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Objective: Nosocomial infection caused by carbapenem-resistant Klebsiella pneumoniae
(CRKP) is a great threat to severely ill patients. Here we report an outbreak of
K. pneumoniae ST15 isolates co-producing KPC-2, CTX-M-15, and SHV-28 in the cardiac
surgery intensive care unit (CSICU) of a tertiary hospital.

Materials and Methods: From November 2019 to August 2020, all non-duplicated CRKP
isolates were collected from the CSICU. The VITEK-2 compact system was used for
bacterial identification and antimicrobial susceptibility testing. Clinical data were retrieved
from electronic case records. All strains were also subjected to antibiotic resistance genes
detection. Clonal relationships were analyzed by multilocus sequence typing (MLST) and
pulsed-field gel electrophoresis (PFGE).

Results: A total of 28 non-duplicated CRKP isolates were collected, including 23 strains
belonging to ST15 and 5 strains belonging to ST11. All ST15 isolates were susceptible to
amikacin, tigecycline, polymyxin B and ceftazidime/avibactam, but resistant to carbapenems,
cephalosporins, quinolones, tobramycin and gentamicin. The detection of resistant determi-
nants showed that 21 strains of ST15 CRKP co-harboured blagpc.o, blacryaris, blasyy.ss,
blargy;, blapxy.; and aac(6')-1b-cr. All the 28 CRKP isolates were classified into five PFGE
patterns (A, B, C, D and E), of which type A and B belonged to ST15 and type C, D and
E belonged to ST11. PFGE type A was the predominant clonotype of this nosocomial
infection and belonged to ST15.

Conclusion: K. pneumoniae ST15 co-producing KPC-2, CTX-M-15, SHV-28, TEM-1,
OXA-1 and aac(6’)-Ib-cr is the predominant clone spread in the CSICU. Surveillance and
comprehensive infection control measures should be strengthened in clinical practice.
Keywords: Klebsiella pneumoniae ST15, carbapenem-resistant, KPC-2, multidrug

resistance, resistance gene

Introduction

Carbapenems are often used as the last resort to treat Gram-negative bacterial
infections. With its widespread use in clinical treatment, the infection rate of
carbapenem-resistant Enterobacteriales (CRE) has increased dramatically, which
leads to increased mortality and medical costs, seriously threatens the modern
health care system, and has become a major public health problem worldwide.'
Carbapenem-resistant Klebsiella pneumoniae (CRKP) is one of the most prevalent
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CRE around the world, and its prevalence is increasing in
China, the United States and Europe.>* Carbapenemase
production is a major mechanism of carbapenem resis-
tance in CRKP. The carbapenemases in CRKP are domi-
nated by KPC and NDM enzymes.” KPC-2 is a common
KPC enzyme that has been disseminated worldwide in
recent years since it was first isolated from a hospitalized
patient on the east coast of the United States in 2002.° In
China, KPC-2 producing K. pneumoniae ST11 is the main
epidemic clone.” K. pneumoniae ST15 is another emerging
international high-risk clone causing nosocomial outbreaks
worldwide.® It is associated with high-level resistance to
B-lactam antibiotics due to the production of extended-
spectrum B-lactamases (ESBLs), mainly CTX-M-15,° and
a diversity of carbapenemases such as KPC-2, KPC-3,
NDM-1, OXA-48 and OXA-232.''® K. pneumoniae
ST15 strains in different regions are variable in terms of
antimicrobial resistance patterns and resistance genes,
which is likely related to the differences in plasmid types
carrying antimicrobial resistance genes.'’

Here, we report a clustering of K. pneumoniae ST15
isolates in the cardiac surgery intensive care unit (CSICU),
and investigate its molecular characteristics and drug resis-
tance mechanisms, which can provide a basis for the con-
trol and prevention of nosocomial infections.

Materials and Methods

Bacterial Strains and Clinical Information
As CRKP increased rapidly in the CSICU between
November 2019 and August 2020, 28 non-duplicated
CRKP strains were isolated during the period, all of
which were identified by the VITEK-2 compact system
(bioM¢érieux, Marcy I’Etoile, France). The CSICU is
located in a large medical center with more than three
thousand beds in Jiangsu, China. It has more than thirty
beds, and most of the patients admitted have undergone
cardiac surgery. Clinical data were collected including
patient gender, age, antibiotic use prior to strain isolation,
invasive operations and treatment outcomes.

