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Objective: The purpose of this study was to analyse the clinical, microbiological and molecular epidemiological characteristics of
patients with pyogenic liver abscess (PLA) caused by Klebsiella pneumoniae (KPN) in Inner Mongolia, China.

Methods: The KPN isolates from 78 KPN-PLA cases admitted to a tertiary teaching hospital in Baotou, Inner Mongolia, from 2016
to 2019 were studied systematically and described comprehensively. The virulence factors, drug resistance and sequence types of KPN
in different samples were identified by a wire-drawing test, polymerase chain reaction, a drug susceptibility test and multi-site
sequence typing.

Results: There were more male than female KPN-PLA patients (P<0.05). The mortality rate was 2.5%, and KPN-PLA was
significantly associated with diabetes mellitus (P<0.05). Most of the KPN isolates in the puncture fluid of patients with KPN-PLA
were hypervirulent KPN (HvKP). The positive rate of the KPN-PLA specimens was higher than that of the blood and urine specimens.
The KPN isolates of the urine specimens had higher drug resistance than the other two (P<0.05). The hypermucoviscous KPN, aerobic
actin (aero) (+), K1 and K2 serotypes accounted for 80.8%, 89.7%, 56.4% and 26.9%, respectively. In addition to ironB (3.8%), the
detection rates of virulence factors rmpA, irp2, entB, iucD, aero, wcaG, iutA, kfu, ybtA, iron, fimH and mrkD were higher (69.2%—
100.0%). The positive rate of KPN isolates of the KPN-PLA puncture fluid was higher than that of the blood and urine samples
(P<0.05). In addition, ST23 was found to be the dominant ST (32.1%) of KPN-PLA in the Baotou region.

Conclusion: In the KPN-PLA specimens, the KPN isolates were more virulent than those in the blood and urine specimens, and
a carbapenem-resistant HvKP strain emerged. This research will help improve the understanding of HvKP and provide useful
suggestions for KPN-PLA treatments.
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Introduction
Klebsiella pneumoniae (KPN) is a common gram-negative bacterium that causes clinical infection, and studies have
shown that it has the second-highest detection rate among all bacterial infections.'* Compared with common KPN (ie
classic KPN [cKP]), hypervirulent KPN (HvKP) has the following characteristics: (1) Usually, HVKP colonies display
a high-mucus type — typically, a laboratory wire-drawing test is used to determine whether strains are of a high-viscosity
type. (2) There are more virulence factors in HVKP than in cKP, such as rmpA and siderophores. (3) In most cases, HvKP
infection is manifested by a primary bacterial liver abscess, which can cause infection foci that spread in the
bloodstream.*

The virulence factor of HVKP is the key to distinguishing HVKP from cKP, and its virulence level is also related to the
expression of virulence factors, indicating that the virulence molecule is an important breakthrough in studying the
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molecular characteristics of the HVKP gene.®® In a recent study, 90.9% of the pathogens that caused pyogenic liver
abscess (PLA) were found to be HvKP, and the incidence of PLA was associated with a high prevalence of HvKP
strains.”® Bacterial liver abscess caused by KPN (KPN-PLA) has become a global disease. Therefore, it is necessary to
systematically study the clinical and microbiological characteristics of patients with KPN-PLA and compare them with
KPN from blood and urinary system infections. Only through a detailed comparative study can we determine a more
accurate site for HVKP detection in patients with KPN, provide more scientific and accurate test methods for future
clinical treatments and provide a more effective test reference for clinicians’ treatment work.’'’

In recent years, the prevalence of KPN-PLA has been increasing. However, there are limited reports on the virulence and
drug resistance of KPN-PLA in Mongolia.'""'* In this study, we explored the virulence, drug resistance and molecular
epidemiology of KPN in KPN-PLA specimens and compared these characteristics in the systems of patients. This research
will help improve the understanding of HVKP and provide valuable recommendations for KPN-PLA treatments.

Materials and Methods

The flowchart (Figure 1) simplifies our description of the entire approach.'?

Research Subjects and Grouping of Strain-Screening Criteria

Research Subjects

Information and strains were collected from 78 patients with KPN from the First Affiliated Hospital of Baotou Medical
College, Inner Mongolia University of Science and Technology, between 2016 and 2019. These comprised 46 males and
32 females, aged 24-81 years, with an average age of 60.6 years.

Grouping of Strain-Screening Criteria

The screening criteria were as follows: (1) Each patient met the diagnostic criteria for bacterial liver abscess, having (a)
chills, fever, nausea and liver tenderness or percussive pain, (b) confirmation via radiological imaging and having
undergone either percutanecous aspiration/drainage or surgical drainage and (c) positive bacterial culture or effective
antibiotic treatment.'* (2) Each patient had no underlying diseases related to the liver or gallbladder. (3) Klebsiella
pneumoniae was the only pathogenic bacteria.

