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Abstract: The emergence of carbapenem-resistant Enterobacterales (CRE) has been recognized as a
significant concern globally. Ceftazidime/avibactam (CZA) is a novel β-lactam/β-lactamase inhibitor
that has demonstrated activity against isolates producing class A, C, and D β-lactamases. Here-in, we
evaluated the in vitro activity of CZA and comparator antimicrobial agents against 858 CRE isolates,
arising from the Southeast Asian region, collected from a large tertiary hospital in Singapore. These
CRE isolates mainly comprised Klebsiella pneumoniae (50.5%), Escherichia coli (29.4%), and Enterobacter
cloacae complex (17.1%). Susceptibility rates to levofloxacin, imipenem, meropenem, doripenem,
aztreonam, piperacillin/tazobactam, cefepime, tigecycline, and polymyxin B were low. CZA was
the most active β-lactam agent against 68.9% of the studied isolates, while amikacin was the most
active agent among all comparator antibiotics (80% susceptibility). More than half of the studied
isolates (51.4%) identified were Klebsiella pneumoniae carbapenemase (KPC)-2 producers, 25.9% were
New Delhi metallo-β-lactamase (NDM) producers, and Oxacillinase (OXA)-48-like producers made
up 10.7%. CZA was the most active β-lactam agent against KPC-2, OXA-48-like, and Imipenemase
(IMI) producers (99.3% susceptible; MIC50/90: ≤1/2 mg/L). CZA had excellent activity against the
non-carbapenemase-producing CRE (91.4% susceptible; MIC50/90: ≤1/8 mg/L). Expectedly, CZA
had no activity against the metallo-β-lactamases (MBL)-producing CRE (NDM- and Imipenemase
MBL (IMP) producers; 27.2% isolates), and the carbapenemase co-producing CRE (NDM + KPC,
NDM + OXA-48-like, NDM + IMP; 3.0% isolates). CZA is a promising addition to our limited
armamentarium against CRE infections, given the reasonably high susceptibility rates against these
CRE isolates. Careful stewardship and rational dosing regimens are required to preserve CZA’s
utility against CRE infections.

Keywords: ceftazidime/avibactam; antibiotic susceptibility; CRE; minimum inhibitory concentrations;
carbapenemase

1. Introduction

Carbapenem-resistant Enterobacterales (CRE) infections are associated with prolonged
hospitalizations, higher healthcare costs, and increased mortality rates [1–5]. Polymyxin
B/colistin and tigecycline are considered the last-resort antibiotics against CRE infections.
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However, they are associated with poor pharmacokinetic/pharmacodynamic (PK/PD)
characteristics and therefore compromise the safety and efficacy of antibiotic treatment [6].
Moreover, these CRE isolates also present resistance towards other classes of antibiotics
such as fluoroquinolones, aminoglycosides, and tetracyclines [7]. Therefore, infections
caused by CRE are a significant public health issue in Singapore, and worldwide. According
to a point prevalence survey on healthcare-associated infections in 2015, approximately 7%
of all nosocomial infections caused by Enterobacterales in Singapore were carbapenem-
resistant [8]. Therefore, the most crucial strategy against CRE will be preventing its spread in
the long term. Until then, patients will continue to present with difficult-to-treat infections
caused by CRE.

A variety of mechanisms mediate carbapenem resistance in Enterobacterales—these
include the synthesis of carbapenemase enzymes, extended-spectrum β-lactamases (ESBLs),
AmpC enzymes (mainly plasmid-mediated), over-expressed efflux pumps (extrudes antibi-
otics) and porin loss [7]. However, the most frequently reported carbapenem resistance
mechanism is the production of carbapenemases among CRE. Carbapenemases belong to
three molecular classes of β-lactamases, Ambler class A, B, and D [9,10]. Using the Ambler
classification system, carbapenemases are found within class A, B, and D β-lactamases,
with substantial diversity in classes across geographic regions [10–12]. Therefore, exploring
new and viable treatment options for these life-threatening infections is essential.

Ceftazidime/avibactam (CZA) is a novel β-lactam/β-lactamase inhibitor combination
approved by the U.S. Food and Drug Administration and became available for use in
Singapore in 2018. It has in vitro activity against Ambler class A β-lactamases, e.g., Klebsiella
pneumoniae carbapenemases (KPCs), Ambler class C β-lactamases (e.g., AmpC), and some
Ambler class D β-lactamases (e.g., Oxacillinase (OXA)-48-like), but not against class B
metallo-β-lactamases (MBL) such as Imipenemase MBL (IMP), Verona Integron-encoded
MBL (VIM), and New Delhi MBL (NDM) [13]. In addition, several in vitro and clinical
studies have supported CZA therapy against CRE infections [14,15]. Singapore is an island
nation with a diverse population of 5.6 million people [16]. The country is particularly
susceptible to the risk of antimicrobial resistance (AMR), being an international travel and
medical tourism hub in Southeast Asia. The lack of surveillance data from this region has
limited the understanding of the clinical utility of CZA. Therefore, the objective of this
study was to evaluate the in vitro activity of CZA and comparator antimicrobial agents
available for use against CRE in this geographic region.

2. Materials and Methods
2.1. Bacterial Isolates

The majority of the CRE isolates from various clinical specimens were collected from a
large tertiary hospital (>1800 beds) in Singapore between 2008 and 2021 as part of a hospital-
wide surveillance study on carbapenem-resistant Gram-negative bacteria (initially obtained
from Singapore General Hospital’s Diagnostic Bacteriology Laboratory). The remaining
isolates were received at Singapore General Hospital Antimicrobial Resistance Research
Laboratory for antibiotic combination testing [17]. These include isolates from patients in
other local hospitals and foreign patients from regional countries around Singapore seeking
medical treatment [18,19].