Antimicrobial Susceptibility Testing

The minimum inhibitory concentrations (MICs) of amika-
cin, imipenem, meropenem, cotrimoxazole, tobramycin,
gentamicin, levofloxacin, ciprofloxacin, aztreonam, cefo-
tetan, cefepime, ceftazidime, cefazolin, cefuroxime, cef-
triaxone,  piperacillin,  piperacillin/tazobactam  and
ampicillin/sulbactam were determined by the VITEK-2

compact system in strict accordance with the operating
instructions. The susceptibility testing of ceftazidime/avi-
bactam (Oxoid, UK) was performed by disk diffusion
method, and the MICs of tigecycline (Pfizer, USA) and
polymyxin B (Sigma, USA) were determined by broth
microdilution method. Escherichia coli ATCC 25922 and
K. pneumoniae ATCC 700603 were used as quality control
(QC) strains. Except for tigecycline, which was interpreted
by the guideline of the US Food and Drug Administration
(FDA),'® the results of antimicrobial susceptibility testing
were interpreted according to the Clinical and Laboratory
Standards Institute (CLSI)."”

Phenotypic Screening and Detection of

Resistant Determinants

Phenotypic screening for carbapenemases was performed
according to the modified Carbapenem Inactivation
Method (mCIM) and EDTA-Carbapenem Inactivation
Method (eCIM) recommended by CLSI 2020.'” The
DNA of the strains was extracted by boiling method as
PCR template.”® Polymerase chain reaction (PCR) was
used to detect carbapenem resistance genes (blagpc,
bla;yp), ESBL  genes
(blacrxmic, blacrxmze,  blacrxmse,  blacrxm.oc
blasyy blargy, blapys.;), plasmid-mediated quinolone
resistance (PMQR) genes (gnrA, gnrB, gnrS, aac(6')-1b-
cr), 16S rRNA methylase genes (armA, rmtB) and colistin

blanprs  blaoxa.s,  blayig

resistance gene (mcr-1).">° The positive amplified pro-
ducts were sequenced, and the sequences were compared
with the database in the National Center for Biotechnology
Information (NCBI) (https://www.ncbi.nlm.nih.gov/) by
BLAST searches.

Molecular Genotyping

Molecular genotyping of all isolates was performed by
PFGE and MLST. The housekeeping genes (rpoB, gapA,
mdh, pgi, phoE, infB and tonB) of K. pneumoniae were
amplified by PCR as described previously,”® and the
alleles and sequence types (STs) can be found in the
MLST database (http://bigsdb.pasteur.fr/klebsiella/kleb
siella.html). PFGE typing was performed as described by

the US Centers for Disease Control and Prevention

PulseNet program.”’  Salmonella enterica serotype
H9812 was used as the molecular size marker. Bacterial
DNA was digested with Xbal endonuclease (TaKaRa,
Dalian, China) and subjected to agarose gel electrophor-

esis for 18.5h at 14°C, with switch times of 6 and 36s at 6
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V/em on a Bio-Rad CHEF Mapper Pulsed Field
Electrophoresis System. BioNumerics software (Applied
Maths, Kortrijk, Belgium) was used to compare PFGE
profiles and establish UPGMA tree for cluster analysis.
Clustering was defined as DNA patterns sharing > 90%
similarity.

Results

Clinical Characteristics

MLST analysis showed that 23 strains of ST15 CRKP were
collected from the CSICU between November 2019 and
August 2020. The strains were isolated from clinical speci-
mens, including 22 from sputum (95.7%) and one from
blood (4.3%). Among the patients with ST15 CRKP infec-
tion, 65.2% (15/23) were male and 34.8% (8/23) were
female, 78.3% (18/23) were > 60 years old, 95.7% (22/23)
had used antibiotics for > 3 days within the past 14 days,
95.7% (22/23) had invasive operations or treatments during
hospitalization, 13% (3/23) had bloodstream infections, and
the average length of hospital stay was 55 days. All patients
were treated with > 2 antimicrobial agents, and 82.6% (19/
23) of them had a better prognosis after treatment.

Antimicrobial Susceptibility Testing

All 23 strains of ST15 CRKP were resistant to ceftazi-
dime, cefazolin, cefepime, imipenem, meropenem, piper-
acillin, aztreonam, levofloxacin and gentamicin, but
susceptible to amikacin, tigecycline and polymyxin
B (Table 1). The disk diffusion method showed that the
inhibition zone diameter of ceftazidime/avibactam was
between 21mm and 25mm, which showed good suscept-

ibility according to CLSI 2020."

