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Abstract

Background: Bacillus anthracis spores pose a major biosecurity threat, in light of their use
in several documented bioterror attacks and the fact that it was weaponized. The absence
of specific and accurate treatment instructions in the 2001 anthrax letter attacks and the
poor prognosis of patients receiving ineffective treatment emphasized the need for reliable
guidelines for treating exposed (prophylaxis) or symptomatic populations. The recent
2023 CDC guidelines for treating systemic anthrax recommend a combined treatment of a
tetracycline (minocycline or doxycycline) with meropenem or a fluoroquinolone. These
recommendations differ from the 2001 and 2015 updates, and in the absence of significant
clinical data, rely on animal studies. Previously, we demonstrated, based on a rabbit model,
that these recommendations are effective in treating various stages of anthrax, ranging from
post-exposure prophylaxis to systemic involvement and involvement of the CNS. Methods:
We used a trigger-to-treat type of experiment using non-human primates (NHP) infected
by nasal spray of a lethal dose of B. anthracis spores. Results: We confirmed our rabbit
results by demonstrating the efficacy of doxycycline as a monotherapy or in combination
with levofloxacin in treating late-stage systemic anthrax in non-human primates (NHP),
in a trigger-to-treat type of experiment. Our experiments show high efficacy of the mono
or combined therapy. Conclusions: Our results support the CDC guidelines placing
doxycycline as first-choice therapeutics by demonstrating the efficacy of using it as a
monotherapy or in combination with levofloxacin, in a second highly relevant NHP model.

Keywords: Bacillus anthracis; doxycycline; levofloxacin; non-human primates; anthrax;
treatment; trigger to treat

1. Introduction
Bacillus anthracis, a Gram-positive spore-forming bacterium, is the etiological cause of

anthrax, a lethal zoonotic disease that is naturally transmitted to humans by contact with
sick animals or contaminated animal products [1–3]. In most cases, the spores (the infectious
form) penetrate the body through skin lesions or the gastrointestinal or respiratory tracts [1].
The route of infection determines the type of anthrax that develops, i.e., local eschar,
gastrointestinal and systemic disease. Systemic disease is almost always fatal without
treatment and will always develop after inhalational and oral infections [4]. The cutaneous
form is the most obvious of the three and will resolve in 80–95% of the cases [5]. A
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relatively new form of anthrax, deep tissue infection, resulting from the injection of spore-
contaminated heroin, causes extended edema and inflammation of the injected limb [6].
After penetrating the host, the germinating bacterial cell produces two major virulence
factors: capsule and tripartite toxin. The poly-γ-D-glutamic acid capsule protects the
bacteria from phagocytosis and acts as an immunomodulator [7,8]. The toxin is composed
of two enzymes: Lethal Factor (LF), a protease that cleaves specifically enzymes of the MAP
kinase regulatory pathway [9,10], Edema Factor (EF), a calmodulin-dependent adenylate
cyclase [11–13] and Protective antigen (PA), a transporting protein that binds to a specific
cellular receptor and delivers the two enzymes into the host cell [14,15]. The capsule and
toxins are secreted into the host blood and can serve as biomarkers for the disease. Since
the PA is the most abundant, it is used as a sensitive indicator of the development of
bacteremia [16,17].

Historically, anthrax patients were treated with injections of penicillin G, which was
highly effective but of limited applicability in the case of mass exposure events [1]. Fol-
lowing the 2001 anthrax mail attacks and the confusion in treatment of systemic patients,
the Centers for Disease Control and Prevention (CDC) recommended treatment based on
ciprofloxacin or doxycycline in combination with up to four additional substances [18].
The CDC guideline addressed two major anthrax stages: early-stage post-exposure asymp-
tomatic population (post-exposure prophylaxis—PEP) and symptomatic, most likely sys-
temic patients. The systemic patients’ symptoms could range from flu-like to an acute
condition presenting high fever, pleural fluid accumulation and meningitis [19]. For PEP,
the CDC recommended 60 days of oral treatment with ciprofloxacin or doxycycline. For
symptomatic patients, the CDC recommended combined treatment based on ciprofloxacin
or doxycycline together with one or more substances from a list. Eventually, the combina-
tion of ciprofloxacin with clindamycin was the treatment of choice and was successfully
used in several anthrax cases since [19].

