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AR-13, a Celecoxib Derivative, Directly Kills Francisella In Vitro and Aids Clearance and Mouse Survival In Vivo
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Francisella tularensis (F. tularensis) is the causative agent of tularemia and is classified as a Tier 1 select agent. No licensed vaccine is currently available in the United States and treatment of tularemia is confined to few antibiotics. In this study, we demonstrate that AR-13, a derivative of the cyclooxygenase-2 inhibitor celecoxib, exhibits direct in vitro bactericidal killing activity against Francisella including a type A strain of F. tularensis (SchuS4) and the live vaccine strain (LVS), as well as toward the intracellular proliferation of LVS in macrophages, without causing significant host cell toxicity. Identification of an AR-13-resistant isolate indicates that this compound has an intracellular target(s) and that eﬄux pumps can mediate AR-13 resistance. In the mouse model of tularemia, AR-13 treatment protected 50% of the mice from lethal LVS infection and prolonged survival time from a lethal dose of F. tularensis SchuS4. Combination of AR-13 with a sub-optimal dose of gentamicin protected 60% of F. tularensis SchuS4-infected mice from death. Taken together, these data support the translational potential of AR-13 as a lead compound for the further development of new anti-Francisella agents.
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INTRODUCTION

Francisella tularensis subspecies tularensis (F. tularensis) is a remarkably infectious facultative intracellular bacterium and the etiologic agent of tularemia, a zoonotic disease. Infection can be acquired via various routes including insect bites, aerosols, or contact with mucous membranes or abrasions (Thomas and Schaffner, 2010). F. tularensis can be divided into three major subspecies including tularensis (highly virulent in humans), holarctica, and mediasiatica (Staples et al., 2006; Kugeler et al., 2009). Francisella novicida is a separate but closely related species (Kingry and Petersen, 2014). Inhalation of less than 10 colony-forming units of subsp. tularensis (Type A) can result in a fatal infection (Staples et al., 2006), while subsp. holarctica (Type B) is somewhat less virulent and other Francisella subspecies/species are considered non-pathogenic to humans (Staples et al., 2006; Oyston, 2008). Tularemia is described as a re-emerging disease with recent outbreaks reported worldwide (Hestvik et al., 2015), including in the United States (Gurcan, 2014). F. tularensis can be easily spread via aerosol transmission, resulting in significant morbidity and mortality on a target population (Gurcan, 2014). These traits place this bacterium as a potential biological warfare agent: a Tier 1 Biological Select Agents or Toxins as determined by the United States Department of Health and Human Services (Oyston et al., 2004; Oyston, 2008).

Francisella tularensis is a facultative intracellular bacterium that targets macrophages and expresses several factors that aid its ability to evade immune clearance, making bacterial clearance difficult to achieve (Jones et al., 2012). While a subsp. holarctica live attenuated vaccine strain (LVS) has been used to protect against tularemia in government personnel and in other countries, there is no currently approved United States vaccine. Fluoroquinolones (e.g., ciprofloxacin), aminoglycosides, and tetracyclines comprise the antibiotics most frequently used to treat tularemia (Maurin, 2014). While no naturally acquired resistance to these antibiotics has been observed in isolates of F. tularensis (Urich and Petersen, 2008), the exposure of the bacterium in vitro to slowly elevated concentrations of ciprofloxacin can select for resistant strains, including bacteria exhibiting cross-resistance to other aminoglycosides and fluoroquinolones (Sutera et al., 2014). Additionally, sub-species of F. tularensis have differing sensitivities to clinically relevant antibiotics, complicating treatment options for patients (Origgi et al., 2014). Although antibiotic treatment is often successful, several treatment failures and relapses of symptoms have been described (Perez-Castrillon et al., 2001; Kosker et al., 2013). Furthermore, antibiotic resistant strains can be created for bioweapon purposes. These situations together highlight an urgent need for new drugs with novel mechanisms of action against F. tularensis. New therapeutic approaches have been recently investigated, including some of the most recently approved antibiotics (e.g., tigecycline, ketolides, fluoroquinolones) as well as improved delivery of antibiotics in vivo (e.g., liposome delivery) (Boisset et al., 2014). In addition, host-targeted therapy (Hoang et al., 2016), innate immune response enhancement by antimicrobial peptides, and combinatorial approaches with conventional antibiotics and immune adjuvants have been examined (Pammit et al., 2004; Boisset et al., 2014).

