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Background: It is often challenging to select appropriate combination therapies to treat infections caused by carbapenem-resistant 
Enterobacterales (CRE) with high-level resistance to carbapenem.
Methods: We investigated the in vitro synergistic activity of ceftazidime-avibactam-, polymyxin- or tigecycline-, and meropenem- 
based combinations using checkerboard assays against 16 CRE including Klebsiella pneumoniae carrying blaKPC-2 (CR1-blaKPC-2) and 
Enterobacter cloacae carrying blaNDM-1 (CR2-blaNDM-1) with meropenem MICs ≥128 mg/L. Time-kill assays were used to observe 
synergistic bactericidal activity.
Results: Meropenem in combination with ertapenem, amikacin, tigecycline or polymyxin B, and tigecycline plus ceftazidime- 
avibactam showed weak synergistic activities against CR1-blaKPC-2 and CR2-blaNDM-1. Polymyxin B combined with tigecycline or 
ceftazidime-avibactam, and ceftazidime-avibactam plus amikacin showed synergistic effects against two tigecycline-non-susceptible 
KPC-producers or three ceftazidime-avibactam-resistant NDM-producer, and 50% (5/10) of strains with amikacin MICs ≥4096 mg/L, 
respectively. Synergistic interactions of ceftazidime-avibactam plus aztreonam or meropenem in checkerboard assays were measured 
for 100% (16/16) and 93.8% (15/16) of strains, respectively. The time-kill assay further verified that the ceftazidime-avibactam 
combination had the potential to restore aztreonam susceptibility and reduced meropenem MICs to 8 mg/L.
Conclusion: Ceftazidime-avibactam plus aztreonam or meropenem could be an effective strategy for treating CRE infections, 
particularly those with high-level resistance to carbapenems and/or ceftazidime-avibactam.
Keywords: ceftazidime-avibactam, checkerboard assays, time-kill assays, synergistic effect, meropenem, aztreonam

Introduction
Carbapenem-resistant Enterobacterales (CRE), owing to its multi-drug resistance and worldwide dissemination char-
acteristics associated with high morbidity and mortality, is an urgent public health concern.1,2 A longitudinal large-scale 
CRE network in China showed that meropenem minimal inhibitory concentration (MIC) for 89.0% of KPC-producing 
CREs and 62.3% NDM-producing CREs were ≥8 mg/L.2 The antibiotics used for CRE treatment are limited, and only 
left salvage antibiotics such as tigecycline, polymyxin, and ceftazidime-avibactam (approved in China in 2019). 
Polymyxin shows nephrotoxicity and neurotoxicity, and tigecycline has low free serum concentrations. Ceftazidime- 
avibactam shows activity against ESBL-, AmpC-, and serine-carbapenemase-producing Enterobacterales strains, includ-
ing KPC and OXA-48 carbapenemases but not metallo-β-lactamases (MBLs).1 Moreover, tigecycline-, polymyxin-, and 
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ceftazidime-avibactam-resistant strains have been isolated during clinical treatment. Previously reported polymyxin or 
ceftazidime-avibactam heteroresistance might be an important reason for treatment failure and repeated infections.3

Appropriate combination therapy is an important strategy for delaying the development of antibiotic-resistant 
bacteria. However, it is challenging to select appropriate combination drugs against CRE, particularly for those with 
high-level resistance to carbapenems. Regimens based on double carbapenems are recommended for CRE infections 
when the MICs of meropenem are ≤8 mg/L.4 Another report showed that double carbapenems work in vitro only if the 
meropenem MICs of the isolates are ≤128 mg/L.5 Whether in vitro tigecycline combinations are effective remains 
controversial. Previous reports have indicated that tigecycline enhances the synergistic bactericidal activity of polymyxin 
and meropenem.6 However, several other reports have indicated that tigecycline, in combination with polymyxin or 
meropenem, shows antagonistic effects.7,8 Polymyxin-based combinations have fallen out of favor due to the refutation 
of clinical trial data and concerns about pharmacokinetic/pharmacodynamics (PK/PD) and its toxicity.9 Tigecycline 
combined with polymyxin B shows low synergistic activity against 20% of CREs (5/25), 92% (23/25) of which the 
meropenem MICs were ≥16 mg/L, 24% (6/25) of which tigecycline MICs were ≥4 mg/L, and 36% (9/25) of which 
polymyxin MICs were >4 mg/L.10 The in vitro and in vivo assays of ceftazidime-avibactam-based combinations against 
CRE have been reported, whereas only few data show that the combination of each drug can restore drug susceptibility, 
particularly for high-level resistant strains. For MBL producers, ceftazidime-avibactam combined with aztreonam has 
been shown to exhibit a good synergistic effect in in vitro or in vivo animal infection models.11 Gaibani et al reported that 
ceftazidime-avibactam combined with meropenem/imipenem displayed synergistic effects against both ceftazidime- 
avibactam-susceptible (n = 11) and ceftazidime-avibactam-high-level resistant (n = 2, MICs ≥256 mg/L) KPC- 
producing CREs through gradient diffusion method, whereas this combination could restore meropenem susceptibility 
in 50% of KPC-3 producers but not in two ceftazidime-avibactam-susceptible KPC-2 producers.12

To obtain effective drug combinations targeting high-level-carbapenem resistant CREs, we investigated the synergis-
tic activity of meropenem-, tigecycline-, polymyxin B-, and ceftazidime-avibactam-based combinations against 
Klebsiella pneumoniae carrying blaKPC-2 (CR1-blaKPC-2), Enterobacter cloacae carrying blaNDM-1 (CR2-blaNDM-1), 
and 14 other CREs using checkerboard assays that were then validated using time-kill assays. We then investigated 
whether the synergistic combinations could restore the susceptibility of the combined drugs using time-kill assays.

