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Objective

To evaluate the efficacy of ceftazidime-avibactam (CZA) and aztreonam-avibactam (AZA) against bloodstream infections (BSIs) or lower respiratory tract infections (LRTIs) – caused by extensive drug-resistant or pan drug-resistant (XDR/PDR) Pseudomonas aeruginosa.





Method

The two-fold dilution method was used to determine the minimum inhibitory concentrations (MICs) of CZA/AZA against XDR/PDR P. aeruginosa. Whole-genome sequencing was used to analyze the resistance determinants of each isolate. Monte Carlo simulations (MCSs) were used to evaluate the probability of target attainment (PTA) and the cumulative fraction of response (CFR) of each CZA/AZA dosing regimen via traditional infusion (TI)/optimized two-step-administration therapy (OTAT).





Results

We found that XDR/PDR P. aeruginosa may carry some rare MBLs (e.g.: IND-6, SLB-1, THIN-B). P. aeruginosa isolates producing IMP-45, VIM-1, or VIM-2 were inhibited by AZA at a concentration of 2 to 8 mg/L. All isolates producing IND-6 plus other serine β-lactamases were high-level resistant to CZA/AZA (MICs >64 mg/L). All simulated dosing regimens of CZA/AZA against BSIs-causing XDR/PDR P. aeruginosa achieved 100% PTA when the MIC was ≤32 mg/L.





Conclusion

AZA has been considered as an option for the treatment of infections caused by XDR/PDR P. aeruginosa producing IMP-45, VIM-1, or VIM-2. OTAT with sufficient pharmacodynamic exposure may be an optimal treatment option for XDR/PDR P. aeruginosa with a high-level MIC of CZA/AZA.
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1 Introduction

In the last decade, P. aeruginosa has spread widely throughout the world, posing a significant burden to the daily work of physicians and a serious threat to the lives of patients. P. aeruginosa displays resistance to various antibiotics, making treatment challenging (Horcajada et al., 2019). The Centers for Disease Control and Prevention (CDC) have defined multidrug resistant (MDR) and extensively drug-resistant (XDR) P. aeruginosa as a serious threat level (Centers for Disease Control and Prevention).

Ceftazidime/avibactam (CZA) is a novel β-lactam/β-lactamase inhibitor (BL/BLIs). And it was approved by the Chinese National Medical Products Administration (CNMPA) in 2019 for the treatment of complicated intra-abdominal infections (cIAIs), hospital-acquired pneumonia (HAP), and ventilator-associated pneumonia (VAP), and in adult patients with limited treatment options for infections caused by the following gram-negative bacteria sensitive to this product: Klebsiella pneumoniae, Enterobacter cloacae, Escherichia coli, Acinetobacter chimaerae, and P. aeruginosa (Product information a). CZA has good safety and was regarded as a vital treatment option for P. aeruginosa infections. CZA showed good capabilities against P. aeruginosa with a sensitivity rate ranging from 76.2% to 97.8% (Sader et al., 2017a). In terms of clinical efficacy, the clinical success rate of CZA on P. aeruginosa infections ranged from 64.3% to 90.6% (Mazuski et al., 2016; Torres et al., 2018).

Aztreonam (ATM) was the first monobactam antibiotic to be used in clinical therapy. It was approved by the U.S. Food and Drug Administration (FDA) in 1986 for treatment of various infections caused by sensitive aerobic gram-negative bacteria. ATM was stable to hydrolysis by Ambler class B Metallo-β-lactamases (MBLs) (Yong et al., 2009). However, MBLs-producing bacteria also produce other types of β-lactamases ((i.e., ESBLs, AmpC enzymes) against which ATM is ineffective. Avibactam (AVI) is a β-lactamase inhibitor with a wide enzyme inhibition spectrum, including Ambler class A (KPC, TEM), class C (AmpC), and class D (OXA-48 type) β-lactamase. The combination of ATM and AVI can potentially inhibit MBL-producing bacteria (Bhatnagar et al., 2021).

We performed antimicrobial susceptibility testing (AST) on XDR/PDR P. aeruginosa in this study. Whole-genome sequencing and bioinformatic analysis were used to identify resistance genes of each isolate. Besides, we combine the population pharmacokinetic parameters (PPKs) of CZA/AZA with minimum inhibitory concentration (MIC) distribution of XDR/PDR P. aeruginosa to evaluate the efficacy of various dosing regimens. Therefore, the objectives of our work are as follows. Firstly, our work aims to compare the in vitro activity of CZA and AZA against XDR/PDR P. aeruginosa. Secondly, our team wants to evaluate the relationship between resistance genes and CZA/AZA sensitivity rates of XDR/PDR P. aeruginosa. Thirdly, we assess the efficacy of CZA and AZA for the treatment of critically ill patients with BSIs/LRTIs caused by XDR/PDR P. aeruginosa.




