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ABSTRACT This study evaluated the in vitro activity of cefepime-zidebactam in
comparison with that of ceftazidime-avibactam and other comparators against clini-
cally significant Gram-negative bacillus isolates. A total of 3,400 nonduplicate Gram-
negative clinical isolates were collected from 45 medical centers across China in the
CHINET Program in 2018, including Enterobacterales (n � 2,228), Pseudomonas aerugi-
nosa (n � 657), and Acinetobacter baumannii (n � 515). The activities of cefepime-
zidebactam and 20 comparators were determined by broth microdilution as recom-
mended by the Clinical and Laboratory Standards Institute. Cefepime-zidebactam
demonstrated potent activity against almost all Enterobacterales (MIC50/90, 0.125/
1 mg/liter) and good activity against P. aeruginosa (MIC50/90, 2/8 mg/liter). Among
the 373 carbapenem-resistant Enterobacteriaceae isolates, 57.3% (213/373) and 15.3%
(57/373) were positive for blaKPC-2 and blaNDM, respectively. Cefepime-zidebactam
showed a MIC of �2 mg/liter for 92.0% (196/213) of blaKPC-2 producers and 79.7%
(47/59) of blaNDM producers. Ceftazidime-avibactam showed good in vitro activity
against Enterobacterales (MIC50/90, 0.25/2 mg/liter; 94.0% susceptible) and P. aerugi-
nosa (MIC50/90, 4/16 mg/liter; 86.9% susceptible). Ceftazidime-avibactam was active
against 9.1% of carbapenem-resistant Escherichia coli isolates (63.6% were blaNDM

producers) and 84.6% of Klebsiella pneumoniae isolates (74.3% were blaKPC produc-
ers). Most (90.1%) blaKPC-2 producers were susceptible to ceftazidime-avibactam.
Cefepime-zidebactam demonstrated limited activity (MIC50/90, 16/32 mg/liter) against
the 515 A. baumannii isolates (79.2% were carbapenem resistant), and ceftazidime-
avibactam was less active (MIC50/90, 64/�64 mg/liter). Cefepime-zidebactam was highly
active against clinical isolates of Enterobacterales and P. aeruginosa, including blaKPC-2-
positive Enterobacterales and blaNDM-positive Enterobacterales and carbapenem-resistant
P. aeruginosa. And ceftazidime-avibactam was highly active against blaKPC-2-positive
Enterobacterales and carbapenem-resistant P. aeruginosa.
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In the past decades, both the CDC and WHO have emphasized that carbapenem-
resistant Gram-negative pathogens, including Enterobacterales, Pseudomonas aerugi-

nosa, and Acinetobacter baumannii, were the major health care threats worldwide (1–3).
Therapeutic options for such pathogens are limited because of their multidrug-resistant
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nature, which may result in death of the infected patients. This situation makes the
development of novel and active antimicrobial agents against these pathogens a
primary priority (4).

Studies on one class of �-lactamase inhibitors, the diazabicyclooctanes, have iden-
tified novel compounds termed �-lactam enhancers, for their potent PBP2 affinity in
important Gram-negative pathogens. Ceftazidime-avibactam was approved by the
U.S. Food and Drug Administration (FDA) for the treatment of complicated urinary
tract infections and complicated intra-abdominal infections in February 2015 (5).
Avibactam can inhibit the activity of AmpC cephalosporinases, extended-spectrum
�-lactamases (ESBLs), KPC carbapenemases, and some Ambler class D �-lactamases
(OXA-48), and it is able to restore or enhance the bactericidal activity of ceftazidime
against �-lactamase-producing organisms. Zidebactam, another new �-lactamase
inhibitor under clinical evaluation, also demonstrates potent activity against a wide
spectrum of Gram-negative pathogens possessing ESBLs, AmpC-type �-lactamases,
KPC �-lactamases, and metallo-�-lactamases (MBLs) by combining with cefepime.
Unlike avibactam, without inherent activity by itself, zidebactam has antibacterial
activity against Enterobacterales and P. aeruginosa, including carbapenemase-
producing isolates (6).

There have been several reports on the in vitro activity of ceftazidime-avibactam
against Enterobacterales and P. aeruginosa in China (7, 8), but no study has been
conducted to evaluate cefepime-zidebactam against isolates from Chinese patients.
Our continuing surveillance study aims to assess the in vitro activity of cefepime-
zidebactam and ceftazidime-avibactam against clinical strains which were recently
isolated in 2018 through the China Antimicrobial Surveillance Network (CHINET). These
collective susceptibility data on different carbapenemase-producing organisms might
improve rational use of these novel �-lactam combinations in clinical practice.