The genus identity was determined at the hospitals’ microbiology laboratory as part
of routine investigations using VITEK® GNI+ cards (bioMérieux, Hazelwood, MO, USA) or
matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF
MS) (Bruker Daltonik, Bremen, Germany). Carbapenem susceptibility was determined as
part of routine investigations at the microbiology laboratory through the disc diffusion
method, gradient diffusion method, or the VITEK® 2 system (bioMérieux, Hazelwood,
MO, USA).

The isolates were stored at −70 ◦C in MicrobankTM storage vials (ProLab Diagnostics
Inc., Richmond Hill, ON, Canada). Fresh isolates were subcultured twice on 5% sheep’s
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blood Agar plates (Thermo Fisher Scientific Microbiology, Melaka, Malaysia) for 24 h at
35 ◦C before each experiment.

2.2. Antimicrobial Susceptibility Testing, Interpretation and Screening for Carbapenemases

The minimum inhibitory concentrations (MICs) to various antibiotics were deter-
mined using commercial dehydrated broth microdilution panels (Trek Diagnostics, East
Grinstead, UK) and performed according to the manufacturer’s recommendations. In
brief, turbidity-adjusted bacterial suspensions from fresh overnight cultures were added
to cation-adjusted Mueller–Hinton broth (Ca-MHB, BBL, Sparks, MD, USA) to achieve
an inoculum of 5 × 105 colony forming units (CFUs)/mL. A measure of 100 µL of the
bacterial suspension was added to each well and subsequently incubated for 16–20 h at
35 ◦C. The tested antibiotics included amikacin, aztreonam, cefepime, CZA, doripenem,
ertapenem, imipenem, levofloxacin, meropenem, piperacillin/tazobactam, polymyxin B,
and tigecycline. E. coli ATCC 25922 was used as the quality control strain. MICs were
interpreted according to the Clinical and Laboratory Standards Institute (CLSI) M100
guidelines (33rd edition), except for tigecycline, which was interpreted according to the
European Committee on Antimicrobial Susceptibility Testing (EUCAST, Version 13) criteria
for tigecycline [20,21].

Carbapenemase genotypic characterization was performed using whole-genome se-
quencing as previously described [22]. In brief, genomic deoxyribonucleic acid (DNA) was
extracted and purified from overnight bacterial cultures with the DNeasy blood and tissue
kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer’s protocol. Whole-
genome sequencing was performed using the Illumina HiSeq or MiSeq system (Illumina,
San Diego, CA, USA). Paired-end whole-genome sequencing (WGS) was performed on
the genomic DNAs using the MiSeq/HiSeq systems (Illumina Inc., San Diego, CA, USA),
with a resultant coverage of at least 100-fold. Raw sequences were assessed for quality
using FastQC (v0.11.3, Babraham Institute), followed by the removal of adaptors and
poor-quality bases using Trimmomatic [23,24]. Trimmed sequences were then assembled
de novo using SPAdes software [25]. The antimicrobial resistance genes were identified
using the AMRFinder tool [26].

3. Results
3.1. Bacteria Isolates and Carbapenemase Type

A total of 858 CRE isolates were included in the study. Klebsiella pneumoniae (n = 433,
50.5%), Escherichia coli (n = 252, 29.4%), and Enterobacter cloacae complex (n = 147, 17.1%)
were the most common species. Rectal (n = 326, 38.0%), blood cultures (n = 138, 16.1%),
urinary tract (n = 103, 12.0%), tissue (n = 100, 11.7%) intra-abdominal (n = 93, 10.8%),
respiratory (n = 87, 10.1%), and bone (n = 11, 1.3%) were the specimen sources of the isolates.

The carbapenemase types of the studied isolates are shown in Figure 1. Carbapene-
mase genes were positive in 93.2% (800/858) of the CRE isolates. More than half of the
isolates (51.4%, 441/858) were KPC producers, 25.9% (222/858) were NDM producers, and
OXA-48-like producers made up 11.0%. The remaining isolates (11.8%) comprised IMP pro-
ducers, carbapenemase co-producers (isolates that harbor more than one carbapenemase),
IMI producers, and non-carbapenemase producers. The distribution of the bacterial species
by carbapenemase types is shown in Figure 2. Compared to the overall species breakdown,
we observed similar species composition trends—about half were K. pneumoniae in KPC
producers, NDM producers, IMP producers, and non-producers. Interestingly, K. pneu-
moniae represented more than 80% of OXA-48-like producers (79/94) and co-producers
(23/26). In addition, all IMI producers were Enterobacter cloacae complex, albeit only six
isolates were included in this study. KPC-2 was the only KPC variant identified among
KPC producers. NDM-1 was the predominant NDM-type carbapenemase, representing
77.0% (171/222) among all NDM producers. Other NDM variants include NDM-4 (1.8%,
4/222), NDM-5 (11.7%, 26/222), NDM-7 (5.0%, 11/222) and unknown NDM variants (4.5%,
10/222). Among the OXA-48-like producers, OXA-232 (44.6%, 41/92) was the predominant
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OXA-48-like variant, followed by OXA-181 (33.7%, 31/92), and OXA-48 (21.7%, 20/92).
Interestingly, there were two E. coli isolates that harbored OXA-23 carbapenemases. The
carbapenemase co-producing CRE mainly harbored NDM (NDM-1, NDM-5 or NDM-7) and
OXA-48-like genes (OXA-48, OXA-181 or OXA-232) (88.5%, 23/26), while the remaining
three isolates had KPC-2 and NDM-1 (two isolates) and IMP-1 and NDM-1 (one isolate).
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3.2. Antimicrobial Susceptibility Testing and Interpretation

The CRE susceptibilities to the tested antibiotics are displayed in Table 1. A total of
68.9% (591/858) of the CRE isolates were susceptible to CZA. Amikacin, CZA, and tigecy-
cline (79.8%, 68.9%, and 57.7% susceptible, respectively) were the most active antimicrobial
agents against the CRE tested. CZA MICs ranged from ≤1 mg/L to ≥128 mg/L, and MIC50
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and MIC90 were ≤1 mg/L and ≥128 mg/L, respectively. In addition, 25.2% (216/858) of the
isolates retained susceptibility to levofloxacin, while only 6.8% (58/858) were susceptible
to aztreonam. More than 95% of the isolates were non-susceptible to the rest of the tested
antibiotics. Although there is no categorical interpretative susceptibility for polymyxin
B, more than 16.3% (140/858) of the studied isolates exhibited high polymyxin B MICs
ranging from 4 to ≥16 mg/L.

