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Purpose: This study aimed to understand the distribution characteristics of carbapenemase genes and assess the antimicrobial
activities of aztreonam/avibactam (ATM/AVI) and ceftazidime/avibactam (CAZ/AVI) against carbapenem-resistant Enterobacterales
(CRE) isolates in Chongqing, Southwest China.

Methods: CRE isolates and their clinical information were collected from 22 hospitals covering all the five regions across Chongqing
between January 1, 2016 and December 31, 2017. PCR was used to screen for common carbapenemase genes. And minimum
inhibitory concentrations (MICs) were determined by broth microdilution method.

Results: A total of 312 unduplicated CRE isolates (eg, 206 Klebsiella pneumoniae, 43 Escherichia coli, and 42 Enterobacter cloacae)
were collected during the two-year study period. Among these CRE isolates, 92.3% carried carbapenemase genes, with a majority of
isolates carrying single blaxpc, (47.1%) or single blanpmaprm (36.2%) and 8.9% of isolates carrying two or three carbapenemase
genes. Notably, 95.6% (197/206) K. pneumoniae, 86.0% (37/43) E. coli and 88.1% (37/42) E. cloacae harbored carbapenemase genes.
In addition, blaxpc., was prevalent in K. pneumoniae (70.4%), while blaxpy was predominant in E. coli (83.7%) and E. cloacae
(78.6%). Besides, only metallo-f-lactamase (MBL) genes were detected in the CRE isolates from children. Overall, 0.0%, 48.1%,
59.0%, 61.5% and 63.1% of the CRE isolates were resistant to ATM/AVI, CAZ/AV], nitrofurantoin, amikacin and trimethoprim/
sulfamethoxazole, respectively. 99.7% of the total 312 isolates could be killed by ATM/AVI with the MIC 1 pg/mL, whereas CAZ/AVI
showed good antibacterial activity (98.0% susceptible) against the blaxpc_,-carriers with the MICsg,99 values of 1/4 pg/mL.
Conclusion: The distribution features of carbapenemase genes in Chongqing were comprehensively illustrated in terms of species and
sources of CRE for the first time in this multi-center study that covered all the geographical locations across Chongqing. ATM/AVI
showed superior activity against all CRE isolates regardless of their genotype, whereas CAZ/AVI was active against almost all KPC-
producers.
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Introduction

In recent years, carbapenem-resistant Enterobacterales (CRE), which have become a worldwide threat because of their
increasing resistance to carbapenems and worldwide dissemination, are recognized as an urgent threat according to
a report by CDC of the US and have been ranked as the critical and highest priority group of pathogens by WHO.'* CRE
often causes difficult-to-treat or untreatable infection with significant morbidity and mortality.*> ¢ There are two key
mechanisms of carbapenem resistance in Enterobacterales: the production of carbapenemase and the production of
ESBL and/or AmpC coupled with outer membrane protein defects and/or active efflux. Three major classes of
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carbapenemases are implicated in the dissemination of CRE: Ambler class A (eg, KPC), class B metallo-f-lactamase
(MBL) (eg, NDM, VIM and IMP), and class D (eg, OXA-48-like) carbapenemases.” Both of KPC and OXA-48-like
enzymes have serine-based hydrolytic activity, while class B enzymes require the presence of metal for their hydrolytic
activity.® '°

The carbapenemase-producing CRE (CP-CRE) often co-harbor additional genes conferring resistance to other classes
of antimicrobials and make multiple antimicrobials invalid. To tackle this serious resistance crisis, new drugs such as
aztreonam/avibactam (ATM/AVI)!' and ceftazidime/avibactam (CAZ/AVI)'? have emerged. CAZ/AVI is effective
against KPC-producing CRE and certain class D B-lactamase-producers, but it is not active against MBL-producers.'?
Fortunately, ATM maintains stable to MBL hydrolysis, although it can be inactivated by most serine B-lactamases,
including ESBL, AmpC, and KPC. Consequently, the combination of ATM and AVI could show potent antimicrobial
activity against the CRE including MBL-producers. Hence, with the advent of such novel antimicrobials, the individua-

lized therapeutic regimen should be prescribed based on molecular resistance phenotypes.'''*!3

