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ABSTRACT

The aim of this study was to compare the pharmacokinetics and efficacy of ciprofloxacin as post-exposure therapy against inhalational anthrax in the common marmoset (Callithrix jacchus) with other non-human primate models in order to determine whether the marmoset is a suitable model to test postexposure therapies for anthrax. Pharmacokinetic (PK) and efficacy studies with ciprofloxacin were performed in the marmoset. Ciprofloxacin plasma pharmacokinetics were determined in six animals in separate single-dose and multiple-dose studies and were analysed by high-performance liquid chromatography (HPLC). A separate group of marmosets was exposed to ca.

100 the 50% lethal dose (LD 50 ) of Bacillus anthracis Ames strain by the airborne route. On Day 5 of a twice-daily dosing regimen of 17.5 mg/kg, the ciprofloxacin half-life (t 1/2 ), maximum drug concentration (C max ) and area under the concentration-time curve (AUC) in marmoset plasma were 1.9 h, 2.1g/mL and 7.9 g/mL/h, respectively. Naïve untreated control animals succumbed to infection by Day 9. All animals treated with ciprofloxacin, started on the day of exposure and continued for 10 days, remained healthy during the treatment period. Two antibiotic-treated animals (33%) died after withdrawal of antibiotic therapy, attributed to the germination of residual spores. In conclusion, in many respects the marmoset appears to respond to B. anthracis in a similar way to the macaque, suggesting that this small nonhuman primate is an acceptable, practical alternative model for the evaluation of medical countermeasures against respiratory anthrax infection.

Introduction

The causative agent of anthrax is the Gram-positive, aerobic, spore-forming bacterium Bacillus anthracis, which is found primarily in animals in Asia, Africa and parts of Europe. Anthrax is a rare but potentially lethal disease in humans and is included on the US Centers for Disease Control and Prevention (CDC) list of select agents that have potential to pose a major threat to public health and safety [START_REF]Bioterrorism agents/diseases, by category[END_REF]. In order to obtain licensure for therapies to treat such infections, the US Food and Drug Administration (FDA) has provided draft guidance indicating that reliance on appropriate animal model(s) is necessary [START_REF] Food | New drug and biological drug products; evidence needed to demonstrate effectiveness of new drugs when human efficacy studies are not ethical or feasible. Final rule[END_REF]. A number of species have been used to test the efficacy of prophylaxes and therapies for anthrax, including the mouse [START_REF] Hc | A recombinant carboxy-terminal domain of the protective antigen of Bacillus anthracis protects mice against anthrax infection[END_REF][START_REF] Flick-Smith | Mouse model characterisation for anthrax vaccine development: comparison of one inbred and one outbred mouse strain[END_REF][START_REF] Varughese | Identification of a receptorbinding region within domain 4 of the protective antigen component of anthrax toxin[END_REF][START_REF] Welkos | Differences in susceptibility of inbred mice to Bacillus anthracis[END_REF], guinea pig [START_REF] Fellows | Efficacy of a human anthrax vaccine in guinea pigs, rabbits and rhesus macaques against challenge by Bacillus anthracis isolates of diverse geographical origin[END_REF][START_REF] Mcbride | Protective efficacy of a recombinant protective antigen against Bacillus anthracis challenge and assessment of immunological markers[END_REF], Syrian hamster (Rodentia spp.) [START_REF] Fellows | Anthrax vaccine efficacy in golden Syrian hamsters[END_REF], rabbit (Lagomorpha spp.) [START_REF] Mcbride | Protective efficacy of a recombinant protective antigen against Bacillus anthracis challenge and assessment of immunological markers[END_REF][START_REF] Pitt | In vitro correlate of immunity in an animal model of inhalational anthrax[END_REF] and non-human primates (NHPs) [START_REF] Fellows | Efficacy of a human anthrax vaccine in guinea pigs, rabbits and rhesus macaques against challenge by Bacillus anthracis isolates of diverse geographical origin[END_REF][START_REF] Ivins | Immunization against anthrax with Bacillus anthracis protective antigen combined with adjuvants[END_REF][START_REF] Ivins | Efficacy of a standard human anthrax vaccine against Bacillus anthracis spore challenge in rhesus monkeys[END_REF][START_REF] Ivins | Comparative efficacy of experimental anthrax vaccine candidates against inhalation anthrax in rhesus macaques[END_REF].

Traditionally, Old World monkeys such as the cynomolgus and rhesus macaques are the NHP species of choice, but due to ethical considerations and practical issues, such as the increasing demand for animals, expense and appropriate facilities to house these large animals under high containment conditions, alternative models are being investigated.

Ciprofloxacin is one of the drugs of choice for the treatment of anthrax [START_REF] Inglesby | Working Group on Civilian Biodefense. Anthrax as a biological weapon, 2002: updated recommendations for management[END_REF].

