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Background: Klebsiella pneumoniae has been a leading healthcare-acquired infection
(HAI) agent worldwide for decades. However, the epidemiological characteristics of
K. pneumoniae in lung cancer patients with respiratory infection are unclear. Here, we
characterized the frequency of K. pmeumoniae in lung cancer patients with respiratory
infection in a cancer hospital in China and determined the antibiotic resistance profile,
virulence phenotype and clonal relationships among these K. pneumoniae strains.
Methods: The clinical data of lung cancer patients with respiratory infection from
September 2017 to October 2018 were retrospectively evaluated. Microbiological methods,
antimicrobial susceptibility tests, pulsed-field gel electrophoresis (PFGE), polymerase chain
reaction (PCR) assays, Sanger sequencing and Galleria mellonella larvae infection model
were used in this study.

Results: During the study period, a total of 47 lung cancer patients with respiratory infection
caused by bacteria were identified, among 27 patients were identified as positive for
K. pneumoniae and the positive rate was 57.45%. Among 37 nonduplicate K. pneumoniae strains
from these 27 patients, 19 isolates (51.4%) were classified as multidrug resistant (MDR) with
high-level resistance to, at least one agent in three or more antibiotic categories, including
polymyxin B and tigecycline. Sixteen of the 37 strains (43.2%) were hypermucoviscous isolates.
Extended spectrum B-lactamases-producing K. pneumoniae strains consisted of two dominant
PFGE types. Furthermore, the assessment of virulence potential using a G. mellonella larvae
infection model showed that K. pneumoniae isolated from these patients exhibited a high
virulence level.

Conclusion: Our data showed that K. pneumoniae is the most critical cause of lung
infection in patients with lung cancer in this hospital. The various drug resistance and
virulence backgrounds of K. pneumoniae may make this clinical center a breeding ground
for superbugs. It is paramount to enhance surveillance of K. pneumoniae strains and take
control measures.
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Background

Lung cancer is the dominant cause of cancer-related death worldwide." Infection is the
most common cause of death in lung cancer patients since tumor bleeding, bronchial
obstruction, radiation, chemotherapy, and transplantation could lead to immune defi-
ciency. The most common types of infection in these patients' population are pneumonia
and septicemia, and gram-negative bacilli are the most common pathogens.” Klebsiella
spp cause a large number of these infections. Klebsiella pneumoniae remains a significant
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cause of bloodstream infections (BSIs) and directly threatens
the health and life of cancer patients.’

K. pneumoniae is an important opportunistic pathogen,
and it has been a leading healthcare-acquired infection
(HAI) agent worldwide for decades. Since the mid-
1980s, reports from the Asian Pacific Rim have described
a unique clinical syndrome of community-acquired, tissue-
invasive K. pneumoniae infection in healthy individuals.*
These strains often present in multiple sites or metastati-
cally spread but are sensitive to antibiotics. Currently,
K. pneumoniae shows high resistance to a broad spectrum
of drugs, including B-lactam antibiotics, aminoglycosides
and fluoroquinolones.”® Notably, carbapenem-resistant
and hypervirulent K. pneumoniae strains have emerged
recently.” These strains are both hypervirulent and multi-
drug-resistant, and they may also be highly transmissible
and able to cause severe infections in both the hospital and
the community. A group found that the cancer patients
with long hospital stay and previous antibiotics use were
more easily infected with ESBL- K. pneumoniae.® 1t
increased the difficulty to combat K. pneumoniae infection
for the currently available antibiotics. The limited treat-
ment options of antibiotics impose high mortality rates,
prolonged hospitalization and costs on public healthcare.’

The aim of this study was to investigate the molecular
epidemiology characteristics of K. pneumoniae collected
from lung cancer patients with respiratory infection during
an outbreak in a cancer hospital in China and to provide
insights into the prevention and control of this nosocomial
infection.

