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Abstract

Anthrax is a potentially fatal disease in man, and events of the last decade have highlighted the possibility for
Bacillus anthracis to be used as a biological weapon through deliberate release. Whilst outbreaks of anthrax occur in
several countries, there are only a few areas in which outbreaks of inhalational anthrax occur, so it is not possible to
test therapies using conventional clinical trials. To overcome these problems, the FDA published the ‘Animal Rule’ in
2002; a rule designed to permit licensure of drugs and biologics intended to reduce or prevent serious conditions
caused by exposure to biological and other agents.

Due to limited proven post-exposure prophylaxis after inhalational exposure for use in humans, it is essential to
have a robust animal model of disease. In a series of three studies conducted in BALB/c mice, the efficacy of post-
exposure, orally administered antibiotics in preventing disease following inhalational exposure to B. anthracis was
evaluated. Mice treated with either azithromycin or clarithromycin displayed a near identical disease progression to
the control, untreated mice; in contrast, those treated with levofloxacin, amoxicillin and co-amoxiclav were generally
protected with survival of 97%, 95% and 79%, respectively. The details of the assessments and future direction of
these studies are presented.
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Introduction
Bacillus anthracis, a Gram-positive, spore-forming bacillus, is the

causative agent of anthrax, a disease that manifests via the
gastrointestinal, cutaneous or inhalational route of exposure. Whilst
human infection is rare, it generally occurs with low lethality via the
cutaneous or gastrointestinal route following people handling infected
animals or by ingesting infected meat. The disease, however, is
potentially lethal via the inhalational route due to internalization of
the spores [1], and the threat posed to public health and safety have
caused it to be included on the US Centers for Disease Control and
Prevention (CDC) list of select agents as a Category A biological threat
agent [2]; indeed the human inhalational mortality rate ranges from
45%-80% [3,4].

The current recommended antibiotic (ciprofloxacin) of choice
against B. anthracis is based upon empirical treatments for sepsis, as
there are no clinical studies of the treatment of anthrax in humans [4];
although recently the CDC has updated their guidelines on treatment
of post-exposure inhalational anthrax, to include doxycycline and
levofloxacin as well as ciprofloxacin [5]. Ciprofloxacin has been
investigated in many animal models of inhalational infection, ranging
from mice, guinea pigs and rabbits [6-10] through to marmoset and
rhesus macaques [11-16] and it has proved effective. Whilst antibiotics
are still considered to be the most effective therapeutic approach in the
treatment of many pathogens, it is important to look at different
antibiotics or indeed different combinations of antibiotics to combat
potential antibiotic resistance. In addition, treatment with

ciprofloxacin alone during the Amerithrax incident was seen to fail to
protect 5 out of 11 individuals against inhalational anthrax. Some have
speculated that this apparent antibiotic failure was due to continued
action of toxin in the absence of viable organisms [17] and suggest a
combination of antibiotics (e.g. bactericidal agents with protein
synthesis inhibitors) would be more effective. This suggestion is
supported by the fact that 53% of the human cases of inhalational
anthrax that survived were treated with a combination of antibiotics
[5].

Inhalational anthrax has an incredibly rapid disease course, with
death occurring within a few days of exposure if no treatment is
administered, thereby making this a lethal form of the disease [18]. To
evaluate the efficacy of different antibiotics following aerosol exposure
to virulent B. anthracis (Ames strain), a model utilising BALB/c mice
was established. This manuscript focuses on the survival and clinical
signs of infection in BALB/c mice following orally administered
antibiotics post-aerosol challenge with B. anthracis spores.

Material and Methods

Bacillus anthracis challenge strain
Bacillus anthracis, AMES (NR-2324) was obtained from the

Biodefense and Emerging Infections Research Resources Repository
(BEI Resources, Manassas, VA). B. anthracis spores were produced by
fed batch culture in a 2 L bioreactor for approximately 26 h at 37ºC ±
2ºC, 400 rpm ± 10 rpm. The spores were concentrated and washed in
sterile distilled water by centrifugation, with final suspension in sterile
distilled water to an approximate titre of 8E+09 CFU/ml.
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Confirmation of spores was by phase-bright microscopy; the final
suspension was 100% phase-bright.

Experimental animals
All animal studies were carried out in accordance with the UK

Animals (Scientific Procedures) Act, 1986 and the Codes of Practice
for the Housing and Care of Animals used in Scientific Procedures,
1989. Female BALB/c mice aged over 8 weeks (sexually mature), free
of inter-current infection, were obtained from a commercial supplier
(Charles River, UK) with an approximate body weight of 20 grams.
Mice were housed in groups of five on a 12 hour day-night light cycle,
with food and water available ad libitum.

