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The efficacy of finafloxacin as a component of a layered defense treatment regimen was determined in vitro and in vivo against an infection with Burkholderia pseudomallei. Doxycycline was down-selected from a panel of antibiotics evaluated in vitro and used in combination with finafloxacin in a Balb/c mouse model of inhalational melioidosis. When treatment was initiated at 24 h post-infection with B. pseudomallei, there were no differences in the level of protection offered by finafloxacin or doxycycline (as monotherapies) when compared to the combination therapy. There was evidence for improved bacterial control in the groups treated with finafloxacin (as monotherapies or in combination with doxycycline) when compared to mice treated with doxycycline. Survival comparisons of finafloxacin and doxycycline (as monotherapies) or in combination initiated at 36 h post-infection indicated that finafloxacin was superior to doxycycline. Doxycycline was also unable to control the levels of bacteria within tissues to the extent that doxycycline and finafloxacin used in combination or finafloxacin (as a sole therapy) could. In summary, finafloxacin is a promising therapy for use in the event of exposure to B. pseudomallei.
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Introduction

Burkholderia pseudomallei is the causative agent of the tropical disease melioidosis. It has been estimated that there are 165,000 melioidosis cases per year worldwide, of which 89,000 (54%) patients die (Limmathurotsakul et al., 2016). The treatment options for melioidosis are limited due to the intrinsic resistance of this pathogen to many antibiotics and the risk of relapse of infection at a later date. It has been well-described how B. pseudomallei can persist intracellularly for extended periods of time, which also complicates treatment and increases the risk of relapse. Retrospective studies have demonstrated that 4.7 and 9.7% of patients relapsed with the disease in Australia and Thailand, respectively (Limmathurotsakul et al., 2006; Sullivan et al., 2020).

Currently, melioidosis treatment guidelines recommend intravenous administration of ceftazidime or meropenem for a minimum of 14 days initially, followed by 3–6 months of oral dual combination therapy typically comprising co-trimoxazole or co-amoxiclav. However, B. pseudomallei resistance to each of these antibiotics has been reported. A recent report evaluated the antibiotic profile of 164 strains of B. pseudomallei, and showed that 12.8% were resistant to ceftazidime and 9.8% were resistant to co-trimoxazole (Rao et al., 2019). Meropenem resistance has also been reported, in addition to six B. pseudomallei strains in Malaysia that were found to be multi-drug (meropenem, imipenem, and ceftazidime) resistant by disk diffusion assays (Khosravi et al., 2014; Madden et al., 2021; Schnetterle et al., 2021). Furthermore, the rate of adverse events associated with current melioidosis treatment regimens is as high as 30.0%, particularly in response to co-trimoxazole use (Sullivan et al., 2019). In patients with glucose-6-phosphate dehydrogenase deficiency, co-trimoxazole treatment also poses a risk of hemolytic anemia, in addition to causing neurological and kidney problems (Chan, 1997; Ho and Juurlink, 2011).

Melioidosis commonly presents as a respiratory infection. Infection of the airway surface liquid and the alveolar subphase fluid of the lung and the inflammation that results from infection can result in a reduction of pH (Punnia-Moorthy, 1987; De Backer, 2003; Ng et al., 2004). Treating bacterial infections in these acidic environments can be less effective than at neutral pH, particularly observed for the fluoroquinolones and folic acid synthesis inhibitors (Smith et al., 1988; Akova et al., 1999; Yang et al., 2014).

Finafloxacin is a fifth-generation fluoroquinolone that is currently being developed as a treatment option for urinary tract infections and pyelonephritis (Wagenlehner et al., 2018). It has superior activity against both Gram-negative and Gram-positive organisms in conditions of low pH, typical of infected body sites (Higgins et al., 2010; Lemaire et al., 2011; Stubbings et al., 2011). The activity of other antibiotics has been shown to be less active when compared to finafloxacin in clinical trials (Vente et al., 2018; Wagenlehner et al., 2018).

Previous work performed at Dstl has demonstrated broad spectrum in vitro activity of finafloxacin against Francisella tularensis, Yersinia pestis, Coxiella burnetii, Bacillus anthracis, Burkholderia pseudomallei, and Burkholderia mallei (Barnes et al., 2019a; Peyrusson et al., 2021). In vivo efficacy has also been demonstrated against F. tularensis, Y. pestis, C. burnetii, and B. pseudomallei (Barnes et al., 2017, 2019b,2021; Hartley et al., 2021). It has been suggested that this is due to the rapid influx of finafloxacin into cells, the accumulation to high levels within the cell, and a slow efflux rate (Chalhoub et al., 2019).

Combination therapy approaches are routinely used to treat a range of diseases, combining different antibiotics, antibiotics and immunomodulators, and antibiotics and antibodies. The use of the fluoroquinolones has been previously investigated in combination with other antibiotics, such as rifampicin (for the treatment of Mycobacterium ulcerans), beta-lactams (for the treatment of severely ill patients with bacteremia caused by Gram-negative bacilli), and doxycycline (for the treatment of infections with resistant Mycoplasma genitalium) (Al-Hasan et al., 2009; O’Brien et al., 2012; Durukan et al., 2020). In all cases, the combination therapy was more successful at treating the infections. In addition, in vitro synergy has been previously demonstrated with finafloxacin combined with amikacin and meropenem against Escherichia coli and Pseudomonas aeruginosa (Goh et al., 2011).

Although modest in vivo efficacy of finafloxacin monotherapy against an infection with B. pseudomallei has been previously demonstrated, its utility as a component in combination therapy is yet to be explored. Therefore, the aim of this study was to investigate the in vitro activity and in vivo efficacy of finafloxacin in combination with doxycycline. Using an inhalational model of melioidosis, the survival and eradication of colonizing bacteria following a 14-day monotherapy or combination therapy were compared.