2 Materials and methods



2.1 Bacterial strains and antimicrobial agents

We collected 67 P. aeruginosa from critically ill patients admitted to the First Medical Centre of Chinese PLA General Hospital from January 2016 to November 2021. A total of 10 P. aeruginosa strains were categorized as XDR according to CLSI criteria. Moreover, 57 P. aeruginosa strains were categorized as PDR (Abbey and Deak, 2019). All P. aeruginosa were identified by VITEK®2 system (bioMérieux, Marcy-l’Étoile, France). Ceftazidime, avibactam, and aztreonam standards were purchased from MedChemExpress. The resistance rates of XDR/PDR Pseudomonas aeruginosa to cefoperazone-sulbactam, imipenem, ciprofloxacin, piperacillin-tazobactam, ceftazidime, levofloxacin, meropenem, tobramycin, amikacin and gentamicin were 89.6%, 100%, 89.6%, 100%, 97%, 89.6%, 100%, 97.1%, 100%, 100%, respectively.




2.2 Antimicrobial susceptibility tests

We used the broth two-fold dilution method to determine the minimum inhibitory concentrations (MICs) of CZA/AZA against XDR/PDR P. aeruginosa. A fixed concentration of AVI at 4 mg/L, 8mg/L, and 16mg/L combined with 2-fold diluted CAZ and ATM were used in ASTs. The quality control strains of our tests were E. coli ATCC 25922 and P. aeruginosa ATCC 27853. The MICs are defined as the lowest concentration of antibiotics that inhibits the growth of bacteria. The definition of MIC50 is a drug concentration that inhibits the growth of bacteria by 50%. Similarly, MIC90 is a drug concentration inhibiting 90% of bacterial growth. MIC distributions of CZA/AZA against P. aeruginosa were represented by cumulative inhibition rates (CIRs). Besides, all experiments were conducted three times following Clinical and Laboratory Standards Institute (CLSI) standards.




2.3 Whole-genome sequencing

67 P. aeruginosa were subjected to whole-genome sequencing (WGS) using Illumina MiSeq short-read sequencing (Illumina, San Diego, CA, USA). Sequenced isolates were evaluated using FASTQC, version 0.11.6, and MultiQC, version 1.6. Trimmomatic, version 0.39, removed adapters and trimmed low-quality paired end reads. Comprehensive Antibiotic Resistance Database v.1.2.0 (McMaster University, Hamilton, Ontario) was used to identify drug resistance genes in the strains.




2.4 Pharmacokinetic/pharmacodynamics modeling

Population pharmacokinetic (PPK) parameters of CZA and AZA were obtained from previously published articles (Vinks et al., 2007; Stein et al., 2019; Cornely et al., 2020). CAZ is a time-dependent antibiotic, %50fT > MIC is the best indicator for assessing BSIs. Besides, %50fT > 5 × MIC is the best indicator for assessing LRTIs. When combined with CAZ, %50fT > CT of 1 mg/L was considered the Pharmacokinetic (PK)/Pharmacodynamics (PD) target of avibactam. PK/PD targets of ATM for BSIs was %60fT > MIC. And PK/PD targets of ATM for LRTIs were %60fT > 5 × MIC. As for avibactam, %50fT > CT of 2.5 mg/L was considered appropriate for guiding dosage selection for AZA (Nichols et al., 2018). Optimized two-step administration therapy (OTAT) refers to a rapid injection (0.5h) of a loading dose in the first step and a continuous infusion (2h) in the second step to maintain adequate drug exposure. The %fT > n × MIC equation was based on previous studies (Eguchi et al., 2010; Schaumburg et al., 2019; Song et al., 2019).




2.5 Monte carlo simulations

We conducted 10000-patient Monte Carlo simulations (MCSs) using Oracle Crystal Ball version.11.1.24. PK parameters (Vd, CL, t1/2) followed a log-normal distribution. All simulated dosing regimens via traditional infusion (TI)/optimized two-step-administration therapy (OTAT) were listed in Table 1. The definition of probability of target attainment (PTA) was the probability of reaching the PK/PD target at different MICs. The equation for cumulative fraction of response (CFR) is  . MICi means each MIC value. p(MICi) means the percentage of each MIC value. A CFR ≥ 90% is adequate PD exposure for this dosing regimen.


Table 1 | The susceptibility rate of CZA against XDR/PDR P. aeruginosa and the MIC50 and MIC90 of AZA against XDR/PDR P. aeruginosa.







3 Results



3.1 Resistance genes

From the predicted results, antibiotic efflux accounted for approximately 75%, previous studies have also shown that efflux pumps are a mechanism for the acquisition of drug resistance in this organism (Horcajada et al., 2019), and furthermore the presence of antibiotic inactivation, such as OXA beta-lactamase. This study further discusses the clinical potential of beta-lactamase inhibitors in combination with other drugs for the treatment of this bacterial infection.




