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Burkholderia mallei, the causative agent of glanders, is principally a disease of equines, although it can also infect humans and is categorized by the U.S. Centers for Disease Control and Prevention as a category B biological agent. Human cases of glanders are rare and thus there is limited information on treatment. It is therefore recommended that cases are treated with the same therapies as used for melioidosis, which for prophylaxis, is co-trimoxazole (trimethoprim/sulfamethoxazole) or co-amoxiclav (amoxicillin/clavulanic acid). In this study, the fluoroquinolone finafloxacin was compared to co-trimoxazole as a post-exposure prophylactic in a murine model of inhalational glanders. BALB/c mice were exposed to an aerosol of B. mallei followed by treatment with co-trimoxazole or finafloxacin initiated at 24 h post-challenge and continued for 14 days. Survival at the end of the study was 55% or 70% for mice treated with finafloxacin or co-trimoxazole, respectively, however, this difference was not significant. However, finafloxacin was more effective than co-trimoxazole in controlling bacterial load within tissues and demonstrating clearance in the liver, lung and spleen following 14 days of therapy. In summary, finafloxacin should be considered as a promising alternative treatment following exposure to B. mallei.
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Introduction

Burkholderia mallei is a Gram-negative, non-motile, facultative intracellular pathogen, which is the causative agent of the disease glanders. B. mallei is a close phylogenetic relative to Burkholderia pseudomallei, which causes the disease melioidosis, both highly infectious by the inhalational route (Cheng et al., 2006; Whitlock et al., 2007). Glanders is prevalent in the Middle East, Asia, Africa and Central and Southern America and is primarily an equine disease (Nguyen et al., 2022). Infection in humans is often associated with occupational exposure to infected animals, e.g., veterinarians, butchers and farmers (Van Zandt et al., 2013; Nguyen et al., 2022), however, laboratory acquired infections have also been reported (Dvorak and Spickler, 2008). Clinical presentation in humans can be acute or chronic dependent on the route of infection (Whitlock et al., 2007) and can present as cutaneous (farcy) or nasal-pulmonary (glanders) (Dvorak and Spickler, 2008).

Human cases of glanders are rare, however, B. mallei infected horses were utilized as a biological weapon, in both World War I and World War II (Hawley and Eitzen, 2001). It is still considered to be a potential biothreat pathogen, listed by the U.S. Centers for Disease Control and Prevention as a category B biological agent (Centers for Disease Control and Prevention, 2000). Like B. pseudomallei, B. mallei has a high mortality rate if left untreated, with death occurring within 7–10 days of onset of disease. Mortality is up to 50% even with appropriate antibiotic treatment (Nguyen et al., 2022).

Despite continued research, there are currently no licensed vaccines available for melioidosis or glanders (Titball et al., 2017) and due to glanders cases being relatively rare in humans, there is limited information available on antibiotic therapy. B. pseudomallei is inherently resistant to many antibiotics (Dance, 2014), whereas fluoroquinolones, macrolides, tetracyclines and aminoglycosides have been shown to have good in vitro activity against B. mallei (Kenny et al., 1999; Heine et al., 2001). However, due to the lack of glanders cases reported these antibiotics have not been assessed for efficacy in humans. Sulfadiazine was used to successfully treat six laboratory-acquired infections that occurred at Fort Detrick, in addition to a further two cases that were not acquired within a laboratory (Van Zandt et al., 2013). In the most recent case of laboratory-acquired glanders, the patient was successfully treated with imipenem and doxycycline intravenously for 1 month followed by oral azithromycin and doxycycline for 6 months (Srinivasan et al., 2001). The current recommendation for the treatment of human glanders is to use the same regimens that are used for the treatment of melioidosis (Dance, 2014) (parenteral ceftazidime or meropenem for 10–14 days for the acute phase of disease followed by co-trimoxazole delivered orally for 12–20 weeks for the oral eradication phase) (Chetchotisakd et al., 2014). It is suggested that due to the similarity to melioidosis, post-exposure prophylaxis (PEP) in the event of a known exposure to B. mallei, should be the same regimens used for B. pseudomallei. In the UK the current recommended PEP following exposure to B. pseudomallei is co-trimoxazole (960 mg delivered orally twice daily) for 7 days, which is informed from animal studies (Health Protection Agency, 2008). Other international recommendations suggest that co-trimoxazole should be administered for 21 days (960 mg tablets, 2 every 12 h) (Dance, 2014). Due to the limited data available on treating glanders in humans, the evaluation of new treatments for efficient PEP and treatment of B. mallei infections is required.

Finafloxacin is a novel C-8-cyano-fluoroquinolone containing a unique chiral C7 substituent, with enhanced activity under acidic conditions which are often found at the site of infection and where other fluoroquinolones, including ciprofloxacin, are less active (Emrich et al., 2010; Higgins et al., 2010). Therefore, finafloxacin may exhibit advantages over other fluoroquinolones in the treatment of bacteria that inhabit acidic cellular organelles, for example the phagosomes or phagolysosomes (Lemaire et al., 2011). Finafloxacin is being developed by MerLion Pharmaceuticals Gmbh for the treatment of serious infections with acidic foci and has obtained approval by the US FDA and Health Canada as a topical medication for the treatment of acute otitis (Emrich et al., 2010; Bartoletti et al., 2015; McKeage, 2015). Finafloxacin has been evaluated in preclinical and clinical studies that have shown that finafloxacin has increased bactericidal activity at infection-relevant acidic pH against intracellular Legionella pneumophila, ciprofloxacin resistant strains of Escherichia coli and Acinetobacter baumannii, and other Gram-negative and Gram-positive bacterial species (Emrich et al., 2010; Higgins et al., 2010; Dalhoff et al., 2011; Lemaire et al., 2011; Stubbings et al., 2011; Vente, 2015). Furthermore, we have previously demonstrated that finafloxacin has in vitro activity and in vivo efficacy against a range of biothreat pathogens including Yersinia pestis, B. pseudomallei, Francisella tularensis, Bacillus anthracis, and Coxiella burnetii (Barnes et al., 2017, 2019, 2021; Hartley et al., 2021).