Materials and methods


Bacteria


In vitro assays

Burkholderia pseudomallei strain K96243 (obtained from the UK Health Security Agency) was prepared by adding 10 μL of a frozen bacterial stock to 10 mL of cation-adjusted Mueller-Hinton broth (CAMHB) and incubating at 37°C with shaking at 180 rpm for 24 h.



In vivo study

Burkholderia pseudomallei strain K96243 was streaked onto a Luria agar (L-agar) plate and incubated at 37°C for 24 h. The following day, a loopful of bacteria was re-suspended into 10 ml of phosphate-buffered saline (PBS) and adjusted to an OD590 of 0.36. One milliliter of this was inoculated into 100 ml of Luria-broth (L-broth). This was incubated at 37°C with shaking at 180 rpm for 16 h and adjusted to approximately 1 × 108 CFU/mL. A 1:50 dilution was then performed in sterile PBS, and this dilution was used for the efficacy study. All bacteriological procedures were carried out in Class III microbiological safety cabinet or Class III half-suit rigid isolator within an Advisory Committee on Dangerous Pathogens (ACDP) Containment Level 3 laboratory.




Animals

Animal studies were carried out in accordance with the UK Animals (Scientific Procedures) Act 1986, the codes of practice for the Housing and Care of Animals used in Scientific Procedures 1989, and an ACURO Appendix. Female BALB/c mice (Charles River Laboratories, United Kingdom) aged 8–10 weeks were randomized into cages with five animals in each cage and stored within a rack in an ACDP Containment Level 2 laboratory (pharmacokinetics study) or in a rack within a Class III half-suit rigid isolator in an ACDP Containment Level 3 laboratory (efficacy study). Mice had free access to water and a rodent diet (Harlan Teklad, United Kingdom) and underwent a 5-day acclimatization period before any procedures were performed.



Antibiotics

Finafloxacin HCl salt was supplied by MerLion Pharmaceuticals Ltd. Doxycycline, meropenem, and co-trimoxazole were purchased from Sigma. For the in vitro assays, working concentrations of 10 mg/mL of finafloxacin were prepared by adding 118 mg of finafloxacin salt (containing 100 mg of active antibiotic) to 9 mL of sterile water and 1 mL of 1M sodium hydroxide. The co-trimoxazole working solution was prepared by adding 167 mg of sulfamethoxazole to 9 mL of sterile water and 1 mL of 1M sodium hydroxide. 33 mg of trimethoprim was added to 10 mL of sterile water and 30 μL of acetic acid. The solutions were mixed, and the resulting co-trimoxazole was used at a ratio of 5:1 (sulfamethoxazole:trimethoprim). Meropenem and doxycycline were prepared by making a 10 mg/ml solution by dissolving in distilled water. Bacteria grown in the equivalent concentration of sodium hydroxide or acetic acid, used to prepare the antibiotics, were included as a control.

For the in vivo study, a 15 mg/mL solution of finafloxacin was prepared by adding 2.1 mL of 0.01M Tris buffer to 44 mg of finafloxacin powder (containing 37.5 mg of active ingredient). 200 μL of 1 M sodium hydroxide was added to dissolve the antibiotic followed by 200 μL of 0.01 M hydrochloric acid. The pH of the resulting solution was 8. Doxycycline monohydrate (referred to as doxycycline for the remainder of the manuscript) was purchased from Pfizer Limited (UK). One doxycycline tablet was reconstituted in 1 mL of distilled water.



Checkerboard assays

Overnight cultures of B. pseudomallei grown in L-broth were diluted to 0.25 at OD600, and 100 μl was added to 10 mL of CAMHB. Assays were performed at pH 5 and pH 7 using finafloxacin in combination with meropenem, co-trimoxazole, or doxycycline (Garcia, 2007). The level of antibiotic-induced inhibition was determined with combinations scored based on the sum of the fractional inhibitory concentration (ΣFIC).

The ΣFICs were calculated as follows: ΣFIC = FIC A + FIC B, where FIC A is the MIC of drug A in the combination/MIC of drug A alone, and FIC B is the MIC of drug B in the combination/MIC of drug B alone (Garcia, 2007). A combination was considered synergistic when the ΣFIC was ≤0.5, indifferent when the ΣFIC was >0.5 to <4, and antagonistic when the ΣFIC was ≥4.



Time-kill assays

Time-kill assays of the antibiotic combinations were performed at multiples of the MIC (1 X and 2 X) (Wayne, 1999; Garcia, 2007). Antibiotic solutions of finafloxacin, co-trimoxazole, or doxycycline were prepared in 10 mL of CAMBH adjusted to pH 5 or pH 7.

Broths were inoculated with B. pseudomallei at a concentration of approximately 5 × 105 CFU/mL. Control samples contained bacteria cultured in the absence of antibiotics. All broths were incubated with shaking at 180 rpm at 37°C. Samples were taken at 0, 2, 4, 6, and 24 h, a 10-fold serial dilution was performed in PBS, plated onto L-agar, and incubated at 37°C. Colonies were enumerated following incubation for 48 h. Synergy was defined as a ≥2 log reduction from the most active antibiotic used as monotherapy over a 24-h period. Antagonism was defined as a ≥2 log increase from the most active antibiotic used as monotherapy over a 24-h period (Garcia, 2007).

Time-kill assays were performed, using finafloxacin combined with doxycycline or co-trimoxazole at 1 × MIC and 2 × MIC. The 1 × MIC was 1 μg/ml (at pH 5) and 4 μg/ml (at pH 7) for finafloxacin, 1 μg/ml (pH 5) and 0.5 μg/ml (pH 7) for doxycycline, and 16 μg/ml (pH 5 and pH 7) for co-trimoxazole. These assays were used to determine the killing capacity of the antibiotics, when evaluated as a monotherapy or in combination. Synergy in this assay was defined as a ≥2 log10 reduction in CFU/mL from the most active monotherapy (Garcia, 2007).



