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Objective: To investigate the clinical characteristics and molecular epidemiology of carba-
penem-resistant Klebsiella pneumoniae (CRKP) bloodstream infection at a medical center in
northeast China, especially after coronavirus disease (COVID-19) pandemic.

Methods: Fifty-one patients were diagnosed with CRKP bloodstream infection between
January 2015 and December 2020, among which 42 isolates were available for further study.
Species identification and antibiotic susceptibilities were tested with matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) and VITEK 2
systems. Carbapenemase genes, virulence genes and MLST genes were detected by poly-
merase chain reaction. Moreover, the string test and serum killing assay were performed to
evaluate the virulence of the CRKP isolates.

Results: During the six-year period, the detection rate of CRKP in bloodstream infection
showed an increasing trend, with the intensive care unit, hematology and respiratory med-
icine wards mainly affected. Molecular epidemiology analyses showed that KPC-2 was the
dominant carbapenemase gene. In addition, the dominant sequence type (ST) of CRKP
shifted from ST11 to ST15 strains, which were all sensitive to amikacin in contrast to the
ST11 stains. Furthermore, ST15 CRKP strains were positive for the KfuB virulence gene and
more resistant to serum killing compared to the ST11 CRKP strains. Nonetheless, the
mortality rate of patients infected with ST11 and ST15 CRKP did not show any significant
differences.

Conclusion: A shift in the dominant sequence type of CRKP bloodstream infections from
STI1 to ST15 was observed during the years 2015-2020. Compared to ST11, the ST15
CRKP strains showed amikacin sensitivity, positivity for KfuB gene, and serum resistance,
which may indicate stronger virulence.

Keywords: carbapenem-resistant Klebsiella pneumoniae, sequence type, KPC-2, virulence,
drug resistance

Background

Klebsiella pneumoniae (Kpn) is one of the most common Gram-negative pathogens
associated with hospital- and community-acquired infections. Kpn can cause clin-
ical infections such as pulmonary infection, urinary tract infection, bloodstream
infection (BSI), and surgical site infection.' In recent years, due to the overuse of
antibiotics, the presence of carbapenem resistant Enterobacteriaceae (CRE) has
become a serious public health threat, and has been listed as an urgent threat by
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the United States Centers for Disease Control. According
to the results of China Antimicrobial Surveillance
Network (CHINET), the resistance rate of Kpn to mero-
penem increased from 2.9% in 2005 to 26.3% in 2018,
which ranked Carbapenem resistant Klebsiella pneumo-
niae (CRKP) first among the isolated CRE in China.’
CRKP can result in BSI due to CRKP colonization,
carbapenem exposure, longer hospitalization time, inten-
sive care unit (ICU) stay, and operation history, which are
considered independent risk factors for CRKP-BSL**
CRKP-BSIs are associated with few treatment options,
prolonged hospitalization, increased hospital costs, and
high mortality rates. A previous meta-analysis showed
that the crude mortality rate from CRKP-BSI was
54.3%. As for the mechanisms of Kpn resistance to
carbapenems, the production of carbapenemases, such as
Ambler class A B-lactamases (blaKPC), class B metallo-f3-
lactamases (blaVIM, blaIMP and blaNDM), and class
D B-lactamases (blaOXA-48), are the leading causes.
Furthermore, other B-lactamases and efflux pumps may
also contribute as resistance mechanisms to carbapenems.®
Previous epidemiology studies have shown that KPC-2
is the widest disseminated carbapenemase in China and the
dominant sequence type (ST) is ST11.” However, China is
a country with an extensive geographical distribution and
data on the clinical and molecular epidemiology on
CRKP-BSI in northeast China, especially during the cor-
onavirus disease 2019 (COVID-19) pandemic, are lacking.
Therefore, we conducted this study to evaluate the mole-
cular epidemiology, virulence profiles, and outcomes of
CRKP-BSIs at our hospital, which is a medical center in
northeast China. This study will provide insight into the
clinical management and infection control of CRKP-BSI.