Table 1. Susceptibility of CRE (n = 858) to CZA and comparator antibiotics.

Antibiotics
No. of Isolates (%) MIC50 (mg/L) MIC90 (mg/L)

S I R

Amikacin 685 (79.8) 19 (2.2) 154 (17.9) ≤4 ≥128
Aztreonam 58 (6.8) 18 (2.1) 782 (91.1) ≥64 ≥64
Cefepime 24 (2.8) 71 (8.3) 763 (88.9) ≥64 ≥64

CZA 591 (68.9) - 267 (31.1) ≤1 ≥128
Doripenem 40 (4.7) 101 (11.8) 717 (83.6) 8 ≥32
Ertapenem 0 11 (1.3) 847 (98.7) ≥32 ≥32
Imipenem 9 (1.0) 31 (3.6) 818 (95.4) 16 ≥32

Levofloxacin 216 (25.2) 128 (14.9) 514 (59.9) 8 ≥64
Meropenem 24 (2.8) 38 (4.4) 796 (92.8) 16 ≥32

Piperacillin/Tazobactam 9 (1.0) 14 (1.6) 835 (97.3) ≥128 ≥128
Polymyxin B - 718 (83.7) 140 (16.3) 0.5 ≥16
Tigecycline 495 (57.7) - 363 (42.3) 0.5 2

S: susceptible; I: intermediate; R: resistant; MIC: minimum inhibitory concentration; CZA: ceftazidime/avibactam.

For all species of Enterobacterales, CZA has the highest susceptibility (64.6–72.1%)
when compared with other β-lactam antibiotics (Table 2 and Supplementary Figure S1A–C)).
However, amikacin susceptibility among all comparator antibiotics is generally the highest
against most of the isolates. This was observed in Enterobacter cloacae complex (91.2%), Kleb-
siella pneumoniae (70.4%), Escherichia coli (88.9%), and Klebsiella species (84.6%). Tigecycline
has the highest susceptibility rate against Escherichia coli at 92.1%.

CZA exhibited excellent activity against KPC-, OXA-48-like-, and IMI producers,
with a combined susceptibility rate of 99.3% (Table 3). In addition, it was also highly
active against carbapenemase non-producers and achieved 91.4% (53/58) susceptibility.
Expectedly, CZA has no in vitro activity against MBL-producing CRE (NDM- and IMP
producers). It is also inactive against the carbapenemase co-producing CRE in our study
as they primarily co-produce NDM with another carbapenemase. Nine isolates that were
CZA resistant either produced KPC-2 or OXA-232 carbapenemases or did not harbor any
carbapenemases. These isolates also co-produce a variety of ESBLs and AmpC. These
include ACT, SHV, EC, CMY, OXA, CTX-M, TEM, and DHA (Table 4).
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Table 2. Susceptibility of CRE (n = 858) by species to CZA according to minimum inhibitory concentration (MIC) (mg/L) distribution and susceptibility to comparator
antibiotics.

Bacteria Species No. of Isolates (n = 858)

CZA
Susceptibility to Comparators (% Isolates Susceptible)

Cumulative Percentage of Isolates at Each MIC (mg/L)

≤1 2 4 8 16 32 64 ≥128 %S AMK AZT FEP DOR ETR IMI LEV MER PT/4 PMB * TGC

Enterobacter cloacae
complex 147 53.1 63.9 64.6 64.6 65.3 65.3 65.3 100 64.6 91.2 8.2 4.8 4.1 0.0 0.0 29.9 2.7 3.4 0.0 63.9

Escherichia coli 252 58.3 61.1 63.1 66.3 66.3 66.3 66.3 100 66.3 88.9 10.3 2.4 10.3 0.0 1.2 27.4 5.2 0.8 0.0 92.1
Klebsiella pneumoniae 433 54.0 66.5 70.9 72.1 72.3 72.3 72.3 100 72.1 70.4 3.5 2.3 1.2 0.0 1.6 20.3 1.6 0.2 0.0 34.9

Klebsiella species 26 42.3 61.5 65.4 65.4 65.4 65.4 65.4 100 65.4 84.6 19.2 3.8 11.5 0.0 0.0 57.7 0.0 3.8 0.0 69.2

*: There is no susceptibility category defined for polymyxin B according to CLSI. AMK: Amikacin; AZT: Aztreonam; FEP: Cefepime; CZA: Ceftazidime/avibactam; DOR: Doripenem;
ETR: Ertapenem; IMI: Imipenem; LEV: Levofloxacin; MER: Meropenem; PT/4: Pipercillin-Tazobactam; PMB: Polymyxin B; TGC: Tigecycline.
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Table 3. Susceptibility of CRE (n = 858) by carbapenemase producers to CZA and comparator
β-lactam antibiotics.