Regarding the uri ne-specimen group (positive KPN strains in the same period), the screening criteria were as
follows: (1) Patients who met the diagnostic criteria for bacterial urinary tract infection, having (a) bladder-irritation
symptoms, such as frequent urination, urgency and dysuria, with possible accompanying systemic infection symptoms,
such as elevated body temperature, chills and chills, (b) urine leukocytes exceeding the normal range and (c) a positive

Strains
identification

Figure | The flowchart of the entire approach.
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urine bacterial culture or effective antibiotic treatment. Patients who met (1), (2) and (3) at the same time were included
in the study."® (2) The only pathogenic bacterium was KPN.

Regarding the blood-sample group (selected blood-culture-positive KPN strains in the same period), the screening
criteria were as follows: (1) Patients met the clinical diagnostic criteria for bloodstream infection (fever >38°C or
hypothermia <36°C), which may have been accompanied by chills and one of the following conditions: (a) invasion
portals or migration lesions, (b) toxemia or even bacteremia or sepsis, (c) rashes or bleeding spots, hepatosplenomegaly,
blood neutropenia with a left shift of the nucleus and no other explanations or (d) systolic blood pressure <12 kPa (90
mmHg) or >5.3 kPa (40 mmHg) lower than the original systolic blood pressure.'* (2) Based on clinical diagnosis, the
etiological diagnostic criteria of bloodstream infection were met, ie KPN was isolated from the blood culture and was the
only pathogenic bacterium.

Identification of Strains

All strains were identified using instruments according to the identification method in National Clinical Inspection
Procedures (fourth edition)."> The instruments used were a VITEK®™ 2 compact microbial-identification system and
supporting reagents from bioMérieux (France).

Instruments and Reagents
Instruments: Polymerase chain-reaction (PCR) amplification instrument, constant-temperature incubator, gel-
electrophoresis instrument and gel-imaging analyser.

Reagents: Columbia blood agar, Chinese blue agar, MH agar and drug-sensitive paper (OXOID, UK); imipenem and
meropenem E-test strips (Zhengzhou Antu Bioengineering Co., Ltd); DNA extraction kit (Gen Biochemical Technology
Co., Ltd); PCR amplification reagent (Hangzhou Baosai Biotechnology Co., Ltd); 2 x Taq PCR MasterMix (Beijing
Baosai Biotechnology Co., Ltd) solutions; 50 x TAE buffers, EB nucleic-acid staining solution (10 mg/mL) and 100 bp
DNA maker (all from Beijing Soleibo Technology Co., Ltd).

Drug Susceptibility Test

The K-B method was used in accordance with the regulations of the American Clinical Laboratory Standardization Institute
(CLSI) with reference to the CLSI M100-S29 standard.'® In an extended-spectrum B-lactamases (ESBL) confirmation test,
ESBLs were detected (SYA050, Biorab, Beijing, China) according to a CLSI-recommended confirmation test.'’

The KB method used the following drug-sensitive paper chips (Oxoid Corporation, USA): ampicillin susceptibility
assay paper chip (diffusion method) amp 10 ug, cefazolin susceptibility assay paper chip (diffusion method) KZ 30 ug,
cefoperazone susceptibility test paper chip (diffusion method) CFP 75 ug, ampicillin/sulbactam susceptibility assay paper
chip Sam 20 ug, 10 ug of MEM on a meropenem susceptibility test paper chip (diffusion method), cefotaxime
susceptibility assay paper chip (diffusion method) CTX 30 ug, gentamicin susceptibility assay paper chip (diffusion
method) CN 10 ug, tobramycin susceptibility assay paper chip (diffusion method) tob 10 ug, ciprofloxacin susceptibility
assay paper chip (diffusion method) CIP 5 ug, tigecycline susceptibility assay paper chip (diffusion method) TGC 15 ug.

High-Mucus Phenotype Detection

The stored bacteria were removed from a —80°C refrigerator, and the bacteria were inoculated on a Columbia blood plate
by a four-zone streak after being thawed at room temperature. The bacteria were inoculated on the Columbia blood plate
after being incubated at 35°C for 24 h. A single colony was selected with an inoculation loop. A “drawing” length of
>5 mm was considered to be “colony thread-drawing” positive, ie a high-yielding mucus phenotype strain; conversely,
a length of <5 mm was considered “colony thread-drawing” negative.

Extraction of Bacterial DNA

The stored strains were removed from the —80°C refrigerator, thawed at room temperature and inoculated on Columbia
blood plates by a four-zone streak; then, they were cultured at 35°C for 24 h, and KPN was isolated. A single strain was
selected and inoculated in a 5 mL broth medium at 37°C and shaken at a constant temperature at 100 r/min for 24 h. It
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was centrifuged, and the supernatant was discarded to produce 1 mL of bacterial liquid. A DNA extraction kit was used
to extract the DNA of the strain (for the specific method, please refer to the kit instructions). The obtained DNA template
was stored in a —20°C refrigerator.