RESULTS
In vitro activity of cefepime-zidebactam, ceftazidime-avibactam, and compar-

ator agents. Cefepime-zidebactam exhibited potent antibacterial activity against al-
most all Enterobacterales (MIC50, 0.125 mg/liter). Overall, 86.1% of the carbapenem-
resistant Enterobacteriaceae (CRE) strains and 89.8% of carbapenem-resistant Klebsiella
pneumoniae strains were inhibited at 2 mg/liter. Ceftazidime-avibactam also demon-
strated good antibacterial activity against Enterobacterales clinical isolates, evidenced
by inhibiting 94.0% of Enterobacterales at 8 mg/liter, specifically, inhibiting 95.5% of
Escherichia coli strains, 94.7% of K. pneumoniae strains, and 85.0% of Enterobacter
cloacae strains. And 69.7% of CRE strains were susceptible to ceftazidime-avibactam.
The majority (90.9%) of carbapenem-resistant E. coli isolates were resistant to
ceftazidime-avibactam, but cefepime-zidebactam showed a 2-mg/liter or lower MIC
against 81.8% of carbapenem-resistant E. coli isolates. The distribution of cefepime-
zidebactam MICs against CRE is shown in terms of genotype in Fig. S1 in the supple-
mental material. Cefepime-zidebactam and ceftazidime-avibactam were highly active
against E. coli strains (�95% susceptible), similar to polymyxin B and tigecycline.
Cefepime-tazobactam, ceftolozane-tazobactam, and piperacillin-tazobactam also dis-
played potent activity against E. coli, and about 90% of the test strains were susceptible.
More than 60% of E. coli isolates were resistant to ceftriaxone, ciprofloxacin, and
levofloxacin, and 33.2% were resistant to cefepime, but only 4.6% (33/719) were
resistant to carbapenems. More than 80% of the carbapenem-resistant K. pneumoniae
strains were susceptible to cefepime-zidebactam, ceftazidime-avibactam, polymyxin B,
and tigecycline. The majority of carbapenem-resistant Klebsiella aerogenes and Serratia
marcescens isolates were susceptible to ceftazidime-avibactam, but few carbapenem-
resistant E. cloacae and Citrobacter freundii isolates were susceptible to ceftazidime-
avibactam. Tables 1 and 2 and Fig. 1 provide the MIC frequency distribution of
cefepime-zidebactam and ceftazidime-avibactam to Enterobacterales clinical isolates,
including carbapenemase-positive and -negative isolates.
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P. aeruginosa isolates were inhibited by cefepime-zidebactam (MIC50/90, 2/8 mg/
liter) at 2 mg/liter (35.6%) and 4 mg/liter (29.7%). The proportions of carbapenem-
resistant P. aeruginosa strains inhibited at 4 and 8 mg/liter were 20.5% and 34.5%,
respectively. Ceftazidime-avibactam also demonstrated good antibacterial activity
against most P. aeruginosa strains, 8 mg/liter of ceftazidime-avibactam could inhibit
88.5% of P. aeruginosa strains, and 64.3% of carbapenem-resistant P. aeruginosa
isolates were susceptible to ceftazidime-avibactam. The MIC50/90 values of cefepime-

TABLE 1 In vitro activities of cefepime-zidebactam and comparators tested against 719 isolates of E. coli and 33 isolates of carbapenem-
resistant E. coli collected in China, 2018a

Antimicrobial agent

E. coli (n � 719) Carbapenem-resistant E. coli (n � 33)

MIC (mg/liter)

R, % S, %

MIC (mg/liter)