Previous studies showed that AR-12, a small molecule derived from the cyclooxygenase-2 (COX-2; target for some non-steroidal anti-inflammatory drugs) inhibitor celecoxib, but lacking the COX-2 inhibitory activities, displayed broad-spectrum host-directed antimicrobial activity against fungi (Baxter et al., 2011), Salmonella enterica serovar Typhimurium (S. Typhimurium) and F. tularensis (Chiu et al., 2009a,b; Hoang et al., 2014; Hoang et al., 2016), as bacterial burdens in host macrophages were significantly reduced in part through the induction of autophagy. Several celecoxib derivatives exhibit direct antibacterial activities against methicillin-resistant Staphylococcus aureus (Chiu et al., 2012), multidrug resistant tuberculosis (Salunke et al., 2015), and Francisella (compound 20, herein called AR-16) (Chiu et al., 2009c). In this study we report that AR-13, an AR-12 derivative with known antimicrobial activity against multi-drug resistant Mycobacterium tuberculosis and Staphylococcal spp. [compound 33 in (19)], has direct antimicrobial activities against Francisella species with distinct modes of action compared with AR-16. The difference between AR-13 and AR-16 lies in the substituents around the 4-[3-(trifluoromethyl)-1H-pyrazol-1-yl] aniline core. While AR-13 consists of a phenanthrene ring system at the C5 position of the heterocycle, AR-16 has a 4-bromobiphenyl group at that position. Furthermore, the aniline has been converted to a sulfamide in the case of AR-13 (see Figure 1 for compound structures). While AR-13 displays bactericidal effects, AR-16 exhibits bacteriostatic activities against subsp. holarctica (strain LVS) and subsp. tularensis (strain SchuS4). Examination of AR-13 resistance mechanisms in the LVS strain illustrated that decreased susceptibility to AR-13 in vitro could be mediated by eﬄux pumps, as an eﬄux pump inhibitor sensitized the AR-13 resistant mutant to AR-13. Cytotoxicity studies revealed that AR-13 displays minimal toxicity to the human monocyte-derived macrophages (hMDMs). Finally, in vivo examination of AR-13 in a mouse model of tularemia showed that AR-13 treatment partially protects the LVS-infected mice from death. Combination of AR-13 with a sub-optimal dose of gentamicin provided increased protection against F. tularensis SchuS4 infection.
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FIGURE 1. Molecular structure of celecoxib and its derivatives AR-13 and AR-16.



MATERIALS AND METHODS

Bacterial Strains and Reagents

A library of celecoxib and its derivatives was kindly provided by Arno Therapeutics, Inc. (Flemington, NJ, United States). Chemical structures of celecoxib, AR-13 and AR-16 are presented in Figure 1. Gentamicin, kanamycin, ethidium bromine, and carbonyl cyanide m-chlorophenyl hydrazone (CCCP) were purchased from Sigma (St. Louis, MO, United States). F. tularensis SchuS4 strain (Type A), and F. tularensis LVS used in this study were described previously (Clay et al., 2008; Dai et al., 2012; Hoang et al., 2016). When needed, F. novicida mutant strains were obtained from BEI Resources transposon library1 (Gallagher et al., 2007). The bacteria were cultured on chocolate II agar (CHA) plates (Becton Dickinson, Sparks, MD, United States) or modified Tryptic Soy Broth (mTSB) or agar (Hoang et al., 2012) for 48 h (F. tularensis SchuS4 and LVS) or for 24 h (F. novicida) at 37°C prior to use in all experiments. Experiments involving the LVS and F. novicida strains were performed in a BLS2 environment. Experiments with F. tularensis SchuS4 were performed in The Ohio State University BSL3 select agent facility in accordance with CDC and locally approved BSL3 facility and safety standards.

Antimicrobial Susceptibility Testing

The susceptibilities of Francisella to AR-13, AR-16 and other antimicrobials were determined by minimum inhibitory concentrations (MICs) and bacterial killing assays. MIC assays were performed using the microtiter broth dilution method with an initial inoculum of approximately 106 bacteria/ml as described previously (Hoang et al., 2011, 2012). MICs were determined by the lowest concentration of specific antimicrobial showing complete inhibition of bacterial growth after 24 h of incubation at 37°C. For the bacterial killing assays, bacterial strains were grown at 37°C in mTSB or agar by supplementing with 135 μg/ml ferric pyrophosphate and 0.1% cysteine hydrochloride at 37°C for 48 h. Bacteria were suspended in phosphate buffered saline (PBS) to an optical density (OD) of 0.4 at 600 nm, equivalent to 3 × 109 CFU/ml. Approximately 109 or 106 bacteria in 1 ml of PBS or mTSB, respectively, were incubated with 10 μg AR-13 or AR-16 or control dimethyl sulfoxide (DMSO) at 37°C. Viable bacteria at different time-points were evaluated by serial dilution and plating on mTSB agar plates or CHA plates.

In Vitro Selection of AR-13 Resistant LVS

To examine the mechanism of AR-13 action, AR-13 was used to select for spontaneous AR-13-resistant (AR-13r) mutants in vitro by stepwise selection in broth culture. Briefly, 50 μl from an overnight culture of LVS was exposed to increasing concentrations of AR-13 in 5 ml mTSB broth with 1.25 μg AR-13/ml as a starting concentration at 37°C while shaking. 50 μl of this LVS grown culture was then passed into twofold increasing concentrations of AR-13 in 5 ml mTSB. The process was repeated until LVS was able to stably grow in 20 μg AR-13/ml (approximately 20 passes). Approximately 70 AR-13r clones were selected to determine the MIC to AR-13. Two representative AR-13r mutants were then passed in non-selective AR-13 free mTSB for 10 passes of an overnight culture. The stable AR-13r mutants were chosen for the subsequent studies including genomic sequencing, RNA sequencing, and assays regarding the mechanism of AR-13 resistance.