Methods

|dentification of Patients

This retrospective study was conducted in the Nantong
Tumor Hospital, a 1200-bed tertiary hospital with about
9000 new cases per year in Nantong, East China. In this
hospital, about 1400 lung cancer patients were admitted to
medical oncology per year. About 10% of the 1400 lung
cancer patients were accompanied with respiratory infection.
From September 2017 to October 2018, patients who satis-
fied the symptoms of respiratory infection were screened for
bacterial isolates by culturing sputum, blood, pleural cavity
or excretion.'® The inclusion and exclusion criteria of sam-
ples are in the Supplementary information. The relevant

clinical and microbiological data were extracted from elec-
tronic or paper medical records and microbiological data-
bases. This study was reviewed and approved by the Ethics

Committee of Nantong Tumor Hospital following the
Declaration of Helsinki (project No. 2019002), and the
patients or their family members were informed and their

written consents were obtained.

Bacterial Isolates and Antimicrobial
Susceptibility Testing

All samples were collected at the bedside and then
transported immediately to the microbiology laboratory
for inoculation on media and preliminary analysis. For
sputum sampling, we collected the first deep sputum
samples after gargle in the morning. Briefly, subculture
of the samples were performed on sheep blood agar.
Two single colonies of similar morphology in each
plate were picked for further identification. All the
identified by the Vitek 2
(bioMérieux, Marcyl’E" toile, France), and the species

isolates were system
identification of all isolates was confirmed via matrix-
assisted laser desorption/ionization time of flight mass
spectrometry (MALDI-TOF/MS) (Shimadzu AXIMA
Performance™, Manchester, UK). Minimal inhibitory
concentrations (MICs) for colistin and tigecycline were
determined using the broth dilution method. The 2014
European Committee on Antimicrobial Susceptibility
Testing (EUCAST) breakpoints were used for colistin
and tigecycline. The MICs for other antibiotics, as

shown in Supplementary Table 1, were determined

using the agar dilution method according to the
Clinical & Laboratory Standards Institute (CLSI) cri-
teria of 2018-28.

Pulsed-Field Gel Electrophoresis (PFGE)

and Multilocus Sequence Typing (MLST)

Pulsed-field gel electrophoresis (CHEF-MAP-PER System,
Bio-Rad Laboratories, Hercules, CA, USA) was used to
assess the genetic relatedness between the test isolates, as
previously described.” Briefly, K. pneumoniae isolates from
the patients were embedded in SeaKem®™ Gold Agarose gels,
digested with Xbal, and subjected to PFGE. Salmonella
enterica serovar Braenderup H9812 digested with Xbal
was used as a reference marker. Chromosome DNA of dif-
ferent strains was separated at 6 V/cm for 19.5 hrs at 14°C,
with pulse times of 2.16-63.8 s and an included angle of
120°. PFGE profiles were analyzed by InfoQuest software
version 4.5 (Bio-Rad Laboratories, Hercules, CA, USA).
MLST was performed on all isolates to investigate the scale
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of clonal dissemination of the test strains by multiplex poly-
merase chain reaction (PCR) assay.'!

DNA Extraction and Antibiotic

Resistance Gene Detection

DNA templates were extracted using the boiling lysis
method described previously.'? The detection of resistance
genes was performed by PCR, and their identities were
confirmed by sequencing. Isolates were screened by PCR
amplification using specific primers for the detection of
extended-spectrum B-lactamase (ESBL)-encoding genes
(blaTEM, blaSHV, blaOXA-1, blaOXA-4, blaOXA-30
and blaCTX-M),"® carbapenemase genes (blaKPC,
blaVIM,  blaIMP,  blaNDM, blaOXA-48),"
a tigecycline resistance determinant (fet (A)),"” and colis-

and

tin resistance genes (mcr-1, 2, 3, 4, and 5).'° The specific
primers and the length of the expected PCR products are
presented in Supplementary Table 3. Amplicons were ana-

lyzed by gel electrophoresis in 2% agarose and visualized
under ultraviolet (UV) light. The forward primers were
used for DNA sequencing.

String Test and Infection of G. mellonella

Larvae

The string test was considered indicative of a hypermu-
coviscous K. pneumoniae isolate if the inoculation loop
was able to generate a viscous string 5 mm in length while
stretching a single colony away from an overnight culture
agar plate containing 5% sheep blood.'” The virulence of
K. pneumoniae isolates was evaluated in vivo using
a G. mellonella larvae infection model performed as pre-
viously described.'® Briefly, K. pneumoniae isolates were
grown in 1 mL LB broth, harvested during exponential
phase, and washed once with 10 mM phosphate-buffered
saline (PBS; pH 7.4). Isolates were diluted in PBS to
a McFarland turbidity of 0.5, which corresponds to
approximately 1x10° CFU/mL. After surface disinfection,
larvae were injected with 10 pL of bacterial suspension,
containing approximately 1x10” CFU/mL, into the last
right proleg by use of a Gas Chromatogram syringe with
a 30-gauge needle. A group of 10 larvae were injected
with 10 pL of PBS in parallel to ensure that death was not
due to injection trauma. Larvae were placed in 9-cm petri-
dishes with food and kept at 37°C in the dark. Insects were
considered dead when they did not respond to physical
stimuli. Time of death was recorded. Assays were allowed