No. of
Isolates (n)

Carbapenemase
Type

% (n) Isolates Susceptible to Each Antibiotic

CZA Ertapenem Imipenem Meropenem Doripenem Aztreonam Piperacillin-
Tazobactam Cefepime

26 Co-producer * 0 (0) 0 0 0 0 7.7(2) 0 0
6 IMI a 100 (6) 0 0 0 0 83.3 (5) 83.3 (5) 100 (6)

11 IMP 0 (0) 0 0 0 0 9.1 (1) 9.1 (1) 0
441 KPC b 99.3 (438) 0 0.5 (2) 2.3 (10) 4.5 (20) 0.7 (3) 0.2 (1) 2.0 (9)
222 NDM c 0.5 (1) 0 0 0 0 19.4 (43) 0 0
58 None 91.4 (53) 0 10.3 (6) 8.6 (5) 17.2 (10) 1.7 (1) 3.4 (2) 6.9 (4)
2 OXA-23 100.0 (2) 0 0 100.0 (2) 100.0 (2) 100.0 (2) 0 50.0 (1)

92 OXA-48-like d 98.9 (93) 0 1.1 (1) 7.6 (7) 8.7 (8) 1.1 (1) 0 4.3 (4)

*: Isolates that harbor more than one carbapenemase. a IMI: variants identified include IMI-1 (n = 5) and
new variants (n = 1) not included in the AMRFinder database [26]. b KPC: variants identified were all KPC-2
(n = 441) [26]. c NDM: variants identified include NDM-1 (n = 171), NDM-4 (n = 4), NDM-5 (n = 26), NDM-7
(n = 11) and new variants (n = 10) not included in the AMRFinder database [26]. d OXA-48-like: variants identified
include OXA-48 (n = 20), OXA-181 (n = 31) and OXA-232 (n = 41) not included in the AMRFinder database [26].

Table 4. Characteristics of non-MBL-producing isolates (n = 9) that are resistant to CZA.

Organism Carbapenemases β-Lactamases CZA MIC (mg/L)

Enterobacter cloacae complex KPC-2 ACT-1, SHV-12 16
Escherichia coli KPC-2 EC ≥128
Escherichia coli None CMY-42, EC, OXA-1 ≥128
Escherichia coli None CTX-M-55, EC, TEM-1 ≥128

Klebsiella pneumoniae None CTX-M-15, SHV-11, TEM-1, OXA-1 ≥128
Klebsiella pneumoniae OXA-232 CTX-M-15, TEM-1, OXA-1 ≥128
Klebsiella pneumoniae None CTX-M-55, SHV-27, OXA-1 16
Klebsiella pneumoniae KPC-2 CTX-M-65, LAP-2, SHV-12, TEM-1 ≥128

Klebsiella species None AmpC, DHA-1 ≥128

4. Discussion

CRE infections have been recognized as a significant concern globally. Clinicians
worldwide have already been confronted with the reality of infections caused by CRE,
which are usually resistant to almost all current antibiotics. Our study and previous
international reports have shown that CZA is not active against MBL-producing Enter-
obacterales, a known significant gap of avibactam’s activity spectrum [27–29]. However,
it is very active against KPC-producing, OXA-48-like-producing, IMI-1-producing, and
non-carbapenemase-producing CRE isolates, displaying >90% overall susceptibility. There-
fore, carbapenemase detection at the clinical laboratory is crucial to tailor CZA treatment
against CRE infections. This is exemplified by the diverse carbapenemase epidemiology
observed in our CRE collection, with ~50% KPC producers and ~25% NDM producers.
Most major clinical laboratories in Singapore provide carbapenemase detection as a clinical
service. Therefore, CZA can be considered a front-line treatment option for treating these
CRE infections in our setting.

Of note, we observed a small subset of our studied isolates (n = 39, comprising K.
pneumoniae and E. coli) that showed reduced susceptibility to CZA (≥4 to 8 mg/L). They
harbor either blaKPC-2 (18/39), blaOXA-48-like genes (10/39) or no carbapenemase genes
(11/32). A total of 32/39 were from bloodstream, respiratory, tissue, urine, and intra-
abdominal infections, while the remaining isolates were from rectal sources. Although
KPC-3 producers have grown prevalent worldwide and are the predominant variant
in the United States, Italy, and Israel [30], the KPC producers in our study all harbor
blaKPC-2. These 39 isolates also harbored a variety of ESBLs including CMY-2, CMY-42,
CTX-M-15, CTX-M-55, CTX-M-65, DHA-1, EC, OXA-1, OXA-2, OXA-9, OXA-21, PER-7,
SHV-1, SHV-11, SHV-12, SHV-28, SHV-62, TEM-1 and AmpC. They harbored a range
of one to eight ESBLs for each isolate, and the median number of ESBLs was three. In
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addition, the nine CZA-resistant isolates (CZA MIC: 16 ≥ 128 mg/L) that did not harbor
any MBLs also co-produced numerous ESBLs. The presence of CTX-M-15 or AmpC
mutations and porin mutations in the ompK35/36 gene in conjunction with KPC-2 or OXA-
48-like carbapenemases, giving rise to CZA resistance, has been reported [31]. Hence, we
speculated that the wide repertoire of the ESBLs with the presence or absence of non-MBL
carbapenemases may have partially contributed to varying degrees of decreased CZA
susceptibility observed in these isolates.

