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INTRODUCTION

In recent years, Klebsiella pneumoniae has become the sec-
ond most common Gram-negative pathogenic bacteria in

Abstract

Aims: Klebsiella pneumoniae has been reported to develop increased antibiotic resist-
ance. Ceftazidime-avibactam (CZA) is a novel antibiotic with activity against serine-
lactamase. Here, we investigated the sensitivity of carbapenem-resistant K. pneumoniae
(CRKP) to CZA and the mechanisms of drug resistance in our hospital.

Methods and Results: Patient characteristics were obtained from medical records.
K. pneumoniae and its antibiotic susceptibility were determined using the Vitek-2
Compact instrument. The antibiotic resistance genes KPC, NDM, OXA-48, VIM,
IMP, CIM, SPM, TMB, SMB, SIM, AIM and DIM were detected using real-time PCR.
Multilocus sequence typing was used for genetic RELATEDNESS analysis. In total, 121
CRKP strains were isolated from patients in the intensive care unit (51-2%), senior ward
(12-4%) and neurosurgery department (10%). With an average age of 72-5 years, most
patients were in care for respiratory (34-7%), brain (20-7%), digestive tract (13-2%) and
cardiovascular (8-3%) diseases. Specimens were predominantly obtained from sputum
(39:67%), urine (29-75%) and blood (6:61%).

Conclusion: Of 23 CZA-resistant CRKP strains (19-01%), ST11 being the most common
at 56:52%, 11 NDM-I-positive (47-83%) and four NDM-5-positive (17-39%) strains were
detected.

Significance and Impact of the Study: Our study indicates that CZA resistance occurs
in ~19-01% CRKRP strains and that blaypy; and blaypy,.s might be critical for resistance.
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China after Escherichia coli. Carbapenems are the last resort
drugs for treating infections caused by multidrug-resistant
Gram-negative bacteria. However, carbapenem-resistant
pathogens have emerged with the increasing clinical use of
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carbapenems and now pose a great threat to human health.
The current selection of antibiotics for the treatment of
carbapenem-resistant Enterobacteriaceae (CRE) infections,
including polymyxin, tigecycline, fosfomycin and amino-
glycoside, is limited. Therefore, new and effective anti-
CRE therapies are urgently needed. Ceftazidime-avibactam
(CZA) was developed by AstraZeneca Pharmaceuticals
Co., Ltd. and was approved by the United States Food and
Drug Administration (FDA) in February 2015 (Mendes
et al. 2015). It combines ceftazidime with a non-f-lactam f-
lactamase inhibitor, avibactam, and is used to treat complex
abdominal and urinary tract infections, hospital-acquired
bacterial pneumonia and ventilator-associated bacterial
pneumonia (Stone et al. 2017). CZA is effective against
most Gram-negative bacteria but is only recommended for
use against infections caused by pathogens that exhibit se-
vere drug resistance (Carmeli ef al. 2016). This is because,
as with all drugs, bacteria can develop resistance to these
novel inhibitors. In the current study, the mechanism of CZA
resistance in carbapenemase-producing K. pneumoniae was
investigated with the intention of providing a molecular
biological basis for the clinical treatment of carbapenem-
resistant K. pneumoniae (CRKP).

MATERIALS AND METHODS
Characterization of Patients and CRKP

Patient characteristics, including age, sex, inpatient ward and
disease symptoms, were obtained from electronic medical re-
cords between January 2017 and June 2019. Klebsiella pneu-
monia, as well as antibiotic susceptibility, were determined
using the Vitek-2 Compact instrument (bioMérieux, Marcy-
I’Etoile, France). This study was approved by the ethics
committee of the hospital, the ethics approval number is
K2018-01-001.