3.2 Sensitivity tests

Figure 1 shows the cumulative inhibition ratios (CIRs) of ceftazidime (CAZ) and aztreonam (ATM) with increased avibactam concentration against XDR/PDR P. aeruginosa. As the concentration of avibactam increased, the CIRs of XDR/PDR P. aeruginosa by ceftazidime and aztreonam increased. As shown in Table 1, the susceptibility rate of CZA against 57 PDR P. aeruginosa and 10 XDR P. aeruginosa was 19.3% and 40%, respectively. Besides, the MIC50 and MIC90 of CZA against PDR P. aeruginosa were 32mg/L and >64mg/L, respectively. The MIC50 and MIC90 of CZA against XDR P. aeruginosa were 16mg/L and >64mg/L, respectively. CLSI has not published the breakpoint of AZA. When the concentration of avibactam was 4mg/L, AST showed that the MIC50 and MIC90 of AZA against PDR P. aeruginosa were 64mg/L and >64mg/L, respectively. Similarly, when the concentration of avibactam was 4mg/L, the MIC50 and MIC90 of AZA against XDR P. aeruginosa were 16mg/L and >64mg/L, respectively.




Figure 1 | Cumulative inhibition ratios (CIRs) of ceftazidime-avibactam (CAZ) and aztreonam (ATM) against XDR/PDR P. aeruginosa. (A) ceftazidime +avibactam, (B) aztreonam +avibactam. MIC: minimum inhibitory concentration. The horizontal axis of (Part label A) represents the MICs of ceftazidime combined with avibactam against XDR/PDR P. aeruginosa at avibactam concentrations of 4 mg/L, 8 mg/L, and 16 mg/L. The vertical axis of (Part label A) shows the CIRs of ceftazidime in combination with avibactam against XDR/PDR P. aeruginosa at avibactam concentrations of 4 mg/L, 8 mg/L, and 16 mg/L. Similarly, the horizontal axis of (Part label B) represents the MICs of aztreonam in combination with avibactam against XDR/PDR P. aeruginosa at avibactam concentrations of 4 mg/L, 8 mg/L, and 16 mg/L. The vertical axis of (Part label B) shows the CIRs of aztreonam in combination with avibactam against XDR/PDR P. aeruginosa at avibactam concentrations of 4 mg/L, 8 mg/L, and 16 mg/L.






3.3 Comparative MICs of CZA and AZA

The comparative MICs (mg/L) of CZA and AZA against 67 XDR/PDR P. aeruginosa positive for the OXA gene (with or without other β-lactamase enzymes) were listed in Table 2. Most XDR/PDR P. aeruginosa with an OXA-101 also produced OXA-850. CZA was as effective as AZA against these isolates. For isolates with an OXA gene plus IMP-45, VIM-1, or VIM-2, AZA was much more potent than CZA against these isolates, with all isolates being inhibited by a concentration of 8 mg/L. For isolates with an IND-6 plus more serine β-lactamases, all isolates produced CZA/AZA MICs of >64 mg/L. For XDR/PDR P. aeruginosa with other genotypes, the efficacy of CZA against these isolates did not differ significantly from that of AZA.


Table 2 | Comparative MICs (mg/L) range for CZA and AZA against 67 XDR/PDR P. aeruginosa positive for OXA gene alone and one or more additional β-lactamase genes.






3.4 Probability of target attainment



3.4.1 Probability of target attainment of BSIs

The probability of target attainment (PTA) of each simulated dosing regimen for BSIs was listed in Table 3A. All dosing regimens of CZA/AZA achieved a PTA of 100% when the MIC was ≤32 mg/L. When the MIC was 64 mg/L, CZA 2.5g q8h declined to a PTA of 88.6%. When the MIC was >64 mg/L, CZA 2.5g q8h, 2.5g q6h, 4g q8h, 4g q6h, 1.25g (0.5h) +1.25g (2h) q8h, 1.25g (0.5h) +1.25g (2h) q6h, 0.675g (0.5h) +0.675g (2h) q8h, 0.675g (0.5h) +0.675g (2h) q8h, 0.675g (0.5h) +0.675g (2h) q6h achieved a PTA of 0, 5.48%, 2.78%, 88.85%, 93.21%, 96.05%, 80.34% and 80.03%, respectively. When the MIC was 64 mg/L, AZA 2.5g q8h, 0.675g (0.5h) +0.675g (2h) q8h and 0.675g (0.5h) +0.675g (2h) q6h achieved a PTA of 89.49%, 93.77% and 99.83%, respectively. When the MIC was >64 mg/L, AZA 2.5g q8h, 2.5g q6h, 4g q8h, 4g q6h, 1.25g (0.5h) +1.25g (2h) q8h, 1.25g (0.5h) +1.25g (2h) q6h, 0.675g (0.5h) +0.675g (2h) q8h, 0.675g (0.5h) +0.675g (2h) q8h, 0.675g (0.5h) +0.675g (2h) q6h achieved a PTA of 0, 75.75%, 14.15%, 91.78%, 94.35%, 99.77%, 7.43%, 14.67%, respectively.


Table 3A | Probability of target attainment (PTA) and cumulative fraction of response (CFR) of CZA/AZA against bloodstream infections (BSIs) caused by XDR/PDR P. aeruginosa.