Aerosol challenge
Over three sequential experiments, groups of up to 20 mice (Table

1) were challenged for 10 minutes with a dynamic aerosol of B.
anthracis spores using the AeroMP-Henderson apparatus; the

challenge aerosol was generated using a three-jet Collison nebuliser
(BGI, Waltham, USA) containing 20 ml B. anthracis spores in sterile
water. The resulting aerosol was mixed with conditioned air (65 ± 5%
relative humidity, 21 ± 1ºC) in the spray tube [19] and delivered to the
nose of each animal via an exposure tube (sow) in which the un-
anaesthetised mice were held in restraint tubes. Samples of the aerosol
were taken using an All Glass Impinger (AGI30, Ace Glass, USA), [20]
operating at 6 L/min containing 20 ml sterile water and an
Aerodynamic Particle Sizer (TSI Instruments Ltd, Bucks, UK); these
processes were controlled and monitored using the AeroMP
management platform (Biaera Technologies LLC, MD, USA).

Back titrations of the aerosol samples, taken at the time of
challenge, were performed by serial dilution and plating out onto
trypticase soy agar (TSA) incubated at 37ºC for 16-24 h. These
titrations were used to calculate the inhaled dose using a derived
respiratory minute volume of 19.9 ml estimated from the average
weight of the animals [21].

 Levofloxacin Control (water) Amoxicillin Co-amoxiclav Azithromycin Clarithromycin

Study 1 20 19a N/A N/A N/A N/A

Study 2 5 20 20 19b N/A N/A

Study 3 5 20 N/A N/A 20 20

aOne death during aerosolisation
bOne death during antibiotic administration

N/A Not applicable; no animals in these study groups

Table 1: Experimental design detailing number of animals per group

Antibiotic Dosing
Antibiotics were obtained from a registered pharmacy. Levofloxacin

tablets were dissolved with the aid of sonication in sterile water to a
concentration of 8 mg/ml. Liquid preparations of amoxicilin, co-
amoxiclav, clarithromycin and azithromycin were prepared in sterile

water according to manufacturer’s instructions. Immediately prior to
administration, amoxicillin, co-amoxiclav and clarithromycin were
further diluted in sterile water to achieve concentrations of 3 mg/ml;
azithromycin was diluted to 1.2 mg/ml for the first dose and 0.6 mg/ml
thereafter (Table 2).

Antibiotic treatment Name/supplier Treatment dose
% survival Median time to death

(days)
Log-rank statistic compared
to control(survivors/total)

Levofloxacin Tavanic/Sanofi-
Aventis 80 mg/Kg BID 97 (29/30) >45 p<0.001

Amoxicillin Amoxil/GSK 30 mg/Kg QD 95 (19/20) >45 p<0.001

Co-amoxiclav Augmentin/GSK 30 mg/Kg QD 79 (15/19) >45 p<0.001

Azithromycin Zithromax/Pfizer 12-6 mg/Kg QD 5 (1/20) 1.92 p=0.198

Clarithromycin Klaricid/Abbott
Healthcare 30 mg/Kg QD 0 (0/20) 1.67 p=0.815

Control (water)  0.2 ml BID 3 (2/59) 1.92 -

BID – Twice daily; QD – Once daily

Table 2: Summary of antibiotic treatment and the observed protective effect of each antibiotic tested

From one day post-exposure, once or twice daily oral gavage of 0.2
ml of either the test antibiotic or carrier control commenced.

Treatment continued for thirty days after which the animals were
observed for a further fourteen days. Each treatment dose was verified
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from peak and trough serum samples taken from a separate group of
three animals, 1 h after treatment and 1 h prior to the following
treatment dose. Sera were filter sterilised prior to analyses. These
animals were exposed to B. anthracis prior to antibiotic administration
as in the main studies. Analyses were performed at Huntington Life
Sciences, UK. Briefly, protein precipitation was used to extract test
antibiotic from the mouse serum. Mouse serum (20 µl) was spiked
with 10 µl of ciprofloxacin (internal standard), then precipitated with
300 µl of acetonitrile. Samples were centrifuged for 5 minutes at +4ºC
(ca 12000 g). The supernatant was transferred and evaporated to
dryness, after which the sample was reconstituted in 300 µl of mobile
phase, and ca. 10 µl was then injected onto the LC MS/MS system.