Materials and Methods

Participants and Bacterial Strains

This retrospective study was conducted at the First
Affiliated Hospital of China Medical University, a 2249-
bed tertiary hospital serving as the medical center of
China.
Laboratory Medicine at our hospital is also the national

northeast Moreover, the Department of
clinical research center for laboratory medicine. Based on
laboratory-based surveillance, 51 of 491 patients with
BSI due to Kpn were identified as CRKP-BSI between
January 2015 and December 2020. CRKP was defined as
Kpn isolates resistant to imipenem (MICs > 4 pg/mL) or

meropenem (MICs > 4 pug/mL). Forty-two strains from 42

patients were available and further experiments were
performed.

This present study complied with the Declaration of
Helsinki and was approved by the Ethics Committee of the
First Affiliated Hospital of China Medical University
(Number: 2020075). The ethics committee waived the
need for informed consent for the following reasons: (1)
this study was retrospective; (2) the patient information in
this research was anonymous; (3) the clinical isolates were
collected and stored during the routine diagnostic labora-
tory, and this study had no impact on the patients. The
authors stated to confirm the patient data confidentiality.

Species Identification and Antimicrobial

Resistance Testing

The VITEK 2 automated system and the MALDI TOF MS
(bioMérieux, France) were used for isolate identification.
Furthermore, 16s rRNA sequencing was performed to
confirm the strain identification. The VITEK 2 system
was used to test antimicrobial susceptibilities of all isolates
and results were interpreted according to the criteria of the
Clinical and Laboratory Standards Institute. Resistance to
imipenem and meropenem was confirmed using the disc
diffusion method or the Etest method. Escherichia coli
ATCC 25922 and Pseudomonas aeruginosa ATCC 27853
were used as quality controls for antimicrobial testing.

Detection of Resistance Genes and

Virulence Genes

The RAPIDEC CARBA NP assay (bioMérieux) was used for
phenotypic detection of carbapenemases. In addition, carba-
penemase genes (blaKPC, blaNDM, blaIMP, blaVIM, and
blaOXA-48) in all isolates were detected by polymerase chain
reaction (PCR). Briefly, DNA was extracted by the boiling
method and then subjected to amplification and sequencing.®
Moreover, virulence genes (mrkD, fimH, entB, ybtS, rmpA,
aerobactin, IroN, KfuB, wcaG, alls, uge, and magA) and
capsular serotype-specific genes for K1, K2, K5, K20, K54,
and K57 were also detected as previously described.”'”

Multilocus Sequence Typing (MLST)

Molecular epidemiological characteristics were analyzed
by multilocus sequence typing as described in the MLST
online database (http://bigsdb.pasteur.fr/klebsiella/kleb
siella.html). Seven housekeeping genes (gapA, infB,

mdh, pgi, phoE, rpoB, and tonB) were amplified,
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sequenced, and submitted to the MLST database to define
the sequence type of CRKP strains.

String Test and Serum Killing Assay

The string test was conducted, with viscous string >5 mm as
positive for the hypermucoviscous phenotype. In addition,
the serum killing assay was performed as described
previously."" Serum samples from 10 healthy volunteers
were mixed and stored at —80°C for use. A 10° cfu/mL
bacteria-containing inoculum of 25 pL was added to 75 uL
pooled serum. Then samples were incubated at 37°C, and
viable bacteria count was determined by plating on Mueller-
Hinton agar at 0, 1, 2, and 3 h, respectively. Isolates were
classified as serum sensitive (grade 1 or 2), intermediately
sensitive (grade 3 or 4), or serum resistant (grade 5 or 6).

Statistical Analysis

Data were statistically analyzed using SPSS 20.0 and
WHONET 5.6 software. Quantitative data are shown as
mean * standard deviation or medians (interquartile
range), and were compared using the Student’s #-test or

nonparametric test. Qualitative data are presented as rates
and were compared using the chi-square or Fisher’s exact
test. For all statistical analyses, a p value < 0.05 was
considered statistically significant.