Detection of Capsular Serotypes and Virulence Factors

All strains were tested for capsular serotypes (K1, K2, K5, K20 and K57) and 13 virulence factors (rmpA, irp2, entB,
iucD, aero, weaG, iutd, kfu, ybtA, iron, ironB, fimH and mrkD) using the PCR method, typing and detection. ' Capsule
serotype and virulence-factor gene primers were synthesised by Beijing Qingke Biotechnology Co., Ltd (Supplementary
Table 1), and PCR reagents and a PCR instrument were used for amplification. The positive products were sent to the
sequencing department of Ruiboxingke (Beijing) for sequencing, and the results were uploaded to http://blast.ncbi.nlm.

nih.gov/ for comparison to confirm the existence of virulent genes.

MLST Typing

We used the Pasteur Institute’s MLST website (http://bigsdb.pasteur.fr/) for the DNA sequence analysis of seven

housekeeping genes. The reaction system and reaction conditions for the PCRphoE amplification of these genes were
as follows. The seven housekeeping gene primers of KPN (gapA, infB, rpoB, phoE, mdh, pgi and tonB) were synthesised
by Beijing Qingke Biotechnology Co., Ltd (Supplementary Table 2) using an amplification reagent (Hangzhou Baosai

Biotechnology Co., Ltd) and a PCR instrument for amplification. The PCR products were purified and sequenced in two
directions by the sequencing department of Ruiboxingke (Beijing). The MLST database of the Pasteur Institute (https://
bigsdb.pasteur.fr/klebsiella/primers-used/) was used to compare the sequences and identify the ST of the tested strain.

Statistical Analysis

Using SPSS 25 software for statistical analysis, enumeration data were described by the number of cases or rate using
a y* test or Fisher’s exact test; a value of P<0.05 was considered statistically significant. A y test was used to evaluate
the relationship between hepatic abscess and diabetes mellitus (DM).

Results
Clinical Characteristics of Patients with KPN-PLA

A total of 78 cases that conformed to KPN-PLA were collected, all of which were community-acquired infections. There
were 42 patients with underlying DM and 20 patients with hypertension. Diabetes was associated with mortality in KPN-
PLA patients (P<0.05) (Table 1). There were 69 patients who received surgical drainage. The other 9 cases received
percutaneous puncture without indwelling drainage tubes. The reasons were as follows: 5 patients chose conservative
treatment, 3 patients or their families refused drainage and 1 patient was restless, and staff were unable to place the
drainage tube. In 66 cases (95.7%), there was an improved prognosis. After treatment, these patients were re-examined.
An imaging examination showed that the purulent cavity of the liver had shrunk or disappeared. Laboratory examination
showed that WBC, PCT and other infection indicators had decreased or returned to normal. Also, 1 case (1.4%) was
transferred to hospital without cure, and 2 cases (2.9%) died (2 diabetic patients). A total of 9 cases did not undergo liver-
abscess puncture and drainage during hospitalisation, 5 cases (55.6%) had an improved prognosis and 4 cases (44.4%)
were transferred to hospital without cure. Regarding the indication for drainage vs conservative treatment, please

read.!®!®

Table | Relationship Between Diabetes Mellitus and Cure Rate of Abscess

Diabetes Mellitus No Diabetes Mellitus P value

Recovered 35 36 0.0l

No recovered 7 0

Note: Using Pearsons chi-square test in SPSS 25.
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There was CRP <100 mg/L in 15 patients, 100—200 mg/L in 42 patients, 200—300 mg/L in 12 patients and >300 mg/L
in 9 patients. There was WBC 4—-10x10°/L in 26 patients, WBC 10-15x10°/L in 32 patients, WBC 16-20x10°/L in 14
patients, WBC 21-25x10°/L in 4 patients and WBC 40-50x10°/L in 2 patients. The NEUs of 4 patients were 50.0%—
70.0%; in 19 patients, 70.0%—80%; in 41 patients, 80%—90% and in 14 patients, >90%.

Detection Rate of HvKP

Of the 78 strains of KPN-PLA specimens, 78 strains of blood specimen KPN and 78 strains of urine specimen KPN were
determined to be HVKP or cKP according to whether aero was positive or not. Seventy strains of HVKP (89.7%) were
detected in KPN-PLA specimen KPN, which was significantly higher than the detection rate for the 49 strains of HvKP
(62.82%) in blood KPN and 20 strains of HVKP (25.64%) in urine KPN (P<0.05) (Table 2, Supplementary Figure 1). The
KPN-PLA specimens’ KPN drawing test of 63 strains (positive rate: 80.8%) was significantly higher than the 39 KPN
strains from blood samples (positive rate: 50%) and the 16 KPN strains from urine samples (positive rate: 20.5%)
(P<0.05).