1617 and that the dominant

Recent studies showed that the prevalence of CP-CRE had risen in the last 10 years
carbapenemase genes varied in different regions of the world.*'®!? In China, several large-scale nationwide surveil-
lances illustrated that the acquisition of blaxpc and blaypy Was responsible for carbapenem resistance, and meanwhile
the antimicrobial susceptibility profiles of CRE were described.”*° > However, the comprehensive characteristics of
carbapenemase genes and the resistance level of commonly used antimicrobials are limited in Chongqing. Moreover,
only two previous studies in Chongqing by our research group focused on the activity of CAZ/AVI and ATM/AVI
based on the carbapenemase genotypes, but the numbers of recruited hospitals were sparse and the diversity of
carbapenemase genes was limited.?>*** To fill this gap and execute effective and personalized antimicrobial therapies
targeting CRE infections, this multi-center study covering all the geographical regions in Chongqing, Southwest China
was conducted.

Materials and Methods

Collection of CRE Isolates

A total of 22 laboratories participated in this study, which covered all five geographical regions of Chongqing including
the West (five hospitals), the South (two hospitals), the Northeast (two hospitals), the Southeast (one hospital) and the
Center (12 hospitals). The CRE isolates were identified and determined for antimicrobial sensitivity, according to Clinical
and Laboratory Standards Institute (CLSI) in the local laboratories. And between January 1, 2016 and December 31,
2017, all laboratories were required to collect consecutive and nonduplicated CRE isolates, which caused infections, such
as pneumonia, bloodstream infection, urinary tract infection, skin and skin structure infections, and so on. Finally, all the
CRE isolates, which were part of the routine hospital laboratory procedure and their clinical information including wards,
patients’ age and specimen types were collected.

Confirmation of CRE Isolates

Strain identification was confirmed by VITEK MS system (bioMérieux, France) and then reconfirmed by 16S rRNA sequencing.
The broth microdilution method was conducted to determine minimum inhibitory concentrations (MICs) of three carbapenems
including ertapenem, imipenem and meropenem according to CLSI guidelines. Those isolates of Enterobacterales resistant to at

least one of the carbapenems, according to CLSI, 2020 (meropenem and imipenem, >4 pg/mL; ertapenem, >2 pg/mL) would
be enrolled into the following study.

Detection of Carbapenemase Genes
Polymerase chain reaction (PCR) was performed to screen for the presence of the carbapenemase-encoding genes blagpc,
blapp, blanpm, blayiv and blagxa_asaike for all confirmed CRE isolates. PCR amplicons were sequenced by Sangon

Biotech (Shanghai, China) and then all the sequences were blasted in GenBank (https://blast.ncbi.nlm.nih.gov/Blast.cgi).
21,26

Those primers designed for identifying the resistance genes mentioned above have been described previously.
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Antimicrobial Susceptibility Testing

The broth microdilution method recommended by the CLSI was carried out for antimicrobial susceptibility testing (AST)
to determine the MICs of 13 kinds of antimicrobials in addition to the aforementioned carbapenems, including
ceftazidime (CAZ), cefepime (FEP), aztreonam (ATM), piperacillin/tazobactam (TZP), aztreonam/avibactam (ATM/
AVI), ceftazidime/avibactam (CAZ/AVI), gentamicin (GEN), tobramycin (TOB), amikacin (AMK), ciprofloxacin (CIP),
levofloxacin (LEV), trimethoprim/sulfamethoxazole (SXT) and nitrofurantoin (NIT). NIT was tested only for the strains
isolated from urine. And then, the results of all AST were interpreted according to the breakpoints of CLSI, 2020.%° As
for ATM/AVI and CAZ/AVI, avibactam was fixed at the concentration of 4pug/mL, while aztreonam or ceftazidime was
added at different concentrations ranging from 0.125 to 256 pg/mL. The AST was performed in triplicate on three
separate days, and the quality control strains were Pseudomonas aeruginosa ATCC 27853 and E. coli ATCC 25922.%*’
Afterwards, the AST results would be compared between four groups including KPC group (isolates only carrying
blaxpc genes), MBL group (isolates only carrying MBL genes), KPC-MBL group (isolates co-harboring blaxpc and
MBL genes) and Non-CP group (isolates without any carbapenemases detected). MICs results, patients’ information and
carbapenemase genotypes were analysed using WHONET version 5.6 (http://www.whonet.org/contact.html).

