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carbapenemase-producing Enterobacterales in a resource-limited
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Objectives: To improve and rationalize the detection of carbapenemase-producing Enterobacterales (CPE) in
rectal swabs in a high-prevalence and resource-constrained setting, addressing surveillance challenges typically
encountered in laboratories with limited resources.

Methods: A point prevalence survey (PPS) was conducted on 15 August 2022, in a provincial children’s hospital in nor-
thern Vietnam. Rectal swab samples of all admitted children were collected and plated on a selective medium for car-
bapenem-resistant Enterobacterales (CRE). Species identification and antimicrobial susceptibility testing (AST) were
performed by MALDI-TOF, and VITEK2 XL and interpreted according to CLSI breakpoints (2022). Carbapenemases
were detected by the carbapenem inactivation method (CIM) and quantitative real-time PCR (gRT-PCR).

Results: Rectal swab samples were obtained from 376 patients. Of 178 isolates growing on the CRE screening agar,
140 isolates were confirmed as Enterobacterales of which 118 (84.3%) isolates were resistant to meropenem and/or
ertapenem. CIM and PCR showed that 90/118 (76.3%) were carbapenemase producers. Overall, 83/367 (22.6%)
were colonized by CPE. Klebsiella pneumoniae, Escherichia coli and Enterobacter cloacae complex were the most com-
mon CPE detected, with NDM as the predominant carbapenemase (78/90; 86.7%). Phenotypic resistance to mero-
penem was the best predictor of CPE production (sensitivity 85.6%, specificity 100%) compared with ertapenem
resistance (95.6% sensitivity, 36% specificity). CIM was 100% concordant with PCR in detecting carbapenemases.
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Conclusions: These findings underscore the effectiveness of meropenem resistance as a robust indicator of the
production of carbapenemases and the reliability of the CIM method to detect such carbapenemases in re-
source-limited settings where the performance of molecular methods is not possible.

Introduction

Carbapenem-resistant Enterobacterales (CRE) have been classi-
fied as critical priority pathogens by the WHO, signifying their sub-
stantial impact on global public health.! CRE infections are often
associated with poor clinical outcomes, high morbidity and mor-
tality rates, prolonged hospital stays and a high economic bur-
den.”?® Within the global landscape, Southeast Asia and
especially Vietnam is recognized as a prominent hotspot for
CRE, highlighting the region’s vulnerability to and the urgent
need for addressing the challenges posed by CRE.>*

The upsurge in CRE is predominantly fuelled by the rise
and dissemination of carbapenemases, a specific subgroup of
B-lactamases proficient in hydrolysing carbapenems. Carbapenem
resistance can also be mediated by mutations in target genes, al-
terations in membrane permeability, or overexpression of efflux
pumps.” Although CRE as a whole pose treatment challenges,
carbapenemase-producing Enterobactererales (CPE) stand out as
a more pressing concern for infection prevention and treatment.®
This is because carbapenemase genes are predominantly carried
on plasmids, facilitating their transfer between bacterial species.’
As a result, CPE outbreaks are frequently reported.®?

Screening for CPE colonization and carbapenemase character-
ization is invaluable in monitoring the dynamics of regional CPE
spreads.® CPE colonization has been identified as a risk factor
for acquiring infection with CPE.'® In addition, prolonged rectal
carriage may promote onward transmission in local communities
as well as globally.'* Therefore, we undertook a point prevalence
survey (PPS) to evaluate the performance of a CRE selective
growth medium combined with species identification and anti-
microbial susceptibility testing (AST) to obtain a snapshot of
CPE epidemiology in a Vietnamese paediatric hospital in the
Red River Delta. This study aimed to contribute insights into the
epidemiology of CPE to better understand and manage the escal-
ating challenges posed by CPE in the region.

Methods

Study design and participants

A PPS was conducted on 15 August 2022 at a Director Board hospital in
the Red River Delta in Vietnam. Paediatric inpatients of all ages who
were admitted to one of the 13 departments were included in the study
after informed consent.