CZA Susceptibility

Drug sensitivity was determined by microbroth dilution.
CZA (Lot: DZ0202) and cation-adjusted Mueller Hinton
broth (CAMHB; Lot: hb6231-1) were purchased from Bio-
Kont (Wenzhou, China). The concentration of CZA was in-
creased from 0-06/4 to 64/4 pg ml™!. Added 10-pl bacterial
suspension (0-5 MC) into 2-ml CAMHB, blended them and
then 100 pl was added to each well. The drug sensitivity plate
was placed in a 5% carbon dioxide incubator overnight, and
the results were observed the next day. To establish the mini-
mum inhibitory concentration (MIC) of CZA for each bacte-
rial strain, the CLSI M100-S27 standard was used. Strains
with a CZA MIC < 8/4 pg ml~" were considered sensitive,

whereas strains with a CZA MIC > 16/4 pg ml™! were con-
sidered resistant.

Multilocus Sequence Typing

Bacterial DNA was extracted using the Bacterial Genomic
DNA Kit (CWBIO Co., Ltd, Beijing, China). Multilocus se-
quence typing (MLST) for K. pneumoniae was performed
using the methods described previously (Diancourt et al.
2005). The allelic profiles and sequence types (STs) were
determined using online databases (https://pubmlst.org/
bigsdb?db=pubmlst_mlst_seqdef). All ST sequences longer
than 3012 bp were spliced and aligned with the accepted
sequences downloaded from the PubMLST website. Then,
a phylogenetic tree was constructed with MEGA (https://
megasoftware.net/) using a 10 algorithm.

Detection of Antibiotic Resistance Genes

The primers for the amplification of resistance genes (KPC,
NDM, OXA-48, VIM, IMP, CIM, SPM, TMB, SMB, SIM,
AIM and DIM) were designed by Primer Premier 5 (ver.
5.0). Bacterial DNA was extracted as described above.
Quantitative polymerase chain reaction (real-time PCR) was
performed with an UltraSYBR mixture kit (CWBIO Co.,
Ltd) on a Cobas z 480 analyser (LightCycler 480; Roche,
Basel, Switzerland) with an initial incubation at 95°C for
10 min, followed by 40 cycles of 15 s at 95°C and 60 s at
60°C. Melting curve fluorescence was evaluated five times
per degree Celsius from 60 to 95°C. Each reaction was car-
ried out in triplicate.

RESULTS

Results of the Characterization of Patients and
CRKP

We isolated 121 CRKP strains from our hospital between
January 2017 and June 2019. The characteristics of patients
and bacterial strains are shown in Table 1. The age of the
patients ranged from 6 months to 98 years, with an average
age of 72-54. Furthermore, 76-86% of patients were over the
age of 60, and males outnumbered females 2-27 to 1 (84/37).
The specimens were from various sources, such as sputum,
urine, blood, bronchial secretions, perianal swabs, pleural
effusion, wound secretions, ascites and bile. The three most
common sources for the specimens were sputum (39-67%),
urine (29-75%) and blood (6-:61%). The patients were diag-
nosed with a variety of conditions, including pulmonary in-
fection, stroke, acute pancreatitis, bile duct stones, urinary
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TABLE 1 Demographic and clinical characteristics of patients and
specimens (N = 121)

Numerical

Characteristics (unit) data, n (%)

Median age (years) 76
Interquartile range (years) 25

Categories by age (years), N (%)

<20 1(0-8)
20-40 9(74)
41-60 18 (14-9)
61-80 37 (30-6)
81-100 56 (46-3)
Gender, no. of males (%) 84 (69-4)
Source, N (%)
Sputum 48 (39-7)
Urine 36 (29:7)
Blood 8 (6:6)
Others 29 (24-0)
Comorbidities, N (%)
Pulmonary infections 42 (34-7)
Brain diseases 25 (20:7)
Diseases of digestive system 16 (13-2)
Heart diseases 10 (8-3)
Diseases of urinary system 7 (5-8)
Other 21(17-3)
Origin, N (%)
Intensive care unit 62 (51-2)
Senior officials inpatient ward 15 (12-4)
Neurosurgery 12 (10-0)
Hepatobiliary surgical ward 4(3-3)
Others 28 (23-1)
Average hospital stay (days) 49
Interquartile range (days) 21-56
Outcomes, N (%)
Crude 7-day mortality 2(1:7)
Crude 30-day mortality 7 (5-8)
Total mortality 9(7-4)