The efficacy of ciprofloxacin against experimental anthrax has been investigated in a number of animal models. Efficacy against systemic and inhalation infection has been investigated in mice [START_REF] Steward | Postexposure prophylaxis of systemic anthrax in mice and treatment with fluoroquinolones[END_REF][START_REF] Heine | Determination of antibiotic efficacy against Bacillus anthracis in a mouse aerosol challenge model[END_REF]; intranasal infection and subcutaneous prophylaxis has been studied in guinea pigs [START_REF] Altboum | Postexposure prophylaxis against anthrax: evaluation of various treatment regimens in intranasally infected guinea pigs[END_REF], and both A c c e p t e d M a n u s c r i p t 4 intravenous and oral antibiotic administration have been investigated for inhalational infection in rhesus macaques [START_REF] Henderson | Observations on the prophylaxis of experimental pulmonary anthrax in the monkey[END_REF][START_REF] Friedlander | Postexposure prophylaxis against experimental inhalation anthrax[END_REF][START_REF] Vietri | Short-course postexposure antibiotic prophylaxis combined with vaccination protects against experimental inhalational anthrax[END_REF][START_REF] Vietri | A short course of antibiotic treatment is effective in preventing death from experimental inhalational anthrax after discontinuing antibiotics[END_REF]. Indeed, ciprofloxacin is one of three drugs licensed by the FDA for prophylaxis of inhalational anthrax with the licence application supported with NHP data [START_REF] Bell | Clinical issues in the prophylaxis, diagnosis, and treatment of anthrax[END_REF].

We have previously shown that the common marmoset (Callithrix jacchus) is an appropriate alternative NHP model of respiratory anthrax infection. The calculated 50% lethal dose (LD 50 ) for the B. anthracis Ames strain was 1.47  10 3 colony-forming units (CFU) [START_REF] Lever | Experimental respiratory anthrax infection in the common marmoset (Callithrix jacchus)[END_REF]. In this study, the validity of the marmoset as a model for post-exposure therapy using ciprofloxacin is investigated.

Materials and methods

Animals

Healthy, sexually mature, common marmosets (C. jacchus) were obtained from the Defence Science and Technology Laboratory (Dstl) Porton Down breeding colony and were housed in female and vasectomised male pairs. Animals were aged 50-74 months and weighed 322-428 g at the time of study (Table 1). Animals were allowed free access to food and water as well 

Determination of the bioavailability of ciprofloxacin in the common marmoset

Two pharmacokinetic (PK) studies were performed (single dose and multiple dose). Blood samples were collected into tubes containing ethylene diamine tetra-acetic acid (EDTA) anticoagulant and were thoroughly mixed prior to centrifugation for 5 min at 13 000 rpm. Plasma was collected into labelled, sterile Eppendorf tubes and was stored at -70 C until analysis.

Single-dose study

A cohort of six animals were each administered 43.8 mg/kg of ciprofloxacin orally in 2 mL of banana-flavoured milkshake. The dose was calculated to be equivalent to a human dose on the basis of individual body weight and surface area [START_REF] Kelly | Serum concentrations of penicillin, doxycycline, and ciprofloxacin during prolonged therapy in rhesus monkeys[END_REF]. Blood samples were collected at 1, 2, 4, 8 and 10 h post dose from the femoral vein.

Multiple-dose study

Six animals were dosed twice daily (at 08:00h and 18:00h) for 5 days orally with 17.5 mg/kg ciprofloxacin in 2 mL of banana-flavoured milkshake. Animals were bled either at estimated peaks (1 h post dose) or estimated troughs (30 min pre dose).
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Quantification of ciprofloxacin concentrations in marmoset plasma

Plasma ciprofloxacin concentrations were determined using high-performance liquid chromatography (HPLC). Working standards of ciprofloxacin were prepared in water and were used to spike control marmoset plasma (50 L) to produce a calibration curve over the range 0.25-5 g/mL. Acetonitrile (100 L) was added to either the standard or marmoset test plasma and vortexed.

A further 200 L of deionised water was added and centrifuged at 13 000 rpm for 10 min, and 100 L aliquots were analysed by HPLC. Relevant PK parameters were calculated using WinNonlin software v5.2 (Pharsight Corp., Munich, Germany).

Bacterial strain and culture

Spore preparation

Spores of the virulent Ames strain of B. anthracis were prepared on manganese sulphate sporulation agar in Roux bottles as previously described [START_REF] Heine | Determination of antibiotic efficacy against Bacillus anthracis in a mouse aerosol challenge model[END_REF], except that, to avoid inducing premature germination, the isopropanol wash and heat shock treatment were omitted. The spore pellets were washed three times in sterile distilled water and were finally made up to 150 mL in sterile distilled water. The spore concentration was determined to be 6.71  Henderson apparatus [START_REF] Druett | A mobile form of the Henderson apparatus[END_REF]. Marmosets were placed in a head-only exposure chamber (plethysmograph tube) and were exposed for 10 min to a dynamic aerosol maintained at 50-55% relative humidity and 18-20 C. The total accumulated tidal volume for each animal during challenge was determined by whole-body real-time plethysmography with a Fleisch pneumotachograph (EMMS, Bordon, UK). The concentration of the aerosol cloud was quantified after sampling from a sample port into an all-glass impinger (AGI-30; SKC Ltd., Blandford Forum, UK) by serial dilution and plating onto nutrient agar.