Since the original publication of guidelines (in 2001), the CDC updated its recom-
mendations twice-in 2015 and 2023 [20,21]. The 2015 recommendations divided the symp-
tomatic patients into two groups based on the physician’s ability to exclude CNS involve-
ment. The treatment in this case was based on the fluoroquinolone (ciprofloxacin or
levofloxacin) supplemented with a protein synthesis inhibitor (clindamycin or linezolid).
In the case where meningitis could not be excluded, the CDC recommended combining
three antibiotics: a fluoroquinolone, a protein synthesis inhibitor (Linezolid as first choice)
and a β-lactam (meropenem). Unlike the 2015 recommendations that were based mainly
on data from other CNS diseases, the 2023 update was based on comprehensive analysis of
all the available data (published and unpublished) on anthrax treatment in relevant animal
models [22]. The recommended treatment is based on a tetracycline (Minocycline or doxycy-
cline) combined with meropenem or a fluoroquinolone (ciprofloxacin or levofloxacin) [21].
Previously, we reported the high efficacy of doxycycline in treating late stages of sys-
temic anthrax in rabbits as a monotherapy or in combination with a fluoroquinolone or
meropenem [23–26]. We also demonstrated that, unlike levofloxacin, ciprofloxacin was
not effective in treating advanced-stage anthrax in rabbits and NHP [23]. In this work, we
validate the rabbit results in non-human primates (NHP) that were infected via intranasal
spray of spores in trigger-to-treat experiments with doxycycline alone or with levofloxacin.

2. Materials and Methods
This study was carried out by trained personnel, in strict accordance with the rec-

ommendations of the Guide for the Care and Use of Laboratory Animals of the National
Research Council. All protocols were approved by the IIBR committee on the Ethics of
Animal Experiments (Protocol numbers: RM-01-18, approved on 13 September 2018, and
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RM-03-19, approved on 23 September 2019). Animals had free access to food and water,
maintained in a controlled environment with a constant fresh air supply and an ambient
room temperature of 24 ◦C. Enrichment was supplied in the form of specialized toys. For
each experiment, animals were randomly selected, sedated using 100 mg ketamine and
10 mg xylazine and transferred from the general animal facility to the BSL3 facility for
acclimation. As the animal transfer between the general animal facility and the BSL3 facility
is unidirectional, to avoid euthanizing naïve animals, the negative control animals were
maintained in the general animal facility and were monitored daily by the facility staff.

The B. anthracis strain used in this study was the Vollum strain (ATCC14578). The
MICs of this strain to doxycycline are 0.016 µg/mL and to levofloxacin are 0.047 µg/mL.

Animals (female Rhesus macaque) were anesthetized using 100 mg ketamine and
10 mg xylazine and infected by spraying 1 × 106 CFU (10 × LD50) B. anthracis Vollum spore
suspension [24] into their nasal cavity with a MicroSprayer® Aerosolizer for Rats—Model
IA-1B-R (PennCentury™ Wyndmoor, PA, USA). Blood samples (3 mL) were drawn from
a limb vein every 4 h starting 24 h post-inoculation, and serum protective antigen (PA)
concentration was determined using a home-made rapid ELISA [25] as a correlate for
bacteremia level (Table 1). When bacteremia was estimated as >104 CFU/mL, blood
was drawn and plated to determine the exact bacteremia (CFU/mL) and treatment was
initiated. As we previously demonstrated in rabbit and guinea pig experiments, this level
of bacteremia represents progressed systemic disease at a stage that effective antibiotic
treatment will be successful in >95% of the cases and drops dramatically when bacteremia
is higher than 1 × 106 CFU/mL.

Table 1. Serum PA and bacteremia at treatment initiation.

