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Background: Patients with neurological disorders were easier to develop severe intracranial infections caused by hypervirulent and
carbapenem-resistant K. pneumoniae, leading to a distressing clinical outcome. In this study, eight hv-CRKP were isolated from
neurological patients, to clarify the resistant and virulent features.

Methods: We tested the susceptibility of common antibiotics in these isolates to feature the antibiotic-resistant phenotypes. We also
detected the key virulence factors, including mucoviscosity, siderophores production, biofilm formation in vitro, and further evaluated
the virulence potential with serum killing model. We also used whole-genome sequencing (WGS) to investigate the molecular
mechanisms.

Results: We observed that ST11-KL64 hv-CRKP (6/8) has an overwhelming epidemic dominance in these hypervirulent and
carbapenem-resistant K. pneumoniae. Though the acquirement of virulence plasmid made no influence to the maintain of multidrug-
resistant phenotype of these isolates, only the ST11-KL64 strains fully exhibited the hypervirulent features. Compared with ST11-
KL47 and ST15-KL24 strains, ST11-KL64 hv-CRKP were more advantages in productions of capsule polysaccharide, biofilm, and
siderophores. The virulence potential of ST11-KL64 hv-CRKP was further confirmed by using serum killing model. Previous studies
have demonstrated that IncFII plasmid could act as a helper plasmid to mobile the non-conjugative IncFIB/IncHIB virulence plasmids.
We could only observe the co-existence of IncFII resistance plasmid and IncFIB/IncHIB virulence plasmids in ST11-KL64 isolates.
The co-existence of such two plasmids facilitated the formation of ST11-KL64 hv-CPKP, which then become nosocomial epidemic
under the antibiotic stress.

Conclusion: Overall, we observed the ST11-KL64 hv-CRKP dominated in the isolates from neurological patients, and required most
clinical attention.
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Introduction

Hypervirulent K. pneumoniae (hvKP) has arisen as a superbug during the 1990s, causing pyogenic liver abscesses, brain
abscesses, and other invasive syndromes.' Patients with hvKP infections generally have poor outcomes due to the
infection’s fast progression.” Recently, an increasing number of K. pneumoniae strains have been found that combine
both hypervirulent and resistance characteristics, resulting in hypervirulent and carbapenem-resistant K. pneumoniae (hv-
CRKP) with disastrous clinical outcomes."*°

Since 2010, hv-CRKP has spread globally.! The clinical situation raises a number of alarming issues. The fast

dissemination and epidemics of hv-CRKP in medical settings constitute a significant challenge to infection control.”*
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A high level of resistance and pathogenicity frequently leads to poor clinical outcomes. Additionally, hv-CRKP seem to
be able to colonize the gut.' These strains are highly contagious and have the potential to cause severe infection, such as
metastasis to distant sites, most commonly the eye, lung, and central nervous system (CNS).’

A large study of over 800 patients with K. pneumoniae liver abscesses in Taiwan, South Korea, and the United States
found that 12% of patients had metastatic disease,’ though rates as high as 28% have been reported.'” The CNS is the most
common metastatic site for hv-CRKP, occurring in roughly one-third of patients with metastatic disease.””'" Patients with
neurological disorders, where the brain barrier is disrupted, are more likely to develop intracranial infections caused by
K. pneumoniae. Numerous cases of CNS disease, such as meningitis, brain abscess, and epidural abscess, have been
reported.''* Previous research has shown that KL1-hvKP can cause central nervous system complications from pyogenic
liver abscess regardless of the host’s disease conditions, with 70% of patients experiencing long-term disability due to
neurological deficits."' Although the clinical risk of hv-CRKP to the neurological patients has been demonstrated, the
resistance and hypervirulent features of these isolates identified in neurological patients remain unclear.

In this study, we isolated hypervirulence and carbapenem-resistant K. pneumoniae from patients diagnosed with
neurological diseases, aiming to clarify the resistant and virulent features, and clinical hazards of these organisms. We
tested the susceptibility of common antibiotics in these isolates to feature the antibiotic-resistant phenotypes. To
characterize the virulence in detail, we detected the key virulence factors, including mucoviscosity, siderophores
production, biofilm formation in vitro, and further evaluated the virulence potential with serum killing model. We also
used whole-genome sequencing (WGS) to investigate the molecular mechanisms underlying multidrug resistance and
hypervirulent phenotypes. Moreover, we also analyzed the plasmids diversity to determine the potential transmission of
these high-risk determinants. Overall, our goal was to describe the specific hypervirulence and carbapenem-resistant
K. pneumoniae from neurological patients, to figure out the lineage requiring most clinical attention, and emphasize the
possible risk of such strains.

