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Purpose: To assess the antimicrobial activities of ceftazidime/avibactam (CAZ/AVI) and
aztreonam/avibactam (ATM/AVI) against carbapenem-resistant Enterobacteriaceae (CRE) iso-
lates collected from three secondary hospitals in Southwest China between 2018 and 2019.
Materials and Methods: A total of 120 unique CRE clinical isolates were collected and
carbapenemase genes were detected using PCR. Antimicrobial susceptibility was determined
using standard broth microdilution method and the results were interpreted according to
CLSI breakpoints.

Results: The 120 carbapenem-resistant strains included 92 Klebsiella pneumoniae, 10
Escherichia coli, 10 Enterobacter cloacae, five Klebsiella aerogenes, and three Klebsiella
oxytoca isolates. Seventy-four percent of these 120 CRE isolates were collected from
patients located in non-ICUs; 65.0% of these CRE isolates were collected from male
patients; and 34.2% of these isolates were isolated from respiratory tracts. Four different
identified
Enterobacteriaceae (CPE) isolates, including blaxpc., (n=77), blanypm.1 (n1=16), blanpm.s
(n=12) and blapp.4 (n=2). Overall, 21.7%, 37.5%, 40.8%, 75.0%, and 100% of the CRE
strains were susceptible to levofloxacin, trimethoprim/sulfamethoxazole, amikacin, CAZ/

carbapenemase  genes  were among 103  carbapenemase-producing

AVI, and ATM/AVI, respectively. In addition, antimicrobial susceptibility testing showed
that 96.7% isolates (n=116) were resistant to aztreonam, and the addition of avibactam
(4 mg/L) significantly reduced the MICs of those aztreonam-resistant isolates by more
than 128-fold (range: <0.125-4 mg/L), and 90.0% (n=108) of total 120 isolates were
inhibited at ATM/AVI concentration <1 mg/L.

Conclusion: Our study revealed significant antimicrobial resistance among the CRE isolates
against some commonly used antibiotics in three secondary Chinese hospitals. ATM/AVI
exhibited potent activity against CRE isolates, including double carbapenemase-producing
isolates, whereas CAZ/AVI was active against all KPC producers.

Keywords: Enterobacteriaceae,

carbapenem-resistant carbapenemase-producing

Enterobacteriaceae, ceftazidime/avibactam, aztreonam/avibactam

Introduction
Carbapenem-resistant Enterobacteriaceae (CRE) infections have become a serious
clinical concern and are associated with high morbidity and mortality, as they
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greatly limit therapeutic options.'” CRE are listed as an
urgent threat by the CDC of US, and have been categor-
ized in the critical and highest priority group of pathogens
by the WHO.**

Carbapenem resistance in Enterobacteriaceae can be
caused by different mechanisms, of which the most com-
mon are the production of carbapenemases and the outer
membrane porin dysfunction with extended-spectrum [3-
lactamases (ESBLs) and/or hyperproduction of AmpC
cephalosporinase.” Three major classes of carbapene-
mases are associated with the spread of carbapenem-
resistant Enterobacteriaceae: Ambler class A (eg KPC),
Ambler class B (eg, NDM, IMP and VIM), and Ambler
class D (eg OXA-48-like) carbapenemases. KPC and
OXA-48-like enzymes have serine-based hydrolytic activ-
ity, while metallo-p-lactamase (MBL) enzymes (encom-
pass the Ambler class B enzymes) require the presence
of metal for their activity.>®

With the advent of new effective therapeutic options
for CRE infections, such as the novel p-lactam/f-
lactamase inhibitors ceftazidime/avibactam (CAZ/AVI)
(active against AmpC, ESBL, KPC and OXA-48-like pro-
ducers) and aztreonam/avibactam (ATM/AVI) (active
against AmpC, ESBL, KPC, MBL, and OXA producers),
the therapeutic recipe might be personalized based on the
antimicrobial susceptibility profiles and molecular resis-
tance phenotypes.” '*

The CAZ/AVI combination was approved by the
US Food and Drug Administration in 2015 to treat com-
plicated intra-abdominal infections, complicated urinary
tract infections, hospital-acquired bacterial pneumonia,
and ventilator-associated bacterial pneumonia.'''? This
combination has broad-spectrum activity against CRE
isolates.'* However, this combination is not active against
MBLs and KPC enzymes with substitutions (eg D179Y
substitution).'*'3

ATM is the only clinically used B-lactam stable to
MBL hydrolysis, although it is easily inactivated by
ESBLs, KPCs, and AmpC. As
Enterobacteriaceae may frequently harbor additional

MBLs-carrying

ATM-inactivating B-lactamases, the activity of ATM
against these isolates is often mitigated. However, the
addition of avibactam to aztreonam make this combination
KPC, AmpC, MBL, and OXA
producers.'®!” Consequently, ATM/AVI has been pro-

active  against
posed to treat infections due to MBL producers.