Pharmacokinetic study

To determine the in vivo pharmacokinetics, a single dose of doxycycline (150 mg/kg) was delivered in a 30 μL volume by the oral route (via pipette tip) in Balb/c mice. Alternatively, a 30 μL dose of doxycycline (150 mg/kg) was delivered with finafloxacin (23.1 mg/kg) in a 31 μL volume as the active salt by the oral route. Blood was collected under terminal anesthesia into lithium heparin tubes from five mice per time point at 0.5, 1, 2, 4, 6, 8, 12, and 24 h post-dosing. Plasma was separated from the whole blood and stored at −80°C prior to analysis by Swiss BioQuant (Reinach, Switzerland). The mean antibiotic concentration–time profile was generated and analyzed using Phoenix WinNonlin v 8.0 (Certara Inc.) to calculate various parameters, including the maximum drug concentration (Cmax), the time taken to reach Cmax (Tmax), the area under the curve (AUC), the clearance rate (CL), the volume of distribution (V), and the terminal half-life (T½).



In vivo efficacy study

Aerosol inhalation was used to establish the B. pseudomallei infection in mice. Animals were restrained within a nose-only exposure tube and placed within an exposure chamber, which was connected to a Collison three-jet nebulizer and spray tube in an AeroMP apparatus Biaera Technologies (Hagerstown, MD, United States). Fifteen milliliters of bacteria (range of 1.44 × 105 CFU/mL–4.16 × 105 CFU/mL) was placed into the nebulizer, and the mice were exposed for 10 min to a dynamic aerosol conditioned in an Aero MP apparatus. The aerosol stream was maintained at 70 ± 2% relative humidity and 22°C. The concentration of B. pseudomallei in the aerosol was determined by recovering samples from the exposure chamber using an All Glass Impinger operating at 12 L/min, containing 10 mL of sterile PBS. Impinger samples were plated onto L-agar for bacterial enumeration, and the retained dose of bacteria that mice received in each run was calculated by applying the Guyton formula (Guyton, 1947). It was assumed that each mouse retained 40% of the organisms that were inhaled (Harper and Morton, 1962).

Treatment was initiated at 24 or 36 h post-infection and continued for 14 days. Groups of 10 mice were administered finafloxacin (23.1 mg/kg), doxycycline (100 mg/kg), both antibiotics in combination, or the vehicle control (Tris buffer) by the oral route (via pipette tip) every 8 h. Mice were weighed daily and observed a minimum of twice daily for clinical signs of disease for 42 or 43 days when the experiment was terminated. Clinical scores were determined based on the observed changes in the animals behaviour and condition (including piloerection, hunching, changes to mobility, and respiration). Mice were euthanized via a Schedule 1 procedure once they had reached their humane endpoint.

Endpoint analyses were performed at scheduled times throughout the experiment. The first cull was at treatment initiation (24 or 36 h post-infection, prior to treatment initiation), the second following 14 days of treatment, and finally at the end of the study (day 42 or 43 post-infection). A panel of organs (liver, lungs, spleen, kidney, and brain) and blood were harvested, weighed, and processed for bacterial burden. They were homogenized in 1 mL of PBS, a 10-fold serial dilution was performed, and 100 μL aliquots were plated onto L-agar in duplicate. The agar plates were incubated for 2 days at 37°C and enumerated to determine the bacterial load in the organs. The remaining homogenate was diluted 20-fold in L-broth, incubated for a further 5 days at 37°C, then streaked onto L-agar plates, and finally incubated at 37°C for 48 h to confirm the absence of B. pseudomallei. Differences in survival, body weight, clinical scores, and bacterial burden were determined.



Minimum inhibitory concentration

Bacterial isolates recovered from animals that survived the experimental period were assessed for sensitivity to finafloxacin Biomerieux (Hampshire, United Kingdom, 0.002–32 μg/mL) and doxycycline (Biomerieux, Hampshire, United Kingdom 0.016–256 μg/mL) as per the manufacturer’s instructions.



Statistical analysis

Graphs were prepared using PRISM 8.0 (Graphpad). This software was also used to analyze some datasets. Time kill data were analyzed using a two-way ANOVA with Tukey’s multiple comparison test; however, for some assays where there were several data points below the limit of detection, the variance was not equal and therefore the data were not suitable for this test.

A sequence of log-rank tests using IBM SPSS V27.0 were used to compare the protection offered by the three treatment regimens. Mice were considered censored (either culled or alive) when culled for experimental analysis (i.e., not a lethal endpoint) and if they survived until the end of the study. Stratification was used in some tests using intervention time.

Conventional analysis of variance was not possible when comparing the bacterial load data, as many groups had no variance (due to most organs being clear); therefore, the blood and kidney data were excluded from this analysis. A negative binomial generalized linear model was used to analyze the rest of the data using SPSS. There were four explanatory variables: organ type, specific treatment, treatment initiation time, and time the samples were harvested, and therefore there was a risk of the full factorial model being over-fit. As a consequence, a model building method was used and the Collett method was run (Collett, 2015). A reasonable fit of the model was assumed from a plot of measured and predicted values.

Repeated measures linear models were constructed to analyze the bodyweight data using SPSS. One analysis ran until 15 days post-infection, when the first experimental cull occurred and the other analysis ran to the end of the experiment. Mice that were culled at their humane endpoint (one mouse up to day 15 post-infection and nine mice up to the end of the experiment) were excluded from the analysis, and the models were run on each of the experimental cull days, when significant numbers of mice were removed from the study. The model included time (of cull), treatment initiation time (24 or 36h), and the treatment regimen (finafloxacin, doxycycline, or the combination). The Greenhouse–Geisser correction was used to account for potential non-sphericity. To dissect the differences between groups, pairwise analyses were performed. Bonferroni’s correction was used to account for multiple tests.