Materials and Methods

Bacterial Strains

We have obtained 13 isolates from patients diagnosed with neurological diseases, including 8 hv-CRKP and 5 CRKP.
Eight K. pneumoniae strain exhibited typical hypervirulent and carbapenem-resistant features, harboring carbapenem-
resistant genes and hypervirulent determinants. K. pneumoniae NUTH-K2044 (ST23-KL1) was used as a virulence-

positive control strain.

Antimicrobial Susceptibility Test

The MIC (minimum inhibitory concentration) of the K. pneumoniae strains was determined using broth microdilution by
the Clinical and Laboratory Standards Institute.'> For MIC determination, E. coli ATCC 25922 was used as a quality
control strain. CLSI2022-M100-ED31was used to determine the interpretative breakpoints.

Whole-Genome Sequencing and Bioinformatics Analysis

The genomic DNA of these hv-CRKP was extracted using a commercial DNA extraction kit (Qiagen, Germany) and
the genome sequencing was then performed by the Illumina NovaSeq 6000 platform.'® The multilocus sequence
typing (MLST), serotype, resistance and virulence determinants were determined by the Kleborate (version 0.3.0)
(https://github.com/katholt/Kleborate/). Plasmid replicons were identified using the PlasmidFinder database using the

minimum coverage and minimum identities of 90% (https://cge.cbs.dtu.dk/services/PlasmidFinder/).

String Test
A positive string test for hypermucoviscosity is defined as a viscous filament of greater than 5 mm length when stretching
a K. pneumoniae colony with a bacteriological loop on an agar plate.’
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Quantitative Siderophore Production and Biofilm Formation Assay
To determine the iron-chelating capabilities of bacterial supernatants, the chrome azurol S (CAS) assay was performed as
previously described.!” In brief, stationary-phase iron-chelated cultures (10 mL) were dropped on CAS plates, and
siderophore production was determined by the orange halos after 48 hours at 37°C incubation.

Static biofilm production was quantified using crystal violet in 96-well flat-bottom polystyrene microtiter plates, and
the extent of biofilm formation was determined as previously described. The image was taken for visual observation and
for quantitation, OD 595 was detected through a microplate reader.

Serum Killing Model

The assay was carried out exactly as described in the published experiment.'® In brief, 25ul of a bacterial suspension
containing 1.5x10° CFU/mL was mixed with 75ul of healthy human serum and incubated at 35°C. The baseline and
3-hour mixtures were diluted and inoculated overnight on nutrient agar plates. The number of colonies was counted at

each timepoint. Sero-sensitivity survival curves were created based on the survival rate at each timepoint.

Results

ST11-KL64 Strains Dominated Among hv-CRKP Isolated in Neurological Patients
Eight hv-CRKP were collected from the patients diagnosed with neurological disorders in three hospitals, and most of
them (6/8) also suffered with bloodstream infections. According to the MLST and serotype analysis, we found that ST11-
KL64 hv-CRKP (6/8) has an overwhelming epidemic dominance in these hypervirulent and carbapenem-resistant
K. pneumoniae (Table 1). Further core single-nucleotide polymorphism (SNP) distance analysis showed that the 6 ST11-
KL64 isolates differed by an average of 51 core SNPs (range 43—68), indicating no clonal expansion (Figure S1).
Another two isolates belonged to ST11-KL47, and ST15-KL24 (Table 2), which were usually recognized classical
multidrug-resistant (MDR) K. pneumoniae.'® Hence, we speculated the formation of these eight hv-CRKP followed such
pattern: CRKP (most were ST11-KL64 isolates) obtained a virulence plasmid.'