Results

Distribution and Clinical Information of CRE Isolates

Ultimately, 312 strains of unduplicated confirmed CRE isolated between January 1, 2016 and December 31, 2017 were
enrolled in subsequent experiments. The most common species were K. pneumoniae (n = 206, 66.0%), E. coli (n = 43,
13.8%), and E. cloacae (n = 42, 13.5%), respectively. 127 (40.7%), 104 (33.3%), 40 (12.8%), 23 (7.4%) and 18 (5.8%)
isolates were collected from the Center (12 hospitals), Northeast (two hospitals), West (five hospitals), South (two
hospitals) and Southeast (one hospital) of Chongqing, respectively.

Approximately half of the CRE isolates were from lower respiratory tract (n = 157, 50.3%), followed by urine (n = 83,
26.6%) and blood (n = 32, 10.3%). Among the total 312 strains, 280 (89.7%) were from adults and 32 (10.3%) were from
children. Besides, the numbers of CRE isolates in intensive care unit (ICU) (n = 112, 35.9%) were the largest, followed by
those in neurosurgery (n = 44, 14.1%), pediatrics (n = 30, 9.6%) and respiratory department (n = 29, 9.3%).

Carbapenemase Genes Characteristics of CRE Isolates

Of the 312 CRE isolates, 288 (92.3%) were positive for the carbapenemase genes, among which 147 (51.0%) were single
blaxpc-carriers and 113 (39.2%) owned single MBL genes (blanpm.1, 7 = 68, 23.6%; blanpm.s, n = 41, 14.2%; blayp.
4, n =4, 1.4%). In addition, 28 (9.7%) isolates carried two or more genes with at least one MBL gene. However, no
blayy or blagxa-agiike Was detected. Notably, 197/206 (95.6%) K. pneumoniae, 37/43 (86.0%) E. coli and 37/42
(88.1%) E. cloacae harbored carbapenemase gene. 145/206 (70.4%) carried blaxpc.» genes in K. pneumoniae, in contrast
to 1/43 (2.3%) in E. coli and 1/42 (2.4%) in E. cloacae. However, in the last two, the MBL genes were the most common,
accounting for 83.7% (36/43) and 78.6% (33/42), respectively. blanpm.s Was predominant in E. coli, whilst blaypn.; Was
prevalent in E. cloacae. And only MBLs genes were detectable in the other carbapenem-resistant species, including
C. freumdii, K. oxytoca, K. aerogenes, S. marcescens, except that one K. aerogenes isolate carried blaxpc., and blanypm-1
in combination. It is noteworthy that mixed genotypes of blaxpc coupled with MBL gene were more common in
K. pneumonia (19/206, 9.2%) and E. clocae (3/42, 7.1%) compared to E. coli (0/43, 0.0%) (Table 1).

Besides, it is clear that the proportions of CRE carrying MBL genes in urine and in blood were 60.2% (50/83) and
53.1% (17/32), respectively, while only 35.7% (56/157) strains harbored MBL genes in lower respiratory tract where
single blaxpc, (91/157, 58.0%) was predominant. Notably, one isolate co-harbouring three carbapenemase genes
(blakpc-2, blanpm-1 and blapgp.4) was detected in the blood. Only MBL genes were detected in the CRE isolated from
children with the highest prevalence of single blanpnm.s (19/32, 59.4%), whereas single blaxpc., (147/280, 52.5%) was
the most common in adults. As for ICU and neurosurgery as well as respiratory department, the percentages of single-
blaxpco-bearing CRE were 52.7% (59/112), 63.6% (28/44) and 62.1% (18/29), respectively, which were higher than
those with MBL genes (41.1%, 31.8% and 31.0%, respectively). On the contrary, in urology, the CRE isolates carrying
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Table | Characteristics of Carbapenemase Genes Among 312 CRE Clinical Isolates