The aim was to determine the in vitro activity of finafloxacin against B. mallei, in both neutral and acidic conditions. Furthermore, to determine if PEP with finafloxacin can confer protection and also prevent a persistent infection from being established, which is often seen with Burkholderia infections (Currie et al., 2000). The in vivo efficacy of orally administered finafloxacin (as PEP) against an infection with B. mallei was investigated in a murine model of inhalational glanders and compared to co-trimoxazole, a component of the treatment regimen of human melioidosis and glanders.



Materials and methods


Bacteria

All bacteriological procedures were carried out in a Class III microbiological safety cabinet or a Class III half suit rigid isolator within an Advisory Committee on Dangerous Pathogens (ACDP) Containment Level 3 laboratory.



In vitro assays

A loop of a frozen glycerol stock of B. mallei strain 23344 was added into 10 mL of Cation Adjusted Mueller Hinton broth (CAMHB) and incubated at 37°C, shaking at 180 rpm for 18 h.



In vivo study

B. mallei was cultured onto L agar + 5% glycerol plates (LAG) and incubated at 37°C for 48 h. A loopful of bacteria was then inoculated into 10 mL of Luria Bertani + 5% glycerol (LBG) broth and the OD590 nm adjusted to 0.35 ± 0.01. 1 mL of the adjusted culture was inoculated into LBG broth and incubated at 37°C, shaking at 180 rpm for 50 h.



Animals

Female BALB/c mice aged 8–10 weeks were purchased from Charles River Laboratories (UK) and randomized into cages of 5 within a Class III half suit rigid isolator in an ACDP level 3 laboratory. Mice had a 7 day acclimatization period before any procedures were performed and they had free access to water and rodent diet (Harlan Teklad, UK) throughout the study.



Antibiotics

Finafloxacin was supplied by MerLion Pharmaceuticals GmbH. Sulfamethoxazole and trimethoprim were purchased from Sigma Aldrich (UK) for the in vitro assays and an oral suspension of co-trimoxazole (Septrin) was purchased from GlaxoSmithKline (UK) for use in the in vivo studies.

For the in vitro assays, working concentrations of finafloxacin at 10 mg/mL were prepared by adding 100 mg of antibiotic to 9 mL of sterile water and 1 mL of 1 M sodium hydroxide (NaOH). Co-trimoxazole (10 mg/mL) was prepared by adding 16.5 mg of trimethoprim to 4.985 mL distilled water and 15 μL acetic acid, and 83.5 mg of sulfamethoxazole was added to 4.5 mL of distilled water and 0.5 ml of 1M NaOH, and the 2 components mixed. Bacteria grown in the equivalent concentration of sodium hydroxide used to prepare the antibiotics was included as a control.

For the in vivo studies a 15 mg/mL solution of finafloxacin was prepared by adding 2.1 mL of 0.01 M Tris buffer to 44 mg of finafloxacin powder (containing 37.5 mg of active ingredient). 200 μL of 1 M NaOH was added to dissolve the antibiotic followed by 200 μL of 0.01 M hydrochloric acid. The pH of the resulting solution was pH 8; a new solution was prepared for each time point. Co-trimoxazole was diluted in PBS to obtain a concentration of 1.56 mg per 50μL dose.



Minimum inhibitory concentration

Minimum inhibitory concentration (MICs) for finafloxacin and co-trimoxazole were determined for B. mallei using the broth micro-dilution method in accordance with the Clinical Laboratory Standards Institute (CLSI) guidelines (Clinical and Laboratory Standards Institute, 2006). Assays were performed in 96 well micro-titer plates in CAMHB adjusted to pH 5 or pH 7, with antibiotic concentrations in the range of 64–0.03 μg/mL, and bacteria at a final concentration of approximately 5 × 105 CFU/mL. Escherichia coli ATCC25922 was included as a quality control strain. All assays were performed in triplicate.



Minimum bactericidal concentration

Minimum bactericidal concentration (MBCs) for finafloxacin and co-trimoxazole were determined by plating 100 μL aliquots of the MIC dilutions showing no visible growth onto LAG in triplicate and incubating at 37°C for 48 h. The MBC was recorded as the lowest concentration of antibiotic that killed 99.9% of the bacteria in the original inoculum (Clinical and Laboratory Standards Institute, 2006).



Generation of aerosolized bacterial challenge

B. mallei was aerosolized using a 3-jet Collison nebuliser, containing a volume of 15 mL of bacteria, controlled and conditioned to an average of 71.3% (range 69.25–73.4%) relative humidity, by an AeroMP platform system (Biaera Technologies, Hagerstown, MD, USA) (Hartings and Roy, 2004). Animals were exposed (nose only) to the aerosol for a total of 10 min, with sampling achieved for 1 min at the mid-point of the challenge (4.5–5.5 min) using an all-glass impinger (AGI-30; Ace Glass, Vineland, NJ, USA) containing 10 mL PBS.

The calculated, presented challenge dose was determined using the bacterial enumerations from the aerosol samples and Guyton’s formula for the respiratory volumes of laboratory animals (20 mL min–1) (Guyton, 1947). A retained dose of 40% of the presented dose was also calculated (Harper and Morton, 1953).