Results


Synergy was observed for finafloxacin and meropenem in checkerboard assays

The activity of finafloxacin in combination with meropenem, co-trimoxazole, or doxycycline was determined by checkerboard assay at pH 5 and pH 7. At pH 5, all antibiotic combinations were classed as indifferent (Table 1). At pH 7, synergy was observed at 0.5 μg/ml of finafloxacin and 0.25 μg/ml of meropenem, respectively. All other antibiotic combinations were classed as indifferent.


TABLE 1    Checkerboard assays with B. pseudomallei detailing the effect of combining finafloxacin with doxycycline, co-trimoxazole, or meropenem at pH 5 or pH 7.
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Synergy and antagonism were observed in time-kill assays

At 1 × MIC at pH 5, there was no difference between finafloxacin used as a monotherapy or in combination with doxycycline over 24 h; however, there was a reduction in bacterial concentration at 4 h when the antibiotics were evaluated in combination (p < 0.05; Figure 1A). There were no other differences between finafloxacin used as a monotherapy or in combination (Figure 1A). At pH 7, the combination of finafloxacin and doxycycline resulted in a reduction in bacterial concentration when compared to finafloxacin alone (p < 0.05) over 24 h, indicating synergy (Figure 1B). There was also a difference between finafloxacin used as a monotherapy and in combination with co-trimoxazole. The combination appeared to be less effective than finafloxacin alone (p < 0.01; Figure 1B).
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FIGURE 1
The time-kill assays for Burkholderia pseudomallei grown in the presence of antibiotics. These assays were performed in CAMBH adjusted to pH 5 or pH 7. An untreated bacterial control was included. (A) pH 5, finafloxacin (1 μg/ml), doxycycline (1 μg/ml), and co-trimoxazole (16 μg/ml). (B) pH 7, finafloxacin (4 μg/ml), doxycycline (0.5 μg/ml), and co-trimoxazole (16 μg/ml). (C) pH 5, finafloxacin (2 μg/ml), doxycycline (2 μg/ml), and co-trimoxazole (32 μg/ml). (D) pH 7, finafloxacin (8 μg/ml), doxycycline (1 μg/ml), and co-trimoxazole (32 μg/ml). The error bars represent the SEM of two biological replicates. *p < 0.05, **p < 0.01, ****p < 0.0001.


At pH 5, the 2 × MIC combination of finafloxacin with doxycycline was shown to be synergistic (p < 0.0001; Figure 1C) and more effective than the finafloxacin/co-trimoxazole combination (p < 0.05). At pH 7, the combination of finafloxacin and co-trimoxazole was shown to be antagonistic (p < 0.0001; Figure 1D).

The killing profile over time between the antibiotics used at 1 × MIC and 2 × MIC at pH 5 was very similar, except for the finafloxacin/co-trimoxazole combination, which was more active at the higher antibiotic concentrations used and was similar to the profile demonstrated when 1 × MIC was incubated at pH 7 (Figures 1A–C). There was an improvement in the killing ability of finafloxacin combined with co-trimoxazole at 2 × MIC and pH 7 compared to when utilized at 1 × MIC. The use of finafloxacin as a monotherapy or combined with doxycycline at 2 × MIC and pH 7 resulted in approximately a 5-log reduction in bacterial concentration over 24 h, with approximately a 4-log reduction demonstrated within 4 h (Figures 1B,D).



Co-administration of doxycycline with finafloxacin does not significantly affect the pharmacokinetic profile

The pharmacokinetic (PK) profile of doxycycline delivered in combination with finafloxacin was determined in mice. The combined administration of doxycycline with finafloxacin did not significantly change the PK disposition of doxycycline or finafloxacin (Table 2). A reduction in Cmax was observed; however, the dose of doxycycline used achieved a similar AUC to that reported previously (in Balb/c and A/J mice) (Dstl, unpublished data). The CL for doxycycline in Balb/C mice (8.2 mL/h/kg) appears to be lower than for humans (25–67 mL/h/kg, data normalized to a nominal 70 kg person). The half-life of doxycycline also appears to be reduced when the combination is delivered; however, the PK parameter linked to tetracyclines (e.g., doxycycline) is the AUC0–24 h/MIC ratio (Craig, 1998). As the murine equivalent doses at the higher end of the range for AUC for doxycycline in humans (41–123 μg h/mL) are potentially toxic (Agwuh and MacGowan, 2006) (Pfizer Safety Data Sheet: Doxycycline monohydrate for oral suspension), a dose of 100 mg/kg of doxycycline delivered every 8 h was selected to achieve the lower AUC of 41 h⋅mg/L.


TABLE 2    The non-compartmental PK parameters determined for doxycycline and finafloxacin in the plasma of Balb/C mice.
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The dose of finafloxacin used in this PK study (23.1 mg/kg) was predicted by modeling data previously generated for a dose of 37.5 mg/kg (Barnes et al., 2017) (presented as “simulated” data in Table 2). In combination with doxycycline, the empirical data from this dose closely matched the predicted PK parameters. In order to achieve the target AUC, which is equivalent to a human administered daily oral dose of 800 mg (26.1 mg⋅h/L) (Patel et al., 2011), 23.1 mg/kg of finafloxacin was delivered every 8 h.



Rapid dissemination and establishment of a Burkholderia pseudomallei infection are observed following inhalational infection

Following aerosol exposure, the mean retained dose of B. pseudomallei was 106 CFU (range 81–156 CFU). At 24 h post-infection, some mice displayed minor clinical signs of disease (piloerection), and at 36 h post-infection, mice displayed mild clinical signs (piloerection and hunched posture) and rapid weight loss. No animals succumbed to the disease before the treatment was initiated. The bacterial challenge was lethal, and all control animals (treated with the vehicle) succumbed to infection by day 4 post-infection.