Bacteremia (CFU/mL) Serum PA (µg/mL)

3 × 108 >50
1.2–4 × 107 20–30
1–2 × 106 3–5
3–5 × 105 0.3–0.5
1–2 × 104 0.05

Animals were treated SC with doxycycline 15 mg/kg (Vibramycin SF 100 mg/5 mL,
Pfizer, New York, NY, USA) as a monotherapy (n = 6) or combined (n = 5) with levofloxacin
20 mg/kg (Tavanic 500 mg/100 mL, Aventis, Paris, France) twice a day for three days,
followed by doxycycline alone, SC twice a day for four days. The treatment regimen was
based on trough antibiotic inhibitory concentration at 12 h post-treatment [27,28]. Animals
were monitored twice a day for 14 days post-inoculation for behavioral signs and body
temperature using a subcutaneous RFID chip in the first 7–8 days. Animals unable or
unwilling to drink were injected with 20–100 mL of saline or isotonic dextrose solution SC.
Animals were euthanized immediately by a 120 mg/kg sodium pentobarbitone injection
when one of the following symptoms was detected: severe respiratory distress or the
loss of righting reflex. Since in most cases anthrax symptoms are detectable only in close
proximity to death, both animals succumbed to the disease. To reduce the use of NHP,
these two animals, one from each treatment group, serve as positive controls.

The use of B. anthracis was performed according to the Israeli select agent law. The
experiments were regulated and monitored by the head of the biosafety unit and by
the institutional regulatory committee at the IIBR. All experiments were conducted in a
BSL3 laboratory.
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3. Results
The doxycycline monotherapy group consisted of six animals. The animals were

sedated and infected by spraying 1 × 106 CFU (10 × LD50) B. anthracis Vollum spore sus-
pension [24] into their nasal cavity with a MicroSprayer® Aerosolizer. 24 h post-infection,
blood samples were obtained, and PA serum concentration was estimated using a previ-
ously reported rapid ELISA [29]. In this specific experiment, all the animals were positive
for serum PA at levels that indicate bacteremia at the desired levels (Table 1). At this point,
we decided to start treating all the animals in this group, although our predictions indicated
that bacteremia would be lower than the target of 1 × 104 CFU/mL, since according to our
experience at these bacteremia levels, deterioration could be fast. The precise bacteremia of
each of the animals at treatment initiation was determined by plating diluted blood sam-
ples. In perspective, we treated animals with bacteremia between 200 and 3 × 108 CFU/mL
(Figure 1A). Animals were treated twice a day SC with 15 mg/kg of doxycycline. Animal
posture and general behavior were observed from a distance using an in-room camera,
and body temperature was recorded daily. Similar to the efficacy reported in the rabbit
model [25], doxycycline monotherapy was highly effective, protecting all the animals with
bacteremia of up to 107 CFU/mL, but failing to protect the animal with bacteremia of
3 × 108 CFU/mL. Body temperature in all surviving animals (Figure 2A) showed minimal
differences throughout the treatment period. In contrast, there was a rapid decrease in
the temperature of the animal that succumbed to the infection. This animal died within
36 h from treatment initiation; its body temperature dropped to 32 ◦C within 24 h and
succumbed within the following 12 h, receiving two rounds of antibiotic treatment in the
duration. Gross necropsy revealed high accumulation of pleural fluids and high intracra-
nial tension that included hemorrhage, estimated by the excessive amount of bloody CSF
discharged during brain necropsy. Both blood and brain were sterile, which is similar to
what we had previously demonstrated for clindamycin in the rabbit model [29]. We cannot
exclude the presence of bacteria in the organs; however, the fact that the blood and CSF
were sterile indicates that the death was not due to treatment failure.