Antibiotic regimens

Antibiotic regimens were determined previously by matching to the pharmacokinetic (PK) parameter that correlated with efficacy in vivo and a human equivalent dose. For finafloxacin, the AUC/MIC over 24 h period in a human dose was determined and resulted in a dose in BALB/C mice of 37.5 mg/kg every 8 h (Barnes et al., 2021). For co-trimoxazole, the time above MIC achieved in humans was matched giving a dose of 78 mg/kg every 12 h (unpublished data).



In vivo efficacy study

Therapy was initiated at 24 h post-challenge. Groups of 20 mice were administered finafloxacin (37.5 mg/kg) in a 50 μL oral dose via pipette every 8 h or co-trimoxazole (78 mg/kg) in a 50 μL oral dose via pipette every 12 h. Control groups of infected mice were administered 50 μL diluent (consisting of Tris, sodium hydroxide and hydrochloric acid, adjusted to pH 8) orally via pipette every 8 h. All treatment regimens were continued for 14 days. Co-trimoxazole was diluted in PBS to obtain a concentration of 1.56 mg per 50μL dose.

Mice were weighed daily and clinical signs of disease were recorded twice daily up to the point that the experiment was terminated at day 65 post-challenge. These clinical signs were recorded based on observed changes to the animal’s behavior and condition (including piloerection, hunching and changes to mobility and respiration). Mice were euthanized via a Schedule 1 procedure once they had reached their humane endpoint.

Additionally, following 1 day of antibiotic treatment and at the end of the treatment regimen 5 mice from each group were culled. Post mortems were performed and the spleen, liver and lungs harvested, weighed, and homogenized in 1 mL of sterile PBS. A 10-fold serial dilution was performed and 100 μL aliquots were plated onto LAG in duplicate. The agar plates were incubated for 48 h at 37°C and bacteria enumerated to determine the level of colonization in the organs. At the end of the study all surviving animals were euthanized, post-mortems performed, and organs harvested as described above. In addition, brain samples were also collected at this time point.



Statistical analysis

All graphs were produced using the program GraphPad PRISM V8.0.1. Statistical analysis was performed using IBM, SPSS 27.0. Survival data was analyzed using log rank tests. The Bonferroni’s correction was used to correct for family-wise error. The bacterial colonization data consisted of multiple zeros necessitating a count-based statistical model. The estimated bacterial load per gram of tissue was used for analysis. To compare treatment groups, a negative binomial generalized linear model with a log link was constructed. Animal weight data was converted to a percentage and compared to their weight at time of infection. This data was analyzed using a repeated measures linear model. This model was divided into specific comparisons and the Bonferroni’s correction was used to correct for family-wise error. Model suitability against assumptions were considered by using diagnostic plots (residual plots and half QQ-plots). The clinical scores data was analyzed using mixed generalized Poison models. Where pairwise comparisons were performed, the Bonferroni’s method was used to correct for family-wise error. The interaction term for the treatment group and time was considered the meaningful output for comparing the accumulation of clinical signs of disease.




Results


Finafloxacin is more active than co-trimoxazole in vitro

The activity of finafloxacin against B. mallei was compared with co-trimoxazole by MIC and MBC at pH 5 and pH 7. E. coli ATCC25922 was included as a quality control strain and was within the expected range. The MIC for finafloxacin was 2 and 0.5 μg/mL at pH 5 and pH 7, respectively (Table 1). In comparison, the MIC for co-trimoxazole was much higher at both pHs (32 and 8 μg/mL at pH 5 and pH 7, respectively). In MBC assays finafloxacin demonstrated a similar level of bactericidal activity at both pHs (2 and 1 μg/mL at pH 5 and pH 7, respectively) compared to co-trimoxazole, which did not demonstrate bactericidal activity up to a concentration of 64 μg/mL at either pH.


TABLE 1    The MICs and MBCs for finafloxacin and co-trimoxazole for B. mallei strain 23,344.
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Finafloxacin offers protection against Burkholderia mallei in vivo

The efficacy of finafloxacin was compared to co-trimoxazole and control animals treated with the vehicle (Tris buffer) in BALB/c mice. Mice were challenged with a mean retained dose of 1.52 × 104 CFU (range 8.27 × 103 – 2.08 × 104 CFU) equating to approximately 44 median lethal doses (MLDs, 1MLD = approximately 343 CFU) by the inhalational route. One mouse in the finafloxacin treatment group turned in the tube during the aerosol delivery, meaning that the challenge dose could not be assured for this animal. Therefore, it was removed from the study at this point, leaving 9 mice in this group.

At 24 h post-challenge (at treatment initiation), mice were presenting with minor clinical signs of disease (with an average clinical score of 1). All control animals (untreated or treated with the vehicle) succumbed to infection by day 4 post-challenge, demonstrating that the B. mallei challenge was lethal (Figure 1).
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FIGURE 1
The percentage survival of mice following challenge with aerosolized B. mallei. Mice were challenged with a mean retained dose of 1.52 × 104 CFU of B. mallei by the inhalational route and treated with finafloxacin (37.5 mg/kg) every 8 h or co-trimoxazole (78 mg/kg) every 12 h by the oral route. Control animals received vehicle by the oral route every 8 h. Regimens were initiated at 24 h post-challenge and continued for 14 days.


Both antibiotics offered significant protection in comparison to animals receiving the vehicle control or no treatment (p < 0.004). There was no difference between the untreated mice and the mice that received the vehicle (p = 0.500). Survival in mice treated with finafloxacin or co-trimoxazole was 55 or 70%, respectively, however, these differences were not significantly different from each other (p > 0.999).