Detection of Capsular Serotypes

In the KPN-PLA KPN samples, there were 44 K1 strains in KPN-PLA samples, which was significantly higher than
those in blood samples (n=13) and urine samples (n=0) (P<0.05). In the KPN-PLA specimens, the KPN contained 21
strains of the K2 type, which accounted for 26.9% — higher than the 10 strains detected in the blood samples (12.8%) and
the 3 strains detected in the urine samples (3.9%) (P<0.05). In the KPN-PLA samples, KPN was detected in 11 other
serotypes (14.1%) compared with 48 detections in the blood samples (61.5%) and 72 detections in the urine samples
(92.2%) (P<0.05). The K20, K54 and K57 capsular serotypes were not detected (Table 3, Supplementary Figure 1).

Detection of Virulence Factors

Thirteen virulence genes of 234 KPN strains were detected in the KPN-PLA specimens, blood specimens and urine
specimens. Among them, the differences in the detection rates of rmpA, aero and iut4 in the three specimens were all
higher in the KPN-PLA specimens (87.2%, 89.7% and 93.3%, respectively) than in the blood specimens (53.8%, 62.8%
and 53.8%, respectively) and the urine specimens (16.7%, 25.6% and 16.7%, respectively), which was a statistically
significant difference (P<0.05). The detection rates of the three virulence genes irp2, wecaG and ybtA in the three
specimens were all higher in the KPN-PLA specimens (79.5%, 69.2% and 79.5%, respectively) than in the blood
specimens (46.2%, 25.6% and 46.2%, respectively) and urine samples (46.2%, 16.7% and 46.2%, respectively), while the
detection rate of iucD in the KPN-PLA samples (83.3%) was lower than that in the blood samples (100.0%) and urine

Table 2 HvKP Detection Rate and Positive Rate of Puncture Fluid, Blood and Urine Samples of Liver Abscess

Judgement Standard

KPN-PLA Puncture Fluid Specimen n (%)

Blood Sample n (%)

Urine Specimen n (%)

Aero positive

Wire drawing test positive

Aero and wire drawing tests were positive

70(89.7%)
63(80.8%)
58(74.4%)

49(62.8%)
39(50.0%)
39(50.0%)

20(25.6%)
16(20.5%)
10(12.8%)

Abbreviations: HVKP, hypervirulent KPN; KPN-PLA, Klebsiella pneumoniae - pyogenic liver abscess.

Table 3 The Detection Rate of Capsular Serum Type of Puncture Fluid, Blood and Urine of Liver Abscess

Capsular Serotype KPN-PLA Puncture Fluid Specimen n(%) Blood Sample n(%) Urine Specimen n(%)
kil 44(56.4%) 13(16.7%) 0(0.0%)
k2 21(26.9%) 10(12.8%) 3(3.8%)
k5 2(2.6%) 7(9.0%) 3(3.8%)
Other 11(14.1%) 48(61.5%) 72(92.2%)

Note: Total number =78.

Abbreviation: KPN-PLA, Klebsiella pneumoniae - pyogenic liver abscess.
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samples (100.0%) (P<0.05). The detection rate of mrkD in the KPN-PLA specimens (96.2%) and urine specimens
(100.0%) was higher than that in the blood specimens (87.2%) (P<0.05). The detection rates of kfu and iron in the KPN-
PLA specimens (73.1% and 70.5%, respectively) and the blood specimens (70.5% and 75.6%, respectively) were higher
than those in the urine specimens (25.6% and 42.3%, respectively) (P<0.05) (Table 4, Supplementary Figure 1). Irp2,
wacg, kfu, ybta and iron were more frequently detected in type K1 KPN than in type K2 (P<0.05) (Table 5).

KPN MLST Results
A total of 234 strains of KPN from the KPN-PLA, blood and urine samples were typed by MLST. In this study, 17 MLST
types were identified, of which the main types in Baotou were ST23 (16.2%, 38,234), ST86 (5.1%, 12,234), ST65 (4.7%,

Table 4 Detection Rate of Virulence Factors in Puncture Fluid, Blood and Urine Samples of Liver Abscess

Virulence Specimen Type n(%) KPN-PLAvs KPN-PLAvs Blood vs Urine
Factors Blood Urine