Phenotypic Screening and Detection of

Resistant Determinants

The presence of serine carbapenemases was phenotypi-
cally confirmed by mCIM and eCIM methods in all iso-
lates. Among ST15 CRKP isolates, KPC-2 (100%) was the
main carbapenemase, SHV-28 (100%), OXA-1 (95.7%),
CTX-M-15 (91.3%) and TEM-1 (91.3%) were the predo-
minant ESBLs. In addition, aac(6')-Ib-cr (95.7%) and
qnrS1 (8.7%) were the major PMQRs. 16S rRNA methy-
lase genes armA and rmtB1, which confer high-level resis-
tance to aminoglycosides, were found in one and four
ST11 CRKP isolates, respectively. No mcr-1 colistin resis-
tance gene was found (Table 2, Figure 1).

Table | Resistance and Susceptibility of STI5 CRKP Isolates to
Antimicrobial Agents

Antibiotics %R %S MIC;, | MICy, MIC Range
(mglL)
Amikacin 0 100 <2 16 <2-16
Tigecycline 0 91.3 | 2 0.25-4
Polymyxin B 0 100 | | 0.5-1
Imipenem 100 0 >16 >16 8—>16
Meropenem 100 0 >16 >16 >16—>16
Cotrimoxazole 435 | 565 <l 8 <|1->16
Tobramycin 95.7 0 >16 >16 8—>16
Gentamicin 100 0 >16 >16 >16—>16
Levofloxacin 100 0 >8 >8 >8—>8
Ciprofloxacin 100 0 >4 >4 >4—>4
Aztreonam 100 0 >64 >64 >64—>64
Cefotetan 100 0 >64 >64 >64—>64
Cefepime 100 0 >64 >64 32—>64
Ceftazidime 100 0 >64 >64 16—>64
Cefazolin 100 0 >64 >64 >64—>64
Cefuroxime 100 0 >64 >64 >64->64
Ceftriaxone 100 0 >64 >64 32—>64
Piperacillin 100 0 >128 >128 >128—>128
Piperacillin/tazobactam | 100 0 >|28 >128 >128->128
Ampicillin/sulbactam 100 0 >32 >32 >32->32

Abbreviations: R, resistant; S, susceptible.

Molecular Genotyping

28 CRKP strains were classified into ST15 (allelic profile:
1-1-1-1-1-1-1) and ST11 (allelic profile: 3-3-1-1-1-1-4) by
MLST, with 82.1% (23/28) belonging to ST15 and 17.9%
(5/28) belonging to ST11. In addition, all isolates were
divided into five clonotypes by PFGE. Clonotype A and
B belonged to ST15, and clonotype C, D and E belonged
to ST11. Except for KP11, all 22 strains of K. pneumoniae
ST15 belonged to PFGE clonotype A, indicating that they
may have caused clonal transmission in the CSICU
(Figure 1).

Discussion

K. pneumoniae is a major pathogen of nosocomial infec-
tions. Especially, CRKP is increasing rapidly in recent
years with the wide application of carbapenems in clinical
practice. According to the report of China Antimicrobial
Surveillance Network (CHINET),?® the resistance rates to
imipenem and meropenem in K. pneumoniae increased
rapidly from 3.0% and 2.9% in 2005 to 26.4% and
28.0% in 2020, respectively. In this study, we investigated
the epidemiological characteristics of CRKP in the CSICU
due to the abnormal increase of CRKP between
November 2019 and August 2020. A total of 28 strains
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Table 2 Distribution of Resistance Genes in CRKP Isolates

Resistance Genes MIC Range (mg/L) PFGE MLST

(Number)
AMK | IPM | MEM | TGC | POL

KPC-2+gnrS|+rmtBlI >64 >16 >16 0.5 [ D STII (2)

KPC-2+CTX-M-65+TEM- | +aac(6é')-Ib-cr+rmtB| >64 >16 >16 025 | 0.5-1 C STII (2)

KPC-2+CTX-M-65+CTX-M-3+TEM-|+qnrB+qnrS|+aac(6’)-Ib-cr >64 >|6 >|6 4 | E STII (I)

+armA

KPC-2+SHV-28+qnrS| <2 >16 >16 0.25 0.5 B STI5 (1)

KPC-2+SHV-28+OXA- | +qnrS| +aac(6')-Ib-cr <2 >|6 >|6 4 | A STIS (I)

KPC-2+CTX-M-[5+SHV-28+TEM- | +OXA- | +aac(6’)-lb-cr <2-16 | 8->16 | >l6 | 0.254 | 0.5-I A STI5 (21)

Abbreviations: AMK, amikacin; IPM, imipenem; MEM, meropenem; TGC, tigecycline; POL, polymyxin B.