3.4.2 Probability of target attainment of LRTIs

The PTA of each simulated dosing regimen for LRTIs was listed in Table 3B. All dosing regimens of CZA/AZA achieved a PTA of 100% when the MIC was ≤8 mg/L. When the MIC was 16 mg/L, CZA 2.5g q8h declined a PTA of 12.31%, and AZA 2.5g q8h declined a PTA of 31.95%. All OATA dosing regimens of CZA achieved a PTA of 100% when the MIC was 32 mg/L. When the MIC was 32 mg/L, AZA 2.5g q8h, 2.5g q6h, 4g q8h, 4g q6h, 1.25g (0.5h) +1.25g (2h) q8h, 1.25g (0.5h) +1.25g (2h) q6h, 2g (0.5h) +2g (2h) q8h, 2g (0.5h) +2g (2h) q8h, 2g (0.5h) +2g (2h) q6h achieved a PTA of 0, 0, 0.96%, 99.72%, 89.14%, 98.66%, 100% and 100%, respectively. When the MIC was 64 mg/L, CZA 1.25g (0.5h) +1.25g (2h) q8h, 1.25g (0.5h) +1.25g (2h) q6h, 2g (0.5h) +2g (2h) q8h, 2g (0.5h) +2g (2h) q6h achieved a PTA of 40.85%, 45.54%, 100% and 100%, respectively. When the MIC was 64 mg/L, AZA 2g (0.5h) +2g (2h) q8h, 2g (0.5h) +2g (2h) q6h achieved a PTA of 90.95% and 98.6%, respectively. When the MIC was >64 mg/L, CZA 2g (0.5h) +2g (2h) q8h, 2g (0.5h) +2g (2h) q6h achieved a PTA of 41.33% and 46.32%, respectively.


Table 3B | Probability of target attainment (PTA) and cumulative fraction of response (CFR) of CZA/AZA against lower respiratory tract infections (LRTIs) caused by XDR/PDR P. aeruginosa.







3.5 Cumulative fraction of response



3.5.1 Cumulative fraction of response of BSIs

The cumulative fraction of response (CFR) of each simulated dosing regimen for BSIs was listed in Table 3A. If CZA was administered via traditional infusion, the CFR was 95.63% for 4g q6h. If CZA was administered via OTAT, the CFR was 96.67% for 1.25g (0.5h) +1.25g (2h) q8h, 97.35% for 1.25g (0.5h) +1.25g (2h) q6h, 93.60% for 0.675g (0.5h) +0.675g (2h) q8h and 93.53% for 0.675g (0.5h) +0.675g (2h) q8h. If AZA was administered via traditional infusion, the CFR was 92.50% for 2.5g q6h and 96.36% for 4g q6h. If AZA was administered via OTAT, the CFR was 96.95% for 1.25g (0.5h) +1.25g (2h) q8h, 98.25% for 1.25g (0.5h) +1.25g (2h) q6h. The above dosing regimens are considered to provide adequate PD exposures for the treatment of CZA/AZA against XDR/PDR P. aeruginosa BSIs.




3.5.2 Cumulative fraction of response of LRTIs

Table 3B showed CFRs of CZA/AZA against LRTIs caused by XDR/PDR P. aeruginosa. CFRs were less than 90% for all simulated dosing regimens (i.e., 2.5 g [e.g., 1.25 g (0.5h) + 1.25 g (2h)] q6h, 2.5 g [e.g., 1.25 g (0.5h) + 1.25 g (2h)] q8h, 4g [e.g., 2 g (0.5h) + 2 g (2h)] q6h, 4g [e.g., 2 g (0.5h) + 2 g (2h)] q8h).






4 Discussion

In recent years, P. aeruginosa has spread widely worldwide and the treatment of BSIs or LRTIs caused by XDR/PDR P. aeruginosa has become a tough problem (Horcajada et al., 2019). The International Network for Optimal Resistance Monitoring Program (INORMP) in the United States (2012-2015) showed the prevalence of MDR and XDR P. aeruginosa, with rates of 15.4% and 9.4%, respectively (Sader et al., 2017b). Nowadays, CZA and AZA are considered treatment options for MDR/XDR P. aeruginosa infections (Horcajada et al., 2019). Besides, optimizing the use of antimicrobials that are currently available can be considered as a solution to this dilemma.

In this study, we collected 67 XDR/PDR P. aeruginosa isolates from a 3000-bed teaching hospital in northern China. Firstly, the MICs of CZA/AZA for XDR/PDR P. aeruginosa isolates were evaluated using the doubling dilution method. Secondly, we conducted WGS and performed bioinformatics analysis to determine the resistance genes of each isolate. Finally, we used MCS to analyze the PTA and CFR of different CZA/AZA dosing regimens.

We found that the resistance rate of CZA against XDR P. aeruginosa was 60%. Schaumburg et al. found that the resistance rate of CZA against XDR P. aeruginosa was 50.9% (Schaumburg et al., 2019). However, INORMP in the United States (2012-2015) showed that the sensitivity rate of CZA against XDR P. aeruginosa was 75.8% (Sader et al., 2017b). The different sensitivity rates of CZA against XDR P. aeruginosa may be related to the different sources and resistance genes of strains. In our study, all isolates were collected from northern China and most of the isolates produced OXA- β-lactamases. AVI has been shown in previous studies to be effective against OXA-48-producing isolates, but its effect on other OXA-β-lactams is unknown (Bhatnagar et al., 2021). This may explain the high resistance rate of CZA against the strains we collected.