These findings suggested that on top of routine carbapenemase detection, the optimal
use of CZA should be guided by routine MIC testing and therapeutic drug monitoring—this
is necessary to ensure that appropriate CZA dosing is employed, especially in septic patients
with fluctuating hemodynamics infected by a CRE with reduced CZA susceptibility [32].
While routine carbapenemase detection may help in the choice of CZA treatment when the
antibiogram is not yet available, CZA resistance in KPC producers may be underestimated
due to the detection limitations of KPC variants associated with CZA resistance [33].
Hence, rapid tests to assess CZA susceptibility, especially for more severe cases of infection
(e.g., sepsis), can be implemented to achieve a rapid response before even receiving the
definitive antibiogram. Such approaches include European Committee on Antimicrobial
Susceptibility Testing rapid antimicrobial susceptibility testing (EUCAST-RAST) and direct-
Etest (DET)-RAST [34]. EUCAST RAST is a rapid and accurate method that can rapidly
determine the CZA susceptibility of K. pneumoniae and E. coli directly from blood culture
bottles, while DET-RAST has the advantage of determining MIC values with MIC reading
after 8 h of incubation. In addition, our study included a small subset of carbapenemase
co-producing CRE isolates. A total of 21/26 isolates were from clinical sources. They were
mainly Klebsiella pneumoniae (20/23) and Enterobacter cloacae complex (1/26). They harbored
blaNDM plus blaKPC-2 or blaOXA-48-like genes and were resistant to all the β-lactams tested.
CZA resistance is driven primarily by the presence of the blaNDM gene. The combination
of CZA plus aztreonam may be a promising therapeutic option against carbapenemase
co-producing and NDM-producing CRE infections [35–37].

Polymyxins and tigecycline are often used as a first-line treatment for CRE infections,
owing to their susceptibility profiles against CRE. Overall, our studied isolates possessed
low polymyxin B and tigecycline MICs (83.6% of studied isolates have polymyxin B MIC
of ≤2 mg/L; overall tigecycline MIC90: 2 mg/L), similar to internationally published
data [38,39]. However, expert recommendations have opined the avoidance of polymyxin
use due to increased nephrotoxicity [6]. In addition, tigecycline monotherapy is generally
limited to treating intra-abdominal infections as there are limited urine concentrations
and poor serum/lung concentrations are achieved [6]. While amikacin was the most
active antibiotic tested (80% susceptible) in the study, the excess nephrotoxicity associated
with aminoglycoside-based regimens relative to newer β-lactam-β-lactamase inhibitor
agents reduces the treatment utility against CRE infections other than catheter-related CRE
bloodstream infections [6].

This study is not without limitations. We did not examine the influence of CZA
susceptibility caused by porin loss and efflux pump expression in this study. Our studied
isolates were mainly obtained from a single institution through a hospital-wide surveillance
study. They may not fully represent all isolates in Singapore or from the neighboring region.
However, the carbapenemase distribution shown in this study is similar to our local CRE
epidemiology [8]. This diverse epidemiology is likely the consequence of the importation
and exportation of carbapenemase-producing Enterobacterales among Southeast Asian
countries, as they house most of the world’s population and are major medical tourism
destinations and venues for vacationers [40]. The results obtained from this study provide
comprehensive information on the utility of CZA treatment locally and in the Southeast
Asian region.
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5. Conclusions

In conclusion, CRE isolates collected as part of our hospital-wide surveillance study
showed the highest susceptibility rates to amikacin and CZA among the antimicrobials
tested. In addition, CZA susceptibility was the highest amongst the β-lactams tested and
the MBL-negative isolates. These findings suggest that CZA is a reasonable treatment
option for managing CRE infections in our local and regional settings. Considering the
considerable prevalence of MBL-producing CRE, CZA therapy should be considered
alongside phenotypic/genotypic testing to exclude the presence of intrinsically resistant
CZA CRE infections in the respective clinical settings.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/microorganisms11092158/s1, Figure S1. CZA MIC distribution by
organism. (A) CZA MIC Distribution of Enterobacter cloacae complex (n = 147); (B) CZA MIC
Distribution of Escherichia coli (n = 252); (C) CZA MIC Distribution of Klebsiella pneumoniae (n = 433).

Author Contributions: Conceptualization, T.-P.L., J.Q.-M.T. and A.L.-H.K.; methodology, T.-P.L. and
J.Q.-M.T.; validation, T.-P.L. and J.-Y.H.; formal analysis, T.-P.L. and J.-Y.H.; data curation, T.-P.L.,
J.Q.-M.T., J.-Y.H. and S.-H.T.; writing—original draft preparation, T.-P.L.; writing—review and editing,
J.Q.-M.T., J.H.-C.S., J.-Y.H., S.-H.T., T.-T.T. and A.L.-H.K.; supervision, T.-P.L. and A.L.-H.K.; funding
acquisition, T.-P.L., T.-T.T. and A.L.-H.K. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded in part by National Medical Research Council, Singapore
(CG21APR2005, CG21APR1011, MOH-000018-00, and MOH-001168-01), and Pfizer Inc., New York,
NY, USA (WI230776 and WI230757). The sponsors had no role in the design, execution, interpretation,
or writing of the study.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The sequences from this study have been deposited in the NCBI
Sequence Read Archive (SRA) BioProject under accession no. PRJNA577535.

Acknowledgments: We thank the clinical microbiology staff, especially Ong Lan Huay from the
Department of Microbiology, Singapore General Hospital, for their assistance in the collection of the
bacterial samples. We thank the research staff, past and present, from the Antimicrobial Resistance
Pharmacy Research Laboratory, Singapore General Hospital, especially Chang Hong Yi, in the
genomic experiments, processing and conduct of susceptibility testing on the bacterial samples.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Bowers, D.R.; Huang, V. Emerging Issues and Treatment Strategies in Carbapenem-Resistant Enterobacteriaceae (CRE). Curr.