of CRKP were isolated from the ICU during the period. It
was found that ST15 strains accounted for the majority of
CRKP, and most of the specimens were sputum. Most of
the patients with CRKP infection in this study had an
advanced age, long hospital stays, a history of antibiotic
treatment and invasive operations or treatments during
hospitalization, which have been confirmed as important
risk factors for CRKP colonization.”*>% It was reported

that CRKP colonization can increase the risk of
PFGE PFGE
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subsequent infection.*! Also, the relatively weak immune
function of ICU patients may enhance the invasive ability
of pathogens, which can be seen in three patients with
bloodstream infection. When ST15 CRKP outbreak was
confirmed in the CSICU, the infection control team in our
hospital immediately took active measures to disinfect the
environment, isolate the infected patients and strengthen
the hand hygiene awareness of medical staff. Finally, the
outbreak was successfully controlled. The shortcoming of

ST Resistance Genes Date

15 KPC-2, CTX-M-15, SHV-28, TEM-1, OXA-1, aac(6’)-Ib-cr 2020/6/15
15 KPC-2, CTX-M-15, SHV-28, TEM-1, OXA-1, aac(6’)-Ib-cr 2020/7/3
15 KPC-2, CTX-M-15, SHV-28, TEM-1, OXA-1, aac(6’)-Ib-cr 2020/7/2
15 KPC-2, CTX-M-15, SHV-28, TEM-1, OXA-1, aac(6’)-Ib-cr 2019/12/12
15 KPC-2, CTX-M-15, SHV-28, TEM-1, OXA-1, aac(6’)-Ib-cr 2020/2/19
15 KPC-2, CTX-M-15, SHV-28, TEM-1, OXA-1, aac(6’)-Ib-cr 2020/5/4
15 KPC-2, CTX-M-15, SHV-28, TEM-1, OXA-1, aac(6’)-Ib-cr 2020/5/11
15 KPC-2, CTX-M-15, SHV-28, TEM-1, OXA-1, aac(6’)-Ib-cr 2020/5/14
15 KPC-2, CTX-M-15, SHV-28, TEM-1, OXA-1, aac(6’)-Ib-cr 2020/5/25
15 KPC-2, CTX-M-15, SHV-28, TEM-1, OXA-1, aac(6’)-Ib-cr 2020/6/1
15 KPC-2, CTX-M-15, SHV-28, TEM-1, OXA-1, aac(6’)-Ib-cr 2020/6/26
15  KPC-2, CTX-M-15, SHV-28, TEM-1, OXA-1, aac(6’)-Ib-cr 2020/6/28
15  KPC-2, CTX-M-15, SHV-28, TEM-1, OXA-1, aac(6’)-Ib-cr 2020/8/3
15 KPC-2, CTX-M-15, SHV-28, TEM-1, OXA-1, aac(6’)-Ib-cr 2020/6/11
15 KPC-2, CTX-M-15, SHV-28, TEM-1, OXA-1, aac(6’)-Ib-cr 2020/6/18
15 KPC-2, CTX-M-15, SHV-28, TEM-1, OXA-1, aac(6’)-Ib-cr 2019/11/1
15 KPC-2, SHV-28, OXA-1, qnrS1, aac(6’)-Ib-cr 2020/8/13
15 KPC-2, CTX-M-15, SHV-28, TEM-1, OXA-1, aac(6)-Ib-cr 2020/4/20
15 KPC-2, CTX-M-15, SHV-28, TEM-1, OXA-1, aac(6)-Ib-cr 2020/5/7
15 KPC-2, CTX-M-15, SHV-28, TEM-1, OXA-1, aac(6)-Ib-cr 2020/5/9
15 KPC-2, CTX-M-15, SHV-28, TEM-1, OXA-1, aac(6)-Ib-cr 2020/717
15 KPC-2, CTX-M-15, SHV-28, TEM-1, OXA-1, aac(6)-Ib-cr 2020/7/21
15 KPC-2, SHV-28, qnrS1 2020/1/24
11 KPC-2, CTX-M-65, TEM-1, aac(6)-Ib-cr, rmtB1 2020/3/3
11 KPC-2, CTX-M-65, TEM-1, aac(6)-Ib-cr, rmtB1 2020/4/8
11 KPC-2, gnrS1, rmtB1 2019/11/18
11 KPC-2, gnrS1, rmtB1 2019/12/25
11 KPC-2, CTX-M-65, CTX-M-3, TEM-1, qnrB, qnrS1, aac(6’)-lb-cr, armA 2020/8/4

Figure | DNA fingerprints, resistance genes distribution and isolation date of 28 CRKP isolates.
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this study is the lack of further traceability of ST15 CRKP
strains in this outbreak event.