Species n Carbapenemase Genes
blakpc, n blanpmime n blaxpc + blanpmimp N
K. pneumoniae 206 blakpc.o, 145 blanpm-1, 21 blakpc.2tblanpm.1, 17
blanpm.s, 1l blakpc.o+blamp-s, |
blanpm.1*+blamps, | blagpc.2*blamp.atblanpm. i, |
E. coli 43 blakpc.o, | blanpm.s, 26 0
blanpm-1, 8
blapp.s, 2
E. cloacae 42 blakpc.o, | blanpom-1, 28 blaxpc.otblanpm.1, 2
blanpm.s, 2 blagpc.otblapmp.a, |
blamp-4, 2 blanpm.+blajmp.s, |
C. freumdii 7 0 blanom-1, 6 0
blanpm- 1 *+blampg, |
K. oxytoca 6 0 blanpom-1, 2 0
blanom-1*blaimp-, 2
K. aerogenes 4 0 blanpm-1, | blaxpc.atblanpm.y, |
blanppm.s, |
S. marcescens 2 blanpm.s, | 0
C. braakii | 0 blanom-1, | 0
P. rettgeri | blanom-1, | 0

MBL genes accounted for a large proportion, as high as 73.7% (14/19). In terms of geographical location in Chonggqing,
carrying single blaxpc_, was absolutely predominant in Northeast and Southeast with the proportions of 68.0% (70/103)
and 100% (16/16), respectively, while MBL genes were prevalent in the other three regions including the Center (75/111,
67.6%), South (12/20, 60%) and West (21/38, 55.3%).

Antimicrobial Susceptibility Testing

For the commonly used antimicrobials, the most effective drugs against the total CRE isolates tested were amikacin
(37.5% susceptible), SXT (36.9% susceptible) and nitrofurantoin (28.9% susceptible), respectively. In the three groups
categorized according to different carbapenemase genotypes, ceftazidime, cefepime, and three kinds of carbapenems all
presented high resistance rates ranging from 94.9% to 100.0%. Nevertheless, the resistance rates of seven antimicrobials
including aztreonam (78.8%), three aminoglycosides (28.0-66.9%), two quinolones (61.0-67.8%) and nitrofurantoin
(26.3%) in MBL group were evidently lower than those in the other two groups both carrying blaxpc.,. And SXT showed
higher resistance rate in KPC-MBL group (82.6%) compared to that in KPC group (58.5%) and in MBL group (65.3%).
Additionally, amikacin was the most active drug with the susceptible rate of 70.3%, followed by nitrofurantoin (55.3%
susceptible) and SXT (34.7% susceptible) in MBL group, whereas SXT displayed the best antibacterial activity (41.5%
susceptible) in KPC group (Table 2).

Among the total CRE isolates, 48.1% (150/312) were resistant to CAZ/AVI with MICy, of >512 pg/mL, among
which 94.0% (141/150) carried MBL genes, 2.0% (3/150) only harbored blaxpc., and 4.0% (6/150) did not have any
carbapenemase genes. For the 147 single KPC-2-producers, 144 (98.0%) were sensitive to CAZ/AVI and 100 (68.0%)
could be killed by CAZ/AVI of 1 ug/mL (Figure 1). In addition, all 312 CRE were extremely sensitive to ATM/AVI with
MICs5¢/MICy of <0.125/0.5 pg/mL, among which 99.7% isolates could be killed by ATM/AVI of 1 pg/mL (Figure 2).