Comparative Genomic and Transcriptomic Studies

Genomic DNA from wild-type LVS and its stable isogenic AR-13 resistant mutants were purified using the GenElute Bacterial Genomic kit (Sigma–Aldrich, Cat #PLN70). Samples were sequenced on the Illumina MiSeq instrument using paired-end 2 × 300 bp chemistry, generating more than 3 million read pairs per sample. Churchill2 (Kelly et al., 2015) was run to identify any statistically supported variants, utilizing BWA_MEM v0.7.123 and the GCF_000009245.1 assembly of the F. tularensis LVS reference from NCBI4 for alignment and GATK HaplotypeCaller v3.55 for variant calling. Variants were annotated with SnpEff v4.16 against the GCA_000009245.1.26 annotation database.

Similarly, the RNA from the wild-type LVS and stable isogenic AR-13 resistant mutants was purified from mid-log cultures in mTSB using the RNAeasy plus mini kit (Qiagen, Cat#74134). Using methods described previously (Jones et al., 2014), after determining the quality of total RNA using Agilent 2100 bioanalyzer and RNA Nano Chip kit (Agilent Technologies, CA), rRNA was removed from 2 μg of RNA with Ribo-ZeroTM rRNA removal kit for Gram-Negative bacteria (Epicentre Biotechnologies, WI). To generate directional signal in RNA seq data, libraries were constructed from first strand cDNA using ScriptSeqTM v2 RNA-Seq library preparation kit (Epicentre Biotechnologies, WI). rRNA-depleted RNA (50 ng) was fragmented and reverse transcribed using random primers containing a 5′ tagging sequence, followed by 3′ end tagging with a terminal-tagging oligo to yield di-tagged, single-stranded cDNA. After magnetic-bead based purification, the di-tagged cDNA was amplified by limit-cycle PCR using primer pairs that anneal to tagging sequences have adaptor sequences required for sequencing cluster generation. The AMPure XP System (Beckman Coulter) was used to purify RNA-seq libraries. The Agilent 2200 TapeStation using High Sensitivity D1000 ScreenTape was used to determine the quality of libraries, which were then quantified using the Kappa SYBR®Fast qPCR kit (KAPA Biosystems, Inc., MA, United States). On average, 21 million paired-end 150 bp RNA-Seq reads were generated using the Illumina HiSeq 4000 platform for each sample (the range was 19 to 24 million). Each sample was aligned to the GCF_000009245.1 assembly of the F. tularensis LVS reference from NCBI7 using version 0.7.5a of BWAMEM8. The GFF file provided with the GCF_000009245.1 assembly from NCBI was used to identify transcript features and raw coverage counts were calculated using HTSeq9. After normalization of the RNA-Seq gene expression data a post-alignment statistical analyses was performed using custom analysis scripts written in R and DESeq210. Normalized read counts were used for comparisons of gene expression and associated statistical analysis of the different bacteria/conditions. Fold change values were displayed as test condition/control condition, where values less than one were expressed as the negative of its inverse (note that there will be no fold change values between -1 and 1, and that the fold changes of “1” and “-1” represent the same value). A false discovery rate of 10% (DESeq2 adjusted p-value <= 0.1) was used in determining transcripts that were significantly differentially expressed.

Isolation of Human Monocyte-Derived Macrophages (hMDMs)

Human monocyte-derived macrophages (hMDMs) were derived from human blood acquired via venipuncture from healthy donors following a Ohio State University Institutional Review Board approved protocol. Written informed consent was provided by study participants. The protocol followed published methods (Schlesinger et al., 1990; Hoang et al., 2016). Briefly, peripheral blood mononuclear cells (PBMCs) were isolated from heparinized blood over a Ficoll cushion (GE Healthcare Bio-Science, Piscataway, NJ, United States). PBMCs were then cultured in sterile screw-cap Teflon wells in RPMI 1640 plus L-glutamine (Gibco-Life Technologies, Grand Island, NY, United States) with 20% autologous human serum at 37°C in a humidified incubator containing 5% CO2 for 5 days. Teflon wells were chilled on ice to recover the PBMCs, which were then re-suspended in RPMI 1640 with 10% autologous serum. Cells were then allowed to attach in 24-well or 6-well tissue culture plates for 2–3 h at 37°C in a humidified incubator with 5% CO2. After washing to remove the lymphocytes, hMDM monolayers were seeded at a density of approximately 2.0 × 105 cells/well for 24-well plates for infection studies.

Cytotoxicity Assays

Human monocyte-derived macrophages viability was assessed in the presence of AR-13 and AR-16 using a lactate dehydrogenase (LDH) assay (Roche Applied Science, Indianapolis, IN, United States) described previously (Hoang et al., 2014). hMDM cells were seeded into 24-well plates at 2 × 105 cells/well with RPMI 1640 supplemented with 20% autologous serum. This medium was replaced with 2% autologous serum in RPMI 1640 containing different concentrations of AR-13 or AR-16 (in 0.1% DMSO) or DMSO vehicle control. Triton X-100 (0.1%) was used as a positive control. After 24 h or 48 h of treatment, supernatants were collected, centrifuged to remove cells, and subjected to the LDH assay (as per manufacturer’s instructions). LDH release was measured (570 nm) and the cytotoxicity was calculated as a percentage of the Triton X-100 treated cells (positive control).