In terms of antimicrobial susceptibility testing, we
found that ST15 CRKP strains were resistant to a series
of antibiotics including carbapenems, cephalosporins, qui-
nolones, tobramycin and gentamicin. Screening for resis-
tance genes revealed that all strains produced KPC-2,
which is the main carbapenemase of CRKP in China and
has been widely spread throughout the country since it was
first reported in Zhejiang Province in 2007.*> We also
found that all ST15 strains carried ESBL genes, including
blacrx.ars blasyy.os blarpy.; and blapgy, ;. It could be
inferred that the high-level resistance to B-lactams is
mainly mediated by the presence of the carbapenemase
and ESBLs. In addition, it has been reported that CRKP
can show a high rate of resistance to quinolone
antibiotics,”” and the presence of PMQR genes also facil-
itates the selection of isolates containing mutations in the
quinolone resistance-determining region (QRDR) that con-
fer high-grade resistance to quinolones. Amikacin is con-
sidered an important therapeutic option in combination
therapy for severe infections caused by KPC-producing
The results showed that ST15
strains were susceptible to amikacin, while all ST11 iso-

. 34
Enterobacteriaceae.

lates were resistant to amikacin, which was likely related
to the presence of 16S rRNA methylases encoded by
rmtB1 and armA genes. As expected that all KPC-2 pro-
ducing ST11 and ST15 CRKP isolates which had ceftazi-
dime/avibactam tested were susceptible to this agent. And
there was no significant difference in the susceptibility to
tigecycline and polymyxin B between STI1 and ST15
isolates. However, the in-vitro susceptibility testing of
polymyxin, tigecycline and ceftazidime/avibactam has
not been widely carried out for there are no commercial
susceptibility testing cards and no uniform interpretation
standard available. Therefore, it is still necessary to con-
tinue to assess clinical efficacy, monitor changes in drug
susceptibility and prevent overuse of antibiotics in clinical
practice.

The predominant sequence type of KPC-2 producing
CRKP in this study was ST15, which belonged to clonal
complex CC23 and was first submitted to the MLST
database in 2005. Hungary has reported the correlation
between sequence type ST15 and CTX-M-15-producing
ciprofloxacin-resistant K. pneumoniae.® Many other stu-
dies have also found that ST15 CRKP strains mainly
carry CTX-M enzymes (especially CTX-M-15).% In this

study, 91.3% of ST15 CRKP isolates were found to carry
blacry 15, t0o. Furthermore, SHV-28 was another com-
mon ESBL in our study. It differed from SHV-1 (-
lactamase by one amino acid substitution and was first
reported at the Southwest Hospital of the Third Military
Medical College in China in 2002 (GenBank
AF538324).%° Berglund et al'' reported that the carriage
rate of blagyy.,s in ST15 CRKP isolates was 84%, while
our study revealed that all ST15 CRKP strains carried
blagyy.,s. We further found that ST15 strains carried qui-
nolone resistance genes, including gnrS1 and aac(6')-1b-cr.
It can be seen that the resistance genes are different among
STI15 strains, possibly due to different plasmid content.
The antibiotic susceptibility and resistance genes of ST15
isolates were also different from previous reports. For
example, the outbreak of CRKP ST15 clone coproducing
KPC-2, CTX-M-15, SHV-28, TEM-1, OXA-1 and aac(6')-
Ib-cr was first reported. All ST15 strains were susceptible
to amikacin in our study, while the resistant rates to
100% !
Shanghai, China.'® The diversity of plasmid types

amikacin were reported in Vietnam  and
acquired by ST15 clones in the different study locations,
such as blagpc.,-bearing IncQl plasmid in Brazil,'”
blagpc.o-bearing IncFII plasmid in Bulgaria,'® blagpc.s-

bearing IncF plasmid in Portugal'?

and blapy,.»3>-bearing
ColKP3 plasmid in China,'® suggests this clone has a high
capacity for horizontal acquisition of resistance.

In conclusion, here we report the spread of ST15 CRKP
isolates co-producing KPC-2, CTX-M-15, SHV-28, TEM-
1, OXA-1 and aac(6')-Ib-cr in a surgical intensive care unit.
K. pneumoniae ST15 strains showed high-level resistance
to carbapenems and commonly used antibiotics in clinical
practice. To prevent the spread of multidrug resistant bac-
teria (MDRB) in ICU wards, our experience and lessons are
to implement comprehensive prevention and control mea-
sures, such as hand hygiene of medical staff, reasonable
application of isolation wards, regular environmental disin-
fection, and the use of laboratory information systems to
actively monitor MDRB.
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