Materials and Methods
Ethics
The study was approved by the research ethics board at Peking University People’s Hospital, a tertiary care teaching 
hospital (Approval No. 2019PHB233-01) and was approved by each participating hospital according to local require-
ments. Informed consent was not required because only strains isolated from patients were involved. The data were 
anonymous.

Bacterial Strains
A total of 16 non-duplicate clinical CREs were collected. Fifteen CREs were isolated from viral pneumonia patients 
secondary to or co-infection with CRE from two tertiary hospitals in Beijing and one teaching hospital in Henan Province 
between 1 Jan 2018 and 31 Mar 2021. Three out of 15, five out of 15, and seven out of 15 strains were isolated from 
blood, sputum, and bronchoalveolar lavage fluid, respectively. Another strain isolated from urine in 2017 was collected 
from the CRE network in China. These strains included 12 K. pneumoniae, two E. cloacae, and two E. coli. The strains 
were identified by MALDI-TOF-MS (Bruker Daltonik, Bremen, Germany).

Antimicrobial Susceptibility Testing
The MICs of meropenem, ceftazidime-avibactam (avibactam was fixed at the concentration of 4 mg/L), aztreonam, 
tigecycline, amikacin, and polymyxin B were initially determined by the broth microdilution method.13 Each experiment 
was performed in triplicate. E. coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853 were used as quality control 
strains.
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Whole Genome Sequencing, Antimicrobial Resistance Genes and MLST Analysis
Genomic DNA was extracted using TIANamp Bacteria DNA Kit (Tiangen, Beijing, China) according to the manufac-
turer’s protocol. Library preparation and sequencing were performed by Illumina HiSeq 2000 platform (2×100 
bp) second-generation sequencing platform. Reads were assembled and annotated using SPAdes (version 3.13.0).14 

MLST and plasmid-mediated antimicrobial resistance genes were analyzed based on the MLST database (https://cge.cbs. 
dtu.dk/services/MLST/) and ResFinder database (https://cge.cbs.dtu.dk/services/ResFinder) from the CGE online web-
site, respectively.

Checkerboard Assays
Checkerboard assays were carried out as previously described10 with some modifications. Briefly, 100 µL of a 1:100 
dilution of 0.5 McFarland bacterial suspension liquid (5×108 CFU/mL) was added to a mixture of serial gradient diluted 
concentrations of 50 µL of drug A and 50 µL of drug B. Checkerboard assays were performed for three biological 
replicates. The plates were incubated at 37 °C for 16–18 h. The FICI was calculated and interpreted as described 
previously:15 For the two antibiotics A and B acting alone and in combination, the FICI was calculated as the MIC of 
drug A in combination / the MIC of drug A alone + the MIC of drug B in combination / the MIC drug B alone. FICI≤ 
0.5, synergy; 0.5 < FICI ≤ 1, additive; FICI 1 < FICI < 2, indifference, and FICI ≥ 2, antagonism.15

Time-Kill Assays
Time-kill assays for ceftazidime-avibactam plus meropenem or aztreonam were carried out according to the reference.16 

Considering the high MIC values of these three antibiotics against CR1-blaKPC-2 and CR2-blaNDM-1, the ceftazidime- 
avibactam plus meropenem or aztreonam combination assays were performed with each drug at the concentration of 1/4× 
MIC, 1/8× MIC, 1/16× MIC, 1/32× MIC, 1/64× MIC and 1/128× MIC, respectively. To determine whether the 
susceptible breakpoint concentration of ceftazidime-avibactam (8 mg/L) could reduce meropenem or aztreonam MICs 
to their respective susceptible breakpoint concentrations, the time-kill assays were examined at the concentration of 4 or 
8 mg/L of ceftazidime-avibactam plus the concentration of 2, 4 or 8 mg/L of aztreonam or meropenem. All tests were 
performed in duplicate. Bactericidal activity was defined as a decrease of ≥3 log10 CFU/mL in colony count compared to 
the initial inoculum. Synergistic effect was defined as a ≥2 log10 CFU/mL reduction in colony count at 24 h compared 
with the most active single drugs.16

Statistical Analysis
Statistical analysis was performed using GraphPad Prism (Version 9.1.1, San Diego, California USA).

Results
Meropenem-Based Combination with Ertapenem, Amikacin, Tigecycline, or Polymyxin 
B Was Ineffective Against CREs with High-Level Resistance to Carbapenems
CR1-blaKPC-2 and CR2-blaNDM-1 were highly resistant to meropenem (MICs ≥128 mg/L) and ertapenem (MICs 
≥128 mg/L) according to the Clinical and Laboratory Standards Institute (CLSI) guidelines in 2022.17 (Table 1). 
Meropenem plus ertapenem did not show synergistic effects but displayed additive, indifferent, and antagonistic effects 
against 25% (4/16), 43.8% (7/16), and 31.3% (5/16) of the strains, respectively (Table 1).

