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[bookmark: _Toc116194422]1. Study Rationale/Background

Glycopeptides have been used in the treatment of Gram-positive infections for more than 50 years, predominantly for meticillin resistant Staphylococcus aureus (MRSA) strains. Although both vancomycin (VAN) and teicoplanin (TEIC) retain excellent activity in vitro, recent studies suggest poor clinical outcomes in patients with S. aureus infections that demonstrate elevated VAN MICs (>1mg/L) [1]. This raises concerns that the activity of glycopeptides might soon be compromised. The reasons for reduced susceptibility are not fully understood, although this is likely an adaptive response leading to alterations in processes involved in peptidoglycan biosynthesis and cell wall recycling [2]. Alternatives to glycopeptide monotherapy include oxazolidonones (linezolid, tedizolid) or, the use of tetracylines, rifampicin or fusidic acid as adjunctive agents in combination. 

In the UK, glycopeptide single agent and combination therapies are widely used and considered the standard of care in severe Staphylococcal infections [3]. This is despite increasing evidence that rates of glycopeptide resistance may be significantly underestimated [4]. In a recent study, we found almost 25 % of MRSA clinical isolates recovered at our institution displayed phenotypic and / or genotypic markers (elevated MICs macro-dilution / GRD Etests, δ-haemolysis, heteroresistant population profiling and agr sequence type) associated with reduced susceptibility to glycopeptides, although as yet we have not linked this to any clinical failures [5].

Oxazolidinones, although not bactericidal [6], remain highly active as single agents. Clinical trials have identified that linezolid may be superior to glycopeptides in the treatment of some MRSA infections, especially those involving the respiratory tract [7]. Other beneficial properties of oxazolidones include anaerobic cover. the ease of administration (oral versus intravenous), favourable pharmacokinetic (PK) and pharmacodynamic (PD) profiles, no requirement for therapeutic drug monitoring (TDM) and secondary activities on Staphylococcal toxin production (Panton Valentine Leukocidin Toxin) [8]. Amongst the Oxazolidinones currently used and in development - significant PK advantages have also been identified for tedizolid compared to linezolid [9].

In this study we intend to assess the in vitro activity of tedizolid compared to glycopeptides given with and without the addition of rifampicin or fusidic acid. Activity will be assessed against a panel of S. aureus strains both susceptible to and, with varying levels of resistance to glycopeptides (GSSA, hGISA, GISA, GRSA). Pre-clinical activity in vivo will then be investigated using a simple invertebrate model (Galleria mellonella) of Staphylococcal virulence and therapeutics able to generate tractable pre-clinical data [10] required to support the design and implementation of future clinical studies of tedizolid versus existing or novel glycopeptide treatment regimens. 
[bookmark: _Toc153012711][bookmark: _Toc167184128]2 Study HYPOTHESIS

We propose that: ‘Tedizolid will have equivalent or superior antimicrobial activity when compared with glycopeptide combination regimens currently used in the treatment of multi-drug resistant S. aureus infections’  
[bookmark: _Toc167184129]2.1 Preliminary Data 
Detection of glycopeptide resistance in S. aureus is difficult. Strains can be classified as susceptible, (GSSA) intermediate (GISA), hetero (hGISA) or resistant (GRSA) depending on the methodologies and PD breakpoints employed. Recently, we used a novel phenotypic method, relying on disruption of a two-component regulator (agr) involved in δ-haemolysin production, to screen a UK collection of clinically relevant S. aureus isolates for reduced susceptibility to glycopeptides. More than 25% of MRSA isolates lacked δ-haemolysis and 3.6% of these were subsequently confirmed as hGISA by formal population analysis profiling (PAP) (Figure 1). This suggests that reduced susceptibility to glycopeptides amongst UK MRSA isolates may be more common than previously thought when MICs and current breakpoints are used as the gold standard [11]. Glycopeptides could therefore be sub-optimal as definitive treatment and capable of driving the emergence of resistance if widely used empirically. The use of either an oxazolidinone or a glycopeptide in combination with a second agent could negate these concerns, although evidence of any benefit is currently lacking.

Figure 1: Population analysis profiling of a clinical MRSA bloodstream isolate (69) with hVISA PAP characteristics: VSSA control (NRSA149), hVISA control (Mu3), VISA control (Mu50). Population profiles are determined by comparing the area under the curve (AUC) with a ratio of 0.9-1.3 compared to the Mu3 control used to define hVISA characteristics.
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As a simple means of investigating the comparative efficacy of antimicrobial compounds or treatment regimens we have developed a simple invertebrate model of microbial pathogenicity and therapeutics using the wax moth caterpillar, G. mellonella. This enables us to validate antimicrobial activities identified in vitro in an inexpensive, high throughput pre-clinical in vivo system that avoids many of the ethical, logistical and financial barriers of mammalian models. These insects have a highly developed innate immune system (e.g. phagocytic cells and antimicrobial peptides) and results have been shown to accurately mirror infection outcomes in more complex models [12]. Bacteria at controlled inocula are injected directly in to the insect heamocoel, simulating mammalian bloodstream infection, and larval kill kinetics are followed over 48 – 72 hrs. Antimicrobial treatment is then given with humanised doses (mg/kg) to quantify the efficacy of novel or standard treatment regimens (Figure 2).