Study setting

Thai Binh province is located in the Red River Delta region of northern
Vietnam with a population of 1.9 million inhabitants, with an estimated
2500 physicians in 2021 registered for practice in the study hospital. It is
subdivided into seven rural districts and one provincial capital, Thai Binh.

Data collection and bacterial culture on study site

Rectal swab samples were collected using sterile cotton swabs. Samples
were cultured on selective chromogenic carba agar (CHROMagar™

mSuperCARBA™; Melab/Lavitec, Vietnam) to screen for CRE and incubated
at 35+ 2°Cfor 18-24 h. In the case of bacterial growth, species identifica-
tion of suspected CRE and AST for ertapenem and meropenem were per-
formed using VITEK MS (bioMérieux) and VITEK 2 XL (bioMérieux),
respectively. AST results were interpreted according to the clinical break-
points suggested by CLSI 2022. Bacterial isolates were cryopreserved until
further use.

External validation and detection of carbapenemase
production

Cryopreserved CRE isolates were recultured on selective medium for CRE,
CHROMagar™ mSuperCARBA™ (MAST Group, Germany). Isolates growing
on mSuperCARBA plates were identified by MALDI-TOF MS (Bruker
Daltonics). All confirmed CRE isolates underwent carbapenemase detec-
tion by in vitro carbapenem inactivation assay (CIM)*? and molecular de-
tection of carbapenemase genes by quantitative real-time PCR (qQRT-PCR)
(blaoxa-ss-likes blavim, blanpm and blakec), using previously published and
validated primers®® (Tables S1 and S2, available as Supplementary data
at JAC-AMR Online). The strains Klebsiella pneumoniae ATCC BAA 1705
and K. pneumoniae ATCC BAA 1706 were used as positive and negative
controls for the CIM assay, respectively.

Statistical analysis

Descriptive statistics analysis and diagnostic test performance were per-
formed using Stata18 (StataCorp, USA).

Results

Evaluation of procedures and methods to detect CPE

On 15 August 2022, 376 patients were screened for CRE rectal
colonization using chromogenic CRE selective media. Of the
376 rectal swabs, 150 (39.9%) yielded positive culture results
with 178 isolates (one species in each of 122 samples and two
different species in each of 28 samples). VITEK MS confirmed
140/178 isolates (78.7%) as Enterobacterales, but 38 (21.3%)
isolates were non-fermenters and therefore excluded from fur-
ther analysis. Phenotypic AST using VITEK 2 XL confirmed that
118/140 (84.3%) were CRE, with 77/140 isolates being resistant
to both ertapenem and meropenem and 41/140 (29.3%) isolates
resistant to ertapenem only. Twenty-two (15.7%) suspected CRE
isolates were resistant neither to meropenem nor ertapenem
(Table 1).

All 178 isolates recovered on the CRE selective medium were
further characterized in an external laboratory. All 178 isolates
grew on the CHROMagar™ mSuperCARBA™ plates, revealing a
minor discordant result (140 versus 141 Enterobacterales). One
isolate previously identified as Aeromonas sobria was identified
as Citrobacter freundii in the validation but was phenotypically
susceptible to meropenem and was therefore not processed fur-
ther. The carbapenemase activity (CIM assay) test and gRT-PCR
corroborated and showed that 90/140 isolates (63.8%) were car-
bapenemase producers. Carbapenemase genes were detected in
90/140 (63.8%), with 89 (98.9%) isolates harbouring a single
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Table 1. Detection of carbapenemase-producing Enterobacterales in a point prevalence study, Vietnam 2022; data presented are the number of
isolates obtained from 376 patient samples

CPE point prevalence survey in Vietnam

Ertapenem Meropenem Meropenem Carbapenemase gene
CPE® resistance® resistance® inactivation (CIM) detection