to proceed for only 72 hrs. At least two independent
experiments were performed.

Serotype and Virulence-Associated Gene

Detection

PCR was used to detect the presence of capsule serotypes
(K1 and K2) and virulence-associated genes. These viru-
lence-associated genes included those encoding regulators
of mucoid phenotype A (rmpA), K1 serotype (magA), enter-
obactin (entB), yersiniabactin (ybtS), phenolate-type sidero-
phore (kfit), the aerobactin siderophore system (iuzA), type 3
adhesins (mrkD), allantoin metabolism-associated genes
(allS), peg-344, iroB, iucA, and the K2 capsular serotype-
specifying wzi gene (Supplementary Table 2). Isolated DNA

samples were screened using specific primers for the detec-
tion of virulence genes.'''”?° The forward primers were
used for DNA sequencing.

Statistical Analysis

Data were analyzed by SAS (V9.01). Continuous variables
were described as mean + SD and categorical variables as
No (percentage). 7-test process was conducted for normal
distribution continuous data, while Chi-square or Fisher’s
exact analysis was for categorical data. P-value <0.05 was
considered as statistical significance.

Results
Frequency of K. pneumoniae in Lung
Cancer Patients with Respiratory

Infection

From September 2017 to October 2018, 260 lung cancer cases
with cough and fever were collected. After excluding 213 non-
respiratory infections cases, there were 47 respiratory infection
cases to be processed. As a result, a total of 60 clinical samples
were collected from the 47 cases. The 60 clinical samples were
composed of 47 sputum samples, 8 blood samples, 3 hydro-
thorax samples, 1 ascites sample and 1 secreta sample. One
representative sample was taken from one-sampled isolates
sharing the same PFGE patterns and MIC phenotypes. Thus,
37 nonduplicate K. pneumoniae strains were collected. These
37 K. pneumoniae strains were isolated from 27 of the 47
(57.45%) patients tested (Figure 1). Among all the patients, 13
patients were coinfected with K. pneumoniae and other bac-
teria or fungi, such as Staphylococcus aureus, Staphylococcus
epidermidis, Acinetobacter baumannii or Candida albicans.
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213 non-respiratory infection
cases excluded

260 lung cancer cases
with cough and fever

|

47 cases with
respiratory infection
38 males / 9 females

A
\4

60 clinical samples

y

A\ 4 A

4 AB-positive cases
monoinfection (n=2)
coinfection (n=2)

infection rate (8.5%)

27 KP-positive cases
monoinfection (n=14)
coinfection (n=13)
infection rate (57.45%)

11 SA-positive cases
monoinfection (n=2)
coinfection (n=9)
infection rate (23.40%)

other pathogen-
positive cases

A\ 4

57 KP isolates

20 duplicate

\4

isolates excluded

37 non-duplicate KP isolates

Figure | Flowchart diagram of samples collection.

Abbreviations: KP, Klebsiella pneumoniae; SA, Staphylococcus aureus; AB, Acinetobacter baumannii.

No significance was demonstrated for age and sex between
K. pneumoniae infection and non-infection.

Antibiotic Susceptibility and Potential
Mechanisms of Resistance to Important

Antibiotics in K. pneumoniae Strains
Among the 37 K. pneumoniae isolates, 19 isolates (51.4%)
were classified as MDR with high-level resistance to at least
one agent in three or more antibiotic categories. Of the 19
isolates, 18 isolates were aztreonam-resistant K. pneumoniae
and embodied resistance to amoxicillin/clavulanate and more
than two non-f3-lactam antimicrobial agents, including cipro-
floxacin and tetracycline. Two of the ESBL-producing
K. pneumoniae isolates were resistant to carbapenems,
including ertapenem, imipenem and meropenem. Overall,
the rates of resistance to tetracycline, ceftazidime, aztreonam,
ceftazidime/avibactam, ciprofloxacin and gentamicin were
64.9%, 35.1%, 48.6%, 48.6%, 51.4% and 21.6%, respec-
tively (Table 1). Twelve isolates (31.1%) were found to be
resistant to polymyxin B; however, the mcr-1, 2, 3, 4, and 5
genes were not detected in any of the isolated strains. In
addition, tigecycline susceptibility was reduced in some
strains, with an MIC > 0.5 pg/mL (64.9%).