Results

General Characteristics of Patients with

CRKP-BSI
During the six-year period 2015-2020, a total of 491
patients were identified as BSI positive for Kpn, of
which 51 patients harbored a CRKP infection (resistance
rate = 10.4%). As shown in Figure 1A, the percentage of
CRKP-BSI increased gradually, namely, 3.2% in 2015,
1.4% in 2016, 19.1% in 2017, 6.1% in 2018, 15.9% in
2019, and 13.6% in 2020. Furthermore, a high percentage
of CRKP-BSI coincided with a high percentage of CRKP
in all Kpn isolates, indicating that the CRKP colonization
may be associated with BSI of CRKP (Figure 1A and B).
Of the 51 patients infected with CRKP, the hospital
units involved were the ICU (n = 18, 35.3%), hematology
(n = 11, 21.6%), respiratory medicine (n = 6, 11.8%),
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Figure | Basic characteristics of patients with Carbapenem resistant Klebsiella pneumoniae bloodstream infection (CRKP-BSI). (A) Trends in the proportion of CRKP-BSI
(red) and CRKP in all Kpn isolates (blue) over six years (2015-2020); (B) number of patients with CRKP-BSI (red) and patients with CRKP from any sample type (blue) by
month; (C) distribution of CRKP-BSI among different hospital departments; (D) distribution of CRKP-BSI by age group.
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neurology (n = 3, 5.9%), and transplantation (n = 2, 3.9%)
11, 21.6%) (Figure 1C).
Moreover, 68.6% of the patients were male, with ages

wards, and other wards (n =

ranging from 17 days to 91 years old (Figure 1D, median:
59 years old, interquartile range: 47-74).

Molecular Epidemiology of CRKP

Carbapenemase production was detected in 41 out of 42
CRKP isolates, dominated by KPC-2 (n = 37, 88.1%),
followed by NDM-1 (n = 3, 7.1%) and NDM-5 (n = 1,
2.4%). Neither IMP, VIM nor OXA-48 were detected
(Figure 2). The 42 CRKP isolates belonged to six STs
(Table 1), of which ST11 was predominant (n = 28,
66.7%), followed by ST15 (n = 9, 21.4%), ST35 (n =
2, 4.8%), ST20 (n = 1, 2.4%), ST248 (n = 1, 2.4%), and
ST722 (n = 1, 2.4%). It is worth mentioning that ST11
was predominant during the years 2015-2019, whereas
ST15 became the predominant sequence type in 2020.
Moreover, nine ST15 strains were from four different
hospital wards rather than one single ward. As a shift in
the sequence type of CRKP was observed in our
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hospital, the characteristics of ST11 and ST15 CRKP
were further analyzed.

In vitro Susceptibilities of CRKP Isolates
All CRKP isolates were resistant to more than three
classes of antibiotics, and showed high resistance (>90%)
to ticarcillin/clavulanic acid, piperacillin/tazobactam, cef-
tazidime, imipenem, meropenem, cefepime, aztreonam,
ciprofloxacin, levofloxacin, and tobramycin (Figure 3A).
Fortunately, resistance rates to the other antimicrobial
agents were not as high: amikacin (69.0%), doxycycline
(50.0%),
methoprim (SXT, 33.3%), ceftazidime/clavulanic acid
(CZA, 9.5%), tigecycline (2.4%), and colistin (0.0%).
Further analysis was performed to compare the drug
resistance profiles of ST11 and ST15 CRKP strains. As
they were all sensitive to CZA, tigecycline, and colistin,

minocycline (42.9%), sulfamethoxazole/tri-

we compared drug resistance rates to amikacin, doxycy-
cline, minocycline, and SXT (Figure 3B). ST11 isolates
were all resistant to amikacin, while ST15 isolates were all
sensitive to amikacin. The resistance rates of ST11 and

ST248
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Y
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Figure 2 Molecular epidemiology of CRKP-BSI. Distribution of carbapenemase genes (A) and sequence types (B) of the CRKP isolates; (C) distribution of sequence types

stratified by year.
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ST15 CRKP to doxycycline, minocycline and SXT did not
show any significant differences.