tract infection and bloodstream infections. The four most
common conditions were respiratory disease (34-71%),
brain disease (20-66%), digestive tract disease (13-22%)
and cardiovascular disease (8-26%). Patients were located
in many wards, including the intensive care unit (ICU), res-
piratory department, gastroenterology department, haema-
tology department, thoracic surgery department, emergency
department, cardiovascular department, traditional Chinese
medicine department, orthopaedic burn department, neu-
rosurgery department, hepatobiliary surgery department,
rehabilitation department and the senior official inpatient
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FIGURE 1 Minimum inhibitory concentrations (MICs) of
ceftazidime-avibactam. Concentrations of ceftazidime-avibactam
ranging between 0-25/4 and 128/4 pg ml™! were used to determine
the MICs of this combination of antimicrobials using 121 isolated
carbapenem-resistant Klebsiella pneumoniae strains.

ward. The patients were most commonly located in the ICU
(51-24%), senior ward (12-40%), neurosurgery department
(9-92%) and hepatobiliary surgery department (3-31%). The
outcomes of the CRKP-infected patients were crude 7-day
mortality of 1.7% (two patients), crude 30-day mortality
of 5-8% (seven patients) and total mortality of 7-4% (nine
patients).

MIC and Antibiotic Efficacy of CZA
Against CRKP

The rate of resistance of 121 strains of CRKP against CZA
was 19-01% (23/121). The MIC of CZA for each strain is
shown in Fig. 1.

Sequence Typing and Phylogenetic
Tree Analysis

For each CRKP strain, genomic DNA was extracted, and al-
lelic profiling was performed. DNA sequencing results were
compared and analysed on an MLST database, and eight
STs (ST11, ST147, ST859, ST15, ST273, ST2123, ST3449
and ST3520) were obtained. After ST identification, a phy-
logenetic tree was constructed (Fig. 2). The most common
STs of CRKP resistant to CZA in our hospital are the fol-
lowing: ST11 (56-52%, 13/23), ST147 (13-04%, 3/23) and
ST859 (8-70%, 2/23). Moreover, six ST11 strains, two ST859
strains, one ST273 strain, one ST3449 strain and one ST3520
strain carried the New Delhi metallo-p-lactamase-1 (NDM-1)
gene. In addition, three ST147 strains and one ST15 strain
carried the NDM-5 gene.
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ST 147 (n = 3)
ST 273 (n=1)
ST 11 (n=13)
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FIGURE 2 Multilocus sequence typing and phylogenetic analysis of carbapenem and ceftazidime-avibactam-resistant Klebsiella pneumoniae.

Phylogenetic tree indicating the evolutionary relationships among the 23 strains of carbapenem and ceftazidime-avibactam-resistant K. pneumoniae

strains isolated in this study. The frequency by which each sequence type was detected is indicated at each branch; ST, sequence type.

100 -
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FIGURE 3 Antibiotic-resistant

genes of carbapenem and ceftazidime-
avibactam-resistant Klebsiella pneumoniae.
Quantitative polymerase chain reaction
was used to determine the frequency of 13
antibiotic-resistant genes in the strains of
carbapenem and ceftazidime-avibactam-
resistant K. pneumoniae. Bar plots indicate
the frequency of each gene.
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Prevalence of Ceftazidime Resistance Genes

The frequency of ceftazidime resistance genes in the 121
CRKP strains was investigated by real-time PCR. The KPC
gene was found in 78-26% strains (18/23), the NDM-1 gene
was found in 47-83% strains (11/23) and the NDM-5 gene
was found in 17-39% (4/23) strains of resistant CRKP. On the
other hand, OXA-48, VIM, IMP, CIM, SPM, TMB, SMB, SIM,
AIM and DIM were not detected (Fig. 3).

