disease in the context of an aerosol
infection in mice. Further studies using the mouse model
should allow for the characterization of the interaction be-
tween the bacillus, the secreted toxins, and the host innate
immune response.
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