KPN-PLA Blood Urine )(2 P value )(2 P value ){2 P value

Specimen Sample Specimen
rmpA 68(87.2%) 42(53.8%) 13(16.7%) 20.841 <0.05 77.679 | <0.05 23618 | <0.05
irp2 62(79.5%) 36(46.2%) 36(46.2%) 18.553 <0.05 18.553 <0.05 0.000 1.000
entB 78(100.0%) 78(100.0%) 78(100.0%) 0.000 1.000 0.000 1.000 0.000 1.000
iucD 65(83.3%) 78(100.0%) 78(100.0%) 14.182 | <0.05 14.182 | <0.05 0.000 1.000
aero 70(89.7%) 49(62.8%) 20(25.6%) 15.625 <0.05 65.657 | <0.05 21.855 <0.05
wacg 54(69.2%) 20(25.6%) 13(16.7%) 29.719 | <0.05 | 43977 | <0.05 1.883 0.170
iutA 65(83.3%) 42(53.8%) 13(16.7%) 15.740 | <0.05 69.333 <0.05 | 23.618 | <0.05
kfu 57(73.1%) 55(70.5%) 20(25.6%) 0.127 0.722 35.108 | <0.05 31.457 | <0.05
ybtA 62(79.5%) 36(46.2%) 36(46.2%) 18.553 <0.05 18.553 <0.05 0.000 1.000
iroN 55(70.5%) 59(75.6%) 33(42.3%) 0.521 0.470 12.618 | <0.05 17910 | <0.05
iroNB 3(3.8%) 3(3.8%) 0(0.0%) 0.000 1.000 3.059 0.080 3.059 0.080
fimH 78(100.0%) 75(96.2%) 75(96.2%) 3.059 0.080 3.059 0.080 0.000 1.000
mrkD 75(96.2%) 68(87.2%) 78(100.0%) 4.112 <0.05 3.059 0.080 10.685 <0.05

Note: Total number =78.
Abbreviation: KPN-PLA, Klebsiella pneumoniae - pyogenic liver abscess.

Table 5 Detection Rates of Virulence Factors of K| and K2 Strains in
KPN-PLA Specimens

Kl K2 72 P
rmpA 39(88.6%) 19(90.5%) 0.050 0.823
irp2 41(93.2%) 15(71.4%) 5.639 <0.05
entB 44(100.0%) | 21(100.0%) | 0.000 1.000
iucD 39(88.6%) 16(76.2%) 1.692 0.193
aero 41(93.2%) 19(90.5%) 0.147 0.702
wacg 44(100.0%) | 3(14.3%) 52.158 <0.05
iutA 36(81.8%) 19(90.5%) 0819 0.366
kfu 44(100.0%) | 6(28.6%) 40.857 <0.05
ybtA 41(93.2%) 15(71.4%) 5.639 <0.05
iroN 36(81.8%) 10(47.6%) 8.037 <0.05
iroNB 3(6.8%) 0 1.501 0221
fimH 44(100.0%) | 21(100.0%) | 0.000 1.000
mrkD 44(100.0%) | 21(100.0%) | 0.000 1.000

Notes: Statistical analysis of KPN strain virulence factors for K| versus K2 capsular serotypes
in kpn-pla specimens could reveal that irp2, wacg, KFU, ybta and iron were more frequently
detected in K| than in K2 KPN strains, with P < 0.05. However, EntB, FimH and mrkd were
detected in 100% of all KI and K2 KPN.
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11,234) and ST374 (4.3%, 10,234). In all strains, K1 was the main type of ST23 (92.1%, 35/38). The main K2 types in
KPN isolated from the KPN-PLA samples were ST86 (38.1%, 8/21) and ST65 (28.6%, 6/21). In the blood and urine
samples, ST374 (76.9%, 10/13) was the main K2 capsular serotype, and ST86, ST65 and ST374 were K2 capsular
serotypes (Table 6).

Drug Susceptibility Results of KPN in KPN-PLA, Blood and Urine Samples
The drug susceptibility results showed that KPN in the KPN-PLA specimens was highly sensitive to commonly used
antibiotics; the resistance rate to all antibiotics except cefazolin (10.3%) was less than 10%, and the resistance rate to
cefoperazone/sulbactam was less than 10%. The resistance rates to piperacillin/tazobactam, amikacin, ertapenem and
meropenem were all 0.0%, but the resistance rate to imipenem was 1.3%. The resistance rate of KPN from the blood
samples to all antibiotics except cefazolin (12.5%) and co-trimoxazole (15.6%) did not exceed 10%, among which the
resistance rate to carbapenems and piperacillin/tazobactam was 0%. Compared with the KPN-PLA specimens and the
blood samples, the resistance rate of KPN in the urine specimens to commonly used antibiotics was relatively high. The
resistance rates to cefoperazone, cefotaxime, cefazolin, co-trimoxazole and ampicillin/sulbactam were all higher than
40%. The lowest resistance rate was to meropenem and imipenem (0.0%), but the resistance rate to ertapenem was 1.2%.
In the comparison of drug susceptibility results of KPN in the KPN-PLA samples, blood samples and urine samples, in
addition to the antibiotics tigecycline, amikacin and carbapenem, all other antibiotics showed that the resistance rate of the urine
specimens was higher than that of both the KPN-PLA specimens and the blood specimens (P<0.05). There was no significant
difference in the resistance rates of the KPN-PLA specimens and the blood specimens to all antimicrobial agents (Table 7).