At treatment initiation, Burkholderia pseudomallei is systemic

At 24 h post-infection, bacteria were detected in 100% of the spleens, livers, and lungs, 80% of the kidneys and brains, and 40% of the blood samples (Figure 2A). At 36 h post-infection, all spleens, livers, lungs, kidneys, and brains, and 60% of the blood samples were colonized. There were no marked differences in the organ weights at these time points (Figure 2B).
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FIGURE 2
The concentration of B. pseudomallei and the weight of organs before treatment was initiated. Bacterial counts (CFU/g or CFU/mL) (A) and organ weights (B) were determined for a panel of organs at 24 or 36 h post-infection. Five mice were challenged and culled at either 24 or 36 h post-infection. LoD, limit of detection.




Finafloxacin offered improved protection when compared with doxycycline administered at 36 h post-infection

All three regimens offered significant protection in comparison to the vehicle control (p < 0.001; Figure 3). When the data were stratified by treatment initiation time, the analysis suggested that there were differences between the three treatments when initiated at 36 h post-infection (p=0.041; Figure 3). No evidence for differences between the three treatment groups was observed when the treatments were initiated at 24 h post-infection (p=0.864; Figure 3A). Pairwise comparisons of the three treatments initiated at 36 h post-infection indicated that there was likely to be a difference between the doxycycline and finafloxacin monotherapies (p=0.026), and the outcome improved for the mice treated with finafloxacin (Figure 3B).
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FIGURE 3
The percentage survival of mice in each treatment group following challenge with aerosolized B. pseudomallei. Mice were challenged with a mean retained dose of 106 CFU of B. pseudomallei by the inhalational route and received either finafloxacin (23.1 mg/kg), doxycycline monohydrate (100 mg/kg), or both antibiotics in combination, by the oral route every 8 h. Control animals received the vehicle by the oral route. Regimens were initiated at 24 (A) or 36 (B) h post-infection with mice receiving 14 days of therapy. Survival curves were compared using log-rank (Mantel-Cox) tests. *p < 0.05.




Clearance of Burkholderia pseudomallei infection following finafloxacin treatment

Following the completion of antibiotic treatment (day 15 post-infection), no bacteria were detected in any of the organs harvested from mice treated with finafloxacin or the combination of finafloxacin and doxycycline when treatment was initiated at 24 h post-infection (Figure 4A). Following treatment with doxycycline, B. pseudomallei was recovered from the lung, liver, kidney, and brain of one mouse and the lung, liver, and kidney of a second mouse. There were no detectable bacteria in any of the blood samples.
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FIGURE 4
The bacterial load in a panel of organs at different time points throughout the B. pseudomallei study. Bacterial counts (CFU/g of tissue or CFU/mL of blood) in organs from mice treated from 24 h post-infection and culled at the end of the treatment regimen (day 15 post-infection) (A), from mice treated from 36 h post-infection and culled at the end of the treatment regimen (day 15 post-infection) (B), from mice treated from 24 h post-infection and culled at the end of the study (day 42 post-infection) (C), and from mice treated from 36 h post-infection and culled at the end of the study (day 43 post-infection) (D). LoD, limit of detection. The colored lines in the columns represent the mean of the group. The data associated with this figure was analyzed in the model used to generate Figure 5.


No bacteria were detected in any of the organs harvested from mice treated with finafloxacin initiated at 36 h post-infection (Figure 4B). B. pseudomallei was recovered from the lung and liver of a single mouse treated with the combination of finafloxacin and doxycycline. All mice treated with doxycycline had bacteria in the lungs, liver, kidneys, and brain, and three mice had bacteria in the spleen. No bacteria were detected in any of the blood samples.



Clearance of systemic Burkholderia pseudomallei infection was improved with combination therapy

Animals surviving up to day 42 or 43 post-infection were euthanized to determine the level of clearance within a panel of organs. Bacteria were detected in the spleen of four animals, the lungs of three, and the livers, kidneys, and brain of two, when treatment was initiated at 24 h post-infection (Figure 4C and Table 3). Four of the nine surviving mice treated with finafloxacin had completely cleared the infection (Table 3). B. pseudomallei was recovered from the liver, spleen, lung, kidney, and brain of one mouse treated with the combination. Seven of the surviving eight mice treated with the combination had completely cleared the infection (Table 3). Bacteria were detected from one mouse treated with doxycycline in the spleen, lung, liver, kidney, and brain and from the liver and lung of two additional animals. Five of the eight surviving mice treated with doxycycline had completely cleared the infection (Table 3). There were no bacteria detected in the blood.


TABLE 3    The number of mice clear from colonizing bacteria at day 42 or 43 post-infection.
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FIGURE 5
The bacterial load in a panel of organs at different time points throughout the B. pseudomallei study. This analysis investigated the concentration of bacteria in tissues at both time points (day 15 and 42/3 post-infection), the different treatments, and treatment initiation time, 24 h (A) and 36 h post-infection (B). The significance markers are derived from indicative of Bonferroni’s corrected negative binomial generalized linear model Wald tests. Each dot represents an individual organ. These graphs use a representation of a log10 scale that allows the visualization of zero bacteria (marked 0) and one single bacterium (at 100). The lines are the median values for each group and the error bars are the interquartile range. This is a representation of a key interaction of a statistical model. ***p < 0.001, **p < 0.01, *p < 0.05. ns, not significant.