Acquired B-lactamase genes were detected in most
isolates with a ceftazidime MIC > 4 pg/mL. blactx.m-
type and blagyy genes were found to be dominantly car-
ried in all these isolates. Fifteen of the 18 aztreonam-
resistant K. pneumoniae isolates carried blatgy. Two iso-
lates of carbapenem-resistant K. pneumoniae (CRKP)
carried the blaxpc., gene. Among the 37 isolates tested,
we found that 20 strains carried the tef(A) variant,
accounting for 54.1% of the test isolates. These 20 strains
were all resistant to tetracycline with high MIC values.
The tigecycline MIC values of strains harboring the ze#(A)
were mostly >0.5 pg/mL (18/20; 90.0%).
Interestingly, all pulsotype I and J isolates harboring
blaCTX-M were found to harbor the tef(A) gene
(Figure 2).

variant

Virulence-Associated Features

All K. pneumoniae isolates were subjected to string tests to
determine their virulence level, with results showing that
16 of the 37 strains (43.2%) were positive for the test. The
virulence genes peg-344, iroB, iucA, and rmpA were
detected as markers for identifying hypervirulent
K. pneumoniae (HVKP) strains.?® Seven of the 16 hyper-

mucoviscous K. pneumoniae isolates harbored all the 4
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Table | Antibiotic Susceptibility Profiles of K. pneumoniae
Antibiotic Range MIC50 MIC90 S% 1% R%
AMK 1->128 2 4 94.6% 0 5.4%
GEN 0.25->512 0.5 64 78.4% 0 21.6%
AMC 2/1->256/128 16/8 64/32 48.7% 2.7% 48.6%
ATM 0.03->64 0.5 64 51.4% 0 48.6%
CAZ 0.06->64 2 64 56.8% 8.1% 35.1%
CIP 0.15->128 16 128 48.6% 0 51.4%
FOS 8-256 16 32 94.6% 2.7% 2.7%
ETP 0.004->4 0.06 0.5 91.9% 2.7% 5.4%
IMP 0.06->8 0.25 0.5 94.6% 0 5.4%
MEM 0.015->8 0.03 0.06 94.6% 0 5.4%
TET 0.5-256 128 256 35.1% 0 64.9%
TGC 0.06-8 0.5 2 91.9% 0 8.1%
PB 0.125-64 | 8 68.9% 0 31.1%

Abbreviations: AMK, Amikacin; GEN, Gentamicin; AMC, Amoxicillin-clavulanate; ATM, Aztreonam; CAZ, Ceftazidime; CIP, Ciprofloxacin; FOS, Fosfomycin; ETP,
Ertapenem; IMP, Imipenem; MEM, Meropenem; TET, Tetracycline; TGC, Tigecycline; PB, Polymyxin B.

hypervirulent marker genes. Two virulence-encoding
genes were detected (entB and mrkD) in all isolates.
Additionally, the rmpA gene was found in 27.0% (10/37),
the iutA gene in 27.0% (10/37), the allS gene in 13.5% (5/
37), the kfu gene in 18.9% (7/37), the ybtS gene in 43.2%
(16/37), and the iucA gene in 94.6% (35/37).

KP10.1, KP14.2, KP28.1, KP37.1, KP49, KP54.1, and
KP63.1 were selected as representative isolates according
to PFGE patterns and MIC phenotypes and then subjected
to further assessment of virulence potential using
a G. mellonella larvae infection model, using an inoculum
of 1x10° CFU per larva. The hypermucoviscous strain of
K. pneumonia ATCC43816 was used as a hypervirulent-
reference strain. As shown in Figure 3, it was clear that the
death rate caused by strains isolated from this hospital was
higher than that of ATCC43816 by 24 hrs, 48 hrs, and 72
hrs. Notably, not all strains from different patients showed
consistent virulence.