DISCUSSION

In this study, we carried out a comprehensive examination of
the characteristics of 121 CRKP strains and of the patients
from which these were isolated. According to our analysis of
clinical characteristics, patients with CRKP infection tended
to be quite old, with an average of 72-54 years. Overall, el-
derly patients tend to be more susceptible to disease due to

low immunity and long hospital stays. This makes them more
likely to contract an Enterobacteriaceae infection. Our study
also found that 51-2% (62/121) of patients suffering from
CRKP infection received treatment in the ICU. Many proce-
dures in the ICU involve multiple organs, ventilator-assisted
ventilation and invasive operations as well as the administra-
tion of a variety of antibacterial drugs, glucocorticoids and
intravenous nutrient solutions. These large numbers and a
wide variety of procedures performed in the ICU increases
the patient's risk of contracting drug-resistant bacterial infec-
tions. Correlational research (Zheng et al. 2017; Liu et al.
2018; Li et al. 2019) has also found that immunosuppression,
ICU admission, long hospital stays, antibiotic exposure, sur-
gery and mechanical ventilation, as well as the application
of central venous catheters, indwells and nasal catheters in-
crease the risk of CRKP infection.

According to the China Antimicrobial Surveillance
Network that monitors bacterial resistance (Simoons-Smit
et al. 1986) and the European monitoring network of drug
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resistance (Bush and Jacoby 2010), the increased rate of drug
resistance and speed of CRKP development poses a serious
threat to public health. Indeed, the drugs available for the
treatment of CRKP are limited. Polymyxin and aminoglyco-
side are sparingly used in clinical applications owing to their
ototoxicity and nephrotoxicity. On the other hand, the newly
marketed CZA (Ehmann et al. 2012; Van Duin and Bonomo
2016) is a promising novel B-lactamase inhibitor, and it was
been used in China by the end of 2019. Unlike classic f3-
lactamase inhibitors, avibactam does not contain a p-lactam
core but still possesses the ability to covalently acylate its -
lactamase target. This occurs by the p-lactamase serine nuc-
leophilic reaction that leads to ring opening and the formation
of covalent compounds, resulting in complex enzyme inhibi-
tion without hydrolysis. As a result, p-lactamase activity is
inhibited, and avibactam can recover from the reverse reac-
tion and confer a long-acting inhibitory effect. In this study,
23 out of 121 strains (19-01%) of CRKP in our hospital were
resistant to CZA, a higher proportion than the previously re-
ported 3-7% (Zhang et al. 2020). This may be related to the
fact that in the previous study, the CRKP samples were col-
lected between 2014 and 2017, whereas ours were collected
between 2017 and 2019. Carbapenemase-producing strains
alter with age and further research needs to be conducted to
determine whether metalloenzyme-producing strains change.

Molecular epidemiological data based on MLST showed
that the STs of K. pneumoniae varied. STs were previously
reported to be correlated with drug resistance; for example,
K. pneumoniae ST258 is the ST most commonly resistant to
carbapenems in the United States (Kitchel et al. 2009). In
China, drug resistance to carbapenems is most common in
ST11 (Wang et al. 2014). In this study, MLST results showed
that CRKP resistance to CZA occurred in eight different STs,
among which ST11 and ST147 were most abundant. If only
one to three differentially expressed genotypes are found in
the seven housekeeping genes, two STs are considered to be
related. In this study, ST11, ST859, ST147 and ST273 had
only one butler gene (fonB), which was closely related in the
strains. Among the CZA-resistant CRKP, six strains of ST11,
two strains of ST859, and one strain of ST273 possessed the
NDM-1 gene. Additionally, three strains of ST147 possessed
the NDM-5 gene. This suggests that ST11 may be more likely
to obtain plasmids encoding the NDM-1 gene, and ST147
may be more likely to obtain plasmids encoding the NDM-5
gene. However, this hypothesis needs to be verified by fur-
ther investigations with larger sample sizes. VIM, IMP, CIM,
SPM, TMB, SMB, SIM, AIM and DIM were not detected, in-
dicating that, at our hospital, the blaypy.; and blaypy.s genes
were responsible for the development of CZA resistance in
CRKP.