Seven of the surviving nine mice treated with finafloxacin initiated at 36 h had detectable bacteria in the spleen and lungs, five mice in the liver, six in the kidney and brain, and one in the blood (Figure 4D and Table 3). One mouse had completely cleared the infection. B. pseudomallei was recovered from the spleen, lungs, liver, and kidneys of three mice treated with the combination of the brain of four animals and the blood of one animal. Four out of the eight surviving mice treated with the combination had completely cleared the infection (Figure 4D and Table 3). All four surviving mice treated with doxycycline had bacteria in the spleen, lung, liver, kidney, and brain, and one mouse also had bacteria in the blood. Overall, more mice treated with the combination had cleared the infection at the end of the study compared to the animals treated with finafloxacin or doxycycline (Table 3).

The data with regard to bacterial load from the scheduled cull at day 15 post-infection and at the end of the study were analyzed together (Figure 5). The organ type, treatment initiation time, and time point (of the cull) showed a probable effect on bacterial load (p=0.001), with the exception of the interaction between the time point (of the cull) and treatment initiation time (p=0.317). Pairwise analysis was used to characterize the role of the specific treatments in the model. The bacterial load in the organs of the doxycycline-treated group was different from mice treated with the combination or finafloxacin monotherapy (p=0.001) at day 15 post-infection. At the end of the study period, there were differences in bacterial load between the animals treated with the combination and the finafloxacin or doxycycline monotherapies (p=0.001). When treatment was initiated at 24 h post-infection, the bacterial load in organs harvested from the doxycycline-treated animals was different from the load observed in the combination and the finafloxacin-treated animals (p=0.001). When treatment was initiated at 36 h post-infection, there were differences between the bacterial load in organs harvested from all treatment groups (p=0.001), except for finafloxacin compared to the combination (p=0.050).

There was also evidence for different treatment effects in different organs (p=0.001). Differences between the bacterial load were observed in the brains and spleens harvested from the doxycycline animals and those treated with the combination and finafloxacin monotherapy (p=0.039 and p=0.015), respectively. In the liver, there was a difference in the bacterial load between the finafloxacin- and doxycycline-treated groups (p=0.022).



Finafloxacin as monotherapy was superior at limiting initial weight loss

The body weights were recorded daily, and two analyses were conducted for each of the scheduled cull points (day 15 post-infection and the end of the study) (Figure 6). For the analysis including animals that survived until the end of the study (finafloxacin,n=18; doxycycline,n=12; and combination,n=16), differences were suggested between the treatment initiation times (p=0.009, as interaction with time). However, any effect observed in this stratum of the data may be biased by the fact that the mice that succumbed to the disease were not included in the analysis (finafloxacin,n=2; doxycycline,n=8; and combination,ñ=4).
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FIGURE 6
The clinical scores recorded throughout the study. Mice were challenged with a mean retained dose of 106 CFU of B. pseudomallei by the inhalational route and received either finafloxacin (23.1 mg/kg), doxycycline monohydrate (100 mg/kg), or both antibiotics in combination, by the oral route every 8 h. Control animals received the vehicle by the oral route. Regimens were initiated at 24 (A) or 36 (B) h post-infection with mice receiving 14 days of therapy. Clinical scores were recorded a minimum of two times daily. The data are shown as the median value for each group at each time point, and the error is the interquartile range. When mice reached their lethal endpoint, an arbitrary value of 9 (one greater than the maximum) was assigned for all subsequent time points. Scores of zero have been offset between groups to help with visualization.


For the animals that survived until day 15 post-infection (finafloxacin,n=30; doxycycline,n=30; and combination, n = 29), there was evidence to suggest differences between the treatment groups (p=0.001, as interaction with time) and between the time of treatment initiation (p=0.001, as interaction with time). There was evidence of a reduction in weight loss for the mice treated with finafloxacin compared to those treated with doxycycline or the combination (both p=0.012as interaction with time). When the animals treated with doxycycline were compared to the animals treated with the combination, there was also a difference (p=0.030, as interaction with time). A single mouse was excluded from this stratum, so the likelihood of bias was minimal.

The administration of treatment at different time points post-infection affects the weight profiles independent of the treatment regimen. How the different treatments affected changes in weight appears to be time-specific and complex; however, in general, finafloxacin monotherapy was superior at limiting initial weight loss (Figure 7).
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FIGURE 7
The weight loss observed in mice infected with B. pseudomallei and treated with antibiotics. Mice were challenged with a mean retained dose of 106 CFU of B. pseudomallei by the inhalational route and received either finafloxacin (23.1 mg/kg), doxycycline monohydrate (100 mg/kg), or both antibiotics in combination, by the oral route every 8 h, initiated at 24 and 36 h post-infection. Control animals received the vehicle by the oral route. Mice were weighed daily. The data show the mean of multiple mice (n given before and after the cull at the end of the treatment) and the 95% confidence interval generated by the model. The dotted line represents the scheduled cull point at the end of the treatment regimen. All mice (treated from 36 and 48 h post-infection) with all treatments are included in this figure.




Treatment with the combination prevented the development of severe clinical scores of infection

The mice that were treated with the three different antibiotic regimens initiated at 24 h post-infection developed mild (low) clinical scores from day 25 post-infection (Figure 6A). At the end of the study period, two mice treated with finafloxacin had a clinical score of 1, while the remaining mice had no clinical score reported.

When treatment was initiated at 36 h post-infection, mice treated with finafloxacin or the combination developed mild (low) clinical scores from day 28 post-infection until the end of the study (Figure 6B). The mice treated with finafloxacin developed further signs from day 35 post-infection onward, which aligns with the bacterial load data at the end of the study, where more of the finafloxacin-treated mice were colonized. Of the nine surviving mice treated with finafloxacin, three had a score of 3 and one had a score of 4 at the end of the study period, while the remaining mice had no clinical score reported. Of the eight surviving mice treated with the combination, two mice had a score of 2 at the end of the study, and again the remaining mice had no clinical score reported.

The mice treated with doxycycline developed clinical signs of infection for the first 8 days post-infection which were resolved; however, following treatment cessation at day 15 post-infection, they again developed signs of infection. At the end of the study, the five surviving mice had an average clinical score of 5. When treatment was delayed until 36 h post-infection, doxycycline failed to prevent clinical signs from developing once treatment had stopped.