R, % S, %Range 50% 90% Range 50% 90%

Cefepime-zidebactam �0.03 to 32 0.06 0.125 0.4 99 0.06 to 32 0.125 8 9.1 81.8
Ceftazidime-avibactam �0.03 to �64 0.125 0.5 4.5 95.5 0.25 to �64 �64 �64 90.9 9.1
Ceftolozane-tazobactam �0.06 to �128 0.25 4 9 89.6 4 to �128 �128 �128 97 0
Cefepime-tazobactam �0.03 to �64 0.06 0.5 4.3 94.7 8 to �64 �64 �64 90.9 0
Piperacillin-tazobactam �2 to �256 �2 32 10.6 86.4 128 to �256 �256 �256 100 0
Cefoperazone-sulbactam �1 to �128 8 64 10.4 75.2 32 to �128 �128 �128 97 0
Cefazolin 1 to �32 �32 �32 71.9 15.4 �32 to �32 �32 �32 100 0
Cefuroxime �0.5 to �32 �32 �32 62.4 33.7 �32 to �32 �32 �32 100 0
Ceftriaxone 0.5 to �32 �32 �32 61.3 38.2 �32 to �32 �32 �32 100 0
Ceftazidime �0.25 to �32 2 �32 26.8 63.3 8 to �32 �32 �32 97 0
Cefepime �0.06 to �128 4 128 33.2 45.1 16 to �128 �128 �128 100 0
Moxalactam �0.06 to �128 0.5 16 63.1 36.5 8 to �128 �128 �128 100 0
Aztreonam �1 to �128 8 64 41.4 47.6 �1 to �128 64 �128 75.8 21.2
Imipenem �0.06 to �128 0.125 0.5 4.3 94.9 2 to �128 16 64 93.9 0
Meropenem �0.03 to �64 �0.03 �0.03 4.2 95.3 2 to �64 16 64 90.9 0
Amikacin �1 to �128 2 8 5.1 88.3 �1 to �128 4 �128 30.3 57.6
Ciprofloxacin �0.06 to �8 �8 �8 64.3 26.4 0.25 to �8 �8 �8 93.9 6.1
Levofloxacin �0.125 to �16 8 32 60.2 33.5 0.5 to �16 16 32 90.9 6.1
Trimethoprim-sulfamethoxazole �0.25 to �32 �32 �32 64.8 35.2 �0.25 to �32 �32 �32 84.8 15.2
Polymyxin B �0.125 to �16 0.5 1 0.8 98.5 0.25 to �16 0.5 16 12.1 87.9
Tigecycline �0.06 to 4 0.125 0.25 0 99.7 0.125 to 4 0.25 1 0 97
aR, resistant; S, susceptible.

TABLE 2 In vitro activities of cefepime-zidebactam and comparators tested against 788 isolates of K. pneumoniae and 272 isolates of
carbapenem-resistant K. pneumoniae collected in China, 2018

Antimicrobial agent

K. pneumoniae (n � 788) Carbapenem-resistant K. pneumoniae (n � 272)

MIC (mg/liter)

R, % S, %

MIC (mg/liter)

R, % S, %Range 50% 90% Range 50% 90%

Cefepime-zidebactam �0.03 to 32 0.125 2 0.5 96.3 0.06 to 32 1 4 1.5 89.7
Ceftazidime-avibactam �0.03 to �64 0.25 4 5.3 94.7 0.125 to �64 2 64 15.4 84.6
Ceftolozane-tazobactam �0.06 to �128 1 128 39.2 58.1 0.5 to �128 64 �128 97.1 1.5
Cefepime-tazobactam �0.03 to �64 0.125 �64 32.5 65 0.06 to �64 64 �64 91.5 3.3
Piperacillin-tazobactam �2 to �256 16 �256 44.4 49.7 �2 to �256 �256 �256 96.3 2.9
Cefoperazone-sulbactam �1 to �128 16 �128 40.7 51 �1 to �128 �128 �128 94.5 3.7
Cefazolin 1 to �32 �32 �32 62.8 37.2 2 to �32 �32 �32 97.8 2.2
Cefuroxime �0.5 to �32 �32 �32 61.2 34.9 2 to �32 �32 �32 98.2 1.5
Ceftriaxone 0.5 to �32 �32 �32 60.3 38.8 0.5 to �32 �32 �32 97.1 2.2
Ceftazidime �0.25 to �32 8 �32 48.5 47.3 �0.25 to �32 �32 �32 96.3 2.2
Cefepime �0.06 to �128 8 �128 46.3 45.1 �0.06 to �128 128 �128 96.7 1.5
Aztreonam �1 to �128 16 �128 52.4 44.8 �1 to �128 �128 �128 95.6 4
Imipenem �0.06 to �128 0.5 64 33.6 63.6 0.25 to �128 32 128 97.4 0.7
Meropenem �0.03 to �64 �0.03 �64 33.1 65.7 �0.03 to �64 64 �64 96 2.6
Amikacin �1 to �128 �1 �128 26.9 72.6 �1 to �128 �128 �128 67.6 30.9
Ciprofloxacin �0.06 to �8 2 �8 57.4 34.1 �0.06 to �8 �8 �8 95.6 4
Levofloxacin �0.125 to �16 1 32 49.9 39.8 �0.125 to �16 �16 �16 92.3 5.1
Trimethoprim-sulfamethoxazole �0.25 to �32 16 �32 52.4 47.6 �0.25 to �32 �32 �32 72.1 27.9
Polymyxin B �0.125 to �16 0.5 1 3 96.3 �0.125 to �16 0.5 1 5.9 93.8
Tigecycline �0.06 to 16 0.5 2 0.5 95.7 0.125 to 8 1 2 0.4 93.4
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zidebactam and ceftazidime-avibactam against A. baumannii isolates were 16/32 mg/
liter and 64/�64 mg/liter, respectively. About 26.0% (171/657) of P. aeruginosa isolates
were resistant to carbapenems. P. aeruginosa isolates were mostly susceptible to
cefepime-zidebactam (97.4%), ceftazidime-avibactam (86.9%), ceftolozane-tazobactam
(89.5%), and polymyxin B (85.4%) (Table 3). As for carbapenem-resistant P. aeruginosa,
34.5% and 32.2% of isolates were susceptible to ceftazidime and cefepime and 64.3%
and 93.0% were susceptible to ceftazidime-avibactam and cefepime-zidebactam, re-
spectively. Overall, 79.2% (408/515) of A. baumannii isolates were resistant to carbap-
enems. Polymyxin B and tigecycline were the only agents showing relatively low MICs
and susceptibility higher than 90% (Table 4).