Figure 2: Efficacy of Teicoplanin (TEIC) and Colistin (COL) Alone and in Combination (COL/TEIC) versus multi-drug resistant  A. baumannii (AB210) using the G. mellonella therapeutic model
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This invertebrate model has been used and validated by ourselves and others to assess the virulence of a wide range of Gram-negative (Acinetobacter baumannii, Pseudomonas aeruginosa, Stenotrophomonas maltophilia, Escherichia coli, Klebsiella pneumoniae, Serratia marcesens, Enterobacter cloacae) [13- 16] Gram-positive (S. aureus, Enterococcus, Listeria monocytogenes) and fungal pathogens (Candida albicans, Aspergillus fumigatus). We have used it with existing (β-lactams, aminoglycosides, glycopeptides, polymyxins, quinolones, tetracyclines) and novel antimicrobial compounds (BAL30072, next generation polymyxins, ceragenins) [17] to establish toxic / therapeutic indices and the model has also been proposed as a means to refine human pharmacokinetic dosing [18].










3 Study Objectives And EndPOINTs
3.1 Study objectives
3.1.1 Primary Objectives:  
Three key objectives have been identified as tasks to be completed during this study

Task 1: To determine the in vitro activity of Tedizolid and glycopeptide combination regimens against S. aureus isolates with reduced susceptibility to glycopeptides in bacteriostatic assays (1 month)

Task 2 : To define the comparative kill kinetics of the antimicrobial regimens identified in objective 1 (1 month)

Task 3: To assess the activity of the most effective regimens identified in task 2 in a G. mellonella-S. aureus in vivo model  (1 month)

3.1.2Secondary Objectives:  
A secondary task, bringing added value to the proposal, will be to collect and preserve bacterial isolates shown to demonstrate in vitro or in vivo emergence of resistance to any of the antimicrobials tested. These isolates will be subjected to whole genome sequencing or proteomic analysis in legacy projects to identify the mechanisms, likelihood and implications of resistance on each of the regimens.

This is considered a preliminary study which after analysis of the in-vitro and in-vivo data obtained in G. mellonella will lead to a follow on study to
1) Correlate the finding from the invertebrate model in a mouse model of sepsis and wound infection
2) Determine pharmacokinetic and pharmacodynamic properties of tidezolid and glycopeptide combination therapies versus hVISA / VISA in a hollow fibre continuous infection model.
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Completion of all in vitro and in vivo experiments after 3 months. 
3.2.1.1Primary Endpoint Definition:  
All antimicrobial susceptibility data and G. mellonella treatment assays to be completed and validated.

3.2.2. Secondary Endpoint(s):  
Long-term archiving of resistant strains / mutants for downstream analysis.
 
3.2.2.1 Secondary Endpoint Definition(s):  
Bacterial isolates catalogued and stored at -70ºC.
Analysis and preparation of data to support follow on study 




4. STUDY DESIGN
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The work will be conducted by the Antimicrobial Research Group (ARG) contained within the Blizard Institute of Barts and The London School of Medicine and Dentistry. The Blizard provides state of the art laboratories designed for work on microbial pathogens up to containment level 3. All core equipment (e.g. incubators), infrastructure (e.g. autoclaves), licences (e.g. genetically modified organisms) and Health and Safety monitoring required to undertake the work are already in place. Barts and The London School of Medicine and Dentistry (SMD) has an outstanding research record. It has almost 1,000 staff, including 650 academics with an annual turnover of ~£86 million, of which over £40 million is competitively awarded external research income additional to the HEFCE grant. In the 2014 REF SMD was ranked 7th amongst all institutions in the UK for research in Clinical Medicine and 5th for internationally renowned research output.

The ARG also works closely with Barts Health NHS Trust in the delivery of Clinical Microbiology Diagnostic and Infectious Diseases Consult services to 6 NHS Hospitals in East London (2 sessions / week). This is the largest NHS Trust in the country with >1600 beds and a population of > 1.5M. This provides us with access to clinical isolates and outcome data as well as the ability to recruit appropriate patients for future clinical trials or audits that may stem from this study.

4.2 Primary Methods 
Assays for the assessment of antimicrobial drugs in combination, or where there are no agreed pharmacodynamic breakpoints (tedizolid) will be assessed by broth microtitre dilution (CLSI method; M07-A9) in checkerboard assays. MIC endpoints for heteroresistant or VISA strains in static assays will be identified by the addition dyes for bacterial cell viability (rezasurin). In vitro susceptibility tests will be performed using drugs at doubling concentrations ranging from 0.06-256 mg/L 

Time-kill assays will be used to determine the kill kinetics of tedizolid, vancomycin and teicoplanin +/- fusidic acid and rifampicin versus strains where synergy can be demonstrated in checkerboards. Time-kills will be run for 24 hrs with fixed steady state concentrations of each drug alone and in combination with viable counts (CFU/ml) performed at 0, 2, 4, 6,, 10and 24 hrs to enable kill-curves for each organism / drug combination to be compared. 