Mice treated with finafloxacin had reduced levels of bacteria in tissues following 1 day of treatment

Five mice per group (treated with finafloxacin, co-trimoxazole or the vehicle control) were euthanized at 48 h post-challenge, when they had received one full day of treatment. Following 1 day of therapy, the mice treated with finafloxacin or co-trimoxazole had lower levels of B. mallei in the spleen, liver and lungs compared to the vehicle treated controls (p < 0.001) (Figure 2A). Furthermore, the mice treated with finafloxacin had a reduced bacterial load in the spleen, lungs and liver in comparison to the co-trimoxazole treated mice (p < 0.001). 100, 40, and 80% of the livers, lungs and spleens harvested from animals treated with finafloxacin were clear of colonizing bacteria. All organs harvested from mice treated with co-trimoxazole were colonized apart from 40% of the liver samples. Following incubation of the remaining homogenate, one mouse treated with finafloxacin was colonized in the lung (other organs clear).


[image: image]

FIGURE 2
The bacterial load in organs of mice challenged with B. mallei and treated with antibiotics. Bacterial counts (CFU/g) in the spleen, livers and lungs of mice following 1 day of antibiotic treatment (A), 14 days of antibiotic treatment (B) or at the end of study day 65 (brains also harvested) (C). Therapy was initiated at 24 h post-challenge and continued for 14 days. Treatment was with finafloxacin (37.5 mg/kg) every 8 h or co-trimoxazole (78 mg/kg) every 12 h delivered by the oral route. LoD, limit of detection ***p < 0.001, *p < 0.05.




Mice that received finafloxacin therapy were clear of colonizing bacteria in tissues at the end of the treatment period

Five mice per group (treated with finafloxacin or co-trimoxazole) were euthanized at the end of the 14 days of antibiotic therapy. Mice treated with finafloxacin had lower levels of B. mallei in the spleen, liver and lungs when compared to mice treated with co-trimoxazole (p < 0.001). Specifically, no bacteria was detected in the organs harvested from mice treated with finafloxacin. Whereas B. mallei was detected in 20, 80, and 80% of livers, lungs and spleens harvested from mice treated with co-trimoxazole (Figure 2B).



Fewer tissues from mice treated with finafloxacin were colonized with Burkholderia mallei at the end of the study

The study was terminated at day 65 post-challenge. It was not possible to statistically model the bacterial load data at the end of study, as due to the survivor biased nature of the data set, repeated measure linear models were unable to function with missing data. At the end of the study no B. mallei was detected in the liver, lungs or brain of mice treated with finafloxacin (Figure 2C). 29, 71, and 29% of livers, lungs and brains harvested from mice treated with co-trimoxazole were colonized. However, 80 and 86% of spleens harvested from mice treated with either finafloxacin or co-trimoxazole, respectively, were heavily colonized with bacteria. In the spleens where bacteria was detected, splenomegaly with multiple abscesses was also observed.



Mice treated with finafloxacin lost more weight than those treated with co-trimoxazole

The bodyweights and clinical scores were recorded and are shown in Figure 3. The control mice rapidly lost weight until they succumbed to infection. The mice treated with co-trimoxazole initially lost weight but regained this following the initiation of treatment and remained at baseline until day 21 post-challenge, when there was a gradual decline in weight, accompanied with an increase in clinical score (Figures 3A,B). The mice treated with finafloxacin showed a decline in weight for the duration of the treatment but then gained weight back to baseline following cessation of treatment with minor clinical signs recorded. A gradual decline in weight was observed from day 30 post-challenge, which was also accompanied with an increase in clinical signs.
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FIGURE 3
The weight loss and clinical scores of mice challenged with B. mallei and treated with antibiotics. Mice were challenged with a mean retained dose of 1.52 × 104 CFU of B. mallei. Therapy was initiated at 24 h post-challenge with finafloxacin (37.5 mg/kg) every 8 h or co-trimoxazole (78 mg/kg) every 12 h by the oral route. Control animals received vehicle by the oral route. Treatment was continued for 14 days. The mean percentage weight loss when compared to the original bodyweight is shown for each treatment group (A) and the mean clinical score (B).


Statistical analysis of animal weight was performed using two approaches. One approach investigated differences between the four groups (before the untreated animals succumbed to infection). This analysis used data between 1 and 2 days post-challenge and indicated that different treatment groups exhibited different weight change profiles (p < 0.001). Post-tests were used to determine any difference between treatment groups. Both antibiotic treatments resulted in mice losing less weight when compared to the vehicle groups (p < 0.001), however, (using this limited subset of the data) there was only evidence for finafloxacin providing a benefit compared to the naïve mice (p = 0.028). There was no evidence for a difference between the control groups (p = 0.125). In the second approach, only antibiotic treated animals that were not culled for experimental purposes were included. This analysis ran from 1 to day 36 post-challenge (when antibiotic treated animals started succumbing to disease). This analysis confirmed that co-trimoxazole was better at preventing weight loss (p < 0.004).

Progression of disease was recorded using a score-based method (Figure 3B). Differences between treatment groups were not obvious so statistical modeling methods were used to interrogate the data. First, the clinical scores data was analyzed between days 0 and 2.5 post-challenge to compare the antibiotic treated groups to the “untreated” groups. Both antibiotics protected against the development of clinical signs of disease when compared to either control group (p < 0.004) in all cases. A further analysis was performed between days 0 and 36 post-challenge in the antibiotic treated groups. Here we observed a very small reduction, in the clinical signs recorded in the animals treated with finafloxacin (p < 0.004). While these reductions are unlikely to have any meaningful effect on disease, they are counter to the observations regarding the loss of weight data.