CR1-blaKPC-2 was highly resistant to amikacin (MIC >4096 mg/L), whereas CR2-blaNDM-1 was susceptible (MIC = 
8 mg/L). Synergistic effects were not observed for meropenem combined with amikacin for these two strains (FICI were 
2.000 and 0.625, respectively, Data not shown).

CR1-blaKPC-2 was susceptible to polymyxin B (MIC = 0.25 mg/L), whereas CR2-blaNDM-1 was highly resistant (MIC 
>4096 mg/L). Meropenem plus polymyxin B showed an indifferent effect against CR1-blaKPC-2 (FICI = 1.001). 
Although this combination demonstrated a synergistic effect against CR2-blaNDM-1 (FICI = 0.375), synergy only 
decreased the meropenem MIC from 128 to 16 mg/L and polymyxin B from >4096 to 1024 mg/L (Data not shown).
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Table 1 Characteristics of Genotypic Background, MICs, and Synergy Detecting Results of Meropenem Plus Ertapenem and Tigecycline Plus Polymyxin B by Checkerboard Assays 
Against 16 CRE

Strains and  
Carbapenemase Gene

Species Years Specimen MLST MIC (mg/L) FICI MIC (mg/L) FICI

Alone In Combination (MEM+ETP) Alone In Combination (TGC+PB)

MEM ETP MEM ETP TGC PB TGC PB

CR1- blaKPC-2 kpn 2017 Urine ST11 1024 4096 1024 4096 2.000 1 0.250 0.250 0.032 0.378

CR2- blaNDM-1 ecl 2020 Sputum ST25 128 128 128 128 2.000 2 >4096 1 1024 0.750

CR3- blaKPC-2 kpn 2018 Sputum ST11 128 256 128 8 1.031 0.500 0.500 0.002 0.125 0.254
CR4- blaNDM-5 eco 2019 Blood ST2 512 512 256 64 0.625 0.064 0.500 0.002 0.250 0.531

CR5a eco 2020 Blood ST650 2 32 4 0.032 2.001 0.064 0.500 0.002 0.125 0.281

CR6- blaKPC-2 kpn 2018 Sputum ST48 32 128 32 64 1.500 4 0.500 0.002 0.125 0.251
CR7- blaKPC-2 kpn 2018 BALF ST11 128 256 16 256 1.125 0.250 0.500 0.002 0.125 0.258

CR8- blaKPC-2 kpn 2018 BALF ST11 256 512 256 8 1.016 1 0.500 0.002 0.250 0.502

CR9- blaKPC-2 kpn 2018 BALF ST11 128 256 64 128 1.000 0.500 0.500 0.004 0.125 0.258
CR10- blaKPC-2 kpn 2018 BALF ST11 256 512 256 8 1.016 8 16 0.500 1 0.125

CR11- blaKPC-2 kpn 2019 Blood ST11 512 512 256 512 1.500 1 0.500 0.016 0.125 0.266
CR12- blaKPC-2 kpn 2019 BALF ST15 32 128 64 512 6.000 1 0.500 0.002 0.250 0.502

CR13- blaNDM-1 ecl 2019 BALF ST1120 256 128 128 64 1.000 1 0.500 0.002 0.250 0.502

CR14- blaKPC-2 kpn 2019 BALF ST11 256 512 128 512 1.500 1 0.500 0.002 0.250 0.502
CR15- blaKPC-2 kpn 2019 Sputum ST11 256 256 16 128 0.563 1 0.500 0.002 0.125 0.252

CR16- blaKPC-2 kpn 2019 Sputum ST11 128 512 128 512 2.000 1 0.500 0.008 0.125 0.258

Notes: aCR5 did not harbor any carbapenemase gene but carried the blaCTX-M-55 and blaTEM-1B genes through whole genome sequencing. FICI≤ 0.5, synergy; 0.5 < FICI ≤ 1, additive; 1 < FICI < 2, indifference, and FICI ≥ 2, antagonism.15 

Abbreviations: MLST, multilocus sequence typing; MIC, minimum inhibitory concentration; MEM, meropenem; ETP, ertapenem; TGC, tigecycline; PB, polymyxin B; kpn, K. pneumoniae; eco, Escherichia coli; ecl, E. cloacae; BALF, 
bronchoalveolar lavage fluid.
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Both CR1-blaKPC-2 (MIC = 1 mg/L) and CR2-blaNDM-1 (MIC = 2 mg/L) were susceptible to tigecycline according to 
the US Food and Drug Administration standard (www.fda.gov). Synergistic effects were not observed when meropenem 
was combined with tigecycline (FICI of CR1-blaKPC-2 and CR2-blaNDM-1 were 1.001 and 1.000, respectively, Data not 
shown).

Tigecycline Combined with Ceftazidime-Avibactam Was Ineffective Against CREs with 
High-Level Resistance to Carbapenems
Ceftazidime-avibactam showed indifferent and antagonistic effects against 50% (5/10) and 50% (5/10) of the strains that 
were susceptible to both tigecycline and ceftazidime-avibactam, respectively (Table 2). For four strains susceptible to 
tigecycline and resistant to ceftazidime-avibactam, ceftazidime-avibactam plus tigecycline showed synergistic, indiffer-
ent, and antagonistic effects against 25% (1/4), 50% (2/4), and 25% (1/4) of the strains, respectively. For two strains 
susceptible to ceftazidime-avibactam and non-susceptible to tigecycline, ceftazidime-avibactam plus tigecycline showed 
antagonistic effects (Table 2).