Discussion

In China, CRE infection poses a serious public-health threat and the production of carbapenemases is the major mechanism of
carbapenem resistance in CRE.>***? In Chongqing, Southwest China, the diversity of carbapenemase genes was comprehen-
sively illustrated for the first time in our multi-center study, which covered all the five geographical regions across Chongqing.
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Table 2 Antimicrobial Susceptibility of 312 CRE Isolates and Different Isolates by Genotypes (MICs, pg/mL)

Antimicrobial

Total (n =312)

KPC Group (n = 147)

MBL Group (n = 118)

KPC-MBL Group (n = 23)

Non-CP Group (n = 24)

Agen %R MIC Range | MIC;, [ MICy | %R MIC Range | MIC;, | MICy | %R MIC MIC5, | MICy, | %R MIC MIC5, | MICy, | %R MIC MIC;5, | MICy,
Range Range Range
CAZ 984 | <I-264 264 264 99.3 8-264 264 264 99.2 <1-264 264 264 100.0 | =64 264 264 875 | <I-264 264 264
CAZ/AVI 48.1 | <0.125-2512 | 4 2512 2.0 <0.125-2512 | | 4 100.0 16-2512 2512 2512 100.0 | 16-2512 2512 2512 250 | <0.25-2512 | 2 128
ATM 90.4 | <I-264 264 264 100.0 | 16-264 264 264 7838 <I-264 264 264 100.0 | 16-264 264 264 792 | <I-264 264 264
ATM/AVI 0.0 <0.125-2 <0.125 | 0.5 0.0 <0.125-2 0.25 0.5 0.0 <0.125-1 <0.125 | 0.5 0.0 <0.125-0.5 | <0.125 | 0.5 0.0 <0.125-0.5 <0.125 | 0.5
FEP 946 | <I-264 264 264 98.6 2-264 264 264 94.9 <1-264 264 264 95.7 <1-264 264 264 66.7 | <1-264 264 264
TZP 962 | <4-2128 =128 2128 100.0 | 2128-2128 2128 2128 932 <4-2128 2128 228 100.0 | 2128-2128 | 2128 =128 833 | <4-2128 =128 2128
ETP 99.4 | <0.5-28 =8 =8 100.0 | 28-28 =8 =8 100.0. | 4-28 =8 =8 100.0 | 4-28 =8 =8 91.7 | <0.5-28 =8 =8
IMP 95.5 | <I-216 216 216 1000 | 8-216 216 216 98.3 2-216 216 216 95.7 <|-z16 216 216 542 | <I-216 4 216
MEM 96.2 <|-z216 216 216 100.0 4-216 216 2|6 97.5 <|-216 2|6 2|6 95.7 <|-z216 216 216 66.7 <I-216 8 216
GEN 80.1 | <I-216 216 216 92.5 <I-216 216 216 66.9 <1-216 216 216 91.3 <|-216 216 216 583 | <I-216 216 216
TOB 724 | <1-216 216 216 92.5 <I-216 216 216 50.0 <1-216 8 216 87.0 <1-216 216 216 458 | <I-216 8 216
AMK 61.5 | <2-264 264 264 925 <2-264 264 264 28.0 <2-264 <2 264 826 <2-264 264 264 16.7 | <2-264 <2 264
CIP 85.6 | <0.25-24 4 >4 99.3 0.5-24 >4 24 67.8 <0.25-24 >4 24 100.0 | 1-24 24 4 75.0 | <0.25-24 24 >4
LvX 81.7 | <0.25-28 >8 >8 99.3 1-28 =8 28 61.0 <0.25-28 =8 28 91.3 1-28 28 28 66.7 | <0.25-28 28 =8
NIT 59.0 | <16-2512 256 2512 96.4 64-2512 2512 2512 26.3 <16-2512 32 2512 833 <16-2512 2512 2512 / / / /
SXT 63.1 | <1-216 216 216 585 <I-216 216 216 65.3 <|-216 216 216 826 <l-216 216 216 625 | <I-216 216 216

Notes: R, resistance; /MICs of NIT were not analyzed

ciprofloxacin; LVX, levofloxacin; NIT, nitrofurantoin; SXT, trimethoprim/sulfamethoxazole.

in Non-CP group because of limited number of strains.
Abbreviations: CAZ, ceftazidime; AVI, avibactam; ATM, aztreonam; FEP, cefepime; TZP, piperacillin/tazobactam;

ETP, ertapenem; IMP,

imipenem; MEM, meropenem; GEN, gentamicin; TOB, tobramycin; AMK, amikacin; CIP,

aro(q
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Figure | The MICs distribution of CAZ/AVI against 147 CRE isolates carrying single blakxpc gene.
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Figure 2 The MICs distribution of ATM/AVI against 312 CRE isolates.