e Virulence Analyses
@ g ££¢g Virulence characteristics of ST11 and ST15 CRKP was
§ g ',3 g ',3 :}'3; é further assessed. None of the CRKP isolates were positive
§ i % %% %5 for the string test or for common serotypes belonging to
% -i‘ ITIICI K1, K2, K5, K20, K54, or K57. For virulence genes,
> |[FEEEEE 100%, 97.6%, 92.9%, 26.2%, 4.8%, and 4.8% of the iso-
E h 1 n lates were positive for uge, fimH, ybtS, KfuB, rmpA and
= EEEEL aerobactin genes respectively. All strains were found to be
negative for mrkD, entB, IroN, wcaG, alls, and magA
o genes. Furthermore, all ST15 CRKP isolates were positive
é for KfuB virulence gene whereas ST11 isolates were all
g g m, negative. The serum killing assay showed that STI15
_g g U —; CRKP isolates were more resistant to serum killing com-
oS358 ¢g o pared to the ST11 CRKP strains (Figure 4A).
g o .
o e Clinical Outcomes
< ;;3 The 7- and 30-day mortality rates of the CRKP-BSI were
) A é 38.1% and 61.9% respectively. None of the patients
E infected with NDM-producing CRKP died; instead,
§ e “'ﬁ 70.3% of the patients infected with KPC-2-producing
R s 8 CRKP died within 30 days. In addition, the mortality
z E rate of patients infected with ST11 and ST15 CRKP did
z rox-== _g not show any significant differences (Figure 4B). As for
5 qg’ treatment options, over half of the patients received com-
a FoxxExs :g bination treatment, with tigecycline plus carbapenems or
£ }:% colistin the most commonly prescribed.
A R
F 2 Discussion
§ i} % % % .. E CRKP infection has become an important healthcare-
(o] 6 3a300 p associated threat all over the world, among which BSI of
2 CRKP received particular attention due to its high mortal-
g ;i:‘ ity. Currently data on the clinical characteristics and mole-
a E cular epidemiology on CRKP-BSI in northeast China are
'.% - % still limited. Therefore, this present study was performed
g. ;_E S88888 é to investigate the molecular epidemiology, virulence char-
il AN :i acteristics and clinical outcomes of CRKP-BSI in
- ;9 a regional Chinese hospital. Our study found that the
g g .8 dominant KPC-2 producing ST11 CRKP strain shifted to
. TT|ABRESH §§ KPC-2 producing STI15 CRKP during the years
T |3 <% 2015-2020. Compared with ST11, the ST15 CRKP strains
g g - ;E: é were characterized by high sensitivity to amikacin, posi-
Q ;; ] tivity for the KfuB virulence gene and resistance to serum
- |5 z3 killing.
‘%: lf N 3_“;’ The overall detection rate of CRKP-BSI was 10.4%,
= fZ|mmm S NI2g with an increasing trend during the years 2015 to 2020.
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Figure 3 In vitro susceptibilities of the CRKP isolates. (A) Antimicrobial resistance patterns of 42 CRKP isolates; (B) comparison of drug resistance rate between ST| | and

ST15 CRKP.

Abbreviations: TIM, ticarcillin-clavulanate; TZP, piperacillin-tazobactam; CAZ, ceftazidime; IPM, imipenem; MEM, meropenem; FEP, cefepime; ATM, aztreonam; CIP,
ciprofloxacin; LEV, levofloxacin; TOB, tobramycin; AMK, amikacin; DOX, doxycycline; MNO, minocycline; SXT, trimethoprim-sulfamethoxazole; CZA, ceftazidime-

avibactam; TGC, tigecycline; COL, colistin.

This phenomenon was in agreement with previous
CHINET surveillance. Furthermore, the high detection
rate of CRKP in BSI coincided with the high percentage
of CRKP in all Kpn, which indicated that CRKP-BSI may
be associated with CRKP colonization.'?> As the ICU,
hematology and respiratory medicine wards were the
three departments mainly affected, intensive surveillance
as well as effective infection control measures are needed
to control the transmission of CRKP, especially among
high-risk individuals from high-risk departments.'*:'*

Furthermore, molecular epidemiological studies have
demonstrated that KPC-2 was the predominant type of
carbapenemase in our hospital, followed by NDM-1 and
DNM-5. CRKP isolates with KPC and NDM carbapene-
mase showed different drug resistance patterns, just as
suggested in a previous study.'> Moreover, none of the
patients infected with NDM-producing CRKP died within
30 days. Notably, ST11 was the most common sequence
type of CRKP during the years 2015 to 2019, whereas
ST15 became the predominant type in 2020. The shift in
the sequence type of CRKP-BSI in our hospital may be
attributed to the COVID-19 epidemic in China at the
beginning of 2020; fewer patients were admitted to the
medical wards and more exhaustive environmental disin-
fection could be performed. Subsequently, ST15 CRKP
colonization occurred and spread rapidly throughout our
hospital in a yet unidentified manner.