Table | Antimicrobial Drug Susceptibility Profiles

Antibiotics MIC (mg/L)/Antimicrobial Susceptibility

1608 1616 1657 1673 1674 1680 FK3004 | FK3057
IPM >16 >|6 >|6 >16 >|6 >16 >|6 >16
MEM >16 >|6 >|6 >16 >|6 >16 16 >16
FOX >32 >32 >32 >32 >32 >32 >32 >32
CTX >64 >64 >64 >64 >64 >64 >64 >64
ATM >32 >32 >32 >32 >32 >32 >32 >32
FEP >|6 >|6 >|6 >|6 >|6 >16 >|6 >|6
CAZ >32 >32 >32 >32 >32 >32 >32 >32
Caz/AV 1/4 1/4 1/4 2/4 1/4 4/4 <=0.25/4 4/4
TZP >128/4 >128/4 >128/4 >128/4 >128/4 >128/4 >128/4 >128/4
GEN >16 >16 <=0.5 <=0.5 <=0.5 <=0.5 <=0.5 <=0.5
AMK >64 >64 <=2 <=2 <=2 <=2 <=2 4
POL <=0.5 | <=0.5 | <=0.5 | | <=0.5
CIpP >4 >4 >4 >4 >4 >4 >4 >4
TCY 4 4 >16 >16 4 >16 2 >16
TGC | | 4 4 2 4 <=0.25 0.5
MNO <=2 <=2 >8 8 4 >8 <=2 >8
SXT <=0.5/9.5 | >2/38 | <=0.5/9.5 | >2/38 | <=0.5/9.5 | <=0.5/9.5 | <=0.5/9.5 >2/38

Abbreviations: FOX, Cefoxitin; CTX, Cefotaxime; ATM, Aztreonam; FEP, Cefepime; CAZ, Ceftazidime CAZ/AV, Ceftazidime/
avibactam; TZP, Piperacillin/Tazobactam; IPM, Imipenem; MEM, Meropenem; GEN, Gentamicin; AMK, Amikacin; POL, Polymixin B;
CIP, Ciprofloxacin; TCY, Tetracycline; TGC, Tigecycline; MNO, Minocycline; SXT, Trimethoprim/Sulfamethoxazole.
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Table 2 General Features and Antimicrobial Resistance Genes and Virulence Determinants of in hv-CRKP

IncFll(pHN7AS8)

IncR_I

IncFIB(AP001918)_1
IncFIB(K)_I_Kpn3
IncFlI(pHN7AB8)
IncL/M(pMU407)
IncR_I

IncFIB(K)_1_Kpn3
IncFll(pHN7A8)

IncR_I

IncFIB(K)_I_Kpn3
IncFlI(pHN7A8)

IncR_I

IncFIB(K)_I_Kpn3
IncFlI(pHN7AB8)

IncR_I

IncFIB(K)_1_Kpn3
IncFlI(pHN7AB8)

IncR_1

IncFIB(pPNDM-Mar)

Characteristics 1608 1616 1657 1673 1674 1680 FK3004 FK3057
Ward Neurosurgery Neurology Neurology Neurology Neurology Neurology Neurosurgery Neurosurgery
Source Blood Blood Blood Blood Blood Blood Sputum Excrement
ST STII STII STII STII STII STII STIS STII
K-type KL47 KL64 KL64 KLé64 KLé64 KL64 KL24 KLé64
Vriulence determinants Yersiniabactin ybt 9; ICEKp3 ybt 9; ICEKp3 ybt 9; ICEKp3 ybt 9; ICEKp3 ybt 9; ICEKp3 ybt 9; ICEKp3 ybt 14; ICEKp5 ybt 9; ICEKp3
Aerobactin iuc | iuc | iuc | iuc | iuc | iuc | iuc | iuc |
Salmochelin irol
rmpA rmpA rmpA rmpA rmpA
rmpA2 rmpA2_8 rmpA2_3 rmpA2_3 rmpA2_3 rmpA2_3 rmpA2_8 rmpA2_3
Resistance determinants Bla_Carb KPC-2 KPC-2 KPC-2 KPC-2 KPC-2 KPC-2 KPC-2 KPC-2
Bla_ESBL CTX-M-65 SHV-12; CTX-M-65 CTX-M-65; SHV-12 CTX-M-65; SHV-12 SHV-12 SHV-28 SHV-11
Bla AmpH AmpH AmpH; LAP-2 AmpH; LAP-2 AmpH; LAP-2 AmpH; LAP-2 LAP-2
Aminoglycosides AadA2; RmtB RmtB; AadA2
Qnr-S| Qnr-S| Qnr-S| Qnr-S| QnrS|
Fluoroquinolones ParC-801 ParC-80 ParC-801 ParC-801 ParC-801 ParC-801
GyrA-83I GyrA-831 GyrA-83I GyrA-83I GyrA-83I GyrA-83|
GyrA-87G GyrA-87G GyrA-87G GyrA-87G GyrA-87G GyrA-87G
Macrolides MphE MphA
Sulfonamides sul2 sul2 sul2 sul2
Tetracyclines TetA TetA TetA Tet(A)
Trimethoprim DfrAI2 DfrAl4 DfrAl4
Plasmid rep Coll56_1 Col(pHAD28)
ColRNAI_I ColRNAI_I ColRNAI_I ColRNAI_I ColRNAI_I ColRNAI_I ColRNAI_I ColRNAI_I