Polymyxin B Combined with Tigecycline or Ceftazidime-Avibactam Showed Moderate 
Synergy Rates Against CREs
For the 13 strains susceptible to both polymyxin B and tigecycline, polymyxin B plus tigecycline showed synergistic 
effects against 61.5% (8/13) and additive effects against 38.5% (5/13) of them, respectively (Table 1). This combination 
also showed synergistic effects against CR6-blaKPC-2, which exhibited intermediate to tigecycline (4 mg/L) and was 
susceptible to polymyxin B. Although CR10-blaKPC-2 showed low-level resistance to polymyxin B (MIC = 16 mg/L) and 
tigecycline (MIC = 8 mg/L), polymyxin B plus tigecycline showed a synergistic effect, reducing the MIC of polymyxin 
B from 16 to 1 mg/L and that of tigecycline from 8 to 0.5 mg/L. However, for CR2-blaNDM-1 with high-level resistance 
to polymyxin B (MIC >4096 mg/L) and susceptibility to tigecycline (MIC = 2 mg/L), this combination only showed 
additive effects, where the MIC of tigecycline was reduced from 2 to 1 mg/L and that of polymyxin B from >4096 to 
1024 mg/L.

Polymyxin B plus ceftazidime-avibactam showed synergistic and additive activities against 63.6% (7/11) and 36.4% 
(4/11) of the strains susceptible to both polymyxin B and ceftazidime-avibactam, respectively (Table 2). For ceftazidime- 
avibactam-resistant and polymyxin B-susceptible strains, polymyxin B plus ceftazidime-avibactam showed synergistic 
and indifferent effects against 66.6% (2/3) and 33.3% (1/3) strains, respectively. This combination also showed 
synergistic effects against CR2-blaNDM-1 with high-level resistance to polymyxin B (MIC >4096 mg/L) and ceftazidime- 
avibactam (MIC = 4096 mg/L). Synergy reduced the polymyxin B MIC from >4096 to 1 mg/L and that of ceftazidime- 
avibactam from 4096 to 4 mg/L.

Ceftazidime-Avibactam Combined with Amikacin Showed Partial Synergistic Activity 
Against CREs with High-Level Resistance to Carbapenems
Ceftazidime-avibactam plus amikacin showed no synergistic effect against strains susceptible to both drugs (Table 2). For 
eight ceftazidime-avibactam-susceptible and high-level amikacin-resistant strains (amikacin MICs ≥4096 mg/L), cefta-
zidime-avibactam combined with amikacin showed synergistic effects against 50% (4/8) strains, reducing amikacin MICs 
to ≤4 mg/L. For CR4-blaNDM-5 with ceftazidime-avibactam and amikacin MICs of ≥4096 mg/L, the ceftazidime- 
avibactam plus amikacin combination only reduced the ceftazidime-avibactam MIC to 8 mg/L and that of amikacin to 
512 mg/L.

Ceftazidime-Avibactam-Based Combinations with Aztreonam or Meropenem Showed 
Excellent Synergistic Activities
Excellent synergistic effects were observed for ceftazidime-avibactam plus aztreonam or meropenem against 100% (16/ 
16) or 93.8% (15/16) of CREs in the checkerboard assays, 81.3% (13/16) of which the meropenem MICs were ≥128 mg/ 
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Table 2 MICs and Synergy Detecting Results of Ceftazidime-Avibactam in Combination with Tigecycline, Polymyxin B, Amikacin, Aztreonam, or Meropenem by Checkerboard Assays 
Against 16 CRE

Strains and Carbapenemase Gene MIC (mg/L) FICI MIC (mg/L) FICI MIC (mg/L) FICI MIC (mg/L) FICI MIC (mg/L) FICI

Alone Alone In Combination Alone In Combination Alone In Combination Alone In Combination Alone In Combination

CZA TGC CZA TGC PB CZA PB AMK CZA AMK ATM CZA ATM MEM CZA MEM

CR1- blaKPC-2 16 1 0.064 0.250 0.254 0.250 16 0.032 1.004 4096 8 256 0.563 4096 0.064 8 0.006 1024 2 4 0.128

CR2- blaNDM-1 4096 2 0.064 4 2.000 >4096 4 1 0.001 8 2 2 0.250 128 1 0.250 0.002 128 2 1 0.008

CR3- blaKPC-2 1 0.500 1 0.032 1.064 0.500 0.032 0.125 0.282 4096 0.125 4 0.126 >4096 0.032 0.500 0.032 128 0.032 0.250 0.034

CR4- blaNDM-5 4096 0.064 8 0.125 1.955 0.500 0.032 0.250 0.500 >4096 8 512 0.126 256 0.032 1 0.004 512 8 256 0.502

CR5a 8 0.064 4 0.064 1.500 0.500 0.032 0.125 0.254 1 4 0.032 0.532 4096 0.500 4 0.063 2 0.032 0.250 0.129

CR6- blaKPC-2 0.250 4 0.500 0.032 2.008 0.500 0.032 0.250 0.628 1 0.032 0.500 0.628 4096 0.032 0.250 0.128 32 0.032 0.032 0.129

CR7- blaKPC-2 4 0.250 4 0.032 1.128 0.500 0.032 0.125 0.258 >4096 4 0.032 1.000 4096 0.032 0.500 0.008 128 0.032 0.500 0.012