Analysis of Bacterial Growth in hMDMs

Live vaccine strain growth in hMDMs was performed as described previously (Chiu et al., 2009b) with a minor modification. Briefly, LVS were grown at 37°C in mTSB or on agar plates supplemented with 135 μg/ml ferric pyrophosphate and 0.1% cysteine hydrochloride at 37°C for 48 h. Bacteria were equilibrated in PBS (OD600 of 0.4 which is approximately 3 × 109 CFU/ml). LVS was added to hMDMs at a multiplicity of infection (MOI) of 50 in the presence of 2% autologous serum in RPMI 1640 plus L-glutamine (Gibco-Life Technologies). Extracellular bacteria were removed 2 h post-infection by addition of 50 μg/ml of gentamicin (Gibco-Life Technologies) for 1 h followed by three washes of the monolayer with pre-warmed RPMI 1640 to remove additional extracellular bacteria. Various concentrations of AR-13 were then added to culture medium (with 2% autologous serum and 10 μg/ml gentamicin). As a control, the parental compound of AR-13, AR-12, which was previously shown to inhibit Francisella growth in macrophages via induction of autophagy, was included. Soluble AR-12 and AR-13 were dissolved in 10 mg/mL in DMSO and diluted in RPMI 1640 containing 2% autologous serum to the appropriate concentrations. At 22 h post-treatment, the infected hMDMs were lysed with 0.1% Triton X-100 (Calbiochem, San Diego, CA, United States) in PBS for 15 min. The cell lysates were then serially diluted with PBS, plated onto CHA agar and enumerated after 72 h incubation at 37°C.

Mice

Six–eight weeks old pathogen free female BALB/c mice were purchased from Harlan Sprague (Indianapolis, IN, United States). Food and water were provided ad libitum to the mice (5 mice/group unless otherwise indicated) in sterile micro isolator cages and allowed to acclimate for 2–3 days prior to challenge. All experimental procedures were carried out in strict accordance with guidelines established by The Ohio State University Institutional Animal Care and Use Committee (IACUC), and all efforts were made to minimize animal suffering.

Mouse Infection with F. tularensis SchuS4 or LVS

Intranasal (I.N.) infection of F. tularensis SchuS4 and LVS was performed as previously described (Hoang et al., 2016). Briefly, F. tularensis SchuS4 and LVS were grown on CHA plates for 48 h at 37°C. The bacteria were removed from the agar surface and suspended in PBS to an OD600 of 0.4, which is approximately 3 × 109 CFUs/ml. After culture dilution, mice were infected with 10 CFU of F. tularensis SchuS4 in 50 μl PBS. For LVS infection, mice were infected by the I.N. route with 3 × 103 CFU in 50 μl PBS. Both doses are ∼10x the lethal number of CFU. Prior to the infection, mice were anesthetized with isoflurane as approved by The Ohio State University Institutional Animal Care and Use Committee (IACUC).

Evaluation of Protective Efficacy of AR-13 in LVS and F. tularensis SchuS4-Infected BALB/c Mice

To evaluate AR-13 as a treatment for infection, survival studies were performed with F. tularensis SchuS4 and LVS strains. Mice were infected with F. tularensis SchuS4 or LVS and treated, starting about 1 h post-infection, with different doses (2.5, 5.0, or 10 mg/kg/day for LVS and 2.5 or 5.0 mg/kg/day for F. tularensis SchuS4) of AR-13 in 200 μl of polyethylene glycol (PEG) PEG400:0.9% saline:ethanol (50:35:15) given by the intraperitoneal (I.P.) route (Hoang et al., 2016) once daily from day 0 until day 10 post-infection. The infected mice were monitored for survival up to 2 weeks post-infection. To determine the effects of AR-13 on bacterial growth in the infected mice, we infected mice (5 mice/group) with the LVS strain via the I.N. route and treated once daily with 5 mg AR-13 in 200 μl PEG/kg/day from day 0 (the day of infection). The bacterial burdens in the lungs of surviving mice were determined by homogenization of lung tissue followed by plating and subsequent CFU enumeration.

Statistical Analysis

Data are presented as mean ± standard deviation (SD). P-values were calculated using one-way ANOVA for multiple comparisons and adjusted with Bonferroni’s correction; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001; NS, not significant. A Chi-square test was used for survival analysis. GraphPad Prism 6 was used for statistical analysis.

Accession Numbers

RNAseq data were deposited into the GEO Repository11 under the record number GSE100069. Genomic sequences and alignment data have been deposited to the Sequence Read Archive12 under identifier SRP109660.