Discussion

Although B. mallei primarily infects solipeds, human infections can occur as a consequence of occupational exposure and are almost always fatal without antibiotic therapy. Current information on antibiotic resistance in B. mallei is limited, but it is believed to be high, however, MICs have been shown to be lower than those for B. pseudomallei (Thibault et al., 2004). Even when treatment is administered, glanders can be lethal, therefore it is essential to assess new therapeutics for use as both PEP and treatment.

Finafloxacin has proven potent bactericidal activity for a spectrum of Gram-positive and Gram-negative organisms, this importantly includes panels of both B. pseudomallei and B. mallei strains (Barnes et al., 2019). In contrast to data generated with other bacterial species, the MIC of finafloxacin is slightly higher at pH 5 at 2 μg/mL, compared to 0.5 μg/mL at pH 7 for B. mallei strain 23344. It may be that this is a strain specific issue as in previous studies have shown that the MIC90 for a panel of B. mallei strains was equivalent at both pHs and the MIC50 was lower at pH 5 compared to pH 7 for finafloxacin (Barnes et al., 2019). Even though the MIC was higher at pH 5 the MBC was also shown to be 2 μg/mL. Therefore although activity appears to be slightly reduced at pH 5, it still remains bactericidal at relatively low concentrations. Further evidence for this was seen in time kill assays, where at 4 times the MIC, finafloxacin was bactericidal at pH5 but not at pH7 (data not shown). MICs determine the inhibitory activity at a specific time point whereas time kill assays provide information on killing activity over a time course, which may be a more relevant for difficult to treat infections such as those caused by B. pseudomallei and B. mallei. This highlights the importance of utilizing different in vitro assays to determine the efficacy of an antibiotic and understanding the limitations of each use.

By 48 h following an inhalational challenge in BALB/c mice, B. mallei had disseminated from the lungs to the liver and spleen, which were both heavily colonized (104–106 CFU/g). This resembles acute disease that is seen in humans, which is dependent on the route of infection but even inoculation of bacteria into the skin generally results in pneumonia and septicemia (Van Zandt et al., 2013). A similar disease progression is also observed in the marmoset model of sub-cutaneous glanders, where all animals developed multifocal necrotizing pneumonia (Nelson et al., 2014).

Although no difference in protection was observed between finafloxacin and co-trimoxazole, finafloxacin treatment appeared to be better at controlling the level of bacteria in organs and the development of clinical signs of disease. Multiple studies have demonstrated the in vitro activity and in vivo effectiveness of finafloxacin, suggested to be due to finafloxacin entering the cell very rapidly, accumulating to high levels and remaining within the cell, effluxing out very slowly (Chalhoub et al., 2020). One day of treatment with finafloxacin resulted in bacterial clearance in the liver and reduced levels of colonization in the spleen and lung when compared to mice that received co-trimoxazole, that were all colonized in the spleen and lungs. Furthermore, at the end of the treatment period, B. mallei was not detected in the liver, spleen or lungs of the mice treated with finafloxacin. Whereas all of the co-trimoxazole treated mice were colonized in at least one organ. The absence of bacteria in the organs suggests that treatment with finafloxacin provides clearance of the bacterial infection. However, the bacterial load data from the surviving mice at day 65 revealed that all of the mice, except one, were colonized with bacteria in the spleen. Finafloxacin treatment did, however, prevent the recrudesce of disease in the lungs and liver. Whereas in mice that received treatment with co-trimoxazole 6 out of the 7 surviving mice had bacteria in the spleen and were colonized with a high concentration of bacteria in at least one other organ.

Co-trimoxazole was able to provide protection against bodyweight loss. Previous work has shown that animals treated with the same regimen of finafloxacin in the absence of infection do not show weight loss during the treatment period (unpublished data). Whereas the data in this study suggests that it is the combination of the treatment and the infection causing this weight loss. Once treatment with finafloxacin ceases, the mice quickly regain weight back to their baseline weight providing further evidence that the weight loss observed is due to the combination of the infection and the antibiotic treatment. Other possibilities could include the release of Pathogen Associated Molecular Patterns (PAMPs), by the bacteria following finafloxacin treatment. However, if this were the case, we would have expected to see an increase in the clinical signs of infection recorded in this group. It is also possible that this drug, in combination with the subclinical disease, differentially affected the gut microbiome of the animals, which is known to take place in humans with other fluoroquinolones (Carbon, 2001). Oral antibiotic treatment in mice has been shown to modulate the microbiome in the gut resulting in weight loss, but this is dependent on the regimen and antibiotic used and not all antibiotics have this effect (Miao et al., 2020; Bongers et al., 2022). This may explain why the mice treated with co-trimoxazole did not lose weight during treatment whereas the mice treated with finafloxacin did. This requires further investigation.

Although limited, other studies have investigated alternative antibiotics for the treatment of glanders. One study determined the efficacy of moxifloxacin, azithromycin or co-trimoxazole against an inhalational infection with 1,000–3,000 CFU of B. mallei (Waag, 2015). Of most relevance to this manuscript is the efficacy offered by co-trimoxazole (sulfamethoxazole 200-mg/kg)-trimethoprim (40-mg/kg; Q12 h; i.p.) initiated on day 5 post-challenge for 5 or 10 days. Low levels of protection (20 and 30% for 5 or 10 days of treatment, respectively) were offered by co-trimoxazole in this study and spleens were colonized, however, the treatment was only initiated 5 days into the infection.

Another study investigated ceftazidime (100 mg/kg/day) and levofloxacin (20 mg/kg/day) (Judy et al., 2009) delivered by the intraperitoneal route as post-exposure treatment, 24 h following an intranasal challenge with B. mallei. All mice survived until the study terminated at day 34 post-challenge, however, the lungs and spleens were colonized with bacteria (Estes et al., 2010).