CR8- blaKPC-2 1 1 1 0.250 1.250 0.500 0.032 0.250 0.532 1 0.250 0.500 0.750 4096 0.032 0.500 0.032 256 0.032 1 0.036

CR9- blaKPC-2 1 0.500 1 0.500 2.000 0.500 0.032 0.125 0.282 >4096 0.032 4 0.032 >4096 0.032 0.500 0.032 128 0.032 0.500 0.036

CR10- blaKPC-2 0.500 8 2 0.032 4.004 16 1 0.125 2.007 >4096 1 0.064 2.000 >4096 0.032 0.500 0.063 256 0.032 0.250 0.065

CR11- blaKPC-2 1 1 0.500 2 2.500 0.500 0.032 0.125 0.282 >4096 0.032 2 0.032 >4096 0.032 1 0.032 512 0.032 1 0.034

CR12- blaKPC-2 0.500 1 1 0.032 2.032 0.500 0.032 0.250 0.564 1 1 0.032 2.032 4096 0.032 0.250 0.064 32 0.032 0.064 0.066

CR13- blaNDM-1 4096 1 8 1 1.002 0.500 0.032 0.250 0.500 2 0.032 4 2.000 128 0.032 1 0.008 256 512 32 0.250

CR14- blaKPC-2 1 1 2 2 4.000 0.500 0.032 0.250 0.532 >4096 0.032 4 0.032 >4096 0.032 1 0.032 256 0.032 0.500 0.034

CR15- blaKPC-2 2 1 2 0.250 1.250 0.500 0.032 0.125 0.266 >4096 2 0.032 1.000 >4096 0.032 0.250 0.016 256 0.032 0.250 0.017

CR16- blaKPC-2 1 1 2 0.032 2.032 0.500 0.032 0.125 0.282 >4096 2 0.032 2.000 >4096 0.032 2 0.032 128 0.032 0.250 0.039

Notes: aCR5 did not harbor any carbapenemase gene but carried the blaCTX-M-55 and blaTEM-1B genes through whole genome sequencing. FICI≤ 0.5, synergy; 0.5 < FICI ≤ 1, additive; 1 < FICI < 2, indifference, and FICI ≥ 2, antagonism. 
Abbreviations: MIC, minimum inhibitory concentration; CZA, ceftazidime-avibactam; TGC, tigecycline; PB, polymyxin B; AMK, amikacin; ATM, aztreonam; MEM, meropenem.
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L and 25% (4/16) were resistant to ceftazidime-avibactam (ceftazidime-avibactam MICs of three blaNDM-producing 
strains were 4096 mg/L) (Table 2).

In time-kill assays, for CR1-blaKPC-2 with a ceftazidime-avibactam MIC of 16 mg/L, 1/32× MIC ceftazidime- 
avibactam plus 1/32× MIC aztreonam (128 mg/L) showed excellent bactericidal effects with a 3.97 log10 CFU/mL 
reduction in bacterial population after 24 h of incubation (Figure 1A). For CR2-blaNDM-1 with a ceftazidime-avibactam 
MIC of 4096 mg/L, 1/64× MIC ceftazidime-avibactam (64 mg/L) plus 1/64× MIC aztreonam (2 mg/L) displayed 
a bactericidal effect with a 4.48 log10 CFU/mL reduction in bacterial population after 24 h of incubation (Figure 1B). 
For CR1-blaKPC-2, 1/32× MIC ceftazidime-avibactam (0.5 mg/L) plus 1/32× MIC meropenem (32 mg/L) showed 
excellent bactericidal effects with a 5.93 log10 CFU/mL reduction at 24 h (Figure 1C). For CR2-blaNDM-1, 1/4× MIC 
ceftazidime-avibactam (1024 mg/L) plus 1/4× MIC meropenem (32 mg/L) showed a synergistic but not bactericidal 
effect, with a 2.8 log10 CFU/mL reduction compared to that of single drugs at 24 h (Figure 1D).

Ceftazidime-Avibactam Has Potential to Restore Aztreonam Susceptibility and Reduce 
the MICs of Meropenem to 8 Mg/L
For CR1-blaKPC-2 and CR2-blaNDM-1, additional time-kill assays were performed to explore whether treatment with the 
susceptible breakpoint concentration of ceftazidime-avibactam (8 mg/L) could reduce meropenem or aztreonam MICs to 
their respective susceptible breakpoint concentrations (the susceptible breakpoint concentrations of meropenem and 
aztreonam were 1 mg/L and 4 mg/L, respectively, according to the CLSI guidelines in 2022).

Bactericidal effects were observed for the combination of 1/4× MIC ceftazidime-avibactam (4 mg/L) plus 1/512× MIC 
aztreonam (8 mg/L) against CR1-blaKPC-2 (Table 3). For CR2-blaNDM-1, 1/1024× MIC ceftazidime-avibactam (4 mg/L) 
plus 1/64× MIC aztreonam (2 mg/L) showed bactericidal effects that started at 2 h and lasted until 24 h (Table 3).