Figure 1. Outcome of inhalation anthrax treatment with doxycycline alone or in combination with
levofloxacin. Animals were infected intranasally with Vollum spores using a PennCentury™ device.
Disease progression was monitored by determining serum PA concentration which served as the
trigger-to-treat. Bacteremia (CFU/mL) at treatment initiation and outcome of the treatment (Live or
Dead) is indicated for (A)—doxycycline and (B)—doxycycline + levofloxacin.
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Figure 2. Body temperature of individual animals during the treatment period. A subcutaneous
chip was used to record body temperature throughout the treatment period. (A)—doxycycline and
(B)—doxycycline + levofloxacin. Arrows indicate treatment initiation and X indicates that the specific
animal succumbed to the disease. The doxycycline treatment was initiated at 24 h (black arrow)
post-infection, while in the doxycycline + levofloxacin experiment the treatment onset variation was
high and the arrows are color coded according to the specific animal treated. The bacteremia at
treatment initiation is indicated in the legend.

Since in the case of systemic disease the combination of at least two antibiotics is
recommended [21], we tested the effect of adding levofloxacin to the treatment. For this
experiment, five animals were exposed to B. anthracis Vollum spores as described for the
doxycycline mono-treatment. Serum PA was estimated every 4 h starting 24 h post-infection.
Unlike the first experiment, the disease progressed differently in each of the animals,
resulting in treatment initiation at different time points, as shown by collared arrows in
Figure 2B. This treatment group consists of five animals with bacteremia of 5 × 104 to
4 × 107 CFU/mL. Animals were treated twice a day SC with 15 mg/kg of doxycycline and
20 mg/kg of levofloxacin for three days, followed by a four-day treatment with doxycycline
as monotherapy. Animals were monitored as above. This combined treatment was highly
effective, protecting animals with a bacteremia of 5 × 104 to 2 × 106 CFU/mL (Figure 1B).

This treatment failed to protect the single animal with 4 × 107 CFU/mL. Body temper-
ature monitoring (Figure 2B) again showed that in surviving animals no major changes
were observed, while there was a slight decrease in temperature during the four days
from treatment initiation to death in the animal that succumbed. Once this was detected, a
warming infrared lamp was added, and 200 mL of saline was administered SC twice a day.
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This limited supportive treatment, on top of the therapeutic protocol, did not prevent the
animal’s death. Perhaps an intensive care level of treatment might have been more effective
in preventing the animal’s death. Gross necropsy did not reveal any obvious damage to
internal organs and there was no bacterial growth in blood or brain samples.

4. Discussion
Anthrax is a rare lethal zoonotic disease in which we rely exclusively on animal models

for the development of clinical strategies [3]. The recent CDC recommends a combined
treatment of tetracycline (minocycline or doxycycline) with meropenem or fluoroquinolone
(levofloxacin) for the treatment of systemic anthrax [21]. Since previously, tetracycline was
limited to PEP [20], most of the published data refers to the efficacy of this drug in treating
animals in 24 h post-exposure [30]. At this time point, most animals are symptom-free and
likely not bacteremic. Since animals do not show any disease signs, the only reliable marker
is blood bacteremia, which increases with the progression of the disease and can reach
108–109 CFU/mL close to death [31]. Therefore, when testing treatment efficacy, a trigger-to-
treat type of experiment is used. Since live counts are time-consuming and are relevant only
in retrospect, in most experiments, plasma toxins, mainly PA, are used as a trigger-to-treat
marker [17,25,32,33]. Since the correlation of bacteremia to PA is not perfect, in most of
these experiments, treatment is initiated immediately once PA is detected and is usually
based on a large cohort of animals to achieve statistical significance [34–36]. Therefore, the
accepted model for such experiments is the rabbit; however, NHPs are still considered the
relevant animal model when translating scientific data to human recommendations [37].