RESULTS

In Vitro Susceptibilities of Francisella to AR-13

In our continuing effort to find novel antimicrobial agents to control Francisella infection, we screened 64 compounds derived from celecoxib (Salunke et al., 2015) to identify potential anti-Francisella agents using a standard serial dilution method. We found that two compounds, AR-16 and AR-13, have the ability to inhibit the growth of several Francisella subspecies with MICs at 24 h post-inoculation of 2.5 μg/ml for F. tularensis LVS (Figure 2A) and F. tularensis SchuS4 (data not shown), and 5 μg/ml for F. novicida (data not shown). To explore the modes of action of these two anti-Francisella agents, we performed bacterial killing assays the presence of 10 μg/ml for each compound in PBS (Figure 2) or mTSB (Supplementary Figure 1). Viable bacteria were evaluated at different time points post-treatment by serial dilution, plating and enumeration. To our surprise, the two compounds had distinct modes of action: AR-13 had bactericidal activities and AR-16 had bacteriostatic effects on LVS and F. tularensis SchuS4 at stationary phase (Figures 2B–D and Supplementary Figure 1) and at log phase (data not shown). AR-13 treatment (10 μg/ml) lead to an approximate 2–3.5 log decrease in CFUs of F. tularensis SchuS4 and LVS at 8 h post-treatment (Figures 2B,D and Supplementary Figure 1A), while AR-16 showed no significant decrease over this time period (Figures 2C,D and Supplementary Figure 1B). Since AR-16 was not bactericidal, we focused on our further studies on AR-13. We examined the antimicrobial activities of AR-13 on two Gram-positive bacteria, Listeria monocytogenes strain 10403S and methicillin-resistant S. aureus strain JE2 (MRSA, USA300LAC), as well as two Gram-negative bacteria, Pseudomonas aeruginosa strain PAO1 and Salmonella Typhi. The results showed that AR-13 exerted strong antimicrobial activities on the two Gram-positive bacteria, but not on the two Gram-negative bacteria (Supplementary Figure 2). These data provide strong evidence that AR-13 may serve as a potential antimicrobial with bactericidal properties to control Francisella and possibly other bacterial infectious agents.
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FIGURE 2. Susceptibilities of Francisella tularensis to AR-13 and AR-16. (A) LVS was grown in twofold serial dilutions of AR-13 and AR-16 in mTSB. Optical densities at 600nm (OD600) were measured by a plate reader 18 h after inoculation. (B) AR-13 has a bactericidal effect on LVS. Approximately 1.5 × 109 CFU were incubated in 1 ml PBS containing 10 μg of AR-13. Viable bacteria were evaluated at different time points by serial dilution and plating. (C) AR-16 has a bacteriostatic effect on LVS. Approximately 1.5 × 109 CFU were incubated in 1 ml PBS containing 10 μg of AR-16. Viable bacteria were evaluated at different time-points by serial dilution and plating. (D) AR-13 and AR-16 have bactericidal and bacteriostatic effects, respectively, on F. tularensis SchuS4. Approximately 1.5 × 109 CFU of F. tularensis SchuS4 was incubated in 1 ml PBS containing 10 μg of AR-13 or AR-16. Viable bacteria were evaluated at 8 h post-treatment by serial dilution and plating. Data are representative of 2–4 independent experiments, each performed in triplicate; ∗∗∗p < 0.001; NS, not significant.



Effects of AR-13 on LVS Growth in Human Monocyte-Derived Macrophages (hMDMs)

Since AR-13 exerts bactericidal effects on Francisella in vitro, we sought to examine the effects of AR-13 on the growth of LVS in its primary cellular target, macrophages. The cytotoxicity of AR-13 on hMDMs was tested by measuring lactate dehydrogenase (LDH) release in the culture supernatants from hMDMs treated with various concentrations of AR-13 at 24 and 48 h post-treatment (Hoang et al., 2014). AR-13 was not toxic toward hMDMs at AR-13 concentrations as high as 20 μg/ml (Supplementary Figure 3). hMDMs were then infected with LVS and treated with different concentrations of AR-13. The intracellular bacterial load was evaluated at 22 h post-treatment. As shown in the Figure 3, AR-13 (at 2.5 and 5 μg/ml) significantly inhibited the growth of LVS in hMDMs, reducing the CFU recovered by ∼0.5 logs. As a control, AR-12, known to inhibit intracellular Francisella growth by the induction of autophagy (Chiu et al., 2009b), reduced LVS growth approximately 1 log at 2.5 μg/ml and was toxic to macrophages as expected at 5 μg/ml (Hoang et al., 2014).
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FIGURE 3. Intracellular growth of LVS in hMDMs following AR-13 treatment. hMDMs (MOI = 50) were infected for 2 h, washed and treated with different concentrations of AR-13 or its related compound AR-12, which was previously shown to inhibit Francisella via induction of autophagy. Intracellular bacterial CFUs were determined by plating cell lysates at 22 h post-infection. A negative control was media containing (0.05% v/v) DMSO. The experiment was repeated three times with hMDMs from three different donors with similar results and the data from a representative experiment are presented as average ± SD. ∗p ≤ 0.05, ∗∗∗p ≤ 0.001, NS, not significant.



Development of AR-13 Resistance in Francisella

Examination of the resistance of microbes to new antimicrobials provides insight into the mechanism(s) of action of the drug as well as drug targets. We sought to examine whether Francisella was able to develop resistance to AR-13 in vitro. Our first attempt to select AR-13 resistant mutants by plating LVS on mTSB agar plates containing AR-13 at 4x MIC (10 μg/ml), 8x MIC (20 μg/ml), and 16x MIC (40 μg/ml) was unsuccessful. Stepwise selection in mTSB broth with increasing concentrations of AR-13 was performed to attempt to select for AR-13 resistant mutants of LVS. After approximately 20 overnight passages in increasing AR-13 selective pressure, AR-13 resistant mutants were obtained and sensitivity to AR-13 was examined by culturing in mTSB with serial concentrations of AR-13 (0.016–10 μg/ml). As shown in Figure 4A, a representative AR-13 resistant mutant was able to grow in the presence of up to 10 μg/ml AR-13 but was inhibited in 20 μg/ml (eightfold increase in MIC) (data not shown). Examination of the stability of an AR-13 resistant mutant was performed by passaging the mutant in AR-13-free mTSB for 10 overnight passages, with several clones then chosen for bacterial killing assays. As shown in Figure 4B, after 10 overnight passages in AR-13-free mTSB, there was no difference in viable bacteria recovered between the initial AR-13 resistant mutant (MT) and that of 10 overnight passages in AR-13-free mTSB (MT-10 passages). These data suggest that Francisella is able to develop resistance to AR-13 and the resistance is relatively stable.
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FIGURE 4. Stability of AR-13 resistance. (A) Growth curve of LVS (WT) and the LVS AR-13 resistant mutant (MT) in the presence of various concentrations of AR-13 in mTSB. WT or MT were grown in twofold serial dilutions of AR-13 with a starting concentration of 10 μg/ml. Optical densities at 600nm (OD600) were measured by a plate reader at 18 h after inoculation. (B) AR-13 resistance is stable. Approximately 1.5 × 109 CFU of WT or MT after 10 overnight passes in AR-13-free mTSB (MT-10 passes) were incubated in 1 ml PBS containing 10 μg AR-13. Viable bacteria were evaluated at 3 h post-treatment by serial dilution and plating. Data were representative of 2–4 independent experiments each performed in triplicate; ∗∗∗p < 0.001; NS, not significant.