Detection of carbapenemase genes. In this study, 16.7% (373/2228) of the Entero-
bacterales strains were carbapenem resistant, including K. pneumoniae (72.9% [272/
373]), E. coli (8.8% [33/373]), and E. cloacae (5.9% [22/373]). Most (74.3% [277/373]) CRE
strains had a single carbapenemase, 1.3% (5/373) were positive for dual carbapen-
emases, and 23.9% (89/373) were negative for all five common carbapenemase genes.
More than half (57.1% [213/373]) of the CRE strains were blaKPC-2 positive, while 6.7%
(25/373) and 8.1% (30/372) were blaNDM-1 and blaNDM-5 positive, respectively. Four

FIG 1 Distribution of cefepime-zidebactam (A) and ceftazidime-avibactam (B) MIC against carbapenem-resistant Enterobacteriaceae species in terms of
carbapenemase genotype.

TABLE 3 In vitro activities of cefepime-zidebactam and comparators tested against 657 isolates of P. aeruginosa and 171 isolates of
carbapenem-resistant P. aeruginosa collected in China, 2018

Antimicrobial agent

P. aeruginosa (n � 657) Carbapenem-resistant P. aeruginosa (n � 171)

MIC (mg/liter)

R, % S, %

MIC (mg/liter)

R, % S, %Range 50% 90% Range 50% 90%

Cefepime-zidebactam 0.06 to 64 2 8 1.1 97.4 1 to 64 4 8 2.3 93
Ceftazidime-avibactam 0.125 to �64 4 16 13.1 86.9 1 to �64 8 64 35.7 64.3
Ceftolozane-tazobactam 0.25 to �128 1 8 7.5 89.5 0.5 to �128 2 128 23.4 69.6
Cefepime-tazobactam �0.03 to �64 4 32 14.8 72.3 2 to �64 16 �64 36.3 38.6
Piperacillin-tazobactam �2 to �256 16 256 42.9 41.1 �2 to �256 64 �256 78.4 9.4
Cefoperazone-sulbactam �1 to �128 16 128 23.9 56.8 �1 to �128 64 �128 50.9 18.1
Cefazolin 32 to �32 �32 �32 100 0 �32 to �32 �32 �32 100 0
Cefuroxime 16 to �32 �32 �32 99.8 0 �32 to �32 �32 �32 100 0
Ceftriaxone 1 to �32 �32 �32 82 1.5 16 to �32 �32 �32 95.3 0
Ceftazidime �0.25 to �32 8 �32 26 63 2 to �32 32 �32 50.9 34.5
Cefepime 0.125 to �128 8 32 19.6 67.6 4 to �128 16 �128 45 32.2
Aztreonam �1 to �128 8 64 33.6 51.3 �1 to �128 32 �128 73.1 16.4
Meropenem �0.03 to �64 2 16 26 60.1 8 to �64 16 64 100 0
Amikacin �1 to �128 4 16 10.8 64.1 �1 to �128 8 64 23.4 45
Ciprofloxacin �0.06 to �8 0.25 8 22.4 67 �0.06 to �8 1 �8 46.8 36.3
Levofloxacin �0.125 to �16 1 16 27.2 62.3 0.25 to �16 4 32 56.7 27.5
Trimethoprim-sulfamethoxazole �0.25 to �32 16 �32 96.7 3.3 �0.25 to �32 16 �32 96.5 3.5
Polymyxin B 0.25 to �16 2 4 3.8 85.4 0.25 to �16 2 4 5.3 86
Tigecycline �0.06 to �32 8 16 NAa NA 0.125 to �32 16 32 NA NA
aNA, not available; R, resistant; S, susceptible.
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isolates were positive for both blaKPC-2 and blaNDM. For other metallo-�-lactamases,
five isolates were positive for blaIMP-4, one isolate was positive for blaVIM-1, and another