Ceftazidime-avibactam can inhibit A, C and some D en-
zymes in vitro but has no activity against B-type metallo-
enzymes owing to the lack of serine residues at the active

Applied Microbiology

site. The metallo-fB-lactamase of K. pneumoniae is encoded
by many genes, including NDM, IMP, VIM, SPM, GIM and
SIM. Genes that encode carbapenemase (Zou et al. 2015)
are often located on mobile components, such as plasmids
or transposons, which can be transferred between strains and
species, making them highly transmissible. NDM was first
detected in 2009 in a sample of K. pneumoniae from a Swiss
patient who had travelled to India and had been hospitalized
in New Delhi (Gu et al. 2018). Currently, 19 NDM subtypes,
NDM-1 to NDM-19, have been identified (Livermore et al.
2011; Nordmann et al. 2012; Kazmierczak et al. 2016; Martin
et al. 2017; Liu et al. 2019). Until 2013, Enterobacteriaceae
with NDM-1-mediated carbapenem resistance were rarely re-
ported in China (Hu ez al. 2013), and most NDM-1-positive
drug-resistant strains were found in and spread among trav-
ellers returning home. Klebsiella pneumoniae strains that
produce the VIM enzyme are mainly found in Italy, Greece
and other countries (Lauretti er al. 1999), whereas strains
that produce the IMP enzyme are more common in China
(Peirano et al. 2014). Bacteria carrying the NDM gene can
develop resistance to a variety of antibiotics, including car-
bapenems. Therefore, these bacteria are known as ‘super
bacteria’. The high detection rate of NDM reported in this
study suggests that NDM disseminates readily. In addition,
owing to the correlation between NDM and resistance to mul-
tiple antibiotics, clinicians must strengthen the monitoring of
these strains and continue to study the characteristics of clin-
ical infection and transmission ability. By doing so, it may be
possible to prevent and control infections by NDM-positive
strains that occur during hospital stays.

Resistance to CZA is increasing via a number of dif-
ferent mechanisms (Barnes ef al. 2017; Humphries and
Hemarajata 2017; Gaibani et al. 2018; Galani et al. 2019;
Hemarajata and Humphries 2019; Oueslati et al. 2019). For
example, CZA resistance can be caused by mutations in
the membrane porin OmpK35/36. Indeed, when KPC-23
isolates were analysed, they demonstrated increased CZA
resistance due to increased ceftazidime hydrolysis and
OmpK35 deficiency (Galani et al. 2019). Additionally, en-
hanced K. pneumoniae carbapenemase-3 (KPC-3) expres-
sion was reported in patients who had not been exposed to
CZA but had previously been treated with meropenem and
ceftazidime. The D179Y mutation of KPC-3 resulted in
the development of resistance against CZA. This mutation
may be transferred to other microorganisms via plasmids
(Gaibani et al. 2018). When the aspartic acid residue of
KPC-2 was replaced by alanine, glutamine and asparag-
ine, the resistance to CZA increased (Barnes et al. 2017).
Additionally, the omega loop mutation (L169P) of KPC-2
has been linked to a case of CZA-resistant K. pneumoniae
(Hemarajata and Humphries 2019). Moreover, a variant
of KPC-2 with a A242-GT-243 mutation confers CZA re-
sistance (Oueslati et al. 2019). Clinical isolates carrying
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KPC-41 (defined by three amino acid insertions [Pro-Asn-
Lys] between the amino acids 269 and 270 of KPC-3) also
demonstrated CZA resistance. In addition, the carbapene-
mase activity of KPC-41 decreased dramatically (Mueller
et al.2019). In our study, the mechanism of CZA resistance
was not determined for the eight strains identified. Further
studies must be conducted on CZA-resistant CRKP to de-
termine resistance and transmission mechanisms in strains
that possess NDM-encoding genes.

In conclusion, the rate of CZA resistance in 121 CRKP
strains obtained from the Fujian Provincial Hospital was
19-01% (23/121). ST11 was the main epidemic strain at our
hospital. The presence of the carbapenemase genes blaypc
and the metalloenzyme-encoding genes blaypy. OF blanpm.s
correlated with an increased incidence of CZA resistance in
CRKP.
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