Our work found that AZA was more effective than CZA for the treatment of MBL-producing XDR/PDR P. aeruginosa (e.g.: IMP-45, VIM-1, VIM-2). AVI is ineffective against MBL-producing isolates. However, the combination of AVI and ATM was a treatment option for MBL-producing isolates. Lee et al. also found that the combination of ATM and CZA may be a treatment option for VIM-2-producing P. aeruginosa (Lee et al., 2021). Our study found that CZA with avibactam at 8 and 16 mg/L was inactive against MBL-positive isolates. We also found that the in vitro activity of CZA/AZA against XDR/PDR P. aeruginosa could be improved with increasing AVI concentration. Nevertheless, Yu et al. found that CZA with avibactam at 8 and 16 mg/L was active against MBL-positive isolates (Yu et al., 2021). This may be because our collected strains also produced OXA-β- lactamases. Therefore, more exploration is needed in the future to figure out the resistance mechanism of XDR/PDR P. aeruginosa.

Our study had several interesting findings. Using whole genome sequencing, we found that XDR/PDR P. aeruginosa may carry some rare MBLs (e.g.: IND-6, SLB-1, THIN-B). IND-6 is a highly divergent IND-type MBL. It was first isolated from Chryseobacterium indologenes strain 597 in Burkina Faso (Zeba et al., 2009). SLB-1 was first identified from Shewanella livingstonensis in 2005 (Poirel et al., 2005). Besides, THIN-B was first identified from Janthinobacterium lividum (Rossolini et al., 2001). The resistance mechanism of XDR/PDR P. aeruginosa carrying IND-6, SLB-1, or THIN-B is needed to explore in the future.

The treatment of XDR/PDR P. aeruginosa infections was difficult, especially in immunocompromised patients (i.e.: patients who received hematopoietic stem cell transplantation, patients with nephrotic syndrome, patients with various malignant tumors) (Poole, 2011). Besides, P. aeruginosa has a huge intrinsic resistome and can be resistant to antibiotics through chromosomal mutations (Lister et al., 2009). Mobile genetic elements can be shared between P. aeruginosa. These elements produce carbapenemase enzymes, which makes P. aeruginosa resistant to carbapenems. These reasons have led researchers to develop novel antibiotics and methods to improve the therapeutic effect of XDR/PDR P. aeruginosa infections (Subedi et al., 2018). Our work found that OTAT could improve the PTA and CFR of CZA/AZA monotherapy for the treatment of critically ill patients with BSIs caused by XDR/PDR P. aeruginosa. From a pharmacoeconomic point of view, OTAT can reduce the financial burden of critically ill patients. The study by Eguchi et al. also confirmed that CFRs of OTAT with sufficient pharmacokinetic exposures were higher than traditional infusion (Eguchi et al., 2010). Besides, both OTAT and TI dosing regimens had poor efficacy against XDR P. aeruginosa LRTIs. This may be related to the lower penetration of ceftazidime-avibactam in the epithelial lining fluid compared to the blood (Nicolau et al., 2015).

Our study had several limitations that should be noted. Firstly, the collection of P. aeruginosa was confined to a small sample size and northern China. Secondly, our study only focused on partial beta-lactamases (class B β-lactamases and class D β-lactamases). Therefore, large-scale animal or clinical trials are needed in the future to confirm the efficacy of CZA/AZA against BSIs caused by XDR/PDR P. aeruginosa.

The main resistance mechanisms in P. aeruginosa are intrinsic, mutational, and horizontally acquired resistomes (Horcajada et al., 2019). We found that the efflux pump is indeed what makes P. aeruginosa drug resistant. The efflux pump was also considered in the study of this article (see the whole genome sequencing results in the supplementary file for details), but the efflux pump is not the focus of this article.

In conclusion, our work has the following results. Firstly, AZA was considered as an option for the treatment of XDR/PDR P. aeruginosa harbouring IMP-45, VIM-1, or VIM-2. Secondly, OTAT with sufficient PD exposure may be an optimal treatment option for BSI caused by XDR/PDR P. aeruginosa with a high-level MIC of CZA/AZA.





Data availability statement

The original contributions presented in the study are publicly available. This data has been deposited into the NCBI repository under accession: PRJNA967114.





Ethics statement

Ethical approval was granted by the Chinese People’s Liberation Army General Hospital.





Author contributions

YK and JC designed and managed the project. YK performed all the experiments and wrote the manuscript. LX analyzed bioinformatics analysis. JY provided technical guidance. All authors contributed to the article and approved the submitted version.