Infect. Dis. Rep. 2016, 18, 48. [CrossRef]
2. Cassini, A.; Hogberg, L.D.; Plachouras, D.; Quattrocchi, A.; Hoxha, A.; Simonsen, G.S.; Colomb-Cotinat, M.; Kretzschmar, M.E.;

Devleesschauwer, B.; Cecchini, M.; et al. Burden of, Attributable deaths and disability-adjusted life-years caused by infections
with antibiotic-resistant bacteria in the EU and the European Economic Area in 2015: A population-level modelling analysis.
Lancet Infect. Dis. 2019, 19, 56–66. [CrossRef] [PubMed]

3. Thaden, J.T.; Pogue, J.M.; Kaye, K.S. Role of newer and re-emerging older agents in the treatment of infections caused by
carbapenem-resistant Enterobacteriaceae. Virulence 2017, 8, 403–416. [CrossRef] [PubMed]

4. Perez, F.; El Chakhtoura, N.G.; Papp-Wallace, K.M.; Wilson, B.M.; Bonomo, R.A. Treatment options for infections caused by
carbapenem-resistant Enterobacteriaceae: Can we apply “precision medicine” to antimicrobial chemotherapy? Expert Opin.
Pharmacother. 2016, 17, 761–781. [CrossRef] [PubMed]

5. Martirosov, D.M.; Lodise, T.P. Emerging trends in epidemiology and management of infections caused by carbapenem-resistant
Enterobacteriaceae. Diagn. Microbiol. Infect. Dis. 2016, 85, 266–275. [CrossRef] [PubMed]

6. Tamma, P.D.; Aitken, S.L.; Bonomo, R.A.; Mathers, A.J.; Van Duin, D.; Clancy, C.J. Infectious Diseases Society of America
Guidance on the Treatment of Extended-Spectrum β-lactamase Producing Enterobacterales (ESBL-E), Carbapenem-Resistant

https://www.mdpi.com/article/10.3390/microorganisms11092158/s1
https://www.mdpi.com/article/10.3390/microorganisms11092158/s1
https://doi.org/10.1007/s11908-016-0548-3
https://doi.org/10.1016/S1473-3099(18)30605-4
https://www.ncbi.nlm.nih.gov/pubmed/30409683
https://doi.org/10.1080/21505594.2016.1207834
https://www.ncbi.nlm.nih.gov/pubmed/27384881
https://doi.org/10.1517/14656566.2016.1145658
https://www.ncbi.nlm.nih.gov/pubmed/26799840
https://doi.org/10.1016/j.diagmicrobio.2015.10.008
https://www.ncbi.nlm.nih.gov/pubmed/27033631


Microorganisms 2023, 11, 2158 10 of 11

Enterobacterales (CRE), and Pseudomonas aeruginosa with Difficult-to-Treat Resistance (DTR-P. aeruginosa). Clin. Infect. Dis. 2021,
72, e169–e183. [PubMed]

7. De Oliveira, D.M.P.; Forde, B.M.; Kidd, T.J.; Harris, P.N.A.; Schembri, M.A.; Beatson, S.A.; Paterson, D.L.; Walker, M.J. Antimicro-
bial Resistance in ESKAPE Pathogens. Clin. Microbiol. Rev. 2020, 33, 10–128. [CrossRef]

8. Cai, Y.; Venkatachalam, I.; Tee, N.W.; Tan, T.Y.; Kurup, A.; Wong, S.Y.; Low, C.Y.; Wang, Y.; Lee, W.; Liew, Y.X.; et al. Prevalence of
Healthcare-Associated Infections and Antimicrobial Use Among Adult Inpatients in Singapore Acute-Care Hospitals: Results
From the First National Point Prevalence Survey. Clin. Infect. Dis. 2017, 64, S61–S67. [CrossRef]

9. Ambler, R.P. The structure of beta-lactamases. Philos. Trans. R Soc. Lond. B Biol. Sci. 1980, 289, 321–331.
10. Patel, G.; Bonomo, R.A. Status report on carbapenemases: Challenges and prospects. Expert Rev. Anti. Infect. Ther. 2011, 9,

555–570. [CrossRef]
11. Bonomo, R.A.; Burd, E.M.; Conly, J.; Limbago, B.M.; Poirel, L.; Segre, J.A.; Westblade, L.F. Carbapenemase-Producing Organisms:

A Global Scourge. Clin. Infect. Dis. 2018, 66, 1290–1297. [CrossRef] [PubMed]
12. Hansen, G.T. Continuous Evolution: Perspective on the Epidemiology of Carbapenemase Resistance Among Enterobacterales

and Other Gram-Negative Bacteria. Infect. Dis. Ther. 2021, 10, 75–92. [CrossRef] [PubMed]
13. Sharma, R.; Park, T.E.; Moy, S. Ceftazidime-Avibactam: A Novel Cephalosporin β-Lactamase Inhibitor Combination for the

Treatment of Resistant Gram-negative Organisms. Clin. Ther. 2016, 38, 431–444. [CrossRef] [PubMed]
14. Tompkins, K.; Van Duin, D. Treatment for carbapenem-resistant Enterobacterales infections: Recent advances and future directions.

Eur. J. Clin. Microbiol. Infect. Dis. 2021, 40, 2053–2068. [CrossRef]
15. Zasowski, E.J.; Rybak, J.M.; Rybak, M.J. The β-Lactams Strike Back: Ceftazidime-Avibactam. Pharmacother. J. Hum. Pharmacol.