IncFll(pHN7AS)
IncHI 1 B(pNDM-MAR)
IncR_I
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Hv-CRKP Isolated in Neurological Patients All Exhibited Typical MDR Phenotype

In order to clarify the antibiotic-resistant phenotype of these hv-CRKP, we tested the susceptibility of 17 antibiotics in
these strains (Table 2). We found all these K. pneumoniae posed similar multi-drug-resistant features; they exhibited
high-level resistance to all B-lactam antibiotics and carbapenems, but remained susceptible to tigecycline, polymyxin, and
ceftazidime/avibactam. Notably, K. pneumoniae 1608 and 1616 also resistant to aminoglycoside antibiotics, which were
usually considered as effective therapeutic options for CRE (Carbapenem-Resistant Enterobacteriaceae). These anti-
biotic-resistant phenotype of K. pneumoniae 1608 (ST11-KL47) and 1616 (ST11-KL64) were not common in hv-CRKP.
All these results indicated that the acquirement of virulence plasmid make no influence to the maintain of MDR
phenotype.

Characterization of Virulence Phenotype of hv-CRKP Isolated in Neurological Patients
To protect themselves from the activities of bactericidal compounds, Klebsiella pneumoniae strains produce a capsule
polysaccharide coating. In this study, we discovered that half of the hv-CRKP, all of which were ST11-KL64, had
a particularly thick capsule due to increased capsule polysaccharide production, resulting in a hypermucoviscous
phenotype (Figure 1A). Moreover, we also found these hypermucoviscous hv-CRKP also produced almost equivalent
biofilm with ST23-KL1 hvKP NTUH-K2044 (Figure 1B). Quantitative siderophore assays indicated that except the ST15
isolate FK3004, all hv-CRKP produced comparable siderophores with NTUH-K2044 (Figure 1C). All these results
showed that the expressions of hypervirulence-specific factors differed among ST11-KL64, ST11-KL47, and ST15-KL24
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Figure | The virulence phenotype of eight hv-CRKP. (A) String test (B) biofilm formation. (C) Siderophores production determined by CAS agar plate. (D) Serum killing
model, the survival rates were counted at 3 hours after incubated with the serum.
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isolates. The ST11-KL64 hv-CRKP were more advantageous in the production of capsule polysaccharide, biofilm, and
siderophores. We further evaluated the virulence potential of these isolates by using serum resistance in vitro. Only two
ST11-KL64 hv-CRKP (1616 and FK3057) could perfect resistance the serum killing (Figure 1D), with almost 100%
isolates survived after incubated with healthy human serum at 35°C for 3h. Notably, for the ST11-KL47 isolate 1608 and
ST15-KL24 isolate FK3004, the survival rates were extremely low with 8% and 0.25%, respectively. Although the
K. pneumoniae 1680 belonged to ST11-KL64 type and produced high capsule polysaccharide and siderophore, these
hypervirulent factors do no help for the 1680 to anti the serum killing; only after 2h incubation, the surviving number of
1680 strain became 0.