In the study detailed in this manuscript, both finafloxacin and co-trimoxazole offered complete protection until day 36 and 42 post-challenge for mice treated with finafloxacin and co-trimoxazole, respectively. Clearly, both antibiotics were able to treat the acute form of glanders, with some mice relapsing weeks after the cessation of treatment. It is possible that the organs appeared clear from colonizing bacteria, however, there are bacterial cells present in a “persister” or “differentially culturable” state that cannot be cultured on solid agar, known to be an issue in infections with Mycobacterium tuberculosis (Gordhan et al., 2021) and B. pseudomallei (Auty et al., 2022). Further investigation to prove or disprove this hypothesis would be advantageous in designing new treatment regimens for glanders.

This study has demonstrated that treatment of an infection with B. mallei with finafloxacin is comparable to co-trimoxazole with regards to survival; however, finafloxacin demonstrates a benefit in the control of bacterial load in tissues. This could be an important factor with clinical relevance and suggests that further studies are needed. These could include the investigation of the effect of both of these parameters when the window of opportunity is extended for finafloxacin used as a monotherapy and also as a combination therapy, demonstrated to be a successful approach with B. pseudomallei (Barnes et al., 2022).



Data availability statement

The original contributions presented in this study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

This animal study was reviewed and approved by the DSTL AWERB.



Author contributions

KB, MB, AV, and SH conceived the concept and designed the experiments detailed in this manuscript. KB, MB, CD, and MR conducted the experiments. KB, CD, MB, and TL performed the data analysis. KB, TL, and SH wrote the manuscript. All authors reviewed the draft and approved the manuscript for publication.



Funding

This work was funded by the UK Ministry of Defence. The funders had no role in study design, data collection and interpretation or the decision to submit the work for publication.



Acknowledgments

We thank all the additional DSTL employees who provided assistance with these studies.



Conflict of interest

Author AV was employed by MerLion Pharmaceuticals GmbH.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

Auty, J. M., Jenkins, C. H., Hincks, J., Straatman-Iwanowska, A. A., Allcock, N., Turapov, O., et al. (2022). Generation of distinct differentially culturable forms of burkholderia following starvation at low temperature. Microbiol Spectr 10:e0211021. doi: 10.1128/spectrum.02110-21

Barnes, K. B., Hamblin, K. A., Richards, M. I., Laws, T. R., Vente, A., Atkins, H. S., et al. (2017). Demonstrating the Protective Efficacy of the Novel Fluoroquinolone Finafloxacin against an Inhalational Exposure to Burkholderia pseudomallei. Antimicrob. Agents Chemother. 61, e82–e117. doi: 10.1128/AAC.00082-17

Barnes, K. B., Richards, M. I., Burgess, G., Armstrong, S. J., Bentley, C., Maishman, T. C., et al. (2022). Investigation of a combination therapy approach for the treatment of melioidosis. Front. Microbiol. 13:934312. doi: 10.3389/fmicb.2022.934312

Barnes, K. B., Richards, M. I., Laws, T. R., Núñez, A., Thwaite, J. E., Bentley, C., et al. (2021). finafloxacin is an effective treatment for inhalational tularemia and plague in mouse models of infection. Antimicrob. Agents Chemother. 65, e2294–e2320.

Barnes, K. B., Zumbrun, S. D., Halasohoris, S. A., Desai, P. D., Miller, L. L., Richards, M. I., et al. (2019). Demonstration of the broad spectrum in vitro activity of finafloxacin against pathogens of biodefence interest. Antimicrob. Agents Chemother. 63, e1470–e1519. doi: 10.1128/AAC.01470-19

Bartoletti, R., Cai, T., Perletti, G., M E Wagenlehner, F., and Bjerklund Johansen, T. E. (2015). Finafloxacin for the treatment of urinary tract infections. Exp. Opin. Investig. Drugs 24, 957–963.

Bongers, K. S., McDonald, R. A., Winner, K. M., Falkowski, N. R., Brown, C. A., Baker, J. M., et al. (2022). Antibiotics cause metabolic changes in mice primarily through microbiome modulation rather than behavioral changes. PLoS One 17:e0265023. doi: 10.1371/journal.pone.0265023

Carbon, C. (2001). Comparison of side effects of levofloxacin versus other fluoroquinolones. Chemotherapy 47(Suppl. 3) 9–14; discussion 44–8.

Centers for Disease Control and Prevention. (2000). Biological and chemical terrorism:strategic plan for preparedness and response. Recommendations of the CDC Strategic Planning Workgroup. MMWR Recommend Rep. 49, 1–14.

Chalhoub, H., Harding, S. V., Tulkens, P. M., and Van Bambeke, F. (2020). Influence of pH on the activity of finafloxacin against extracellular and intracellular Burkholderia thailandensis, Yersinia pseudotuberculosis and Francisella philomiragia and on its cellular pharmacokinetics in THP-1 monocytes. Clin. Microbiol. Infect 26, e1–.e1254. doi: 10.1016/j.cmi.2019.07.028

Cheng, A. C., Jacups, S. P., Gal, D., Mayo, M., and Currie, B. J. (2006). Extreme weather events and environmental contamination are associated with case-clusters of melioidosis in the Northern Territory of Australia. Int. J. Epidemiol. 35, 323–329. doi: 10.1093/ije/dyi271

Chetchotisakd, P., Chierakul, W., Chaowagul, W., Anunnatsiri, S., Phimda, K., Mootsikapun, P., et al. (2014). Trimethoprim-sulfamethoxazole versus trimethoprim-sulfamethoxazole plus doxycycline as oral eradicative treatment for melioidosis (MERTH): A multicentre, double-blind, non-inferiority, randomised controlled trial. Lancet 383, 807–814. doi: 10.1016/S0140-6736(13)61951-0

Clinical and Laboratory Standards Institute (2006). Methods for dilution antimicrobial susceptibility tests for bacteria that grow aerobically; Approved standard seventh edition: Approved standard M7-A7. Wayne: Clinical and Laboratory Standards Institute.