Species Yes,n (%) No,n (%) VYes,n(%) No,n (%) VYes,n(%) No,n(%) VYes,n(%) No,n(%) VYes n(%) No,n (%)
Klebsiella pneumoniae 35 (70.0)  15(30.0) 43 (86.0) 7 (14.0) 33(66.00 17 (34.0) 35(70.0) 15 35(70.0) 15 (30.0)
Escherichia coli 33(49.3) 34(50.7) 52(77.6) 15(22.4) 22(32.8) 45(67.2) 33 (49.3) 34 33 (49.3) 34 (50.7)
Enterobacter cloacae 20 (95.2) 1 (4.8) 21 (100) 0 (0) 20 (95.2) 1(4.8) 20 (95.2) 1 20 (95.2) 1 (4.8)
Citrobacter freundii 1 (100) 0(0) 1(100) 0 (0) 1 (100) 0 (0) 1 (100) 0 1(100) 0(0)
Klebsiella oxytoca 1 (100) 0 (0) 1 (100) 0 (0) 1 (100) 0 (0) 1 (100) 0 1 (100) 0(0)
Total 90 50 118 22 77 63 90 50 90 50

CIM, carbapenem inactivation assay; CPE, carbapenemase-producing Enterobacterales; I, intermediate; MIC, minimum inhibitory concentration; R, resistant.
°CPE is defined as isolates belonging to the order Enterobacterales with positivity for carbapenem inactivation in vitro and/or detection of carbapenemase
genes.

PErtapenem susceptibility was determined using VITEK2 XL, interpreted according to CLSI guidelines (MIC interpretation: S < 0.5 mg/L, I=1 mg/L, R> 2 mg/L).
“Meropenem susceptibility was determined using VITEK2 XL, interpreted according to CLSI guidelines(MIC interpretation: S <1 mg/L, I=2 mg/L, R >4 mg/L).

dMolecular detection of carbapenemase genes were performed by gRT-PCR. Genes included in the panel: blanpm, blaviv, blaoxa-as-iike, Dlakec.

gene, and 1 isolate (1.1%) harbouring both blaoxa-4g and blanpm
(Figure 1, Table S3).

Characteristics of carbapenemase-producing
Enterobacterales

Rectal colonization with CPE was detected in 83 of 376 (22.1%)
screened patients with 7 patients (7/83; 8.4%) colonized by
more than one CPE. Almost all Enterobacter cloacae complex
(20/21; 95%) growing on selective CRE agar were carbapene-
mase producers (NDM). In contrast, only 70% (35/50) Klebsiella
pneumoniae isolated from CRE agar were carbapenemase produ-
cers, and only (33/34; 49%) of Escherichia coli growing on CRE
agar were CPEs. NDM was the predominant carbapenemase
encountered (78/90; 86.7%) and was the predominant carbape-
nemase in both K. pneumoniae and the E. cloacae complex (70%
and 95%, respectively). OXA-48-like was more common in E. coli,
with 11/13 isolates harbouring the blapxa-4s-iike gene (Figure 1a
and b). NDM-type carbapenemases were typically found in iso-
lates exhibiting high ertapenem and/or meropenem MICs,
whereas OXA-48-like-producing Enterobacterales could be
phenotypically susceptible to ertapenem and/or meropenem.
Seven of 12 (58.3%) OXA-48-like-producing Enterobacterales
were ertapenem-resistant but meropenem-susceptible, and 4
of 12 (33.3%) isolates were both ertapenem-susceptible and
meropenem-susceptible (Figure 1c and d).

Phenotypic resistance to meropenem was the best predictor
for carbapenemase production, with a sensitivity of 85.6%
(95% CI: 76.6%-92.1%), 100% specificity (95% CI: 92.9%-
100%), 100% positive predictive value (PPV) and 79.4% negative
predictive value (NPV). Although ertapenem AST had a higher
sensitivity of 95.6% (95% CI: 89%-98.8%), the specificity was sig-
nificantly lower than meropenem AST, at only 36% (95% CI:
22.9%-50.8%), with 72.9 PPV and 81.8% NPV. Thus, meropenem
resistance was the best predictor of carbapenemase genes and
carbapenemase activity in our study. Ertapenem AST was more
sensitive in detecting OXA-48-like producers than meropenem

AST (8/12 isolates producing OXA-48-like only were ertapenem
resistant versus 1/12 meropenem resistant).