isolate was positive for both blaNDM-1 and blaIMP-1. Additionally, blaOXA-232 was detected
in only one isolate, and blaKPC-2 was mostly detected in K. pneumoniae (94.8% [202/
213]). The prevalences of blaNDM were 36.8% (21/57) in E. coli isolates, 22.8% (13/57) in
K. pneumoniae isolates, and 22.8% (13/57) in E. cloacae isolates. The results of antimi-
crobial susceptibility testing indicated that 92% of blaKPC-positive and 82.5% of blaNDM-
positive Enterobacterales were susceptible to cefepime-zidebactam. However, 90.1% of
blaKPC-positive Enterobacterales were susceptible, while 98.2% of blaNDM-positive En-
terobacterales were resistant, to ceftazidime-avibactam.

DISCUSSION

The spread of drug-resistant Gram-negative bacteria, especially CRE strains, P.
aeruginosa, and A. baumannii, has substantially increased morbidity and mortality rates
worldwide. There is an urgent need to develop new antimicrobial agents for clinical use
(4, 9). Results from the CHINET Antimicrobial Surveillance Network showed that more
than 25% of the K. pneumoniae strains isolated from 44 hospitals across China were
resistant to imipenem and meropenem (10), nearly a 10-fold increase since 2005
(http://www.chinets.com/Data/GermYear). In China, KPC-2, NDM, and OXA-48-like car-
bapenemases were predominant among clinical CRE isolates. The most prevalent
carbapenemase gene was blaKPC-2 among the carbapenem-resistant K. pneumoniae
isolates from adult patients, whereas blaNDM, blaKPC-2, and blaOXA-48 were the predom-
inant carbapenemase genes among the carbapenem-resistant K. pneumoniae isolates
from pediatric patients. The predominant carbapenemase gene was blaNDM in the
carbapenem-resistant E. coli isolates from both adults and children (11).

Currently, tigecycline, polymyxins (including polymyxin B and colistin), and ceftazidime-
avibactam are available for the treatment of infections caused by carbapenem-resistant
Gram-negative bacilli. In this study, more than 87.9% of the carbapenem-resistant
E. coli, carbapenem-resistant K. pneumoniae, and carbapenem-resistant A. bauman-
nii strains tested were susceptible to tigecycline and polymyxin B. Additionally,
86% of carbapenem-resistant P. aeruginosa strains were susceptible to polymyxin B.
Ceftazidime-avibactam has been approved by the Center for Drug Evaluation in China

TABLE 4 In vitro activities of cefepime-zidebactam and comparators tested against 515 isolates of A. baumannii and 408 isolates of
carbapenem-resistant A. baumannii collected in China, 2018a

Antimicrobial agent

A. baumannii (n � 515) Carbapenem-resistant A. baumannii (n � 408)

MIC (mg/liter)

R, % S, %

MIC (mg/liter)