For CR1-blaKPC-2, 1/4× MIC ceftazidime-avibactam (4 mg/L) plus 1/128× MIC meropenem (8 mg/L) showed 
bactericidal effects with a 5.68 log10 CFU/mL reduction after 24 h of incubation (Table 3). However, 1/2× MIC 

Figure 1 Time-kill assays against CR1-blaKPC-2 and CR2-blaNDM-1 in incubation with ceftazidime-avibactam (CZA) alone and ceftazidime-avibactam (CZA) in combination 
with aztreonam (ATM) or meropenem (MEM). Curves represent average concentrations of duplicate experiments. (A) CZA in combination with ATM against CR1-blaKPC-2 

via time-kill assays at the concentration of 1/128× MIC CZA plus 1/128× MIC ATM, 1/64× MIC CZA plus 1/64× MIC ATM and 1/32× MIC CZA plus 1/32× MIC ATM. (B) 
CZA in combination with ATM against CR2-blaNDM-1 via time-kill assays at the concentration of 1/128× MIC CZA plus 1/128× MIC ATM, 1/64× MIC CZA plus 1/64× MIC 
ATM and 1/32× MIC CZA plus 1/32× MIC ATM. (C) CZA in combination with MEM against CR1-blaKPC-2 via time-kill assays at the concentration of 1/128× MIC CZA plus 
1/128× MIC MEM, 1/64× MIC CZA plus 1/64× MIC MEM, and 1/32× MIC CZA plus 1/32× MIC MEM. (D) CZA in combination with MEM against CR2-blaNDM-1 via time-kill 
assays at the concentration of 1/16× MIC CZA plus 1/16× MIC MEM, 1/8× MIC CZA plus 1/8× MIC MEM, and 1/4× MIC CZA plus 1/4× MIC MEM.
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ceftazidime-avibactam (8 mg/L) plus 1/256× MIC or 1/512× MIC (2 or 4 mg/L) meropenem showed indifferent activity 
(Data not shown).

Discussion
Combination therapy is recommended as an effective measure to treat CRE infections because of limited salvage therapy 
drugs.5,18 However, identifying potential combination drugs is challenging.4,19 Thus, we evaluated the synergistic activity 
of meropenem, tigecycline, polymyxin, and ceftazidime-avibactam-based combinations to explore in vitro evidence of 
the combined use of these antibiotics.

Table 3 Time-Kill Assays Against CR1-blaKPC-2 and CR2-blaNDM-1 at the Concentration of 4 or 8 Mg/L of Ceftazidime-Avibactam in 
Combination with 2, 4, or 8 Mg/L of Meropenem or Aztreonam

Strains Antibiotic Regimen and  
Concentration (mg/L)

Bacterial Concentration (log10 CFU/mL)

0 h 2 h Δ2 h 4 h Δ4 h 6 h Δ6 h 24 h Δ24 h

CR1-blaKPC-2 Control 5.900 6.663 7.959 9.135 10.086
CZA 4 5.903 4.869 3.936 5.377 8.287

CZA 8 5.748 2.643 2.439 0.000 8.217

MEM 2 5.806 6.724 8.238 9.246 10.237
MEM 4 5.848 6.760 8.436 9.387 10.101

MEM 8 5.744 6.966 8.248 9.238 10.185

CZA 4 +MEM 2 5.767 2.041 −2.828 1.544 −2.392 1.544 −3.833 8.556 0.269
CZA 4 +MEM 4 5.732 1.977 −2.892 0.000 −3.936 1.000 −4.377 8.987 0.700

CZA 4 +MEM 8 5.686 1.699 −3.170 0.000 −3.936 0.000 −5.377 0.000 −8.287

CZA 8 +MEM 2 5.785 2.097 −0.546 0.740 −1.699 0.740 0.740 8.029 −0.188
CZA 8 +MEM 4 5.744 2.061 −0.582 1.176 −1.263 0.000 0.000 7.820 −0.397

CZA 8 +MEM 8 5.658 1.778 −0.865 1.301 −1.138 0.740 0.740 0.000 −8.217

ATM 2 5.792 6.916 8.072 9.234 10.079
ATM 4 5.872 6.937 8.297 9.157 10.079

ATM 8 5.810 6.829 8.190 9.182 10.006

CZA 4 +ATM 2 5.732 3.112 −1.757 2.482 −1.454 1.954 −3.423 7.803 −0.484
CZA 4 +ATM 4 5.732 1.978 −2.891 1.021 −2.915 1.000 −4.377 8.987 0.700

CZA 4 +ATM 8 5.677 1.699 −3.170 0.000 −3.930 0.000 −5.370 0.000 −8.290

CZA 8 +ATM 2 5.785 2.097 −0.546 0.000 −2.439 0.740 0.740 7.756 −0.461
CZA 8 +ATM 4 5.744 2.061 −0.582 1.176 −1.263 0.000 0.000 7.820 −0.397

CZA 8 +ATM 8 5.658 1.653 −0.990 1.301 −1.138 0.740 0.740 0.000 −8.217

CR2-blaNDM-1 Control 5.752 7.006 7.762 7.763 9.895
CZA 4 5.980 7.053 7.889 8.964 9.829

CZA 8 5.911 7.066 8.239 9.072 9.878
ATM 2 5.863 6.959 7.400 8.607 9.863

ATM 4 5.778 6.447 7.435 8.712 9.800

ATM 8 5.748 5.004 6.491 8.534 9.813
CZA 4 +ATM 2 5.638 2.132 −4.827 1.544 −5.856 1.000 −7.607 0.740 −9.089

CZA 4 +ATM 4 5.653 2.114 −4.333 2.097 −5.338 1.021 −7.691 0.000 −9.800

CZA 4 +ATM 8 5.752 2.204 −2.800 1.740 −4.751 1.000 −7.534 0.000 −9.813
CZA 8 +ATM 2 5.716 2.176 −4.783 1.740 −5.660 1.484 −7.123 0.740 −9.123

