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Introduction

Infections caused by carbapenem-resistant Enterobacteriaceae (CRE) represent a major threat to human health worldwide [START_REF] Canton | Rapid evolution and spread of carbapenemases among Enterobacteriaceae in Europe[END_REF]. These pathogens are resistant to most prescribed antibiotics due to the production of various types of β-lactamases and are extremely hard to eradicate. Combining a βlactam antibiotic with a β-lactamase inhibitor to inactivate β-lactamase activity constitutes an interesting option for treating CRE infections [START_REF] Perez | Treatment options for infections caused by carbapenem-resistant Enterobacteriaceae: can we apply "precision medicine" to antimicrobial chemotherapy?[END_REF]. Aztreonam-avibactam is one of the new β-lactam-βlactamase inhibitor combinations under development. Aztreonam is a monobactam antibiotic which is not hydrolyzed by metallo-β-lactamases (MBLs) that inactivate most β-lactam antibiotics [START_REF] Biedenbach | In vitro activity of aztreonam-avibactam against a global collection of Gram-negative pathogens from 2012 and 2013[END_REF]. Yet it is hydrolyzed by some serine β-lactamases, such as extended-spectrum β-lactamases (ESBLs) and serine carbapenemases including KPC (3). However, these serine β-lactamases are efficiently inhibited by the β-lactamase inhibitor avibactam (4). Therefore, combining aztreonam with avibactam is expected to restore the clinical utility of aztreonam against CRE.

Pharmacodynamic interaction between antibiotics used in combination is usually investigated by performing checkerboard experiments followed by Fractional Inhibitory Concentration (FIC) index determinations [START_REF] White | Comparison of three different in vitro methods of detecting synergy: time-kill, checkerboard, and E test[END_REF]. This is based on the comparison of the MIC of each antibiotic alone (MIC A and MIC B for antibiotics A and B, respectively) with the combination-derived MICs (MIC A/B and MIC B/A ) (Equation 1).

FIC index = MIC

A/B MIC A + MIC B/A MIC B (Equation 1)
It is a simple approach that can be used for rapid screening of antibiotic combinations in the presence of various strains. However, if an antibiotic is combined with a non-antibiotic compound, such as a βlactamase inhibitor, the FIC index cannot be determined since the non-antibiotic drug has a priori no antimicrobial activity and cannot be characterized by an MIC value. Antimicrobial activity has been reported for non-antibiotic compounds, but with MIC values much higher than concentrations clinically achievable [START_REF] Martins | Potential role of non-antibiotics (helper compounds) in the treatment of multidrug-resistant Gram-negative infections: mechanisms for their direct and indirect activities[END_REF][START_REF] Nigam | Treatment of infectious disease: beyond antibiotics[END_REF]. Accordingly, antibiotic/non-antibiotic combinations have been defined as synergistic (27th European Congress of Clinical Microbiology and Infectious Diseases, abstract P0655) but for non-antibiotic drug concentrations corresponding to toxic concentrations [START_REF] Schulz | Therapeutic and toxic blood concentrations of nearly 1,000 drugs and other xenobiotics[END_REF].

The objective of the present study was to use a simple but meaningful modeling approach for the analysis of checkerboard-type data obtained with β-lactam-β-lactamase inhibitor combinations, or any combination of an active antibiotic with a non-active compound, based on the E max model previously used in that context (9) or to describe the pro-convulsant effect of biphenyl acetic acid on fluoroquinolones (10).

Methods

Chemicals. Aztreonam (Sigma-Aldrich, St Quentin Fallavier, France) and avibactam (provided as a dry powder by AstraZeneca, Macclesfield, United Kingdom) were used to prepare stock solutions of 50 mg/mL of aztreonam in methanol/dimethyl sulfoxide (50/50, v/v) and 1 mg/mL of avibactam in sterile water. Aztreonam and avibactam stock solutions were further diluted in cation-adjusted Mueller-Hinton broth (CAMHB).

Bacterial strains. Twelve Enterobacteriaceae strains, resistant to aztreonam, including 4 Klebsiella pneumoniae, 2 Escherichia coli, 2 Citrobacter freundii, 3 Enterobacter cloacae and 1 Enterobacter aerogenes were studied (Table 1). The β-lactamase content of each strain was characterized by IHMA laboratory (International Health Management Associates, Inc., Schaumburg, IL, USA) through PCR.

In vitro susceptibility testing. For each bacterial strain, MICs of aztreonam and avibactam alone were determined according to the EUCAST guidelines for broth microdilutions [START_REF] Escmid) | EUCAST Discussion Document E. Dis 5.1: determination of minimum inhibitory concentrations (MICs) of antibacterial agents by broth dilution[END_REF]. Aztreonam MICs in the presence of avibactam were also determined using checkerboard method. Checkerboards were set up with 2-fold dilutions of aztreonam (0.0078 to 512 mg/L) and avibactam (0.0625 to 4 mg/L) in such a way that different combinations of aztreonam and avibactam concentrations were obtained in each well. After drug dilution, 96-well plates were inoculated with each organism to yield the appropriate density (0.5×10 6 CFU/mL) and incubated for 16 to 20 h at 37°C. The MIC was recorded as the lowest concentration of antimicrobial agent that completely inhibited visible growth of the organism in microdilution wells. Negative growth controls were performed in wells containing only CAMHB. All experiments were performed in duplicate, second replicate was used to validate the first one. Only the first replicate was used for data analysis.