R, % S, %Range 50% 90% Range 50% 90%

Cefepime-zidebactam �0.03 to �64 16 32 36.5 26 2 to �64 16 32 46.1 8.8
Ceftazidime-avibactam 0.125 to �64 64 �64 84.9 15.1 4 to �64 64 �64 98.8 1.2
Ceftolozane-tazobactam �0.06 to �128 32 128 80.6 17.9 0.5 to �128 64 128 99 0.7
Cefepime-tazobactam �0.03 to �64 64 �64 78.1 20 2 to �64 �64 �64 97.8 1
Piperacillin-tazobactam �2 to �256 �256 �256 81.4 16.3 8 to �256 �256 �256 98.5 1
Cefoperazone-sulbactam �1 to �128 128 �128 79.8 18.3 4 to �128 128 �128 96.8 1.5
Cefazolin 4 to �32 �32 �32 99.6 0 �32 to �32 �32 �32 100 0
Cefuroxime 4 to �32 �32 �32 95.1 1.2 8 to �32 �32 �32 99.8 0.2
Ceftriaxone 0.5 to �32 �32 �32 82.3 8.5 8 to �32 �32 �32 98.8 0.2
Ceftazidime �0.25 to �32 �32 �32 81.9 17.3 2 to �32 �32 �32 98.3 1.2
Cefepime �0.06 to �128 128 �128 79.8 18.4 2 to �128 128 �128 98.3 0.7
Aztreonam �1 to �128 64 128 86.8 4.7 8 to �128 64 128 97.5 0.2
Imipenem 0.125 to �128 64 128 78.8 20 4 to �128 64 128 99.5 0
Meropenem �0.03 to �64 64 �64 78.8 19.8 2 to �64 64 �64 99.5 0.2
Amikacin �1 to �128 �128 �128 76.1 23.5 �1 to �128 �128 �128 92.2 7.6
Ciprofloxacin �0.06 to �8 �8 �8 82.5 17.5 0.125 to �8 �8 �8 98.3 1.7
Levofloxacin �0.125 to �16 8 32 78.3 17.9 �0.125 to �16 8 32 94.6 1.5
Trimethoprim-sulfamethoxazole �0.25 to �32 �32 �32 69.3 30.7 �0.25 to �32 �32 �32 82.4 17.6
Polymyxin B 0.25 to �16 1 2 2.5 97.5 0.25 to �16 1 2 3.2 96.8
Tigecycline �0.06 to 16 1 2 NA NA 0.125 to 16 1 2 NA NA
aNA, not available; R, resistant; S, susceptible.
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for the treatment of infections caused by multidrug-resistant or extensively drug-
resistant Gram-negative bacilli, including blaKPC- or blaOXA-48-positive strains. The prev-
alence of CRE strains was 13.9% in the present study, which was similar to that in the
CHINET 2017 study (7) and higher than another national surveillance study of isolates
collected in 2012 to 2014 (8). The blaKPC-positive isolates still showed a low (�10%) rate
of resistance to ceftazidime-avibactam, but the majority (98.2%) of the isolates pos-
sessing blaNDM were resistant to ceftazidime-avibactam. As reported previously (12, 13),
a novel L169P mutation in KPC-2 and D179Y/T243M mutation in KPC-3 confer reduced
susceptibility to ceftazidime-avibactam.

Unlike avibactam, without inherent antimicrobial activity and with no effect on
metallo-�-lactamase, zidebactam has antibacterial activity against Enterobacterales and
P. aeruginosa, including carbapenemase-producing isolates (6). Previous studies have
demonstrated that the new antibacterial combination cefepime-zidebactam is active
against multidrug-resistant Gram-negative pathogens, especially metallo-�-lactamase-
producing Enterobacterales, P. aeruginosa, and OXA-carbapenemase-positive A. bau-
mannii (6, 14, 15). According to a study by Khan et al. (16), cefepime-zidebactam had a
MIC of �2 mg/liter against more than 99% of E. coli, K. pneumoniae, and Enterobacter
strains. In the present study, 99% of the E. coli and 96.3% of K. pneumoniae isolates were
inhibited by cefepime-zidebactam at the same breakpoint (�2 mg/liter). Furthermore,
92% of blaKPC-positive and 82.5% of blaNDM-positive Enterobacterales were susceptible
to cefepime-zidebactam. Additionally, cefepime-zidebactam could inhibit 97.4% of P.
aeruginosa and 93.0% of carbapenem-resistant P. aeruginosa isolates (MIC � 8 mg/liter),
consistent with the study by Khan et al. (16), in which 98% of P. aeruginosa isolates
and 78% of carbapenem-resistant isolates were inhibited by cefepime-zidebactam
at �8 mg/liter. Only 26% of the A. baumannii isolates and 8.8% of the carbapenem-
resistant isolates were inhibited by cefepime-zidebactam at �8 mg/liter. Cefepime-
zidebactam did not show good in vitro activity against A. baumannii, though in the
neutropenic mouse thigh and lung infection models (17), considerable activity was still
demonstrable for cefepime-zidebactam (MIC range of 16 to 64 mg/liter) against
carbapenem-resistant A. baumannii. Our study showed MICs comparable to those in
several other studies (14, 15, 18), and the clinical role of cefepime-zidebactam would be
determined on breakpoints based on further clinical investigations.