Discussion

Throughout the demographic analysis, we found that men were more likely to develop KPN-PLA than women. KPN-
PLA prevalence increases with age. Diabetes was associated with mortality in KPN-PLA patients, which was consistent
with the results of others.'”° This may be related to the mechanism by which glucose can lead to increased CPS

production of KPN by reducing cAMP level.?! Despite the majority of isolates being hvKP in KPN-PLA, mortality

Table 6 MLST Result

MLST Typing | KPN-PLA Specimen | Blood Sample | Urine Specimen | Total Detection Rate
ST23 25 13 - 38 16.2%
ST86 8 - 8 3.4%
STé5 6 - - 6 2.6%
ST374 - 7 3 10 4.3%
ST45 - 3 3 6 2.6%
ST218 2 3 5 2.1%
STI - 3 3 1.3%
STI1333 - 3 - 3 1.3%
ST1552 - 3 3 1.3%
ST25 - 3 3 1.3%
ST29 3 - 3 1.3%
ST290 - - 3 3 1.3%
ST392 - - 3 3 1.3%
ST380 2 2 0.9%
ST485 2 2 0.9%
ST4891 2 2 0.9%
ST808 2 - - 2 0.9%
Unclassified 26 46 60 132 56.4%
Notes: “-” means not detected. Total number =78.

Abbreviations: MLST, Multilocus sequence typing; KPN-PLA, Klebsiella pneumoniae - pyogenic liver abscess.
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Table 7 Drug Sensitive Results of Liver Abscess Puncture Fluid KPN, Blood KPN and Urine KPN

Antibiotic Name Specimen Type Liver Abscess Liver Abscess to | Blood to Urine
vs Blood Urine
KPN-PLA | Blood Sample | Urine Specimen 22 P value 22 P value 22 P value
Ceftriaxone 77 72 39.1 0.016 0.900 22.063 <0.05 29.647 | <0.05
Cefoperazone 9.0 74 52.8 0.103 0.749 26.845 <0.05 23.371 <0.05
Cefotaxime 6.4 7.5 48.6 0.064 0.801 27.983 <0.05 19.930 | <0.05
Cefazolin 10.3 12.5 484 0.165 0.685 25.725 <0.05 17.826 | <0.05
Cefuroxime 5.1 6.8 375 0.167 0.683 20.511 <0.05 14.506 <0.05
Cotrimoxazole 9.0 15.6 48.1 1.723 0.189 29.107 <0.05 21.371 <0.05
Ampicillin/Sulbactam 2.6 8.9 45.0 2.667 0.102 33.826 <0.05 16.665 <0.05
Gentamicin 77 6.9 25.9 0.038 0.846 9.371 <0.05 12.459 | <0.05
Ciprofloxacin Aztreonam 77 5.0 383 0.574 0.449 20.810 <0.05 31.453 <0.05
Aztreonam 38 5.9 24.6 0.361 0.548 13.465 <0.05 10.941 <0.05
Ceftazidime 1.3 34 24.4 0.724 0.395 17.106 <0.05 9.890 <0.05
Levofloxacin 77 3.6 36.5 1.491 0.222 19.198 <0.05 35.100 <0.05
Amoxicillin/clavulanate 1.3 28 13.6 0.494 0.482 8613 <0.05 7.768 <0.05
Cefoperazone/Sulbactam 0 35 15.4 2.778 0.096 12.649 <0.05 4275 <0.05
Cefepime 1.3 1.8 12.5 0.084 0.773 7.759 <0.05 9.093 <0.05
Cefoxitin 1.3 1.9 12.0 0.097 0.755 7.322 <0.05 8.185 <0.05
Tobramycin 2.6 4.0 17.1 0.265 0.607 9.350 <0.05 8.774 <0.05
Tigecycline 2.6 2.0 5.0 0.063 0.801 0.641 0.423 1.241 0.265
Piperacillin/tazobactam 0 0.0 4.5 0.000 1.000 3.633 0.057 5.149 <0.05
Amikacin 0 1.8 4.5 1.433 0.231 3.633 0.057 1.238 0.266
Ertapenem 0 0.0 1.2 0.000 1.000 0.981 0.322 1.320 0.251
Meropenem 0 0.0 0.0 0.000 1.000 0.000 1.000 0.000 1.000
Imipenem 1.3 0.0 0.0 1.431 0.232 0.530 0.467 0.000 1.000

Note: Total number =78.
Abbreviation: KPN, Klebsiella pneumoniae.

remained low. The possible reason is that although hvKP is more virulent, it is still highly sensitive to commonly used
antibiotics.*?

For patients with a definitive diagnosis of KPN-PLA, ultrasound- or computed-tomography-guided percutaneous
hepatic pus drainage with appropriate antimicrobial therapy has been considered the treatment standard for KPN-PLA."”
In this study, the prognosis-improvement rate of patients who underwent percutaneous hepatic pus drainage was 95.7%,
while that of patients who did not undergo the procedure was 55.6%. Essentially, drainage helps to better control the
source of infection, accurately identify pathogens and select appropriate antimicrobial agents. The mortality rate of
patients with KPN-PLA in this study was 2.6% lower than that reported in a previous study (5.0%), which could be due
to the implementation of accurate and timely interventions in patients with KPN-PLA.*

In addition, a small proportion of severely ill patients chose to be transferred to hospital, potentially leading to an
underestimation of mortality. The prevalence of DM in patients with KPN-PLA in this study was 53.8%, which was
consistent with previous research.”*

DM is considered to be an important risk factor for KPN-PLA, since poor glycaemic control impairs neutrophil
phagocytosis and promotes the growth of pathogens in tissues, and metabolic disturbances can negatively affect the
liver.'> Related studies have found that HVKP strains can produce more capsular polysaccharides in a high-sugar
environment. Furthermore, the virulence of HvKP increases with elevated blood-glucose levels in patients, allowing
HvKP to evade the immune response of the body and survive longer, ultimately leading to a poor prognosis.”®*
Therefore, the blood-glucose level should be strictly monitored and controlled in patients with KPN-PLA.