We discovered that the carbapenem resistance was mainly caused by blaxpc., and blanpn/s in Chongqing as was shown in
the previous nationwide studies,”"** otherwise, three studies all reported the higher proportions of blaxpc. clustering
between 51.6% and 57.0% than that of 47.1% in our study and the lower percentages of MBL genes ranging from 31.4% to
38.6% compared to that of 45.2% in our study.5 2021 Besides, in accordance with the aforementioned two studies,?*?! blaxpc.»
was the most frequently detected carbapenemase gene in K. pneumoniae, whilst blaypy.s and blagpy.; were the most
dominant genes in E. coli and E. clocae, respectively. Notably, the proportion of co-carrying blaxpc., and blanpy was 6.7%
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(21/312) in our study, with K. pneumoniae being the most common species in this category, while the prior reports showed the
obviously lower percentages ranging from 0.1% to 1.9%.72*%!

Additionally, variations in the prevalence rate of different carbapenemase genes were also observed based on different
geographical regions, patients’ age, wards and infection sites in this study. For example, the three districts of South, West
and Center of Chongging showed the similar distribution features of carbapenemase genes with more than 55% isolates
carrying at least one MBL gene among the CP-CRE in each region. Probably, those locations are geographically close
and the frequent flow of patients between them contributes to their resemblance to gene distribution. It is noteworthy that
in children, only MBL genes were detected and blanpn.s Was the most prevalent gene, completely different from the
adults in which the majority of isolates harbored blaxpc.,. In contrast to this conclusion, certain studies focusing on
pediatric patients reported more kinds of genes, such as blagxa.»3>» and blaxpc.,. 2%

Notably, 100% CRE isolates were extremely sensitive to ATM/AVI, and they could all be inhibited by ATM/AVI of
<2 pg/mL (MICsg/99, <0.125/0.5 pg/mL), independent of their carbapenem resistance mechanism, as other publications
have already shown. Zou et al** showed a similar MICsg,9 (<0.125/1 ug/mL) of ATM/AVI among 120 CRE from three
secondary hospitals in Chongqing. They also found that 90.0% isolates could be inhibited by ATM/AVI of <lpg/mL,
while 99.7% CRE isolates could be killed at the same drug concentration in our study. Besides, a study on the activity of
ATM/AVI against MBL-producing Enterobacterales collected from six tertiary care hospitals in China also observed the
equal MICso/oo (<0.125/1 pg/mL).*

Currently, the continual emergence of CRE poses a particularly critical threat to healthcare worldwide. Infections
due to these so-called superbugs are related to high mortality because of limited therapeutic options. Recently,
a multicenter research study in China has reported a high incidence and mortality of infections caused by CRE.*
Therefore, treatment of CRE infections is challenged and the personalized therapy to target them should be recom-
mended and adopted based on the antimicrobial susceptibility pattern and molecular type of the bacteria and the source
and severity of infection.>* However, the culture of pathogens is time-consuming. Besides, tests of rapid carbapenemase
screening and/or genotyping are not been performed in most of the laboratories in China. It is unrealistic to refuse to
prescribe antimicrobials until the results of AST and genotypes were available, especially for the critically ill patients,

such as bloodstream infection with high mortality rates,*'*

and thus local antimicrobial susceptibility profiles together
with molecular epidemiological characteristics are of most importance for clinicians to initiate the prompt and
appropriate empirical therapy.

In conclusion, our multi-center study covered all the geographical locations in Chongqing for the first time in which
the distribution features of carbapenemase genes in terms of species and sources of CRE were illustrated comprehen-
sively. And it revealed high resistance levels against commonly used antimicrobials among the CRE isolates and
resistance differences between CRE isolates with or without blagpc in Chongqing. ATM/AVI exhibited potent activity
against all CRE isolates including MBL producers, whereas CAZ/AVI was active against almost all KPC producers. The
clinical application of these new agents should be gradually personalized based on genotypes to limit misuse and avoid

the emergence of resistance.
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