No antibiotic resistance was observed

The MICs were determined for five isolates harvested from the surviving animals treated with the monotherapies or the combination. No evidence of resistance was observed, as the MICs were equivalent to or less than that those observed for wild-type K96243, that is, 4 and 1 μg/ml for finafloxacin and doxycycline, respectively.




Discussion

The treatment of infections caused by B. pseudomallei is difficult, due to the resistance of the bacterium to many antibiotics, the length of the current treatment regime, and the potential for relapse of the disease. The identification of novel treatments and alternative treatment strategies is warranted. A combination therapy approach was investigated, initially combining the fluoroquinolone finafloxacin with the antibiotics of different classes, such as meropenem (a carbapenem), co-trimoxazole (a sulfonamide), and doxycycline (a tetracycline), to determine the in vitro activity against B. pseudomallei. Synergy was demonstrated for finafloxacin when used in combination with meropenem at pH 7 in a checkerboard assay and when combined with doxycycline in vitro and in vivo.

Combining finafloxacin with doxycycline resulted in synergistic activity in vitro when compared to the antibiotics used individually. In contrast, combining finafloxacin with co-trimoxazole resulted in antagonistic activity. A study by Ocampo et al. (2014) evaluated combinations of 21 antibiotics to investigate the effect on E. coli strain K-12. This was performed in a minimal medium supplemented with 0.2% glucose and 0.1% casamino acids at 30°C. The most relevant combinations to this work are the combinations of ciprofloxacin (a bactericidal antibiotic) and doxycycline (a bacteriostatic antibiotic), ciprofloxacin and trimethoprim (a bacteriostatic antibiotic), and ciprofloxacin and sulfamethoxazole (a bacteriostatic antibiotic), which were shown to be antagonistic, synergistic, and indifferent, respectively (Ocampo et al., 2014). These data conflict with the data generated in this study; however, finafloxacin is known to have superior activity to the second-generation fluoroquinolone ciprofloxacin in vitro, in vivo, and in clinical trials, the activity which is potentiated at an acidic pH. In addition, B. pseudomallei is a very different bacterium to E. coli. Interestingly, the components of co-trimoxazole (trimethoprim and sulfamethoxazole) that were evaluated appeared to result in a more positive effect with ciprofloxacin than with doxycycline; however, the components were not evaluated together as co-trimoxazole (Ocampo et al., 2014). Another study showed that a combination of tetracycline and ciprofloxacin was synergistic and bacteriostatic for Klebsiella pneumoniae and Enterobacter (Sulieman, 2008).

It is clear that many variables can affect the data generated, including the antibiotic combination, the conditions of the assay, the organism under investigation, and the mechanism of activity of the individual antibiotics. As the finafloxacin-doxycycline combination was shown to be synergistic in time-kill assays in our study, it was down-selected for further characterization in vivo.

Doxycycline is a bacteriostatic antibiotic; however, data generated at Dstl and by others have shown that it is active against B. pseudomallei in vitro at pH 7 (Thibault et al., 2004; Ross et al., 2018). It has also historically been used to treat patients infected with B. pseudomallei. Until 1985, it was used in combination with chloramphenicol and co-trimoxazole for the acute phase of melioidosis (Dance, 2014). Currently, doxycycline is recommended as a second-line agent for the eradication phase of the disease, if co-trimoxazole or co-amoxiclav are not tolerated, which is observed with high doses (Cheng et al., 2008; Sullivan et al., 2019).

To improve the level of protection offered with finafloxacin against B. pseudomallei when administered at 24 h post-infection (Barnes et al., 2017), orally delivered doxycycline was co-administered with finafloxacin, and the window of opportunity was increased to 36 h post-infection. The data presented above suggest that there is no difference in the level of protection offered when finafloxacin is combined with doxycycline when compared to finafloxacin or doxycycline monotherapy when initiated at 24 h post-infection. Minimal clinical scores were observed within these animals throughout this study, with limited weight loss post-treatment cessation. More number of mice treated with the combination were clear of detectable bacteria at the end of the study period compared with the finafloxacin and doxycycline monotherapies (7/8, 4/9, and 5/8, respectively).

Interestingly, however, when treatment was initiated at 24 h post-infection, there is evidence for improved bacterial control in the animals treated with the combination or finafloxacin when compared to the doxycycline-treated animals. This may be due to the inability of doxycycline to kill the residual bacteria in the absence of a bactericidal antibiotic.

More differences were observed in animals when treatment was initiated at 36 h post-infection. All surviving mice treated with doxycycline had clinical scores at the end of the study, with 56 and 75% of those treated with finafloxacin and the combination not showing signs at the end of the study. In addition, 50% of the surviving mice treated with the combination had no detectable bacteria in their organs. When treatment was delayed, doxycycline was unable to prevent the development of clinical signs once treatment had ceased, probably due to the level of bacteria present in tissues before the treatment was initiated. It is also likely that mice relapse sooner if treated with this antibiotic as it is bacteriostatic in activity, which aligns with all mice having detectable bacteria in the organs at the end of the study. There was also a benefit for treating with the combination compared to finafloxacin alone. Finafloxacin was more efficacious when compared to doxycycline.

There are other reasons why doxycycline may not be as effective against B. pseudomallei in this study. It is possible that doxycycline is not as active in infected body sites that are more acidic in nature. This was shown to be the case in vitro with C. burnetii, and the activity was improved at a higher pH (Smith et al., 2019). Another variable that could be investigated further is the dose of doxycycline that needs to be administered. The dose used in this study (100 mg/kg, delivered three times daily) was based on the PK profile in Balb/c mice and the potential of toxicity in rodents. The dose chosen was at the lower end of the AUC in humans to reduce the risk of toxicity; however, a further study could investigate a higher dose which would result in a greater AUC. However, other groups that have investigated the use of doxycycline against B. pseudomallei infections in mice have used 40–50 mg/kg delivered 1–2 times a day, which is considerably reduced when compared to the dose used in this study (Sivalingam et al., 2008; Thomas et al., 2012; Gelhaus et al., 2013).