The microbiological characterisation of KPN-PLA isolates indicates that the virulence and drug resistance of KPN
strains play an important role in bacterial pathogenicity. Previous studies have suggested that high viscosity is an
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important hallmark of HVKP and also causes invasive KPN — an important reason for the high virulence of PLA-infecting
strains. The colony thread-drawing test is usually used to determine whether the KPN strain has high viscosity. When the
inoculation loop or needle can stretch out sticky filaments of >5 mm in length from the colony on an agar plate, the string
test is determined to be positive.?® Many reports define this as hypermucoviscous KPN (HmKP). A total of 50.4% of
KPN strains in this study were identified as HmKP, which is higher than another study in East China (about 33%) but
lower than that reported in other Asian countries.*’

However, an increasing number of recent studies have shown that HmKP and HvKP are two distinct phenotypes of
KPN.?® These strains of HmKP are not necessarily highly virulent, and the strains that are negative in drawing tests are
not completely without high virulence. Therefore, cKP and HvKP cannot be determined only by the colony thread-
drawing test, and they should be evaluated and identified by combining genotypical and clinical characteristics.?’

Current research shows that KPN strains have at least 78 capsular serotypes. The most common HvKP capsular types
are K1, K2, K5, K20, K54 and K57, of which K1 and K2 are associated with HvVKP, which accounts for about 70% of
HvKP strains in humans. It is highly pathogenic.*® In this study, the detection rate of the K1 capsular serotype in KPN-
PLA puncture fluid was 56.4%. The detection rate of the K2 capsular serotype was 26.9%, which was consistent with the
above conclusions and with other studies (K1: 40.5%—63.4%; K2: 14.2%-20.5%).>'~*? The detection rates of the K1 and
K2 capsular serotypes in KPN-PLA puncture-fluid isolates were higher than those in blood- and urine-specimen isolates.

The above results indicated that KPN strains derived from KPN-PLA puncture-fluid specimens were more likely to
have higher virulence than KPN strains derived from blood and urine specimens.

Previous studies have shown that rmpA4 modulates mucus phenotypes by acting on capsular polysaccharide synthesis.
It has been reported that 87.5% of PLA-derived KPN isolates carry this gene.*>** In addition, in KPN strains, common
virulence factors are aerobic actin (aero), irp2, iucD, iutA, iron, kfu, ybtA, entB (encoding siderophore), weaG, fimH
(encoding type-1 bacteria [hair]) and mrkD (encoding type-3 fimbriae).*>

Aero is the main siderophore produced by HvKP strains and accounts for 80%—-90% of total siderophores. It contributes
to the high virulence of HVKP expression both in vivo and in vitro, so it is more likely to detect the aero virulence gene in
KPN strains to determine whether it is HYKP.>® In this study, a total of 139 (70+49+20=139) strains of HvKP were identified
by detecting aero virulence factors, which accounted for 59% (139/234) of all isolated strains. The proportion of HVKP in
the KPN of KPN-PLA specimens was 89.7%. This indicates that the results obtained by the two methods to determine
whether the KPN strain is HVKP (ie based on clinical manifestations and the detection of the aero gene) are similar.?®

To exclude the one-sidedness of assessing whether KPN isolates are HVKP based on whether the aero gene is positive
or not and the clinical manifestations of patients, we tested all 234 isolates for virulence genes. The rmpA gene is the
most important gene, other than aero, that causes HvKP hypervirulence;*' ™ rmp4 is involved in regulating the synthesis
of the exopolysaccharide capsule and is associated with a hyperviscous phenotype. The loss of rmpA4 may lead to the loss
or thinning of the capsule, thereby impairing the ability to evade immune responses and significantly reducing the
virulence of KPN strains.>® In the present study, the positive rate of rmpA4 in KPN-PLA puncture-fluid specimens was
87.2%, which was higher than that in blood specimens (53.8%) and urine specimens (16.7%). This difference was
statistically significant (P<0.05). A total of 81.3% of the KPN isolates in the KPN-PLA puncture fluid carried both aero
and rmpA genes, which were more likely to be HVKP strains — a result consistent with previous reports.”*** Irp2, wacg,
kfu, ybta and iron were more frequently detected in type K1 KPN than in type K2 (P<0.05). This result suggests, perhaps,
that the K1 type KPN strain is the most virulent of all serotypes.