Monitoring/Sampling
Challenged mice were returned to their home cages within an

ACDP (U.K. Advisory Committee on Dangerous Pathogens) animal
containment level 3 facility. Animals were closely observed at least
twice daily over the 45-day period for the development of clinical
signs. A clinical score was attributed based upon ruffled fur, eyes
closed, arched back and immobility. The humane endpoint of
immobility was strictly observed so that no animal became distressed.
‘Time to death’ figures include those animals killed according to the
humane endpoint. Cause of death was confirmed by the presence of
bacteraemia by streaking 10 µl blood onto TSA and incubating at 37ºC
for 24 h. Any animals that reached the end of the study (45 days post-
challenge) were designated as survivors. Survivors were humanely
euthanized and lung tissue subsequently removed and frozen at less
than minus 60ºC.

Bacterial Enumeration
Lung tissue was thawed, weighed and homogenised in sterile water

using a Precellys24 tissue homogenizer (Bertin Technologies,
Villeurbanne). Tissue samples were serially diluted in sterile water and
then plated out onto TSA. Plates were incubated at 37ºC for 16-24 h
before enumeration using a well-developed and characterised standard
procedure.

Minimum Inhibitory Concentration (MIC)
The MICs of the test antibiotics were assessed using 12 B. anthracis

isolates recovered from murine survivors’ lung tissue. Antibiotics were
serially diluted two-fold in Mueller-Hinton broth so that four wells of
a 96-well test plate contained 100 µl in the following concentration
range; amoxicillin (4-0.004 µg/ml), co-amoxiclav (4-0.004 µg/ml),
levofloxacin (2-0.002 µg/ml), clarithromycin (4-0.004 µg/ml),
azithromycin (16-0.015 µg/ml) and ciprofloxacin (2-0.002 µg/ml).
Lung tissue isolates and B. anthracis controls (B. anthracis, Ames
working cell bank) were grown for 20-24 h at 37ºC on Columbia blood
agar. A sample from each was suspended in 10 ml Mueller-Hinton
broth to an optical density measured at 600 nm of 0.08 to 0.12. The
bacterial suspensions were further diluted 150-fold; 100 µl was added
to each well of the test plates and then incubated for 18-24 h at 35 ±
2ºC. Following incubation, the optical density of each well was
measured at 600 nm and the MIC curve and values calculated.

Statistical Analysis
Analysis of survival rates between mice in treatment groups was

performed using the log-rank test.

Results and Discussion

Aerosol exposure to B. anthracis
Groups of 20 mice were challenged with a mean inhaled dose of B.

anthracis of 1.2E+06 CFU equating to 20 LD50 (range 11-31 LD50); the
mass median aerodynamic diameter of the challenge aerosols was <2
µm.

Clinical observations and mortality
Administration of antibiotics by oral gavage once or twice daily for

30 days was well tolerated. In addition to mortality data, in order to
generate a numerical assessment of the observable well-being of
groups of animals, a cumulative overall scoring system was devised
which was based on clinical observations indicative of the disease.
Clinical observations were scored in the following manner; healthy,
score=0; ruffled fur, score=2; eyes closed, score=3; arched back,
score=3; immobility, score=9 and death in cage or humane euthanasia,
score=10.

A graphical summary of the survival of animals from all of these
studies is displayed in Figure 1. Analysis of the combined Kaplan
Meier curves with the Log-Rank statistic shows that, compared to the
negative control, levofloxacin, amoxicillin and co-amoxiclav all
conferred significant protection (p<0.001) from inhalational anthrax
when administered for 30 days post-aerosol challenge. Azithromycin
and clarithromycin failed to protect (p=0.198 and 0.815, respectively)
from morbidity or mortality in this murine model.

Figure 1: Combined Kaplan-Meier survival plots for all treatment
groups

In all experiments, any mouse showing signs of severe disease
(immobility) was immediately humanely euthanized. In animals that
did not succumb to disease, clinical signs were largely absent with the
exception of two levofloxacin-treated animals (Figures 2 and 3).
Control, sham-treated mice generally displayed a rapid onset of
clinical signs from 1 day-post-challenge with the appearance of ruffled
fur followed by immobility/death/euthanasia with a median time of
1.92 days post-challenge (Figures 2-4). Mice treated with either
azithromycin or clarithromycin displayed a near identical disease
progression to that of the control mice with rapid onset and escalation
of clinical signs leading to immobility/death/euthanasia in a median
time of 1.92 and 1.67 days, respectively (Figure 3 and Table 3).
Levofloxacin, amoxicillin and co-amoxiclav generally protected mice
from disease conferring survival 97%, 95% and 79%, respectively
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(Table 2). A summary of the protective efficacy of the test antibiotics is
presented in Table 2.

Figure 2: Cumulative mean clinical observation for the levofloxacin
efficacy study

Figure 3: Cumulative mean clinical observation scores for the first
antibiotic trial

The presence of a low but detectable level of anthrax persistence
was noted in all groups of survivors, irrespective of antibiotic
treatment. The probability that the presence of these few colonies was
due to cross-contamination from inside the containment isolator
during manual enumeration can be discounted due to the fact that the
colonies tended only to grow from plates inoculated with most
concentrated lung homogenate samples. This is because cross-
contamination from within the isolator would have presented
randomly across all plates.