The Variance of Resistance and Virulence Determinants Among hv-CRKP Isolated in

Neurological Patients

To further investigate the related mechanism that mediated the multidrug resistant and hypervirulent characteristic of
these K. pneumoniae, we used WGS to deeply describe the genomic information of these bacteria. All isolates harboring
blaxpc.» gene, which make the major contribution to the MDR phenotype (Table 1). Moreover, the aadA2 and rmtB
identified in both 1608 and 1616, which conferred higher-level resistance to aminoglycoside antibiotics (Table 1). Among
all these ST11 isolates including KL47 and KL64 types, we could find more than 10 elements mediating resistance to p-
Lactams, aminoglycosides, fluoroquinolones, macrolides, etc. However, in the ST15 FK3004 isolates, we only observed
two resistant genes blaxpc., and blagyy.,g (Table 1), which only contributed to the resistance to B-Lactams and
carbapenems, and supported with the antimicrobial susceptibility results (Table 2). Although ST15 K. preumoniae
were recognized the second major MDR-KP in China,'? it attained fewer resistance genes than ST11 strains.

As we all know, iron acquisition was a critical factor contributing to the high pathogenicity of hvKP.'*° Among these
three isolates, only 1616 harbored three siderophores (yersiniabactin, salmochelin, and aerobactin), another seven isolates
only carried yersiniabactin and aerobactin (Table 1). However, the presence of salmochelin did not increase the
production of siderophores, compared with other ST11 isolates (Figure 1C). Notably, the yersiniabactin gene in ST15
isolate FK3004 was typed as ybt-15 located on ICEKp5-like mobile genetic element, while which identified in ST11
strains were ybt-9 on ICEKp3. Such difference may explain why the high siderophores production absence in ST15 strain
FK3004 (Figure 1C). In addition to the aerobactin, thick capsule due to high polysaccharide production in the capsule,
which mediated by RmpA/RmpA2 also contributed to the hvKp phenotype. According to the WGS analysis,
K. pneumoniae 1657, 1674, and 1680 all co-harbored rmpA and rmpA2 genes, which result in the hypermucoviscous
phenotype (Table 1 and Figure 1A). However, the rmpA and rmpA2 were not the essential elements for the capsule
polysaccharide production, since the 1673 was hypermucoviscous but loosed rmpA and rmpA2 (Table 1 and Figure 1A).
Notably, the rmpA2 gene identified in ST11-KL47 isolate (1608) and ST15-K1.24 isolate (FK3004) were truncated. All
these results indicated difference of hypervirulence phenotype among these isolates were attributed to the difference of
key virulence determinants.

The Plasmid Diversity in hv-CRKP Isolated in Neurological Patients

As plasmids are frequently transmitted between bacteria and have spread globally, which contributed significantly to the
dissemination threats of resistant and virulent factors, we made analysis of the diversity of plasmids identified in these
isolates. We found more than three plasmid replicons in these eight isolates (Table 1), indicating that CRKP strains, like
ST11 or STI15 strains, could keep several plasmids with low fitness cost; this pattern can easily spread and cause an
outbreak in the hospital.

Among these plasmids, IncFII plasmids served as the major vehicles of the blaxpc gene,?"** and the IncFIB/IncHIB
plasmids usually dominated in virulence plasmids,*® these plasmids could be detected in all six ST11-KL64 isolates,
while the ST11-KL47 and ST15-KL.24 isolates did not obtain (Table 1). Previous studies have demonstrated that the
IncFII conjugative plasmid not only be self-transferred to other recipients, but also could act as a helper plasmid to
mobile the non-conjugative IncFIB/IncHIB virulence plasmids.”** The oriT (origin of transfer site) region was the key
element to recruit the conjugative process, which shared high identity between IncFII plasmids and IncFIB/IncHIB

408 https: Infection and Drug Resistance 2023:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Zhou et al

virulence plasmids.5 24 The co-existence of IncFII blaypc.» plasmid and virulence plasmid contributed to the transmission
of both resistant and hypervirulent phenotype in ST11-KL64 isolates.

Discussion
Infections caused by the hypervirulent and carbapenem-resistant K. pneumoniae usually resulting in distressing clinical
outcomes, especially for the patients suffering with neurological disorders, who were easier to develop serious
intracranial infections. In this study, we isolated 8 hv-CRKP from the neurological patients, characterized the resistance
and virulence phenotypes, and molecular features, and observed the ST11-KL64 hv-CRKP dominated, and required most
clinical attention.