Drug Ther. 2015, 35, 755–770. [CrossRef]
16. Department of Statistics Singapore Singapore Population. Available online: https://www.singstat.gov.sg/modules/infographics/

population (accessed on 1 May 2023).
17. Cai, Y.; Chua, N.G.; Lim, T.P.; Teo, J.Q.; Lee, W.; Kurup, A.; Koh, T.H.; Tan, T.T.; Kwa, A.L. From Bench-Top to Bedside: A

Prospective In Vitro Antibiotic Combination Testing (iACT) Service to Guide the Selection of Rationally Optimized Antimicrobial
Combinations against Extensively Drug Resistant (XDR) Gram Negative Bacteria (GNB). PLoS ONE 2016, 11, e0158740. [CrossRef]

18. Cai, B.; Cai, Y.; Liew, Y.X.; Chua, N.G.; Teo, J.Q.; Lim, T.P.; Kurup, A.; Ee, P.L.; Tan, T.T.; Lee, W.; et al. Clinical Efficacy of
Polymyxin Monotherapy versus Nonvalidated Polymyxin Combination Therapy versus Validated Polymyxin Combination
Therapy in Extensively Drug-Resistant Gram-Negative Bacillus Infections. Antimicrob. Agents Chemother. 2016, 60, 4013–4022.
[CrossRef]

19. Teo, J.Q.; Cai, Y.; Lim, T.P.; Tan, T.T.; Kwa, A.L. Carbapenem Resistance in Gram-Negative Bacteria: The Not-So-Little Problem in
the Little Red Dot. Microorganisms 2016, 4, 13. [CrossRef]

20. EUCAST. The European Committee on Antimicrobial Susceptibility Testing Breakpoint tables for interpretation of MICs and zone
diameters. Version 13.0, 2023. Available online: http://www.eucast.org (accessed on 1 June 2023).

21. CLSI. Performance Standards for Antimicrobial Susceptibility Testing, 33rd ed.; CLSI Supplement M100; Clinical and Laboratory
Standards Institute: Wayne, PA, USA, 2023.

22. Teo, J.Q.-M.; Fauzi, N.; Ho, J.J.-Y.; Tan, S.H.; Lee, S.J.-Y.; Lim, T.P.; Cai, Y.; Chang, H.Y.; Mohamed Yusoff, N.; Sim, J.H.-C.; et al.
In vitro Bactericidal Activities of Combination Antibiotic Therapies Against Carbapenem-Resistant Klebsiella pneumoniae With
Different Carbapenemases and Sequence Types. Front. Microbiol. 2021, 12, 779988. [CrossRef]

23. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.
[CrossRef]

24. Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data; Babraham Bioinformatics, Babraham Institute:
Cambridge, UK, 2010.

25. Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I.; Pham, S.; Prjibelski,
A.D.; et al. SPAdes: A new genome assembly algorithm and its applications to single-cell sequencing. J. Comput. Biol. 2012, 19,
455–477. [CrossRef] [PubMed]

26. Feldgarden, M.; Brover, V.; Haft, D.H.; Prasad, A.B.; Slotta, D.J.; Tolstoy, I.; Tyson, G.H.; Zhao, S.; Hsu, C.-H.; McDermott, P.F.;
et al. Validating the AMRFinder Tool and Resistance Gene Database by Using Antimicrobial Resistance Genotype-Phenotype
Correlations in a Collection of Isolates. Antimicrob. Agents Chemother. 2019, 63, e00483-19. [CrossRef] [PubMed]

27. Spiliopoulou, I.; Kazmierczak, K.; Stone, G.G. In vitro activity of ceftazidime/avibactam against isolates of carbapenem-non-
susceptible Enterobacteriaceae collected during the INFORM global surveillance programme (2015–17). J. Antimicrob. Chemother.
2020, 75, 384–391. [CrossRef] [PubMed]

28. Bakthavatchalam, Y.D.; Routray, A.; Mane, A.; Kamat, S.; Gupta, A.; Bari, A.K.; Rohit, A.; Poojary, A.; Mukherjee, D.N.; Sethura-
man, N.; et al. In vitro activity of Ceftazidime–Avibactam and its comparators against Carbapenem resistant Enterobacterales
collected across India: Results from ATLAS surveillance 2018 to 2019. Diagn. Microbiol. Infect. Dis. 2022, 103, 115652. [CrossRef]

29. Abboud, M.I.; Damblon, C.; Brem, J.; Smargiasso, N.; Mercuri, P.; Gilbert, B.; Rydzik, A.M.; Claridge, T.D.; Schofield, C.J.; Frere,
J.M. Interaction of Avibactam with Class B Metallo-beta-Lactamases. Antimicrob. Agents Chemother. 2016, 60, 5655–5662. [CrossRef]

30. Hobson, C.A.; Pierrat, G.; Tenaillon, O.; Bonacorsi, S.; Bercot, B.; Jaouen, E.; Jacquier, H.; Birgy, A. Klebsiella pneumoniae
Carbapenemase Variants Resistant to Ceftazidime-Avibactam: An Evolutionary Overview. Antimicrob. Agents Chemother. 2022,
66, e0044722. [CrossRef]

https://www.ncbi.nlm.nih.gov/pubmed/33106864
https://doi.org/10.1128/CMR.00181-19
https://doi.org/10.1093/cid/cix103
https://doi.org/10.1586/eri.11.28
https://doi.org/10.1093/cid/cix893
https://www.ncbi.nlm.nih.gov/pubmed/29165604
https://doi.org/10.1007/s40121-020-00395-2
https://www.ncbi.nlm.nih.gov/pubmed/33492641
https://doi.org/10.1016/j.clinthera.2016.01.018
https://www.ncbi.nlm.nih.gov/pubmed/26948862
https://doi.org/10.1007/s10096-021-04296-1
https://doi.org/10.1002/phar.1622
https://www.singstat.gov.sg/modules/infographics/population
https://www.singstat.gov.sg/modules/infographics/population
https://doi.org/10.1371/journal.pone.0158740
https://doi.org/10.1128/AAC.03064-15
https://doi.org/10.3390/microorganisms4010013
http://www.eucast.org
https://doi.org/10.3389/fmicb.2021.779988
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1089/cmb.2012.0021
https://www.ncbi.nlm.nih.gov/pubmed/22506599
https://doi.org/10.1128/AAC.00483-19
https://www.ncbi.nlm.nih.gov/pubmed/31427293
https://doi.org/10.1093/jac/dkz456
https://www.ncbi.nlm.nih.gov/pubmed/31742604
https://doi.org/10.1016/j.diagmicrobio.2022.115652
https://doi.org/10.1128/AAC.00897-16
https://doi.org/10.1128/aac.00447-22