Antibiotic dosing schedule

Six animals were dosed with 17.5 mg/kg ciprofloxacin orally in milkshake, starting ca. 6-12 h post exposure. Treated animals were subsequently dosed twice daily and were treated for up to 10 days. Two animals received only milkshake and served as positive controls.
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Post-mortem

Post-mortem examinations were performed on all animals upon culling or death from disease. Organs were removed aseptically and were assessed for bacteriology. Blood was removed from anaesthetised marmosets by cardiac puncture for assessment of bacteraemia. Tissues were fixed in 10% buffered formalin solution and were processed for paraffin wax embedding using standard techniques. Sections (5 ± 2 m) were cut and stained with haematoxylin and eosin.

Statistics

Survival data were analysed using the log rank test.

Results and discussion

Bioavailability studies

Plasma ciprofloxacin concentrations following a single oral dose of ciprofloxacin are shown in Fig. 1. These initial data show that the marmoset plasma ciprofloxacin concentration after a single oral dose peaked at 1 h and then decayed rapidly. In the subsequent multiple-dose study, the ciprofloxacin dose was adjusted for individual marmoset's body weight, with an average of 17.5 mg/kg ciprofloxacin orally twice daily. Dosing was carried out daily at 08.00h and 18.00h so that there were alternating gaps of 10 h and 14 h between consecutive doses. The mean plasma concentration from individual measurements in six marmosets over a 4-day period is shown in Fig. 2 2. Marmosets tolerated the ciprofloxacin well and the half-life (t 1/2 ), maximum drug concentration (C max ) and area under the concentration-time curve (AUC) were 1.9 h, 2.1 g/mL and 7.9 g/mL/h, comparable both with Old World monkey and human ranges [START_REF] Kelly | Serum concentrations of penicillin, doxycycline, and ciprofloxacin during prolonged therapy in rhesus monkeys[END_REF][START_REF] Shah | Oral bioequivalence of three ciprofloxacin formulations following single-dose administration: 500 mg tablet compared with 500 mg/10 mL or 500 mg/5 mL suspension and the effect of food on the absorption of ciprofloxacin oral suspension[END_REF]. For the rhesus macaque, the C max and AUC values were 0.98-1.69 mg/L and 1.5-2.9 g/mL/h; and for humans, the C max and AUC values were 0.12-0.19 mg/L and 6.8-12.7 mg/L/h [START_REF] Kelly | Serum concentrations of penicillin, doxycycline, and ciprofloxacin during prolonged therapy in rhesus monkeys[END_REF][START_REF] Shah | Oral bioequivalence of three ciprofloxacin formulations following single-dose administration: 500 mg tablet compared with 500 mg/10 mL or 500 mg/5 mL suspension and the effect of food on the absorption of ciprofloxacin oral suspension[END_REF]. However, although the t 1/2 of ciprofloxacin of 1.9 h in the marmoset is comparable with the rhesus macaque (1-2 h), it is lower than the reported human range of 3-5 h. This is primarily due to quicker excretion of the drug in smaller animals, as also seen in the mouse that has a t 1/2 of 0.88 h [START_REF] Steward | Postexposure prophylaxis of systemic anthrax in mice and treatment with fluoroquinolones[END_REF]. PK parameters of a similar fluoroquinolone, levofloxacin, have also been studied in the marmoset. The levofloxacin time to C max (T max ), AUC and C max following a 7-day course of 40 mg/kg were 2.3 h, 81.4 g/mL/h and 20.9 g/mL, respectively [START_REF] Nelson | Bioavailability and efficacy of levofloxacin against Francisella tularensis in the common marmoset (Callithrix jacchus)[END_REF].