Conflict of interest

The 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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2023.1023948/full#supplementary-material




References

 Abbey, T. C., and Deak, E. (2019). What’s new from the CLSI subcommittee on antimicrobial susceptibility testing M100, 29th edition. Clin. Microbiol. Newslett. 41 (23), 203–209. doi: 10.1016/j.clinmicnews.2019.11.002

 Bhatnagar, A., Ransom, E. M., Machado, M. J., Boyd, S., Reese, N., Anderson, K., et al. (2021). Assessing the in vitro impact of ceftazidime on aztreonam/avibactam susceptibility testing for highly resistant MBL-producing enterobacterales. J. Antimicrob. Chemother. 76 (4), 979–983. doi: 10.1093/jac/dkaa531

 Centers for Disease Control and Prevention Bacteria and fungi listed in the 2019 AR threats report. Available at: https://www.cdc.gov/drugresistance/pdf/threats-report/pseudomonas-aeruginosa-508.pdf.

 Cornely, O. A., Cisneros, J. M., Torre-Cisneros, J., Rodríguez-Hernández, M. J., Tallón-Aguilar, L., Calbo, E., et al. (2020). Pharmacokinetics and safety of aztreonam/avibactam for the treatment of complicated intra-abdominal infections in hospitalized adults: results from the REJUVENATE study. J. Antimicrob. Chemother. 75 (3), 618–627. doi: 10.1093/jac/dkz497

 Eguchi, K., Kanazawa, K., Shimizudani, T., Kanemitsu, K., and Kaku, M. (2010). Experimental verification of the efficacy of optimized two-step infusion therapy with meropenem using an in vitro pharmacodynamic model and Monte Carlo simulation. J. Infect. Chemother. 16 (1), 1–9. doi: 10.1007/s10156-009-0001-8

 Horcajada, J. P., Montero, M., Oliver, A., Sorli, L., Luque, S., Gomez-Zorrilla, S., et al. (2019). Epidemiology and treatment of multidrug-resistant and extensively drug-resistant pseudomonas aeruginosa infections. Clin. Microbiol. Rev. 32 (4). doi: 10.1128/CMR.00031-19

 Lee, M., Abbey, T., Biagi, M., and Wenzler, E. (2021). Activity of aztreonam in combination with ceftazidime-avibactam against serine- and metallo-β-lactamase-producing pseudomonas aeruginosa. Diagn. Microbiol. Infect. Dis. 99 (1), 115227. doi: 10.1016/j.diagmicrobio.2020.115227

 Lister, P. D., Wolter, D. J., and Hanson, N. D. (2009). Antibacterial-resistant pseudomonas aeruginosa: clinical impact and complex regulation of chromosomally encoded resistance mechanisms. Clin. Microbiol. Rev. 22 (4), 582–610. doi: 10.1128/CMR.00040-09

 Mazuski, J. E., Gasink, L. B., Jon, A., Helen, B., Stone, G. G., Douglas, R., et al. (2016). Efficacy and safety of ceftazidime-avibactam plus metronidazole versus meropenem in the treatment of complicated intra-abdominal infection: Results from a randomized, controlled, double-blind, phase 3 program. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. America 11), 1380–1389. doi: 10.1093/cid/ciw133

 Nichols, W. W., Newell, P., Critchley, I. A., Riccobene, T., and Das, S. (2018). Avibactam Pharmacokinetic/Pharmacodynamic targets. Antimicrob. Agents Chemother. 62 (6). doi: 10.1128/AAC.02446-17

 Nicolau, D. P., Siew, L., Armstrong, J., Li, J., Edeki, T., Learoyd, M., et al. (2015). Phase 1 study assessing the steady-state concentration of ceftazidime and avibactam in plasma and epithelial lining fluid following two dosing regimens. J. Antimicrob. Chemother. 70 (10), 2862–2869. doi: 10.1093/jac/dkv170

 Poirel, L., Heritier, C., and Nordmann, P. (2005). Genetic and biochemical characterization of the chromosome-encoded class b beta-lactamases from shewanella livingstonensis (SLB-1) and shewanella frigidimarina (SFB-1). J. Antimicrob. Chemother. 55 (5), 680–685. doi: 10.1093/jac/dki065

 Poole, K. (2011). Pseudomonas aeruginosa: resistance to the max. Front. Microbiol. 2. doi: 10.3389/fmicb.2011.00065

 Product information (a) Ceftazidime and avibactam sodium for injection. Available at: https://reference.medscape.com/drug/avycaz-ceftazidime-avibactam-999985.

 Product Information (b) Aztreonam for injection. Available at: https://packageinserts.bms.com/pi/pi_azactam.pdf.