Microorganisms 2023, 11, 2158 11 of 11

31. Wang, Y.; Wang, J.; Wang, R.; Cai, Y. Resistance to ceftazidime-avibactam and underlying mechanisms. J. Glob. Antimicrob. Resist.
2020, 22, 18–27. [CrossRef]

32. Abdul-Aziz, M.H.; Alffenaar, J.C.; Bassetti, M.; Bracht, H.; Dimopoulos, G.; Marriott, D.; Neely, M.N.; Paiva, J.A.; Pea, F.; Sjovall,
F.; et al. Antimicrobial therapeutic drug monitoring in critically ill adult patients: A Position Paper. Intensive Care Med. 2020, 46,
1127–1153. [CrossRef] [PubMed]

33. Bianco, G.; Boattini, M.; Comini, S.; Leone, A.; Bondi, A.; Zaccaria, T.; Cavallo, R.; Costa, C. Implementation of Chromatic Super
CAZ/AVI® medium for active surveillance of ceftazidime-avibactam resistance: Preventing the loop from becoming a spiral. Eur.
J. Clin. Microbiol. Infect. Dis. 2022, 41, 1165–1171. [CrossRef]

34. Bianco, G.; Boattini, M.; Comini, S.; Iannaccone, M.; Cavallo, R.; Costa, C. Rapid determination of ceftazidime/avibactam
susceptibility of carbapenemase-producing Enterobacterales directly from blood cultures: A comparative evaluation of EUCAST
disc diffusion RAST and direct Etest(R) RAST. J. Antimicrob. Chemother. 2022, 77, 1670–1675. [CrossRef]

35. Lodise, T.P.; Smith, N.M.; O’Donnell, N.; Eakin, A.E.; Holden, P.N.; Boissonneault, K.R.; Zhou, J.; Tao, X.; Bulitta, J.B.; Fowler,
V.G.; et al. Determining the optimal dosing of a novel combination regimen of ceftazidime/avibactam with aztreonam against
NDM-1-producing Enterobacteriaceae using a hollow-fibre infection model. J. Antimicrob. Chemother. 2020, 75, 2622–2632.
[CrossRef] [PubMed]

36. Yasmin, M.; Fouts, D.E.; Jacobs, M.R.; Haydar, H.; Marshall, S.H.; White, R.; D’Souza, R.; Lodise, T.P.; Rhoads, D.D.; Hujer,
A.M.; et al. Monitoring Ceftazidime-Avibactam and Aztreonam Concentrations in the Treatment of a Bloodstream Infection
Caused by a Multidrug-Resistant Enterobacter sp. Carrying Both Klebsiella pneumoniae Carbapenemase–4 and New Delhi
Metallo-β-Lactamase–1. Clin. Infect. Dis. 2020, 71, 1095–1098. [CrossRef] [PubMed]

37. Marshall, S.; Hujer, A.M.; Rojas, L.J.; Papp-Wallace, K.M.; Humphries, R.M.; Spellberg, B.; Hujer, K.M.; Marshall, E.K.; Rudin, S.D.;
Perez, F.; et al. Can Ceftazidime-Avibactam and Aztreonam Overcome β-Lactam Resistance Conferred by Metallo-β-Lactamases
in Enterobacteriaceae? Antimicrob. Agents Chemother. 2017, 61, e02243-16. [CrossRef] [PubMed]

38. Castanheira, M.; Doyle, T.B.; Hubler, C.; Sader, H.S.; Mendes, R.E. Ceftazidime-avibactam activity against a challenge set of
carbapenem-resistant Enterobacterales: Ompk36 L3 alterations and β-lactamases with ceftazidime hydrolytic activity lead to
elevated MIC values. Int. J. Antimicrob. Agents 2020, 56, 106011. [CrossRef]

39. Appel, T.M.; Mojica, M.F.; De La Cadena, E.; Pallares, C.J.; Radice, M.A.; Castañeda-Méndez, P.; Jaime-Villalón, D.A.; Gales,
A.C.; Munita, J.M.; Villegas, M.V. In Vitro Susceptibility to Ceftazidime/Avibactam and Comparators in Clinical Isolates of
Enterobacterales from Five Latin American Countries. Antibiotics 2020, 9, 62. [CrossRef]

40. Hsu, L.Y.; Apisarnthanarak, A.; Khan, E.; Suwantarat, N.; Ghafur, A.; Tambyah, P.A. Carbapenem-Resistant Acinetobacter
baumannii and Enterobacteriaceae in South and Southeast Asia. Clin. Microbiol. Rev. 2017, 30, 1–22. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jgar.2019.12.009
https://doi.org/10.1007/s00134-020-06050-1
https://www.ncbi.nlm.nih.gov/pubmed/32383061
https://doi.org/10.1007/s10096-022-04480-x
https://doi.org/10.1093/jac/dkac092
https://doi.org/10.1093/jac/dkaa197
https://www.ncbi.nlm.nih.gov/pubmed/32464664
https://doi.org/10.1093/cid/ciz1155
https://www.ncbi.nlm.nih.gov/pubmed/31802119
https://doi.org/10.1128/AAC.02243-16
https://www.ncbi.nlm.nih.gov/pubmed/28167541
https://doi.org/10.1016/j.ijantimicag.2020.106011
https://doi.org/10.3390/antibiotics9020062
https://doi.org/10.1128/CMR.00042-16

	Introduction 
	Materials and Methods 
	Bacterial Isolates 
	Antimicrobial Susceptibility Testing, Interpretation and Screening for Carbapenemases 

	Results 
	Bacteria Isolates and Carbapenemase Type 
	Antimicrobial Susceptibility Testing and Interpretation 

	Discussion 
	Conclusions 
	References