Currie, B. J., Fisher, D. A., Anstey, N. M., and Jacups, S. P. (2000). Melioidosis: Acute and chronic disease, relapse and re-activation. Trans. R. Soc. Trop. Med. Hyg. 94, 301–304. doi: 10.1016/s0035-9203(00)90333-x

Dalhoff, A., Stubbings, W., and Schubert, S. (2011). Comparative in vitro activities of the novel antibacterial finafloxacin against selected Gram-positive and Gram-negative bacteria tested in Mueller-Hinton broth and synthetic urine. Antimicrob. Agents Chemother. 55, 1814–1818. doi: 10.1128/AAC.00886-10

Dance, D. (2014). Treatment and prophylaxis of melioidosis. Int. J. Antimicrob. Agents 43, 310–318.

Dvorak, G. D., and Spickler, A. R. (2008). Glanders. J. Am. Vet. Med. Assoc. 233, 570–577.

Emrich, N. C., Heisig, A., Stubbings, W., Labischinski, H., and Heisig, P. (2010). Antibacterial activity of finafloxacin under different pH conditions against isogenic strains of Escherichia coli expressing combinations of defined mechanisms of fluoroquinolone resistance. J. Antimicrob. Chemother. 65, 2530–2533. doi: 10.1093/jac/dkq375

Estes, D. M., Dow, S. W., Schweizer, H. P., and Torres, A. G. (2010). Present and future therapeutic strategies for melioidosis and glanders. Exp. Rev. Anti. Infect Ther. 8, 325–338. doi: 10.1586/eri.10.4

Gordhan, B. G., Peters, J. S., McIvor, A., Machowski, E. E., Ealand, C., Waja, Z., et al. (2021). Detection of differentially culturable tubercle bacteria in sputum using mycobacterial culture filtrates. Sci. Rep. 11:6493.

Guyton, A. C. (1947). Measurement of the respiratory volumes of laboratory animals. Am. J. Physiol. 150, 70–77.

Harper, G. J., and Morton, J. D. (1953). The respiratory retention of bacterial aerosols: Experiments with radioactive spores. J. Hyg (Lond) 51, 372–385. doi: 10.1017/s0022172400015801

Hartings, J. M., and Roy, C. J. (2004). The automated bioaerosol exposure system: Preclinical platform development and a respiratory dosimetry application with nonhuman primates. J. Pharmacol. Toxicol. Methods 49, 39–55. doi: 10.1016/j.vascn.2003.07.001

Hartley, M. G., Norville, I. H., Richards, M. I., Barnes, K. B., Bewley, K. R., Vipond, J., et al. (2021). finafloxacin, a novel fluoroquinolone, reduces the clinical signs of infection and pathology in a mouse model of Q fever. Front. Microbiol. 12:760698. doi: 10.3389/fmicb.2021.760698

Hawley, R. J., and Eitzen, E. M. Jr. (2001). Biological weapons–a primer for microbiologists. Annu. Rev. Microbiol. 55, 235–253. doi: 10.1146/annurev.micro.55.1.235

Health Protection Agency (2008). Guidelines for action in the event of a deliberate release: Glanders and melioidosis, Vol. 3. London: Health.

Heine, H. S., England, M. J., Waag, D. M., and Byrne, W. R. (2001). In vitro antibiotic susceptibilities of Burkholderia mallei (causative agent of glanders) determined by broth microdilution and E-test. Antimicrob. Agents Chemother. 45, 2119–2121. doi: 10.1128/AAC.45.7.2119-2121.2001

Higgins, P. G., Stubbings, W., Wisplinghoff, H., and Seifert, H. (2010). Activity of the investigational fluoroquinolone finafloxacin against ciprofloxacin-sensitive and -resistant Acinetobacter baumannii isolates. Antimicrob. Agents Chemother. 54, 1613–1615. doi: 10.1128/AAC.01637-09.

Judy, B. M., Whitlock, G. C., Torres, A. G., and Estes, D. M. (2009). Comparison of the in vitro and in vivo susceptibilities of Burkholderia mallei to Ceftazidime and Levofloxacin. BMC Microbiol. 9:88. doi: 10.1186/1471-2180-9-88

Kenny, D. J., Russell, P., Rogers, D., Eley, S. M., and Titball, R. W. (1999). In vitro susceptibilities of Burkholderia mallei in comparison to those of other pathogenic Burkholderia spp. Antimicrob. Agents Chemother. 43, 2773–2775. doi: 10.1128/AAC.43.11.2773

Lemaire, S., Van Bambeke, F., and Tulkens, P. M. (2011). Activity of finafloxacin, a novel fluoroquinolone with increased activity at acid pH, towards extracellular and intracellular Staphylococcus aureus, Listeria monocytogenes and Legionella pneumophila. Int. J. Antimicrob. Agents 38, 52–59. doi: 10.1016/j.ijantimicag.2011.03.002

McKeage, K. (2015). Finafloxacin: First global approval. Drugs 75, 687–693. doi: 10.1007/s40265-015-0384-z

Miao, Z., Cheng, R., Zhang, Y., Liang, H., Jiang, F., Shen, X., et al. (2020). Antibiotics can cause weight loss by impairing gut microbiota in mice and the potent benefits of lactobacilli. Biosci. Biotechnol. Biochem. 84, 411–420. doi: 10.1080/09168451.2019.1676696

Nelson, M., Salguero, F. J., Dean, R. E., Ngugi, S. A., Smither, S. J., Atkins, T. P., et al. (2014). Comparative experimental subcutaneous glanders and melioidosis in the common marmoset (Callithrix jacchus). Int. J. Exp. Pathol. 95, 378–391. doi: 10.1111/iep.12105

Nguyen, H. N., Smith, M. E., and Hayoun, M. A. (2022). “Glanders and melioidosis,” in StatPearls, (Treasure Island (FL): StatPearls Publishing).