Recent study showed that the carbapenem resistance
rates and CRE species containing various carbapenemases

varied in different geographical regions.'® Currently, most
studies on CRE were conducted in large tertiary hospitals
in large cities in China, the antimicrobial resistance status
in secondary or community hospitals remains rarely
explored. In addition, several studies have described the
in vitro activity of CAZ/AVI and ATM/AVI against clin-
ical CRE isolates in large tertiary hospitals in China,
however, their activities against CRE isolates from sec-
ondary hospitals were largely unknown. Here, we con-
ducted a multicenter study in Southwest China to
evaluate the antibacterial effect of CAZ/AVI and ATM/
AVI on clinically isolated CRE bacteria collected from
three secondary hospitals.

Materials and Methods

Bacterial Strains

A total of 120 nonduplicate clinical CRE isolates that
were part of the routine hospital laboratory procedure
causing infectious diseases were collected between
1 January 2018 and 31 December 2019 in three second-
ary hospitals in Chongqing, Southwest China. Species
identified wusing a VITEK® MS system
(bioMérieux, France). In this study, CRE was defined
as: resistant to any carbapenem antimicrobials (ie MICs

Wwere

of >2 pg/mL against ertapenem or >4 pg/mL against
meropenem Or imipenem.

Screening of Carbapenemase Genes
PCR was performed to screen the carbapenemase-
blaxpm,  blammp,

blayy and blapxa-4g-like. Positive PCR products were

encoding genes, including blagpc,
sequenced by Sanger sequencing (Sangon Biotech) and
the sequences were blasted in GenBank (https://blast.
ncbi.nlm.nih.gov/Blast.cgi). The primers used for detect-

ing these carbapenemase genes have been reported

. 18,1
previously. '

In vitro Antimicrobial Susceptibility

Testing

The MICs of CRE strains were determined using standard
broth microdilution method and were interpreted accord-
ing to CLSI criteria.”® For CAZ/AVI and ATM/AVI test-
ing, AVI was tested at a fixed concentration of 4 mg/L,
while CAZ and ATM was added at different concentra-
tions, respectively. Pseudomonas aeruginosa ATCC 27853
and Escherichia coli ATCC 25922 were used as quality
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control strains. MICs were determined in triplicate on two
separate days.

Results

Bacterial Isolates and Patient Information
A total of 120 CRE isolates were collected from three
secondary hospitals between 1 January 2018 and
31 December 2019 in Chongqing, Southwest China. The
highest proportion of isolates was collected from Hospital
A (40.8%) (Table 1). The majority of isolates were col-
lected from patients located in non-ICUs (74.2%) and
65.0% of isolates were collected from male patients. In
addition, most isolates were collected from adult patients
(90.8%) (data not shown).

The CRE isolates were mainly isolated from respira-
tory tracts (n=41, 34.2%), urinary tracts (n=24, 20.0%) and
blood culture (n=19, 15.8%). K. pneumoniae (n=92,
76.7%), E. coli (n=10, 8.3%) and E. cloacae (n=10,
8.3%) were the most common species. K. pneumoniae
and E. coli isolates were mostly from respiratory tracts,
while E. cloacae isolates were more frequently isolated
from urinary tracts (data not shown).

Molecular Characteristics of CRE

Among the 120 CRE isolates, 85.8% (n=103) were CPE.
Among the 103 CPE isolates, 99 (96.1%) were single
carbapenemase-producers while four (3.9%) carried two
carbapenemase genes. Notably, three K. pneumoniae
strains were found to co-carry two carbapenemase genes
(two with blaxpc, and blanpm.1, and one with blanpwm-
and blapp.4), whilst one E. cloacae isolate co-harbored
the blaxpc., and blaypm.;. Among the carbapenemase
genes detected, blagpc., (n=77, 74.8%) was the most pre-
valent (Table 2). However, no isolates were found to harbo
r blayiv or blagxa_ss-like. There were some differences in
the proportion of carbapenemase genes by hospital, and
the above 4 carbapenemase genes were prevalent in

Table | Species Distribution Among CRE and CPE

Table 2 Prevalence of Carbapenamase Genotype by Hospital

Gene Total | Hospital Hospital Hospital
(n) A (n) B (n) C(n)

blagpc.» 74 34 14 26
blakpc.2, blanpm.) | 3 2 | 0
blanpm.1 12 4 8 0
blanpm.1, blapmpg | | | 0 0

blajmp.4 | 0 | 0
blanpm.s 12 8 4 0

Hospital A and Hospital B, while only blaxpc, was
found in Hospital C (Table 2).

Antimicrobial Susceptibility

These 120 CRE isolates were tested against clinically used
antibiotics. The results showed that these isolates had high
resistance rates against most common clinically used anti-
biotics tested (Table 3). According to CLSI criteria,”® over
80% isolates were resistant to imipenem and meropenem,
and over 60% isolates were resistant to gentamicin, cipro-
floxacin, levofloxacin and sulfamethoxazole-trimethoprim,
and the most active compounds were CAZ/AVI (75.0%
susceptible) and ATM/AVI (100.0% susceptible). The
addition of AVI significantly lowered the ceftazidime
MICs (range: 0.125-4 mg/L) by more than 128-fold, ren-
dering 100% activity of CAZ/AVI against all the KPC-
producers. A total of 29 isolates were resistant to CAZ/
AVI and they were all MBL-producers. Furthermore, addi-
tion of AVI significantly lowered the aztreonam MICs
(range: <0.125-4 mg/L) by more than 128-fold against
all the 120 CRE isolates tested.