 Rossolini, G. M., Condemi, M. A., Pantanella, F., Docquier, J. D., Amicosante, G., and Thaller, M. C. (2001). Metallo-beta-lactamase producers in environmental microbiota: new molecular class b enzyme in janthinobacterium lividum. Antimicrob. Agents Chemother. 45 (3), 837–844. doi: 10.1128/AAC.45.3.837-844.2001

 Sader, H. S., Castanheira, M., and Flamm, R. K. (2017a). Antimicrobial activity of ceftazidime-avibactam against gram-negative bacteria isolated from patients hospitalized with pneumonia in U.S. medical centers 2011 to 2015. Antimicrob. Agents Chemother. 61 (4). doi: 10.1128/aac.02083-16

 Sader, H. S., Huband, M. D., Castanheira, M., and Flamm, R. K. (2017b). Pseudomonas aeruginosa antimicrobial susceptibility results from four years, (2012 to 2015) of the international network for optimal resistance monitoring program in the united states. Antimicrob. Agents Chemother. 61 (3). doi: 10.1128/AAC.02252-16

 Schaumburg, F., Bletz, S., Mellmann, A., Becker, K., and Idelevich, E. A. (2019). Comparison of methods to analyse susceptibility of German MDR/XDR pseudomonas aeruginosa to ceftazidime/avibactam. Int. J. Antimicrob. Agents 54 (2), 255–260. doi: 10.1016/j.ijantimicag.2019.05.001

 Song, X., Wu, Y., Cao, L., Yao, D., and Long, M. (2019). Is meropenem as a monotherapy truly incompetent for meropenem-nonsusceptible bacterial strains? a Pharmacokinetic/Pharmacodynamic modeling with Monte Carlo simulation. Front. Microbiol. 10. doi: 10.3389/fmicb.2019.02777

 Stein, G. E., Smith, C. L., Scharmen, A., Kidd, J. M., Cooper, C., Kuti, J., et al. (2019). Pharmacokinetic and pharmacodynamic analysis of Ceftazidime/Avibactam in critically ill patients. Surg. Infect. (Larchmt) 20 (1), 55–61. doi: 10.1089/sur.2018.141

 Subedi, D., Vijay, A. K., and Willcox, M. (2018). Overview of mechanisms of antibiotic resistance in pseudomonas aeruginosa: an ocular perspective. Clin. Exp. Optom. 101 (2), 162–171. doi: 10.1111/cxo.12621

 Torres, A., Zhong, N., Pachl, J., Timsit, J.-F., Kollef, M., Chen, Z., et al. (2018). Ceftazidime-avibactam versus meropenem in nosocomial pneumonia, including ventilator-associated pneumonia (REPROVE): a randomised, double-blind, phase 3 non-inferiority trial. Lancet Infect. Dis. 18 (3), 285–295. doi: 10.1016/s1473-3099(17)30747-8

 Vinks, A. A., van Rossem, R. N., Mathôt, R. A., Heijerman, H. G., and Mouton, J. W. (2007). Pharmacokinetics of aztreonam in healthy subjects and patients with cystic fibrosis and evaluation of dose-exposure relationships using monte carlo simulation. Antimicrob. Agents Chemother. 51 (9), 3049–3055. doi: 10.1128/aac.01522-06

 Yong, D., Toleman, M. A., Giske, C. G., Cho, H. S., Sundman, K., Lee, K., et al. (2009). Characterization of a new metallo-beta-lactamase gene, bla(NDM-1), and a novel erythromycin esterase gene carried on a unique genetic structure in klebsiella pneumoniae sequence type 14 from India. Antimicrob. Agents Chemother. 53 (12), 5046–5054. doi: 10.1128/aac.00774-09

 Yu, W., Xiong, L., Luo, Q., Chen, Y., Ji, J., Ying, C., et al. (2021). In vitro activity comparison of ceftazidime–avibactam and aztreonam–avibactam against bloodstream infections with carbapenem-resistant organisms in China. Front. Cell. Infect. Microbiol. 11. doi: 10.3389/fcimb.2021.780365

 Zeba, B., De Luca, F., Dubus, A., Delmarcelle, M., Simpore, J., Nacoulma, O. G., et al. (2009). IND-6, a highly divergent IND-type metallo-beta-lactamase from chryseobacterium indologenes strain 597 isolated in Burkina Faso. Antimicrob. Agents Chemother. 53 (10), 4320–4326. doi: 10.1128/AAC.01607-08




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.


Copyright © 2023 Kang, Xie, Yang and Cui. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Optimal treatment of ceftazidime-avibactam and aztreonam-avibactam against bloodstream infections or lower respiratory tract infections caused by extensively drug-resistant or pan drug-resistant (XDR/PDR) Pseudomonas aeruginosa

      

        		

          Objective

        



        		

          Method

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Bacterial strains and antimicrobial agents

          



          		

            2.2 Antimicrobial susceptibility tests

          



          		

            2.3 Whole-genome sequencing

          



          		

            2.4 Pharmacokinetic/pharmacodynamics modeling

          



          		

            2.5 Monte carlo simulations

          



        



        



        		

          3 Results

        

          		

            3.1 Resistance genes

          



          		

            3.2 Sensitivity tests

          



          		

            3.3 Comparative MICs of CZA and AZA

          



          		

            3.4 Probability of target attainment

          

            		

              3.4.1 Probability of target attainment of BSIs

            



            		

              3.4.2 Probability of target attainment of LRTIs

            



          



          



          		

            3.5 Cumulative fraction of response

          

            		