Assessment of the efficacy of ciprofloxacin administered post exposure to aerosol challenge with anthrax

Eight animals were challenged with a mean dose of 1.3  10 5 ± 7.6  10 3 CFU (Table 1). The two control animals (challenged but untreated) died or were culled due to severe infection at 86 h and 204 h, respectively, having briefly displayed signs of infection (Table 1). All treated animals survived during antibiotic treatment, but two deaths occurred subsequently (98 h and 120 h after cessation of treatment), presumably caused by the late germination of residual spores following antibiotic withdrawal. This has previously been A c c e p t e d M a n u s c r i p t 10 observed in separate studies where anthrax-infected rhesus macaques were treated with penicillin or ciprofloxacin [START_REF] Henderson | Observations on the prophylaxis of experimental pulmonary anthrax in the monkey[END_REF][START_REF] Vietri | A short course of antibiotic treatment is effective in preventing death from experimental inhalational anthrax after discontinuing antibiotics[END_REF]. Human data are not available for this phenomenon, although the recommended 60-day duration of treatment following inhalational exposure is based on the potential for the germination of residual spores [START_REF] Inglesby | Working Group on Civilian Biodefense. Anthrax as a biological weapon, 2002: updated recommendations for management[END_REF]. The marmoset data suggest that they may be an appropriate alternative non-human model, but further work would be required to fully validate the model in lines with previous FDA-approved studies. These studies would involve extending the treatment for 30 days and include post-treatment follow-up as previously performed for levofloxacin efficacy and anthrax infection [START_REF] Kao | Pharmacokinetic considerations and efficacy of levofloxacin in an inhalational anthrax (postexposure) rhesus monkey model[END_REF].

The four surviving treated animals were monitored for 3 weeks after the cessation of antibiotic therapy, but no further deaths occurred. Subsequently, surviving animals were culled by anaesthetic overdose and tissues were collected for bacteriological and histopathological analyses. Bacteria were recovered from the lungs of all animals that died of anthrax infection (two untreated controls and two treated, challenged animals), and one of the control animals also exhibited bacteraemia. Bacillus anthracis was not recovered from any samples from surviving animals.

Histopathology

Evidence of gross haemorrhaging was observed in the lungs of control animals, and one animal exhibited splenomegaly. Histopathological examination showed generalised oedema and cytoplasmic swelling of pneumocytes, with a mild increase in interstitial neutrophils. The livers A c c e p t e d M a n u s c r i p t exhibited sinusoidal oedema and congestion with evidence of fibrinoid necrosis of vascular walls. The spleen showed severe red and white pulp depletion (severity scores of 2.5 and 3) with haemorrhage and congestion in the marginal zone (Fig. 3a). Multifocal proteinaceous exudate was evident within Bowman's space of the kidney. Significant numbers of anthrax bacilli were detected in the meninges and neuropil of the brain, the glomeruli, interstitium and tubules of the kidney, intracapillary and interstitial areas of the lung, red pulp of the spleen and within the vessels of the thymus, adrenal gland and bone marrow. Similar pathology was observed in the organs from the two ciprofloxacintreated animals that subsequently died. The key pathological features included acute interstitial pneumonia and lung oedema, fibrinoid necrosis of the vascular walls of the liver and interstitial nephritis. Slight haemorrhagic lesions were observed in the lungs of animals that were treated with ciprofloxacin and survived, but this was believed to be associated with the cardiac puncture. The spleens of two of the surviving animals exhibited some expansion of germinal centres (severity score of 2) (Fig. 3b) and the remaining two were within normal limits (severity score of 1) (Fig. 3c). Gross pathological observations and histopathological findings in those animals that died were consistent with observations in other NHP models of inhalational anthrax as well as human cases [START_REF] Vasconcelos | Pathology of inhalation anthrax in cynomolgus monkeys (Macaca fascicularis)[END_REF][START_REF] Fritz | Pathology of experimental inhalation anthrax in the rhesus monkey[END_REF] and with a previous study on marmosets [START_REF] Lever | Experimental respiratory anthrax infection in the common marmoset (Callithrix jacchus)[END_REF].
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Pathological observations in all other organs removed from animals that had survived following ciprofloxacin treatment were within normal limits.

Conclusions

In this study, the common marmoset proved to be susceptible to inhaled challenge with B. anthracis delivered as small particle aerosols. Ciprofloxacin prevented mortality, and a 10-day course eradicated B. anthracis in four of six animals. In many respects, the marmoset appears to respond to B. anthracis in a similar way to the macaque. The ciprofloxacin PK profile and subsequent survival rates provide additional preliminary evidence supporting the use of the common marmoset as an alternative to larger NHP anthrax models for the evaluation of medical countermeasures against respiratory anthrax infection. 
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Table 2

 2 Pharmacokinetic parameters in six marmosets following multiple oral doses with ciprofloxacin of ca. 17.5 mg/kg AUC INF_obs (g/mL/h) 8.7 ± 3.9 S.D., standard deviation; t 1/2 , half-life; T max , time to C max ; C max , maximum drug concentration; AUC, area under the concentration-time curve.

	Edited	
	Parameter	Single dose (g/mL) (mean ± S.D.)
	t 1/2 (h)	1.9 ± 0.5
	T max (h)	1 a (1-4 b )
	C max (g/mL)	2.1 ± 1.1
	AUC 0-10 h (g/mL/h) 7.9 ± 3.4

a Median.

b Range.
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