The efficacy of anthrax treatment is inversely correlated to the time from infection,
where the efficacy decreases as the disease progresses. Treating exposed individuals (non-
symptomatic) is highly effective. During the 2001 anthrax letter attack, thousands of
suspected and confirmed people received ciprofloxacin or doxycycline prophylaxis, and
none developed anthrax symptoms [38]. Modeling treatment of symptomatic individuals is
more complicated since it includes variation in patients exhibiting a variety of signs ranging
from flu-like to acute phase, which includes central nervous system (CNS) involvement [19].
The aim of this work was to evaluate the efficacy of the recent CDC guidelines in treating
systemic anthrax patients, in the presence or absence of indications of CNS involvement [21].
For this purpose, we can use two types of experiments: a direct CNS infection model [39]
and a trigger-to-treat type of experiment following airway spore infection. In the trigger-to-
treat type of experiments, we aim to achieve bacteremia ranging from 0 to 108 CFU/mL,
one that will allow us to distinguish between different stages of the systemic disease. Based
on our previous finding indicating that from a bacteremia of 105 CFU/mL bacteria could
be detected in the brain tissue [31], we defined bacteremia of 10–104 CFU/mL as flu-like
and 104–106 CFU/mL as acute stages of the disease. In our rabbit experiments, we defined
the treatment as efficient when all the animals with bacteremia of up to 104 at treatment
initiation were saved [26,29].

Previously, we demonstrated that doxycycline, both as monotherapy or combined
with levofloxacin, is effective in treating late-stage systemic disease or following direct
CNS infection in rabbits [23,25]. We also demonstrated that this treatment is effective in
NHP following direct CNS infection [23]. Since the CDC guidelines refer to the treatment
of patients with progressed systemic anthrax, the NHP experiment had to simulate this
condition. The disease that develops following CSF injection is mainly a CNS disease [39],
while the systemic organ damage is secondary and results from transfer from the CNS to the
bloodstream (the opposite direction of the natural disease). This model is great in testing
the ability of antibiotics to cross the BBB and be effective in resolving the infection [39,40].
In this experiment, we started with a pulmonary infection of the animal and monitored the
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PA level carefully in an attempt to get maximal bacteremia variation using a limited number
of animals, since we are dealing with NHP. All the animals presented with bacteremia at
treatment initiation, indicating that they were all successfully infected and developed a
disease that was lethal in the absence of effective treatment. The fact that one animal from
each treatment group succumbed to the infection, while being treated with antibiotics, sup-
ports this statement and can be considered a positive control. Herein, we tested the efficacy
of doxycycline as a mono treatment or in combination with levofloxacin as a treatment of
late-stage systemic disease following airway spore infection in NHP. The two treatments
were highly effective, protecting animals with bacteremia as high as 106–107 CFU/mL.
The fact that there is one animal in each bacteremia level restricts our ability to make
any claims regarding the differences between the two groups. However, the fact that
five animals in the doxycycline group, with bacteremia of up to 1 × 107 CFU/mL and
four animals from the group treated with doxycycline and levofloxacin, with bacteremia of
up to 2 × 106 CFU/mL, survived, indicates high treatment efficacy. Our treatment failed to
protect one animal from each group. Doxycycline failed to protect an animal that had a very
high bacteremia level of 3 × 108 CFU/mL. This bacteremia level is typical of moribund
animals and is impossible to treat with antibiotic treatment. The finding of large quantities
of pleural fluid and high intracranial pressure due to CSF accumulation, similar to that
reported for human anthrax patients, supports this assumption. The fact that the blood
and CSF were sterile after two doses of antibiotics points to the potency of doxycycline and
not that the animal is actually sterile. The animal that died during the doxycycline and
levofloxacin treatment had a high bacteremia of 4 × 107 CFU/mL at treatment initiation
and actually improved during the first three days of treatment. However, the overall
condition of the animal deteriorated and our supportive treatment of fluids and a heating
lamp was insufficient, and the animal died without any obvious necropsy findings. Since
this animal received five days of antibiotic treatment, we can assume that the animal was
sterile. In these two cases, we can assume that intensive care treatment would prolong the
survival of these animals, especially the one that died on day six.

Due to the nature of the NHP model, we limited the number of animals in each
experiment, resulting in one animal in each bacteremia group. This situation limits our
ability to make direct comparisons between the two treatments, but rather suggests non-
inferiority. Overall, these findings support our previous rabbit results and the recent
CDC recommendations for using doxycycline as a first-line choice in treating this stage of
the disease.
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