This study has demonstrated the positive impact of combining finafloxacin and doxycycline on both survival and control of the bacterial load in tissues. Further studies are warranted to further understand the mechanisms by which these antibiotics work synergistically. In addition, investigating the effect of further increasing the window of opportunity may allow for further differences between the different treatments to be observed.
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Treatment Initiated Initiated Total

at24h at36h mice
post- post- clear
infection infection
Finafloxacin 4/9 1/9 5/18
Doxycycline 5/8 0/4 5/12
Combination 718 4/8 11/16

To be determined as clear of colonizing bacteria, all tissues and blood had to be negative
by plate count on solid agar and following incubation of the remaining homogenate
in liquid media. The bacterial load data associated with this table were included in the
statistical models (Figure 5).
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Doxycycline  Doxycycline (and Finafloxacin)
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The underlined antibiotics are the parameters for that antibiotic.
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T The data for finafloxacin delivered alone are simulated using a one-compartment model, and parameterized with the data generated from a PK study where 37.5 mg/kg of finafloxacin was delivered.
*Measured parameters determined by a one-compartment model to fit to PK data generated in mice following administration of 37.5 mg/kg of finafloxacin.
ND, not determined.











OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology







OPS/images/cross.jpg
@ Check for updates.





OPS/images/fmicb-13-934312-g006.jpg
Median clinical score (tIQR) >

Treated at 24 h B

Succumbed—

0 10 20 30 40 0

Time (days)

Treated at 36 h

Nn/ﬂ
40

10 20 30
Time (days)

—e— Finafloxacin
—— Doxycycline

—e— Combination





OPS/images/fmicb-13-934312-g005.jpg
Treated at 36 h

Treated at 24 h

%k %k %k

%k %k %k

%k %k %k

%k %k %k

0 o @ ¢,
n; .—o»w
<,
.c&
® " T N - (o)
4 ® oo o o O
s @ 00\\
& o\\.
)
%
— 00 o (X ) «.\\o %
0+o
%
&
T T T T T T T 1T %
© N~ © B T ® N v R4
© ©O ©O 00 o0 o o
Al Sl S i o S
(¥OIF) b/nd9D
— ® ¢
_oo@
<,
.Q&
(o]
O ® o o0 —Q0 fU
Y
%
%
©
- @ o o 0 —Q\O
®+O
%
)
T T T T T T 1T <
© ~ © 1 < ® N v R4
©O ©O OO0 0O o0 o o
- = e e P T =

(NOIF) B/ndD





OPS/images/fmicb-13-934312-g004.jpg
>

Log 40 CFU/g

@

Log 10 CFU/g

Bacterial load at 15 days
Treated at 24 h

8= -8
6= - 6
4= - 4
@
@
9 % ® -2
@
LoD f------4-------4--- =ead--- ——eme--- ity LT LD
0 —4+-o—p—- ——o—¢— —\—0—¢— —0—@¢— ——@— ——0—¢— -0
Spleen Lung Liver Kidney Brain Blood
Bacterial load at end of study
Treated at 24 h
8- - 8
6= - 6
o ©® ' ©
4 . ° ] ° L4
24 * s ® L 2
LoD p--ew--dqraree-ad- Sy == —-- i i e i LR R
0 -—p—a: -—ap—a -—ap— -—p—a: -—p—a -—ap— 0
Spleen Lung Liver Kidney Brain Blood
e Finafloxacin e Doxycycline

qw/n49 % 6o

Tw/n4o % 6o

Log 10 CFU/g

O

Log 10 CFU/g

Bacterial load at 15 days
Treated at 36 h

8- - 8
6= -6
4= : o -4
° ., % . =
hod ®
2- - ° -2
» st
LoD p--=—=--4----- e R e ettt
0 +-o—p—-o——0—T1—0——0—1———0—P— 0 ——@—T—=—t=@—P—o== [
Spleen Lung Liver Kidney Brain Blood
Bacterial load at end of study
Treated at 36 h
8= - 8
as’
6= * & é % . =6
Y @ " ®
- ® o ° —
= ) ° PR : ° o~ - -4
Y _ : ® ® i n o & ’
2- R ! O o |2
T S RS .Y N S— . [ J—
0 G R S E S m S B e e o 0
Spleen Lung Liver Kidney Brain Blood

Finafloxacin and doxycycline

qw/n4do o 6o

Tw/n4do o 6o





OPS/images/fmicb-13-934312-g003.jpg
>

Percent survival

Treated at 24 h B Treated at 36 h
100 100 _
©
80 - = 80-
- #*
60~ » 60-
e
: —_—
40- S 40-
S
Q
20- O 20-
0 | 1 1 1 1 0 1 1 | 1 1
0 10 20 30 40 50 0 10 20 30 40 50
Days post-challenge Days post-challenge

-®- Finafloxacin =®- Doxycycline =®- Finafloxacin and Doxycycline =®- Diluent Control





OPS/images/fmicb-13-934312-g007.jpg
Mean weight (g+95%Cl)

Prior to Post
experimental cull experimental cull

n=30 - Finafloxacin : n=12
22=1 n=30 -+ Doxycycline : n=18
] n=29 - Combination : n=16
8 :
I :  § i .‘.l“ii
P i
s 1ty.ef!!¢r*"’ ""ll!'
: ,;f?
18— :
1 1 i | 1 1 1
0 5 10 Cull 20 30 40

Time (d)