Mechanisms of AR-13 Resistance in Francisella

Comparative transcriptomic analysis revealed that the AR-13 resistance of this mutant is not due to changes in the RNA levels since no gene transcript was differentially expressed greater than 1.7-fold relative to the parental strain (data not shown). Thus, the observed stable AR-13 resistance in Francisella indicated an alteration in the inherent genomic information of the resistant mutant. Comparative genomic analysis was performed between the AR-13 resistant mutant and its parent wild type strain. This analysis identified three non-synonymous mutations in the AR-13 resistant mutant. Interestingly, two of them were found in genes encoding for outer membrane eﬄux proteins FTL_1107 (FtlC) and FTL_1865 (TolC) (Gil et al., 2006) with amino acid substitutions Leu236Pro and Glu441Lys, respectively (Table 1). TolC is the outer membrane channel component for multidrug eﬄux and type I secretion systems. The other mutation was in gene locus FTL_0600 (wbtH homolog in F. novicida) (Thomas et al., 2007) that is involved in O-antigen synthesis (amino acid substitution of Pro353Ser). Eﬄux pumps confer resistance to a variety of antibiotics and detergents in Francisella (Bina et al., 2008; Ahmad et al., 2010; Gestin et al., 2010). We hypothesized that the mutations in the eﬄux systems resulted in a gain of function mutation that increased eﬄux activity. As such, treatment with an eﬄux inhibitor would then sensitize the AR-13 resistant mutant to AR-13. To test our hypothesis, we utilized experimental approaches with AR-13 and the proton-mediated eﬄux pump inhibitor carbonyl cyanide m-chlorophenyl hydrazone (CCCP). Various concentrations of CCCP were tested against LVS to which dramatic reductions in growth were observed at >∼8 nM (Supplementary Figure 4). Thus, a 4 nM sub-inhibitory concentration of CCCP was chosen and was examined in combination with various concentrations of AR-13. We found that the AR-13 resistant mutant was more susceptible to AR-13 in the presence of sub-inhibitory concentrations of CCCP. The growth of the AR-13 resistant mutant was significantly decreased at 2.5 μg/ml AR-13 and nearly completely inhibited at 5 μg/ml AR-13 in the presence of CCCP while the strain grew normally at all concentrations of AR-13 (up to 10 μg/ml) in the absence of a sub-inhibitory concentration of the inhibitor (Figure 5A). In addition, the AR-13 resistant isolate also conferred decreased sensitivity to ethidium bromide (EtBr) which is mediated by TolC as previously observed (Gil et al., 2006) (Figure 5B), but does not affect sensitivity to kanamycin (Supplementary Figure 5). Similar to what was observed with AR-13, a sub-inhibitory concentration of CCCP sensitized the AR-13 resistant strain to EtBr (Figure 5C). In parallel, we examined independent mutants of two TolC orthologs, (FtlC; FTN_0779 in F. novicida) and FTL_1865 (TolC; FTN_1703 in F. novicida) as well as the O-antigen synthesis locus (FTL_0600; FTN_1421 in F. novicida), which were obtained from a BEI Resources transposon library (Gallagher et al., 2007), for susceptibility to AR-13. This showed that both tolC eﬄux genes, but not the O-antigen synthesis gene, confer intrinsic resistance to AR-13 in F. novicida (Supplementary Figure 6). These data provide strong evidence that eﬄux pumps mediate AR-13 resistance in Francisella and suggest that AR-13 has an intracellular target(s).

TABLE 1. Comparative genomic analysis of an AR-13 resistant (AR-13r) mutant and the wild-type (WT) identified three non-synonymous mutations.

[image: image]


[image: image]

FIGURE 5. Eﬄux pumps mediate AR-13 resistance in LVS. Eﬄux pump inhibitor CCCP sensitizes the AR-13 resistant (AR-13r; MT) mutant to AR-13. (A) The MT was grown in twofold serial dilutions of AR-13 with or without a sub-inhibitory concentration of CCCP (4 nM, see Supplementary Figure 4 for more information). OD600 values were obtained by a plate reader at 18 h post-inoculation. (B) AR-13 resistance confers EtBr resistance in LVS. WT and MT were grown in twofold serial dilutions of EtBr. OD600 values were obtained by a plate reader at 18 h post-inoculation. (C) Eﬄux pump inhibitor CCCP sensitizes the AR-13r mutant to EtBr. MT was grown in twofold serial dilutions of EtBr with or without a sub-inhibitory concentration of CCCP (4 nM). OD600 values were obtained by a plate reader at 18 h post-inoculation. Data were representative of 2–4 independent experiments each performed in triplicate; ∗∗∗p < 0.001; NS, not significant.