Clonal Relationship of K. pneumoniae

Strains

To investigate whether K. pneumoniae strains were clonally
transmitted within this hospital and identify the prevalent
clones, all 37 isolates were subjected to Xbal-PFGE and
MLST analyses. With 80% genetic similarity as the cutoff,
a total of 17 different pulsotypes were identified (Figure 2),
while strain KP57.1 was untypable and did not give any
bands. The most predominant pulsotype was pulsotype
I (27.0%), followed by pulsotypes E (13.5%) and
H (10.8%). In addition, there were seven PFGE patterns
represented by a single strain. Strains isolated from different

patients often showed diverse PFGE profiles, suggesting that
K. pneumoniae isolates had diverse genetic backgrounds.
The predominant pulsotype I consisted of 10 strains contain-
ing blactx and blagyy genes obtained from June 12, 2018 to
July 12, 2018. The pulsotype E strain also harbored 5 -
lactam-resistant MDR strains isolated from September 13,
2018 to October 12, 2018. The pulsotype H consisted of four
hypervirulent ST23 K. pneumoniae isolates. The two ST11
CRKP isolates belonged to pulsotype K. The similarity of
PFGE patterns of K. pneumoniae from different patients
suggested that clonal transmission was observed in the hos-
pital (Figure 3). We also found that one patient could carry
various K. pneumoniae isolates harboring different pheno-
types and genetic diversity at the same time, exhibiting the
coexistence of hypervirulence and low virulence or coexis-
tence of MDR strains and sensitive strains.

Discussion

Globally, lung cancer is the most common cancer, contri-
buting to one in five cancer deaths.?! Although the opera-
tive mortality after lung resection has decreased over the
past decades, the mortality rate from postoperative pneu-
monia following lung cancer surgery remains significant.?*
Patients with cancer are more likely to suffer from infec-
tion due to pathogenic bacteria than benign patients.*
K. pneumoniae is a leading cause of lung infection in
hospitalized patients.?* High mortality is closely related
to healthcare-associated acute infection due to KPC-
K. pneumoniae in cancer patients.””> However, the epide-
miology characteristics of K. pneumoniae in lung cancer
patients with respiratory infection are unclear.
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Isolation

Source Sate F:;:feE moRr EsaL T pg SITNO cree
Sputum 1311117 A +
Sputum 06/10/17 B T

Sputum 16/07/18 C P +
Sputum 11/08/18 D

Sputum 13/09/18 E M B T P
Sputum 17/09/18 E M B T

Blood 23/09/18 E M B T P
Sputum 25/09/18 E M B P
Sputum 12/10/18 E M B T P
Sputum 16/08/18 F P
Sputum 12/10117 G1

Sputum 27/09117 G2

Sputum 22/08/18 H1 +
Sputum 07/09/18 H1 +
Sputum 18/10/17 H2 P +
Sputum 31/10/17 H3 +
Sputum 16/06/18 I M B T

Sputum 05/07/18 I M B T

Sputum 07/07/18 I M B T

Pleural fluid 12/07/18 12 M B T +
Sputum 12/06/18 I3 M B T P +
Sputum 18/06/18 I3 M B T P +
Sputum 29/06/18 13 M B T +
Sputum 05/07/18 13 M B T P +
Pleural fluid 23/06/18 14 M B T

Pleural fluid 12/07/18 15 M B T

Sputum 05/06/18 J M B T P +
Sputum 25/07/18 K1 M B CRKP
Excretion 21/08/18 K2 M B CRKP
Sputum 01/10/17 L1 +
Sputum 31/10/17 L2 +
Sputum 23M1M17 M +
Sputum 02/10/18 N M T P
Sputum 11/10/17 O P
Sputum 08/09/18 P

Sputum 25/09/18 Q +

Abbreviations: M, multidrug-resistant strain; B, ESBL gene-harboring strain; T, tet (A) gene variant-harboring strain; P, polymyxin B-resistant strain; CRKP, carbapenem-

resistant K. pneumoniae.