Discussion

Carbapenem-resistant Enterobacteriaceae strains have
become a serious global public health threat.>' In China,

the first strain harboring blaxpc was reported in 2007, and

Species CRE CPE by Hospital (n)
Total Hospital A Hospital B Hospital C
K. pneumoniae 92 80 39 18 23
E. coli 10 8 4
E. cloacae 10 9 3
K. aerogenes 5 3 0
K. oxytosus 3 3 0 3 0
Total 120 103 49 28 26
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Table 3 In vitro Susceptibility of Different Antibiotics Against 120 CRE Isolates

Antimicrobial Agent Total n Resistance n (%) MIC (mg/L)

Range MIC50 MIC90
Ceftazidime 120 120 (100.0) 16—=128 =128 =128
Ceftazidime-avibactam 120 30 (25.0) 0.125—>256 | 256
Aztreonam 120 116 (96.7) <1-=128 =128 =128
Aztreonam-avibactam 120 0 (0) <0.125-4 <0.125 |
Ertapenem 120 120 (100.0) 4-512 256 512
Imipenem 120 103 (85.8) 0.5-512 64 256
Meropenem 120 98 (81.7) 0.25-256 64 128
Gentamicin 120 78 (65.0) <1-=128 =128 =128
Amikacin 120 71 (59.2) <2264 264 264
Levofloxacin 120 94 (78.3) <0.125-28 4 =8
Ciprofloxacin 120 94 (78.3) <0.125-=16 8 216
Sulfamethoxazole-trimethoprim 120 75 (62.5) <0.5-=16 8 2|6

since then, blaxpc., has become the predominant carbapene-
mase gene and widely spread in China.'® Similarly, since the
first description of China NDM-1-producing strain in 2010,
the blanypm gene has been recovered from various regions in
in the various

China and been found species of

Enterobacteriaceae, including E. coli, K. pneumoniae,
E. cloacae, K. oxytoca, E. aerogenes, and C. freundii.'>'**

Avibactam is a non-B-lactam-B-lactamase inhibitor that
inhibits the activities of Ambler class A -lactamases (eg,
ESBLs, KPC), class C B-lactamases, and some class D f3-
lactamases, and avibactam restores the in vitro activity of
both ceftazidime and aztreonam against KPC-producing
K. pneumoniae isolates, including, in the case of ATM/
AVI, activity against isolates that coproduced MBLs, and
avibactam in combination with ceftazidime or aztreonam
has the potential to be an agent to treat infections caused
by multidrug-resistant bacteria producing the groups of p-
lactamases compared with piperacillin-tazobactam and
other agents.'>'®!” In addition, our results are similar to
those of studies previously reported for the action of
avibactam.'®'®

In this observational study, we investigated the mole-
cular mechanism of the CRE isolates collected from three
and further
assessed the in vitro antimicrobial activities of CAZ/AVI
and ATM/AVI against these CRE isolates, while most of

the other studies focused on CRE isolates from tertiary

secondary Southwest Chinese hospitals,

hospitals in China.'®'***** Our study revealed three inter-
esting findings.

First, the CRE isolates were detected from five differ-
ent Enterobacteriaceae species. K. pneumoniae was the
most common CRE species, accounting for 76.7% (92/

120) of all CRE isolates. In addition, the CRE isolates
were most isolated from respiratory tracts (n=41, 34.2%).

Second, diverse types of carbapenemases were identi-
fied, including KPC-2, NDM-1, NDM-5, and IMP-4. Of
the 120 CRE isolates, 103 (85.8%) were found to produce
carbapenemases. Among these 103 CPE strains, KPC-2
was the dominant carbapenemase (77/103, 74.8%) and
was primarily found in K. pneumoniae (73/77, 94.8%).
Notably, PCR failed to screen any carbapenemase genes
17 out of 120 CRE strains,
K. pneumoniae, two E. coli, two K. aerogenes and one

among including 12
E. cloacae, suggesting that other mechanisms may have
contributed to the carbapenem resistance among these 17
isolates tested.

Third, this study demonstrated that CAZ/AVI exhibited
potent activity against all the KPC producers tested in our
study. Although some reports have documented cases of
CAZ/AVI KPC-2-producing
K. pneumoniae isolates in China (with ESBL overexpres-
sion and OMP loss),”> our study showed that all KPC
producers were highly sensitive to CAZ/AVI. Meanwhile,
all the studied CRE isolates, including the MBL producers,
were highly sensitive to ATM/AVI in vitro.

Taken together, our study revealed significant antimi-

resistance to in

crobial resistance of the CRE isolates against the most
commonly used antibiotics in three secondary Southwest
Chinese hospitals. ATM/AVI exhibited potent activity
against all CRE isolates, including MBL-producing iso-
lates, whereas CAZ/AVI was active against all KPC
producers. The clinical application of these new agents
should be personalized and standardized to limit misuse
and avoid the emergence of resistance.
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