Discussion

Our evaluation of the screening algorithm indicated that cultur-
ing of rectal swabs on selective CRE agar lacked specificity to de-
tect CPE. The incorporation of meropenem AST exhibited a higher
specificity than ertapenem AST in detecting CPE isolates.
However, relying solely on meropenem AST may lead to the over-
sight of OXA-48-like producers.® Performing an additional assay
on ertapenem- and/or meropenem-resistant isolates to detect
meropenem hydrolysing activity, such as the CIM assay, can sig-
nificantly increase the specificity while retaining the highest sen-
sitivity, especially in resource-limited settings like ours in Vietnam
where access to PCR is not feasible. It has been reported that
strains with low expression of carbapenemases may be missed
due to the sensitivity of the mSuperCARBA plates. However, com-
pared with other plates, mSuperCARBA has been reported to have
the highest sensitivity for detection of carbapenemase produ-
cers.'*° Our PPS study revealed that 22.1% of the screened pa-
tients exhibited colonization with CPE, and 8.4% were colonized
by more than one species. The predominant carbapenemase
genes identified were blaypm and blaoxa-ss-iike- INterestingly, our
analysis did not reveal the presence of blaxpc in the isolates
from this PPS, which contrasts somewhat with expectations.
Previous studies in Vietnam had indicated a high prevalence of
blCIKpC and bIGNDM.16_18

Supporting our findings, a recent study by Yen et al.*® investi-
gating the prevalence of CRE in rural Vietnam identified both
blanpm and blapxa as the predominant carbapenemase genes.
It is worth noting that many studies are conducted in hospital
settings, often involving critically ill patients, particularly those
in ICUs, or are focused on specific bacterial species.'®’?° Such
study settings may introduce selection bias, and prevalence stud-
ies should consider sampling diverse populations, settings and re-
gional variations to understand the landscape of CPE.?? The rise
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Figure 1. Detection of carbapenemase genes in carbapenem-resistant Enterobacterales (CRE) from rectal swabs in Vietnam. (a) Frequency (%) of car-
bapenemase gene detection in CRE and (b) by species (n=140). (c) Distribution of carbapenemase genes by ertapenem MIC. (d) Distribution of car-
bapenemase genes by meropenem MIC, one missing value for meropenem MIC (total n=_89).

of NDM as a prevalent carbapenemase is indeed alarming.®%?

NDM-type B-lactamase is one of the most potent B-lactamases,
which cannot be inhibited by any B-lactamase inhibitors ap-
proved for clinical use, highlighting the urgent need for heigh-
tened surveillance and effective containment measures.’

The accuracy of detection of carbapenemase-encoding genes
is determined by the targets included in the PCR panel. Our panel
included only the five most common carbapenemases, so some
rare carbapenemases may have been missed. However, by in-
cluding the meropenem disc hydrolysis assay, we would have
been able to detect carbapenemases not included in our PCR pa-
nel and overcome this limitation. We did not find any discrepancy
between CIM and gRT-PCR, suggesting that most carbapene-
mases would have been detected with our chosen targets. Our
results suggest that colony growth on mSuperCARBA selective
agar combined with phenotypic resistance to meropenem is a
good predictor for detecting CPE and underscores the signifi-
cance of incorporating molecular methods such as PCR to
monitor the dynamics of carbapenemase gene spread in

high-prevalence regions such as Vietnam. Although our PCR as-
say may not have characterized the specific carbapenemase
gene subtypes, we believe that our study contributes valuable
data to the collective efforts in combating AMR in the region.
We strongly advocate for the inclusion of genome surveillance
as part of a comprehensive approach to surveillance measures.
Integrating WGS analysis can provide a deeper understanding
of the genetic variations and transmission patterns, enabling
more targeted and effective strategies to curb the spread of re-
sistant strains and enhance overall antimicrobial stewardship.
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