Figure 4: Cumulative mean clinical observation scores for the
second antibiotic trial, Tissue bacterial load

An increase in antibiotic resistance in these persistent colonies was
not detected. The reason for the presence of these persistent anthrax
cells in apparently healthy survivors cannot, therefore, be attributed to
an increase in antibiotic resistance. It is possible that these colonies
represent spores which did not germinate in the lung or they could
represent viable partially-germinated anthrax spores which resided in
an intracellular or otherwise sheltered location which was protected
from the bactericidal concentration of test antibiotics. This
interpretation of our data is consistent with the opinion of others [5]
and is further supported by the recent observations of Jenkins and Xu
[22] that anthrax spores may reside intracellulary, specifically within
epithelial cells of the respiratory tract, in BALB/c mice after intranasal
inoculation with B. anthracis spores.

Serum concentrations of antibiotics
The antibiotic concentrations present in the mouse sera at peak and

trough times are displayed in Table 3. Levels of azithromycin and
clarithromycin were below that expected, even taking into
consideration the potential for the development of resistance in Gram
positive bacteria to macrolides (including clarithromycin); however,
this may have been a result of an additional freeze/thaw cycle of the
mouse serum that was required to prove sterility prior to analyses.
Confirmation that no antibiotic resistance was incurred during the
animal study is confirmed by the results presented in Table 4. The
MIC of the B. anthracis isolates recovered from the lungs of surviving
mice were the same or very similar to the MIC of the control cell bank;
thus indicating that the persistence of these viable anthrax cells was
not attributable to the development of increased antibiotic resistance.

Antibiotic treatment Peak serum level (ng/ml) Trough serum level (ng/ml)

Levofloxacin 4013 56

Amoxicillin 6220 BLQ

Co-amoxiclav 2702 BLQ

Azithromycin 50 BLQ
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Clarithromycin 49 BLQ

Control (water) BLQ BLQ

BLQ – below limit of quantification

Table 3: Antibiotic serum concentrations detected after dosing

Sample
Minimum inhibitory concentration (µg/ml)

Amoxicillin Co-amoxiclav Azithromycin Clarithromycin Levofloxacin Ciprofloxacin

1 - - 2 0.03 0.06 0.12

2 0.03 0.03 - - 0.12 0.03

3 0.015 0.03 - - 0.12 0.03

4 0.03 0.03 - - 0.25 0.03

5 0.015 0.06 - - 0.06 0.03

6 0.03 0.03 - - 0.06 0.03

7 0.03 0.12 - - 0.06 0.12

8 0.06 0.03 - - 0.25 0.03

9 0.015 0.03 - - 0.12 0.03

10 0.03 0.06 - - 0.12 0.03

11 0.06 0.03 - - 0.12 0.03

12 0.03 0.03 - - 0.12 0.12

Control-WCB 0.06 0.12 2 0.03 0.12 0.12

WCB – Working cell bank

Table 4: MIC values on B. anthracis isolates recovered from the lungs of survivors

Conclusions
In this set of studies, BALB/c mice were demonstrated to be

reproducibly susceptible to aerosol challenge with virulent B. anthracis
(Ames) spores. In addition, this BALB/c model was found to be
appropriate for the assessment of different antibiotic treatment
regimes. Orally delivered levofloxacin, amoxicillin and to a slightly
lesser extent, co-amoxiclav, were found to significantly reduce
mortality when compared against azithromycin and clarithromycin at
the doses evaluated. The presence of a low, but detectable, level of
anthrax in some survivors from treatment groups was unexpected and
could not be attributed to an increase in antibiotic resistance.

Based on the presented data (and corresponding bacterial burden;
not presented), levofloxacin, amoxicillin and co-amoxiclav will be
evaluated further in a cynomolgus macaque model. The FDA 2002
draft guidance recommends the use of an appropriate macaque model
[2] and subsequent guidance and publications support the use of the
African green, rhesus or cynomolgus macaque [23,12-16]. For this
reason we have characterised the cynomolgus macaque model and will
be evaluating the post-exposure efficacy of these three orally
administered antibiotics in terms of animal survival, bacterial burden
and time course of progression of diseases (including disease
manifestations e.g. pathologic features and immune status) ultimately

aiming to increase the therapeutic options to support further post-
exposure prophylaxis indications for inhalational anthrax. In addition
we will investigate if these antibiotics have the ability to prevent
systemic replication and dormancy, as this aspect has not been clearly
defined to date.
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