CZA 8 +ATM 4 5.580 2.556 −3.891 1.813 −5.622 1.477 −7.235 0.000 −9.878

CZA 8 +ATM 8 5.788 2.113 −2.891 1.740 −4.751 1.602 −6.932 0.000 −9.813

Notes: Number’s listed in column 0 h, 2 h, 4 h, 6 h and 24 h indicated the log10 colony forming unit (CFU) of bacterial concentration at 0 h, 2 h, 4 h, 6 h and 24 h. The 
bacterial concentration of Δ2 h, Δ4 h, Δ6 h, and Δ24 h were calculated by log10(colony count with combination)-log10(colony count with most effective antibiotic). According 
to previously reported references.33 CZA, ceftazidime-avibactam. MEM, meropenem. ATM, aztreonam. CZA 4/8, MEM 2/4/8, and ATM 2/4/8 indicated that 4 or 8 mg/L of 
ceftazidime-avibactam, 2, 4, or 8 mg/L of meropenem, and 2, 4, or 8 mg/L of aztreonam were used in time-kill assays, respectively. Bactericidal effects are defined as 
a decrease of ≥ 3 log10 CFU/mL in colony count compared with the initial inoculums which wrote in bold font.33 The numbers with the dark gray background indicated the 
synergistic effect by time-kill assay.
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A double-carbapenem combination has been suggested to treat CRE infections.4 Previous studies have shown that the 
double-carbapenem regimen has great synergy against 100% (33/33) of carbapenemase-producing K. pneumoniae 
isolates with meropenem MICs ≤128 mg/L.20 In this study, indifferent and antagonistic effects were observed against 
three strains with meropenem MICs <128 mg/L. For the 13 strains with meropenem MICs ≥128 mg/L, meropenem plus 
ertapenem did not display synergism but rather additive effects against 38.5% (5/13) of the strains and indifferent and/or 
antagonistic effects against 61.5% (8/13) of the strains. Thus, meropenem plus ertapenem might be not recommended for 
the treatment of CREs.

In our previous longitudinal large-scale CRE network in China, 1801 CRE isolates showed high susceptibility to 
colistin (96.9%), tigecycline (89.7%), and amikacin (54.5%).2 Thus, tigecycline, polymyxin B or amikacin combined 
with meropenem was a good choice to treat CRE infections. A previous study from our research group showed that 
meropenem combined with tigecycline or polymyxin shows low synergy against 4% (1/25) or 20% (5/25) of CREs with 
meropenem MICs >16 mg/L, respectively.10 Meropenem plus amikacin has a synergistic effect and maintains bacter-
icidal activity against 100% (4/4) of MBL- and KPC-producing E. cloacae strains susceptible to amikacin.21 In this 
study, the meropenem-based combination with amikacin, tigecycline, and polymyxin B did not show synergistic effects 
but rather additive and indifferent effects against CREs with high-level resistance to carbapenem. It is suggested that 
when combating strains with high-level resistance to carbapenems, amikacin, tigecycline, or polymyxin B in combination 
with meropenem may be ineffective.

Because of the results showing high susceptibility to tigecycline and polymyxin B in the CRE network surveillance 
conducted in China,2 these two drug combinations were potential candidates to combat CRE infections. In this study, this 
drug combination showed synergistic effects against 61.5% (8/13) of polymyxin B-and-tigecycline-susceptible strains. 
The combination showed synergistic effects against two tigecycline-non-susceptible KPC producers but was ineffective 
against one high-level polymyxin B-resistant NDM producer. This indicated that tigecycline combined with polymyxin 
B could be considered when strains have low-level resistance to polymyxin B or tigecycline but could be not suitable for 
high-level polymyxin B-resistant strains.

As international consensus guidelines suggest, an average steady-state concentration of approximately 2–4 mg/L 
polymyxin B is a safe and effective concentration range.22 Previous studies have shown that ceftazidime-avibactam plus 
polymyxin B shows synergistic effects against 69.4% (25/36) of isolates with polymyxin B MICs ≥4 mg/L.23 In this 
study, polymyxin B plus ceftazidime-avibactam showed synergistic effects against 63.6% (7/11) of the strains susceptible 
to both drugs. Synergistic effects were also observed in the three ceftazidime-avibactam-resistant NDM producers. For 
CR2-blaNDM-1 with high-level resistance to polymyxin and ceftazidime-avibactam (MIC ≥4096 mg/L), ceftazidime- 
avibactam plus polymyxin B also showed synergistic effects and could restore susceptibility to these two drugs, with 
≥4096-fold MIC reductions. These results imply that ceftazidime-avibactam plus polymyxin B may be a potential clinical 
option to combat high-level polymyxin B-and-ceftazidime-avibactam-resistant CRE infections, which could reduce 
polymyxin B concentrations to safe and effective levels.