All these hv-CRKP could be categorized into three group: ST11-KL64, ST11-KL47, and ST15-KL24, which all were
recognized as typical MDR K. pneumoniae. Most hypervirulent ST15 isolates were typed as KL19,%® while what we
obtained was typed as KL24. Notably, not like ST11 isolates showed resistance to most common antibiotics, the ST15
isolate FK3004 only resistant to B-Lactams, carbapenems, and fluoroquinolones, since it just harbored two resistant genes
blaxpc.» and blagyv.g. When these strains obtained virulence plasmids, only the ST11-KL64 strain fully exhibited the
hypervirulent features. Although yersiniabactin, and aerobactin could be detected in the FK3004(ST15-KL24), it did not
pose high siderophores production. ICEKp is an integrative conjugative element (ICE) that mobilizes the ybt locus, which
encodes biosynthesis of the siderophore yersiniabactin and its receptor.’’*® Yersiniabactin is an important bacterial
virulence factor because it provides mechanisms for removing iron from host transport proteins.*® The ICEKp population
structure is made up of numerous sub-lineages, each with its own set of cargo genes and the yersiniabactin synthesis
locus ybt.*° In this study, the yersiniabactin gene in ST15 isolate FK3004 was typed as ybt-15 located on ICEKp5
elements, different from that identified in ST11 strains, which could be explained by the presence of balancing selection
for the encoded traits. Since the ybt and associated cargo genes were essential to the virulence phenotype, such variance
among ST15 and ST11 isolates may result in different virulence phenotype. In addition, with the truncated rmpA2, the
ST15 hv-CRKP produced less capsule polysaccharide, and only survive 025% strains under the serum killing, resulting
in lower pathogenic.

Although the first carbapenem-resistant hypervirulent K. pneumoniae ST11 outbreak clone reported in eastern China
was typed as ST11-KL47,” ST11-KL64 strains appeared to be more resistant to harsh conditions and virulent, with
evidence that pLVPK-like virulence plasmids were more frequently discovered among ST11-KL64 lineages.”’ In this
study, the ST11-KL47 hv-CRKP (1608) produced significantly less biofilm than ST11-KL64 isolates and NTUH-K2044
hypervirulent strain. Moreover, under the serum killing, only 8% ST11-KL47 isolates survived, while two ST11-KL64
isolates could survive 100%. Previous studies have observed that patients infected with ST11-KL64 isolates died at
a significantly higher rate than those infected with ST11-KL47 isolates.?” The results of our phenotypic assays, which
revealed that ST11-KL64 was more virulent than ST11-KL47, support this finding. The capsule type is thought to be an
important determinant of K. pneumoniae pathogenicity, but we cannot rule out the possibility that the increased virulence
is due to other chromosomal and plasmid variations.

The IncFIB/IncHIB virulence plasmid typed as a mobilizable plasmid, which just contain a MOB (mobility) module
(oriT positive) and need the MPF (mating pair formation) of a coresident conjugative plasmid to become transmissible by
conjugation.>** According to previous demonstration, the conjugative IncFII blaypc plasmid seemed to act as a driving
force in virulence plasmid mobilization. Notably, we found IncFII resistance plasmids and the IncFIB/IncHIB virulence
plasmids could be co-detected in all six ST11-KL64 isolates, while these plasmid absence in ST11-KL47 and ST15-
KL24 isolates. The co-existence of such virulence plasmid and blayxpc plasmid facilitate the formation and dissemination
of ST11-KL64 hv-CPKP. The antibiotic stress further aggravated the epidemic of such hv-CRKP strains in hospitals.
Moreover, as ST11-KL64 hv-CPKP could maintain multiple plasmids with low fitness cost, which do a great assistance
for such strain to gain more hypervirulent and resistant phenotype.

Altogether, our study characterized 8 hv-CRKP isolated from neurological patients, and observed that the ST11-KL64
hv-CPKP emerged as dominated high-risk lineages, with enhanced MDR and hypervirulent phenotype. In comparison to
ST11-KL47 and ST15-KL24 hv-CRKP, these ST11-KL64 strains are not only more resistant to stress, but also act as
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“super-spreaders” of virulence plasmids, allowing them to spread to more CRKP strains. Customized surveillance and
stricter infection-control measures were urgently required to prevent the spread of such high-risk hv-CRKP.
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