The in vivo efficacy of each of the regimens will be compared to the in vitro data using the G. mellonella model. 

4.2.1 Quality Control
Methods for the assessment of antimicrobial activity and MIC determinations are routine and will be performed according to Clinical Laboratory Standards Institute (CLSI) and / or European Society of Clinical Antimicrobial Susceptibility Testing (EUCAST) methodology. Quality control of data generated in routine assays is monitored through the UK National Quality Assurance Scheme (NEQAS). 

4.3 ORGANISMS
4.3.1 TEST ORGANISM DESCRIPTIONS
Sixteen strains of S. aureus will be studied. These include type strains used as controls for antimicrobial susceptibility testing (ATCC 25923, NCTC 12493 mecA), well characterized strains of GSSA (NRS149), hGISA (Mu3), GISA (Mu50) and GRSA (VRS1) obtained from the Network for Antimicrobial Resistance in Staphylococcus aureus (NARSA). Ten local MRSA clinical isolates with hVISA phenotypes and variable susceptibility to rifampicin and fusidic acid belonging to a range of different clonal complexes.
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4.3.2 ORGANISM SAMPLE SIZE DETERMINATION
Sixteen strains have been chosen as the maximum number for evaluation given the short time frame for analysis and pilot nature of the product. These are deemed to cover the important resistant phenotypes within S. aureus as well as local clinical isolates All assays will be repeated in triplicate. 

4.4 ANIMALS
4.4.1 ANIMAL DESCRIPTION
Galleria mellonella final instar larvae will be purchased from Livefoods (Rooks Farm, Yeovil, UK). Only larvae weighing between 226 – 275 mg will be used in the treatment assays.

4.4.2 ANIMAL FEEDING/NUTRITION
Insect larvae are stored in wood chippings as a source of food at 15°C for up to 7 days

4.4.3 NUMBER OF ANIMALS
Sixteen larvae will be used per condition in the Galleria experiments. Each assay will be repeated in triplicate using different batches of larvae

4.4.4 ANIMAL SAMPLE SIZE DETERMINATION
Comparative virulence of each of the test organisms will 1st be established by determination of the inocula required for staggered killing over 48 hrs (LD50). Treatment assays will be conducted using 16 larvae inoculated with the appropriate LD50 in CFU/larvae followed by a single dose of each of the antimicrobials at clinically relevant concentrations. Larvae will be incubated at 37°C for 96 hrs, scored for mortality daily and the log-rank test used to plot and compare Kaplan-Meyer survival curves.

4.5 Treatment
In G. mellonella treatment assays drugs will be administered to caterpillars weighing 226-275 mg in 10 µl single injections at the following humanised doses:
Vancomycin 10 mg/kg, Teicoplanin 10 mg/kg, Rifampicin 10mg/kg, Fusidic Acid 4 mg/kg, Tedizolid 10 mg/kg. The toxicity of tedizolid at 1-10 mg/kg will 1st be assessed in G. mellonella before using it at this dose.





5 Data Collection and Analysis
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Antimicrobial susceptibility testing data will be collected by manual interpretation of plates and quantitative bacterial counts. All data will be generated in triplicate and stored in hard copy and digital format in password protected files

MIC data will be interpreted according to CLSI and EUCAST breakpoints for susceptibility. Data on synergy from checkerboards will be analysed using Fractional Inhibitory Concentration (FICI) and Susceptible Breakpoint Indices (SBPI). A FICI of ≤ 0.5 and a SBPI > 2 is considered synergy. Antagonism is suggested by a FICI > 4. Bactericidal activity in time-kills will be defined as ≥3 log10 CFU/ml reduction in viable count and synergy as ≥2 log10 CFU/ml reduction versus the most active agent alone. Galleria treatment assays will be analysed by relative risk ratios of survival.
6 Publication

Preliminary results will be analysed and submitted for either oral or poster presentations at the Interscience Conference on Antimicrobial Agents and Chemotherapy (ICAAC) in September 2015 and / or ID week 2015 in San Diego. A manuscript will then be prepared detailing all of the findings and submitted for peer review and publication in either Antimicrobial Agents and Chemotherapy or the Journal of Antimicrobial Chemotherapy. Both meetings and journals have considerable impact within infectious diseases and pharmaceutical disciplines and the general medical community more widely.

7. TimeLine

The project will be initiated as soon as contracts have been agreed between Queen Mary University London and Cubist Pharmaceuticals. The project will be managed through the Joint Research and Development Office at Queen Mary / Barts Health NHS Trust who ensure a full audit trail of all expenditure and adherence to local and national research governance standards.

The project is expected to be completed within three months but will require the services of an existing Postdoctoral Scientist (Dr J Betts) experienced in all of the techniques to be used. The Joint Research and Development Office have calculated the full economic cost of this project (staff time, consumables and overheads) to Queen Mary as £30,232. As contribution in kind, QMUL are willing for the investigator to undertake this study at a total cost to Cubist of £23,399.
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