              3.5.1 Cumulative fraction of response of BSIs

            



            		

              3.5.2 Cumulative fraction of response of LRTIs

            



          



          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
MICs (mg/L)

range for

(@4 AZA
OXA-1 + OXA-50 + IMP-45 (2) >64 2-16
OXA-1 + OXA-488 + OXA-573 + VIM-1 + IMP-45 (1) >64 2
OXA-7 + OXA-50 + OXA-101 (1) 4 8
OXA-10 + OXA-50 + VIM-2 (1) >64 8
OXA-17 + OXA-129 + OXA-488 (2) 32-64 32-64
OXA-50 (5) 4-64 4-32
OXA-50 + OXA-101 + OXA-573 (1) 64 64
OXA-50 + OXA-246 + PEDO-3 (1) 64 64
OXA-50 + OXA-573 (2) 8-16 16-32
OXA-101 + OXA-246 + OXA-573 + OXA-846 (1) 64 64
OXA-101 + OXA-488 + OXA-573 (1) 8 16
OXA-101 + OXA-573 + OXA-850 + THIN-B (1) 16 64
OXA-101 + OXA-573 + OXA-850 (1) 16 32
OXA-101 + OXA-850 (22) 8->64 16-64
OXA-101 + OXA-850 + IND-6 (8) >64 >64
OXA-101 + OXA-850 + SLB-1 (1) 64 >64
OXA-129 + OXA-488 (1) 64 64
OXA-246 + OXA-486 + OXA-573 + KPC-2 (3) 8-16 8-16
OXA-246 + OXA-573 + OXA-846 (2) 64->64 | 64->64
OXA-488 + OXA-573 (1) 4 16
OXA-488 (2) 8 16
OXA-573 + OXA-846 (1) 16 32
OXA-846 (2) 4-16 8-32
OXA-850 (4) 8-64 8-64





OEBPS/Images/table3b.jpg
Antibiotics Dosing regimens PTA of different MICs CFR (%)

4 8 16

CzA 2.5 q8h 100 100 100 100 100 100 1231 0 0 0 19.38
25g q6h 100 100 100 100 100 100 100 0 0 0 3116
4g q8h 100 100 100 100 100 100 100 0 0 0 3116
4g q6h 100 100 100 100 100 100 100 0.13 0 0 44.61
1.25g (0.5h) +1.25g (2h) q8h 100 100 100 100 100 100 100 100 40.85 0 58.53
1.25g (0.5h) +1.25g (2h) g6h 100 100 100 ‘ 100 100 100 100 100 ‘ 45.54 0 59.79
2g (0.5h) +2g (2h) g8h 100 100 100 100 100 100 100 100 100 41.33 84.29
2g (0.5h) +2g (2h) q6h 100 100 100 100 100 100 100 100 100 46.32 85.48
AZA 25g q8h 100 100 100 100 100 100 31.95 0 0 0 23.68
25g q6h 100 100 100 100 100 100 100 0 0 0 32.82
4g q8h 100 100 100 100 100 100 100 0.96 0 0 33.00
4g q6h 100 100 100 100 100 100 100 99.72 [ 0 52.16
1.25g (0.5h) +1.25g (2h) q8h 100 100 100 100 100 100 100 89.14 0 0 50.11
1.25g (0.5h) +1.25g (2h) q6h 100 100 100 100 100 100 100 98.66 0 0 51.96
2g (0.5h) +2g (2h) q8h 100 100 100 100 100 100 100 100 90.95 0 84.78

2g (0.5h) +2g (2h) q6h 100 100 100 100 100 100 100 100 98.60 0 87.51






OEBPS/Images/fcimb.2023.1023948_cover.jpg
& frontiers | Frontiers in Cellular and Infection Microbiclogy

Optimal treatment of ceftazidime-avibactam
and aztreonam-avibactam against
bloodstream infections or lower respiratory
tract infections caused by extensively drug-
resistant or pan drug-resistant (XDR/PDR)
Pseudomonas aeruginosa





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/im1.jpg
5 pragacy gy





OEBPS/Images/fcimb-13-1023948-g001.jpg
100.00%

90.00%

80.00%

70.00%

60.00%

50.00%

CIR (%)

40.00%

30.00%

20.00%

10.00%

0.00%

100.00%

90.00%

80.00%

70.00%

60.00%

50.00%

CIR (%)

40.00%

30.00%

20.00%

10.00%

0.00%

0.25 05 1 2 4 8 16 32 64 264

MIC (mg/L)

——CZA(4) = = CZA(8)

++ CZA (/16)

0.25 05 1 2

16 32 64

¢

4 8
MIC (mg/L)

— ATA (/4) == = AZA(/8)

« AZA (/16)





OEBPS/Images/table1.jpg
Isolates CZA AZA

MICyo (mg/L)  MIC range (mg/L) S (%)  MICso (mg/L)  MICyo (mg/L)  MIC range (m
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Since the concentration of avibactam is fixed at 4 mg/L in clinical practice, only the MIC of avibactam at 4 mg/L is indicated in this table.
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