The wcaG gene is also involved in capsular polysaccharide biosynthesis and is also prevalent in KPN-PLA
isolates.44,46 In this study, the detection rate of the wcaG gene in KPN-PLA puncture fluid was 69.2%, which was
higher than in blood (25.6%) and urine (16.7%) (P<0.05).

The above results further confirm the conclusion that KPN strains derived from KPN-PLA puncture specimens are more
likely to have a high-mucus phenotype and higher virulence than KPN strains derived from blood and urine specimens.

Although the virulence factor is not a separate factor for the determination of HvKP, we note an intrinsic correlation that
needs to be confirmed by further studies. Since the detection of virulence factors has a warning effect on HvKP, in the clinical
treatment of KPN-PLA, the treatment time should be appropriately extended, and long-term follow-ups should be performed to
improve the possibility of prognosis improvement and minimise the recurrence rate.”’ Unfortunately, the current study could
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not definitively determine the exact number of HVKP in the 234 KPN strains because the reference standard for HvKP has not
yet been established. However, from the perspective of clinical laboratory diagnostics, it is recommended that clinicians should
not ignore the diagnostic value of virulence factors in the identification of HvVKP isolates. At the same time, the continued
exploration of virulence factors may provide new therapeutic targets and treatment modalities for HVKP infection.*’

In addition, KPN strains isolated from KPN-PLA puncture-fluid specimens are highly sensitive to almost all
antibacterial drugs, such as B-lactamase inhibitors, cephalosporins, quinolones and carbapenems, which may be related
to the fact that the KPN-PLA puncture-fluid isolates were almost all HYKP.*” However, one carbapenem-resistant strain
was detected in our study, which was of the K1 capsular serotype and positive for all virulence factors except iron, which
rarely occurs in HVKP.” Relevant studies have found that this carbapenem-resistant strain is more likely to appear in
patients with a history of hepatobiliary-related diseases; the KPN-PLA puncture-fluid specimens selected in our study
excluded specimens from patients with a history of hepatobiliary-related diseases. A further comparison and analysis of
the drug susceptibility results of the 78 KPN-PLA puncture-fluid samples selected in this study and in patients with KPN-
PLA who had a history of hepatobiliary-related diseases showed that the drug-resistance rates of almost all the tested
antimicrobials in patients with KPN-PLA who had a history of hepatobiliary disease were significantly higher than those
in patients with KPN-PLA but without a history of hepatobiliary disease.

The results of the MLST analysis showed the molecular epidemiological characteristics of 234 KPN strains. The ST23
type was the main type in the KPN-PLA puncture-fluid isolates and accounted for 32.1%, which was similar to that in
previous reports.*® The ST23 strain is one of the major clonal strains of HVKP, the founder strain of the clonal lineage of
ST23 and a representative of a specific genetic background for high virulence.*® Although ST23 strains can spread not only
locally but also worldwide, ST23 isolates from KPN-PLA puncture-fluid specimens were genotypically closely related.*’
Notably, ST23 was closely related to the K1 capsular serotype among the KPN-PLA aspirate specimen isolates, whereas
ST65- and ST86-like isolates were associated with the K2 capsular serotype, which is similar to other reports from Asia.>*
In the KPN strains of blood and urine samples, the K2 capsular serotype was mainly ST374, but the specific reason for this
phenomenon is still unclear. Among all 234 KPN strains, the ST23 type accounted for the highest proportion (16.2%),
which proved that the K1 ST23 isolate was the dominant clone of HvKP in the Baotou area. In 75.6% and 76.9% of KPN
isolates in blood and urine samples, respectively, the capsular serotype could not be identified, which was much higher than
in KPN-PLA puncture-fluid isolates (47.4%) (P<0.05). The reason for this difference may be related to the genetic
difference between HvVKP and cKP, and the specific cause remains to be further explored. More research is needed to
elucidate the capsular serotype, the virulence of KPN and the relationship between genotypes, drug resistance and MLST
typing, especially for strains with simultaneous high virulence, high drug resistance and high pathogenicity.

Conclusion
This study suggests to clinicians that most of the KPN isolates in the puncture fluid of KPN-PLA patients in Inner Mongolia,
China, are HvKP. The positive rate of KPN-PLA specimens was higher than in blood and urine specimens. The K1 and K2
types were the main capsular serotypes of HvKP, and the main ST types of HVKP were ST23, ST86 and ST65. The detection
rates of the virulence genes rmpA, aero and iutA in KPN-PLA specimens were higher than those in blood and urine specimens,
which indicated that the KPN-PLA specimens may have had stronger virulence. Although the KPN-PLA specimen isolates
were highly sensitive to commonly used antibiotics, there remained some carbapenem-resistant HVKP isolates.

These results will provide an effective clinical reference for the detection methods and mechanisms of HVKP and will
have guiding significance for its clinical medication.
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