The present study showed important information regard-
ing the current status of the frequency and transmission
kinetics of respiratory infection due to K. pneumoniae in
lung cancer patients in a cancer hospital. Our data showed
that K. pneumoniae were the dominant strain causing lung
infection in lung cancer patients, with an isolation rate of
57.45%, exhibiting a wide distribution of genetic diversity

among the 37 K. pneumoniae strains. ESBL-encoding genes,
carbapenemase genes, a tigecycline-resistance determinant
and colistin resistance genes which covered the grave-
concerned genes for the treatment of K. pneumoniae infec-
tions were screened here.”° A total of 19 (51.4%) nonduplicate
MDR isolates were recovered from sputum, blood or deep
body fluid samples.Eighteen of the 19 MDRKP isolates were
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Figure 3 Virulence potential of different K. pneumoniae strains.

Notes: Virulence potential of K. pneumoniae strains in a G. mellonella infection
model. The effect of 110> colony-forming units of each K. pneumoniae strain on
survival was assessed in G. mellonella.

ESBL-carrying K. pneumoniae isolates; there seems to be an
intimate connection between the occurrence of ESBL-
carrying and MDR K. pneumoniae. Carriage of ESBL genes
contributes to high mortality, prolonged length of hospital stay
and high cost in hospitals. Globally, 14% of healthy indivi-
duals are colonized with ESBL Enterobacteriaceae.*’ The
frequency of ESBL- K. pneumoniae in our study was higher
in lung cancer patients than in the healthy population.”® The
most common determinants were the blactx.m, blagiy and
blatgy genes in two dominant pulsotypes, which have been
reported to be the most frequent ESBLs in K. pneumoniae
isolates.”® Epidemiological studies suggest that the increas-
ingly widespread occurrence of CRKP has become a major
public health crisis.*’ In our study, ST11 CRKP strains were
isolated from two patients, and these strains could bring
difficulties for infection control if the hospital does not prevent
the transmission of CRKP. The high rates of resistance to
polymyxin B and the prevalence rate of te#(A) variant genes
found in this study deserve particular attention because these
antibiotic categories have typically been used as the drugs of
last resort for the treatment of severe infections caused by
CRKP. High rates of resistance to polymyxin B and tef(A)
variant genes mediating reduced tigecycline susceptibility of
CRKP or Salmonella enterica were reported in other previous
studies.'>°

A hypervirulent variant of K. pneumoniae has emerged
worldwide.'” Since hypervirulent K. pneumoniae often con-
fers the hypermucoviscous (HM) phenotype, we conducted
a string test of 37 isolates. The positive rate of hypermucov-
iscous K. pneumoniae was 43.2%. The virulent serotype K1
and K2 HM strains were isolated. Then, representative strains
of different genotypes and phenotypes (including hypermu-
coviscous and nonhypermucoviscous strains) were subjected

to a G mellonella infection model. Notably, all the
K. pneumoniae strains were demonstrated to be highly virulent
in the G. mellonella infection model. A review has suggested
that HM and hypervirulence are two distinct phenotypes of
K. pneumoniae that should not be used synonymously.>' Our
results may be caused by the high prevalence rate of the iucA
gene, which is one of the biomarkers for hvKP.*° In addition,
diverse drug resistance and virulent phenotype K. pneumoniae
strains were isolated, including typical ST23 hypervirulent
K. pneumoniae, ESBL-producing HMKP, MDR classical
K. pneumoniae, polymyxin B-resistant HMKP, tigecycline-
resistant K. preumoniae and ST11 CRKP.

In order to control MDR K. pneumoniae infection, we
conduct measures as followed. Firstly, the pre-screening of
MBDR isolates and active surveillance for lung cancer patients
will be protocolled. Secondly, we implement stringent isolation
procedures for MDR isolates-bearing patients, and early-
targeted therapies were used to kill the MDR isolates according
to the MIC results. Thirdly, it would be essential to separate the
MDR-isolates patients in isolation wards.

Conclusion

Although the sample size of this study is limited, this is the first
report of the molecular epidemiology of K. pneumoniae in
lung cancer patients with respiratory infection in Nantong,
eastern China. Our study highlights the urgent need to enhance
the clinical prevention and management of K. pneumoniae,
especially the MDR hypervirulent isolate-causing respiratory
infection in cancer hospitals. Careful and continued surveil-
lance of K. pneumoniae strains and enhanced control measures
are needed during the hospitalization of cancer patients.
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