It is well known that ST11 is the most common type of
CRKP strains prevailing in China. ST11 CRKP stains iso-
lated at our hospital are resistant to amikacin, which differs
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3 = CRKP24 (ST11)
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£ -e- ATCC 700603
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Figure 4 Virulence characteristics and clinical outcomes of STI| and ST15 CRKP
strains. (A) Serum killing assay of four representative isolates of STIIl and STI5
CRKP, with a hypervirulent Kpn (hvKP) isolate as the positive control; (B) Kaplan—
Meier survival estimates of patients with ST11 (red) and STI5 (blue) CRKP-BSI.

from the characteristics of the ST15 CRKP strains and is in
line with previous reports, which revealed relatively high
amikacin resistance rates of ST11 CRKP isolates.'®!”

Resistance to amikacin may be associated with genes
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armA, rmtB, rmtC, aac(3’)-Ia, aac(6)-Ib, aac(3')-1la, aac(3')-
IId, ant (2')-Ia, and ant(3')-Ia.” Consistently, another study
also showed lower amikacin resistance rates for ST15 CRKP
isolates.'® Based on these findings, different treatment
options should be selected for ST11 and ST15 CRKP strains.

In addition, the virulence characteristics of ST11 and
ST15 CRKP have been evaluated. None of the CRKP iso-
lates proved to be hypervirulent strains. Regardless, ST15
CRKP isolates were all positive for the KfuB gene whereas
ST11 isolates were negative. Furthermore, the serum killing
assay also indicated a higher serum resistance of ST15 CRKP
over ST11 CRKP strains. Similarly, previous studies have
suggested that ST11 CRKP strains were less virulent than
other sequence type strains.'®?' Altogether, these results
suggested that ST15 CRKP may be characterized by greater
virulence, which should come to the attention of clinicians
who are to take reasonable treatment measures as soon as
possible to improve the prognosis of patients.

In the present study, cases of CRKP-BSI were associated
with high mortality, with 7-day and 30-day crude mortality
of 38.1% and 61.9% respectively. These findings align with
the high crude mortality rates of CRKP-BSI reported in
previous studies.”** More attention is needed for the early
diagnosis of CRKP-BSI and the precise treatment of this
life-threatening illness.”> However, the mortality rate of
patients infected with ST11 and ST15 CRKP did not show
any significant differences, which may be due to the small
sample size in our study. Besides, a combination of higher
sensitivity to some drugs and stronger virulence of ST15
CRKP may also be the reasons. Hence, further studies with
a large sample size are needed.

This study has some limitations. First, since this was
a single-center study, whether the differences in drug resis-
tance and virulence patterns of ST11 and ST15 CRKP could
represent characteristics of the isolates from the other areas
deserves further confirmation. Second, based on the clinical
data, the crude mortality of patients infected with ST11 and
ST15 CRKP did not show any significant differences and
further studies, with larger sample sizes, are warranted for
confirmation. Despite these limitations, this is the first study
comparing the characteristics of ST11 and ST15 CRKP
strains, and provides valuable information for the clinical
management of CRKP-BSI.

In conclusion, CRKP isolates of BSI from the medical
center in northeast China shifted from a prevalence of ST11
strains to ST15 strains during the years 2015 to 2020. The
detected ST15 CRKP strains displayed amikacin sensitivity,
positivity of the KfuB virulence gene, and resistance to

serum killing, features that differ from the ST11 strains.
These findings highlighted the evolution of CRKP in
a single hospital and provided clues for the clinical treatment
and infection control of CRKP.
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