Srinivasan, A., Kraus, C. N., DeShazer, D., Becker, P. M., Dick, J. D., Spacek, L., et al. (2001). Glanders in a military research microbiologist. N. Engl. J. Med. 345, 256–258.

Stubbings, W., Leow, P., Yong, G. C., Goh, F., Körber-Irrgang, B., Kresken, M., et al. (2011). In vitro spectrum of activity of finafloxacin, a novel, pH-activated fluoroquinolone, under standard and acidic conditions. Antimicrob. Agents Chemother. 55, 4394–4397. doi: 10.1128/AAC.00833-10

Thibault, F. M., Hernandez, E., Vidal, D. R., Girardet, M., and Cavallo, J. D. (2004). Antibiotic susceptibility of 65 isolates of Burkholderia pseudomallei and Burkholderia mallei to 35 antimicrobial agents. J Antimicrob Chemother 54, 1134–1138.

Titball, R. W., Burtnick, M. N., Bancroft, G. J., and Brett, P. (2017). Burkholderia pseudomallei and Burkholderia mallei vaccines: Are we close to clinical trials? Vaccine 35, 5981–5989. doi: 10.1016/j.vaccine.2017.03.022

Van Zandt, K. E., Greer, M. T., and Gelhaus, H. C. (2013). Glanders: An overview of infection in humans. Orphanet. J. Rare Dis. 8:131.

Vente, A. (2015). Rapid activity of finafloxacin in patients with urinary tract infections and pyelonephritis evaluated in phase 2 clinical studies. Antimicrob. Agents Chemother. 171:171.

Waag, D. M. (2015). Efficacy of postexposure therapy against glanders in mice. Antimicrob. Agents Chemother. 59, 2236–2241. doi: 10.1128/AAC.04801-14

Whitlock, G. C., Estes, D. M., and Torres, A. G. (2007). Glanders: Off to the races with Burkholderia mallei. FEMS Microbiol. Lett. 277, 115–122. doi: 10.1111/j.1574-6968.2007.00949.x



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





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Efficacy of finafloxacin in a murine model of inhalational glanders



		Introduction



		Materials and methods



		Bacteria



		In vitro assays



		In vivo study



		Animals



		Antibiotics



		Minimum inhibitory concentration



		Minimum bactericidal concentration



		Generation of aerosolized bacterial challenge



		Antibiotic regimens



		In vivo efficacy study



		Statistical analysis







		Results



		Finafloxacin is more active than co-trimoxazole in vitro



		Finafloxacin offers protection against Burkholderia mallei in vivo



		Mice treated with finafloxacin had reduced levels of bacteria in tissues following 1 day of treatment



		Mice that received finafloxacin therapy were clear of colonizing bacteria in tissues at the end of the treatment period



		Fewer tissues from mice treated with finafloxacin were colonized with Burkholderia mallei at the end of the study



		Mice treated with finafloxacin lost more weight than those treated with co-trimoxazole







		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References

















OPS/images/fmicb-13-1057202-t001.jpg
Antibiotic MIC (jLg/mL) MBC (p.g/mL)

pH5 pH7 pH5 pH7
Finafloxacin 2 0.5 2 1
Co-trimoxazole 32 8 >64 >64

Assays were performed in CAMHB adjusted to pH 5 or pH 7 in triplicate.





OPS/images/fmicb-13-1057202-g002.jpg
%k kK

A *
| |
81 %k % %k
kK 5k 2k 3k ok %k
‘ —
6— I*** “' * *k 4o
= — ®* P kokk
= A 4 —
LL ‘. N
O g A A
e 4 ry
2 A i
- ‘ A
2- A L
LoD f---d---ctcccmcccead e ———--
0—@—hk i o
Liver Lung Spleen
B 8 -
¢ Vehicle control
o
-
L
('z:_ 4 ek sk sk %k sk %k % ® Finafloxacin
8 B B ]
1 g -
. —k ﬁ A Co-trimoxazole
LoD p--t----ecf-clccaaa N NE—— —
0@ Th— @ T @1
Liver Lung Spleen
C 8 —
* A
|7 a ‘ A
6 g
A — | a

Log 19 CFU/g
=S
|

o 0 B T Tr TEpEpSplparim Rpipprmpepepape pRpEsmpp—m"
0—iTE@——ah T8 ——— T 0 ——ATE6—

Liver Lung Spleen Brain






OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology






OPS/images/fmicb-13-1057202-g003.jpg
(&)

»
1 ]
A

1
P

>
1Antibiotic:

Clinical score
= N W Ao

s —
Antibiotic:
20 therapy - . . . 0 : .
0 20 40 60 0 20 40 60
Days post-challenge Days post-challenge

Percent weight change >

-%¥- Untreated -@®—- Finafloxacin -4 Co-trimoxazole -$— \/ehicle control










OPS/images/fmicb-13-1057202-g001.jpg
Percent survival

jl_Ll

0
0

10 20 30 40 50 60 70
Days post-challenge

=®= Untreated

-$= \/ehicle control
== Co-trimoxazole
-®- Finafloxacin







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