Combination therapy is recommended to prevent the emergence of ceftazidime-avibactam resistance. Ceftazidime- 
avibactam plus tigecycline showed low synergy percentages against 12.5% (1/8) of KPC-producing K. pneumoniae and 
none of the NDM-producing K. pneumoniae strains.24 This study also confirmed that tigecycline plus ceftazidime- 
avibactam displayed low synergistic effects [43.8% (7/16) of strains with indifferent effects and 50% (8/16) with 
antagonistic effects] against KPC- and NDM-producing CREs. Even if the strains were susceptible to both drugs, the 
combination still showed no synergistic antibacterial effect. Thus, ceftazidime-avibactam and tigecycline combinations 
should be used with caution.

Amikacin, an aminoglycoside, is recommended for therapy against CRE when used in combination with other 
effective antibiotics.16 Tao et al reported that ceftazidime-avibactam combined with amikacin showed a synergistic 
effect against 47.6% (10/21) of ceftazidime-avibactam-resistant Gram-negative isolates.16 In this study, ceftazidime- 
avibactam plus amikacin showed synergy against 37.5% (6/16) of CREs, four of which were susceptible to ceftazidime- 
avibactam and resistant to amikacin with MICs ≥4096 mg/L. This indicated that ceftazidime-avibactam plus amikacin 
could be suitable for the treatment of CRE infections caused by strains susceptible to ceftazidime-avibactam and with 
high levels of resistance to amikacin.
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Ceftazidime-avibactam plus meropenem showed synergistic effects against both ceftazidime-avibactam-susceptible 
and ceftazidime-avibactam-resistant CREs. This combination showed excellent synergistic activities against all ceftazi-
dime-avibactam-susceptible CREs and 75% (3/4) of ceftazidime-avibactam-resistant CREs. These results were consistent 
with that of Gaibani et al, who also found that ceftazidime-avibactam combined with meropenem showed a 100% (13/13) 
synergistic effect.12 Extended infusion of meropenem can achieve an ideal concentration in vivo in critically ill patients 
and is increasingly recommended to treat CRE infections when the meropenem MICs of the isolated strains are ≤8 mg/ 
L.25,26 In this study, added with the susceptible breakpoint concentration of ceftazidime-avibactam (8 mg/L) did not 
reduce the meropenem MIC to its susceptible breakpoint (1 mg/L) but still reduced it to 8 mg/L, although the strains were 
highly resistant to meropenem (MIC ≥128 mg/L). The synergistic mechanism of ceftazidime-avibactam and meropenem 
may be related to the increased affinity of bacteria penicillin-binding proteins (PBPs) to these two drugs, because 
meropenem tends to exhibit highly-affinity binding to PBP2 for inhibiting the bacteria cell wall synthesis, while PBP3 
with high affinity to ceftazidime.27,28 In addition, avibactam could protect meropenem from hydrolyzing by serine β- 
lactamases including serine-carbapenemases.

The combination of ceftazidime-avibactam and aztreonam is particularly effective against MBL producers, such as 
NDM-producing bacteria.29 Previous studies have shown that ceftazidime-avibactam combined with aztreonam shows 
synergistic effects against 97.5% (39/40) of the strains, including NDM producers and MBL and KPC co-producers.30 

Another research also found that the FICI values of ceftazidime-avibactam combined with aztreonam against 37 NDM-, 
IMP-, KPC+IMP- or KPC+NDM-co-producing isolates with ceftazidime-avibactam MICs ≥128 mg/L were all below 
0.51.31 In this study, when combined with aztreonam, ceftazidime-avibactam exhibited excellent synergistic activity with 
100% synergism in checkerboard assays, which could be used as the preferred combination to treat CRE strains, although 
the MICs of meropenem reached 128 mg/L or even higher. In time-kill assays, ceftazidime-avibactam combined with 
aztreonam reduced the ceftazidime-avibactam and aztreonam MIC of CR2-blaNDM-1 to the susceptible breakpoint (4 mg/ 
L) or lower. Due to aztreonam not hydrolyzed by MBLs and avibactam protecting aztreonam/ceftazidime from 
inactivating by serine β-lactamases including serine-carbapenemases, ceftazidime-avibactam combined with aztreonam 
could overcome the limitation of ceftazidime-avibactam ineffectiveness against MBL-producing strains.32 Taken 
together, ceftazidime-avibactam combined with aztreonam could have potential for use in therapeutic strategies against 
CREs with high-level carbapenem resistance.

This study provides in vitro evidence of dual-drug combinations against high-level carbapenem-resistant CRE strains. 
Among all combinations, ceftazidime-avibactam plus aztreonam and ceftazidime-avibactam plus meropenem showed the 
best in vitro synergistic antibacterial activities against CREs with high-level resistance to carbapenems. It was further 
found that the susceptible breakpoint (8 mg/L) or low concentrations of ceftazidime-avibactam (4 mg/L) plus aztreonam 
(2 mg/L) or meropenem (8 mg/L) had excellent in vitro efficacy, reducing the aztreonam and meropenem MIC values to 
the susceptible breakpoint (4 mg/L) and 8 mg/L, respectively.

This study had some limitations. Firstly, tests were only performed during in vitro combinations; therefore, in vivo 
experiments are needed to further verify the synergistic activities observed. Secondly, the drug synergistic mechanisms, 
particularly for ceftazidime-avibactam plus meropenem, remain unclear and require further investigation.

Conclusion
Ceftazidime-avibactam plus aztreonam or meropenem could be effective against CRE regardless of whether the strains 
are highly or poorly resistant to carbapenems and/or ceftazidime-avibactam.
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