AR-13 Treatment of F. tularensis SchuS4 Infected Mice

AR-13 exerts bactericidal effects on Francisella (Figures 2B,D) and causes minimal cytotoxicity to hMDMs (Supplementary Figure 3). Therefore, we tested the ability of AR-13 to protect mice from a lethal intranasal dose of F. tularensis SchuS4 or LVS. Toxicity of AR-13 in mice was first evaluated in non-infected mice I.P. treated with 10 mg AR-13/kg/day once daily for 10 consecutive days. These mice did not show any abnormal clinical signs (sickness, hair ruﬄing) which indicated that they can tolerate at least total 100 mg AR-13/kg. We next infected mice by the I.N. route with a lethal dose of LVS (3 × 103 CFUs/mouse) and then treated the infected mice, starting about 1 h post-infection, once daily by I.P. injection with 2.5, 5, or 10 mg AR-13/kg/day in 200 μl PEG (Hoang et al., 2016) for 10 days. A PEG-only treated group was included as a control. As shown in Figure 6A, treatment of 2.5 mg AR-13/kg/day for 10 consecutive days provided the best protective effects (50% survival) from LVS infection (total drug of 25 mg AR-13/kg). There were no culturable bacteria in the lungs of these surviving mice at 15 days post-infection (data not shown). Because the 5 and 10 mg AR-13/kg/day treatments demonstrated less protective effects than mice given 2.5 mg AR-13/kg/day, but alone showed no toxicity at these doses, it is possible that the combination of LVS infection and these higher doses of AR-13 may be toxic to mice.
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FIGURE 6. Protective effects of AR-13 in a mouse model of tularemia. (A) Survival curves of BALB/c mice infected by the I.N. route with 3 × 103 CFU of LVS followed by AR-13 treatment. The infected mice (4 or 5 mice/group) were given 2.5, 5, or 10 mg of AR-13/kg/day, starting about 1 h post-infection, once daily from day 0 for 10 days. A control PEG group was included. (B) Survival curves of BALB/c mice (5 mice/group) infected by the I.N. route with 10 CFU of F. tularensis SchuS4 followed by AR-13 treatment. Infected mice were given 2.5 mg AR-13/kg/day starting about 1 h post-infection, once daily from day 0 until day 4. (C) Survival curves of BALB/c mice (5 mice/group) infected I.N. with 10 CFU of F. tularensis SchuS4 followed by AR-13 treatment. The infected mice were given 5 mg AR-13/kg/day, starting about 1 h post-infection, with or without 0.25 mg gentamicin/kg/day given I.P.. AR-13 was given once daily from day 0 until day 4; gentamicin was given once daily from day 0 until the end of the experiment. A control PEG group was included (∗∗ difference with respect to PEG and 0.25 mg gentamicin control groups, p < 0.01).



We then sought to evaluate the ability of AR-13 to control virulent Type A F. tularensis SchuS4 (a human clinical isolate) in the mouse infection model. Our previous publication showed that without treatment, mice died from days 4 to 6 following intranasal infection with 10 CFUs of F. tularensis SchuS4 (Hoang et al., 2016). Since AR-13 treatment (25 mg/kg total drug) only provided 50% protective effects (Figure 6A) the compound was also tested in combination with a sub-optimal dose of gentamicin, one of the primary antibiotics commonly used to treat Francisella infection (Hoang et al., 2016). Mice were infected with 10 CFUs of F. tularensis SchuS4/mouse via the I.N. route and then treated, starting about 1 h post-infection, with 2.5 mg (total dose 12.5 mg/kg) or 5 mg AR-13/kg/day (total dose 25 mg/kg), or with 5 mg AR-13/kg/day plus 0.25 mg gentamicin/kg/day (I.P.) once daily for 5 consecutive days. PEG and 0.25 mg gentamicin treated groups were included as controls. As shown in Figures 6B,C, AR-13 treatment prolonged survival of F. tularensis SchuS4 infected mice but did not protect mice from death. All PEG and gentamicin only treated mice died at day 5 or day 6 post-infection, respectively (Figures 6B,C). However, the combination of a sub-optimal dose of gentamicin with 5 mg AR-13/kg/day protected 60% of the infected mice from death (Figure 6C), with no CFU recovered from the lungs of surviving mice (data not shown). These data suggest that AR-13 could potentially be used as a combinational therapeutic to control Francisella infection.