Data analysis.

The antibacterial effect of aztreonam in combination with avibactam was investigated by modeling the interaction between both compounds, using WinNonlin software (version 6.2, Certara, Princeton, NJ, USA). Aztreonam MICs versus avibactam concentrations were fitted according to an inhibitory E max model with a baseline effect parameter (Equation 2). A Gauss-Newton minimization method with the Levenberg and Hartley modification was used for data fitting. Data were not logtransformed before analysis and we used the weighted least squares method for minimization based on observations (Yobs i ) i.e. the weight applied to each observation (w i ) was: w i = 1/(Yobs i )².

MIC CAVI =MIC 0 - (MIC 0 -MIC ∞ )×C AVI (C AVI +IC 50 ) (Equation 2)
Where, MIC 0 is the MIC of aztreonam in the absence of avibactam and MIC ∞ the asymptotic value of MIC when avibactam concentration (C AVI ) tends toward infinity. MIC 0 /MIC ∞ ratio characterizes avibactam maximum effect, traditionally referred as efficacy in the Emax model and expressed here as a percentage, while IC 50 , the avibactam concentration corresponding to 50% of the maximum inhibitory effect, characterizes the potency of avibactam. Then, avibactam IC 90 , corresponding to the avibactam concentration which produces 90% of the maximum effect, was derived from the model for the different strains studied.

Results

The inhibitory E max model with a baseline effect parameter adequately described the steep initial decay of aztreonam MIC in the presence of very low avibactam concentrations before reaching a plateau at higher avibactam concentrations, as shown in the individual plots (Figure 1). Weighted residuals were evenly distributed around 0. However, for E. coli 1266865, a slightly different profile was observed, with a much shallower decrease of aztreonam MIC in the presence of increasing avibactam concentrations and no plateau within this range of avibactam concentrations. For the other strains, estimated MIC 0 were close to measured values, maximum avibactam effect (MIC 0 /MIC ∞ ) ranged between roughly 100 and 10 000, and potency (IC 50 ) between 0.00022 and 0.053 mg/L (Table 1).

Discussion

An inhibitory E max model with a baseline effect parameter successfully described the effect of avibactam on aztreonam MIC in all but one strain. The presence of avibactam dramatically reduced aztreonam MIC, up to roughly 100 to 10 000-fold and starting at low concentrations (most IC 50 values << 0.1 mg/L). Because avibactam possesses some intrinsic antibacterial activity at relatively high levels (MIC ≥ 8 mg/L) [START_REF] Berkhout | In vitro activity of ceftazidime-avibactam combination in in vitro checkerboard assays[END_REF], the maximum concentration of avibactam used in these checkerboard experiments was 4 mg/L in order to restrict this investigation to the effect of avibactam on aztreonam MIC, presumably due to β-lactamases inhibition. Maximum effect and potency of avibactam were highly variable between strains, reflecting the wide range of β-lactamases produced by the different strains and the difference of affinity of β-lactamases for avibactam [START_REF] Ehmann | Avibactam is a covalent, reversible, non-beta-lactam beta-lactamase inhibitor[END_REF]. However, model-derived aztreonam MIC in the absence of avibactam was higher for E.cloacae 1318536 (MIC = 510 mg/L) than for E.cloacae 1285905 (MIC = 64 mg/L) although both strains express exactly the same β-lactamases, suggesting differences in efflux or outer membrane permeability as well as in expression levels of enzymes between the two strains.

Compared with FIC index that only concludes to synergism, additivity or antagonism, the E max model can quantify efficacy and potency among various strains or β-lactam-β-lactamase inhibitor combinations and is therefore more informative. This simple E max model was previously used to characterize the activity of an experimental BLI in combination with imipenem for selecting optimal dosing strategies of the combination (9). However, this objective may fall beyond the limits of these checkerboard experiments. Alternative approaches such as time-kill experiments combined with semimechanistic pharmacokinetic/pharmacodynamics (PK/PD) modeling to characterize aztreonamavibactam combination are better suited for that [START_REF] Sy | Prediction of in vivo and in vitro infection model results using a semimechanistic model of avibactam and aztreonam combination against multidrug resistant organisms[END_REF].

Yet simple checkerboard experiments analyzed with an E max model seem appropriate for comparing βlactam-β-lactamase inhibitor combinations efficacy and potency. 
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 11 Figure 1. Aztreonam MICs versus avibactam concentrations (mg/L) for 12 Enterobacteriaceae isolates. The circles represent the aztreonam MICs determined during one checkerboard experiment and the solid lines the individual aztreonam MICs predicted by the E max model with baseline effect.
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