In conclusion, this study demonstrated that both cefepime-zidebactam and
ceftazidime-avibactam show excellent in vitro antibacterial activity against recent
clinical isolates of Enterobacterales and P. aeruginosa. Ceftazidime-avibactam exhib-
ited activity against blaKPC-2-producing strains, and cefepime-zidebactam showed
lower MICs against both blaKPC- and blaMBL-producing strains. Diazabicyclooctane
�-lactamase inhibitors provide a new therapeutic alternative for the infections
caused by carbapenem-resistant Enterobacterales.

MATERIALS AND METHODS
Clinical strains. A total of 3,400 nonduplicate sequential isolates of Gram-negative bacilli were

collected from 45 medical centers in 28 provinces or cities across China in 2018, including Klebsiella
pneumoniae (n � 788), Escherichia coli (n � 719), P. aeruginosa (n � 657), A. baumannii (n � 515), Entero-
bacter cloacae (n � 140), Proteus mirabilis (n � 134), Serratia marcescens (n � 110), Klebsiella aerogenes
(n � 106), Morganella morganii (n � 92), Citrobacter freundii (n � 85), and Proteus vulgaris (n � 54).
Among the 3,400 clinical strains, 41.8% were isolated from the respiratory tract, 20.6% from the urinary
tract, and 11.2% and 6.9% from blood and wounds, respectively. Species identification was performed at
each participating site and confirmed by the central laboratory using the Vitek-2 compact system
(bioMérieux, France) or matrix-assisted laser desorption ionization–time-of-flight mass spectrometry
(Vitek MS; bioMérieux).

Antimicrobial susceptibility testing. MICs were determined by the reference broth microdilution
method recommended by the Clinical and Laboratory Standards Institute (CLSI) (19). Cefepime-
zidebactam, ceftazidime-avibactam, ceftolozane-tazobactam, cefepime-tazobactam, cefoperazone-
sulbactam, piperacillin-tazobactam, cefepime, ceftazidime, ceftriaxone, cefuroxime, cefazolin, aztreo-
nam, imipenem, meropenem, amikacin, ciprofloxacin, levofloxacin, trimethoprim-sulfamethoxazole,
polymyxin B, and tigecycline were tested using a dried customized commercially prepared microdilution
panel (Sensititre; Thermo Fisher Scientific). E. coli ATCC 25922 and ATCC 35218, K. pneumoniae ATCC
700603, and P. aeruginosa ATCC 27853 were used as the quality control strains in antimicrobial
susceptibility testing. Quality control and interpretation of the results were based on 2019 CLSI break-
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points (20) for all the antimicrobial agents with the exception of cefepime-zidebactam and tigecycline,
for which CLSI criteria are not available. Tigecycline MICs were interpreted using U.S. FDA MIC break-
points for Enterobacterales (21). Cefepime-zidebactam MICs were interpreted using CLSI breakpoints for
cefepime for comparison purposes only.

CRE definition and carbapenemase detection. As defined by the Centers for Disease Control and
Prevention (CDC), the Enterobacterales isolates that test resistant to at least one of the carbapenems
(ertapenem, meropenem, doripenem, or imipenem) or produce a carbapenemase are called carbapenem-
resistant Enterobacteriaceae (CRE) (https://www.cdc.gov/hai/organisms/cre/technical-info.html#Definition).
Some Enterobacterales (e.g., Proteus spp., Morganella spp., and Providencia spp.) have intrinsic elevated
MICs to imipenem. In such cases, the MIC results of meropenem were used to determine if these
organisms meet the CRE definition. The presence of the five most common carbapenemase genes
(blaKPC, blaNDM, blaIMP, blaVIM, and blaOXA-48) were confirmed for all the CRE strains by PCR with specific
primers and DNA sequencing, as described previously (7).

Study approval. The study protocol was approved by the Institutional Review Board of Huashan
Hospital, Fudan University (no. 2018-408).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.3 MB.
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