DISCUSSION

There is a limited pool of antibiotics available for the treatment of tularemia in humans (Enderlin et al., 1994; Boisset et al., 2014). Although antibiotic treatment is frequently successful, relapse rates or complete failure of treatment up to 33% has been reported (Enderlin et al., 1994). Resistance to conventional antibiotics in Francisella has not been clinically described (Urich and Petersen, 2008); however, antibiotic resistant strains could be malevolently created instituting a significant threat as a biological weapon. Thus, it has become paramount to develop new antimicrobial strategies to control this potentially dangerous microbial pathogen (Boisset et al., 2014). Here we show that AR-13, a derivative of a cyclooxygenase-2 inhibitor, exhibits direct killing activity against different Francisella subspecies including F. tularensis SchuS4, LVS (Figure 2), and F. novicida (data not shown). M. tuberculosis and S. aureus have been demonstrated to be susceptible to direct killing by AR-13 (Salunke et al., 2015). While P. aeruginosa and Salmonella serovars tested in our laboratory were not susceptible to the drug, L. monocytogenes and methicillin-resistant S. aureus showed strong susceptibility to direct killing (Supplementary Figure 2).

The nature of the antimicrobial activity [defined as killing 99.9% of a bacterial inoculum within a 24 h exposure period (Pankey and Sabath, 2004)] of AR-13 showed that it exerted a time-kill kinetic effect on LVS (approximately 2- and 4-log CFU reduction at 8 h post-treatment for F. tularensis. SchuS4 and LVS, respectively) (Figures 2B,D). These findings suggest that the antibacterial effect of AR-13 is likely not mediated by rapid disruption of membrane integrity, but rather that the target of the compound is intracellular. Unlike the bactericidal effects of AR-13, AR-16, another derivative of cyclooxygenase-2 inhibitor, exerted bacteriostatic anti-Francisella activity (Figure 2C). While bacteriostatic agents have a place in the toolkit of compounds to treat bacterial infections, our work here focused on the bactericidal activity of AR-13.

The inhibitory effect of AR-13 on LVS in hMDMs, a primary cellular target of Francisella spp., was moderate (Figure 3). This was surprising, as other derivatives of the parental compound, such as AR-12, penetrate cells and kill intracellularly by the induction of autophagy (Chiu et al., 2009b; Hoang et al., 2014). The limited activity of AR-13 against intracellular Francisella suggests that the molecule may enter macrophages poorly, lack co-localization with the bacteria, or be intracellularly degraded. Future work will address this issue and if necessary, AR-13 can be derivatized or encapsulated to enhance intracellular targeting.

To identify the potential target of the antibacterial activity of AR-13, we sought to create a resistant mutant. By repeated passage in increasing drug concentrations, we were able to select for a stable resistant mutant to AR-13 (Figure 4). Comparative genomic sequencing combined with biological assays demonstrated that this resistance is likely mediated by multidrug eﬄux pumps involving genes FTL_1107 and FTL_1865. Amino acid mutations at Leu236Pro and Glu441Lys, respectively, were identified in these eﬄux pumps which presumably increase general or AR-13 specific eﬄux activity. RNAseq data showed no increase in eﬄux pump gene transcription in these mutants, further suggesting increased eﬄux as the mechanism behind the increase in AR-13 resistance. To the best of our knowledge, no information exists about these mutations regarding enhanced activity of eﬄux pumps in Gram-negative bacteria. The role of eﬄux in resistance was confirmed with the use of an eﬄux pump inhibitor or inactivation of the eﬄux pump, both abolishing the observed resistance (Figures 5A–C and Supplementary Figure 6). Interestingly, the AR-13 resistant mutant also conferred resistance to ethidium bromide (Figures 5B,C), which is known to be mediated, in part, by the eﬄux pump TolC (Gil et al., 2006). Investigation of these mutations in Francisella will shed the light on the roles of these amino acid residues on the activities of eﬄux pumps for both antimicrobial and detergent resistance. While our selection screen failed to identify the AR-13 target, these data together with the result from time-kill kinetics, suggest an intracellular target for AR-13. From a translational perspective, continued work to identify AR-13 resistance mechanisms will help guide the development of AR-13 derivatives with more potent activity as well as new therapeutic strategies to combat Francisella infections.

Using Francisella infected mice, it was demonstrated that AR-13 possessed promising in vivo anti-Francisella activity. Despite infection with a lethal dose of LVS, two of four mice treated with 2.5 mg/kg/day (total 25 mg/kg for the whole course of treatment) of AR-13 recovered and were healthy at the study endpoint, while none of the vehicle-treated control mice survived. It is noteworthy that higher doses of AR-13 (5 mg/kg and 10 mg/kg/day) resulted in less protective effects, suggesting potential toxicity of the drug at these doses in infected animals (Figure 6A). Since the most protective dose of AR-13 for LVS-infected mice was a total of 25 mg/kg, we sought to examine whether this dose could protect mice from a lethal dose of the human pathogen, F. tularensis SchuS4. Treatment with this dose prolonged survival of the infected mice but did not protect the mice from death (Figure 6B). However, when combined with the sub-optimal dose of gentamicin, three of five mice were protected while all infected mice treated with the sub-optimal dose of gentamicin died (Figure 6C). F. tularensis is primarily an intracellular pathogen of macrophages, and the compound was shown to have limited activity against Francisella in macrophages. This may partially explain why better protection was not observed in mice. However, gentamicin, an antibiotic that has poor cellular penetrating activity, augmented AR-13 activity, likely by enhancing the permeability of the eukaryotic and/or bacterial envelope to AR-13 (the latter during Francisella’s extracellular phase). However, these data provide strong evidence that AR-13, either with or without traditional antibiotic augmentation, is a promising lead candidate as a drug to aid control of tularemia in humans.
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