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Background: The emergence of carbapenem-resistant Klebsiella pneumoniae (CRKP) has garnered international concern due to its
significant antibiotic resistance. Notably, children exhibit distinct resistance mechanisms compared to adults, necessitating
a differential approach to antibiotic selection. A thorough analysis of CRKP’s epidemiology and drug resistance mechanisms is
essential for establishing a robust foundation for clinical anti-infection strategies and precise prevention and control measures.
Methods: This study involved the collection of 31 non-repetitive strains from pediatric and adult patients at a tertiary hospital in
China, spanning from July 2016 to July 2022, testing for resistance genes, antimicrobial susceptibility, and homology analysis.
Results: Infants (0-1 year) were the largest pediatric CRKP group, with 61.3% of cases. The neonatal intensive care unit (NICU) and
pediatrics were the main departments affected. Adults with CRKP had a mean age of 67 years, with the highest prevalence in
neurology and emergency ICU. Antimicrobial susceptibility testing revealed that adult CRKP strains exhibited higher resistance to
amikacin, ciprofloxacin, cotrimoxazole, and aztreonam compared to pediatric strains. Conversely, pediatric strains showed a higher
rate of resistance to ceftazidime/avibactam. The predominant resistance genes identified were blaypm.s in children (58.1%) and
blaxpc, in adults (87.1%), with over 93% of both groups testing positive for extended-spectrum beta-lactamase (ESBL) genes.
Multilocus Sequence Typing (MLST) indicated ST2735 and ST11 as the predominant types in children and adults, respectively.
Pulsed-field gel electrophoresis (PFGE) identified clonal transmission patterns of ST11 blaxpc., and ST15 blapxa-23» across both age
groups. Notably, this study reports the first instance of ST1114-type CRKP co-producing blanpn.s and blagxa-1g; in the NICU.
Conclusion: This study reveals distinct resistance mechanisms and epidemiology in CRKP from children and adults. The identified
clonal transmission patterns emphasize the need for improved infection control to prevent the spread of resistant strains.
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Introduction

Klebsiella pneumonia (K. pneumoniae), a member of the Enterobacteriaceae family, is an opportunistic pathogen capable
of colonizing the human nasopharynx and gastrointestinal tract.' It is recognized for its potential to cause a spectrum of
diseases, including respiratory infections, bloodstream infections, urinary tract infections, wound infections, and
meningitis.” K. pneumoniae is a prevalent pathogen in both healthcare-associated and community-acquired infections.
Recent surveillance reports on bacterial resistance in China have indicated a concerning trend: the resistance rate of
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K. pneumoniae to major carbapenems, such as imipenem and meropenem, has escalated from 2.9% and 3.0% in 2005 to
27.1% and 25.5% in 2021, marking an alarming eight-fold increase.® This rise underscores the urgency of addressing
antimicrobial resistance. According to the 2019 Global Burden of Disease (GBD) study, antimicrobial resistance ranks as
the third leading cause of mortality, following closely behind ischemic heart disease and stroke.* In the context of
antibiotic resistance-related mortality, Escherichia coli (E.coli) is the most prevalent pathogen, with K. pneumoniae
ranking as the second. It is noteworthy that several low-income countries bear the brunt of deaths related to antibiotic
resistance. A study by Cai Yun et al revealed a stark disparity in mortality rates between carbapenem-resistant Klebsiella
pneumoniae (CRKP) and carbapenem-susceptible Klebsiella pneumoniae (CSKP), with CRKP exhibiting a significantly
higher mortality rate of 42.1% compared to CSKP’s 17.5%. This underscores the pressing need to address CRKP as
a critical global public health challenge.’

Carbapenemase production is a primary mechanism behind carbapenem resistance in K. pneumoniae, alongside other
factors such as efflux pump overexpression, the presence of extended-spectrum beta-lactamase (ESBL), or deficiencies in
membrane proteins. In China, KPC-2 is the predominant carbapenemase enzyme, succeeded by NDM and OXA types.°
The predominant genotypes of CRKP in pediatric patients can vary significantly by region,”® which contrasts with the
more uniform profile observed in adult patients, where KPC-2 is the predominant enzyme.” In recent years, there has
been a growing incidence of CRKP strains co-producing two or even three different carbapenemase enzymes.'®!'' These
strains, which are increasingly reported in the literature, exhibit an elevated level of resistance to multiple antibiotics.
This phenomenon poses a considerable challenge to clinical therapeutics, necessitating innovative approaches to
antimicrobial stewardship and treatment strategies.

The ST11 clone has emerged as the predominant strain in numerous regions,'> '

supplanting other typical sequence
types (STs) such as ST15 and ST290."> Furthermore, the dominant ST-type clones in pediatric populations exhibit
significant geographical variation,”'® different from adults, ST11 type is mainly detected.'”'® Given the documented
transmission of various molecular types, including ST15, ST48, ST716, and ST147.'*'°2! 1t is imperative that we
maintain a vigilant surveillance of each ST type. The heterogeneity of ST types underscores the complexity of CRKP
epidemiology and the necessity for a nuanced approach to infection control and management strategies.

In summary, child’s compromised immune systems, coupled with the significant prevalence of drug resistance,
mortality, and transmission rates associated with carbapenem-resistant Klebsiella pneumoniae (CRKP), highlight the
urgency of addressing this pathogen. The distinct resistance mechanisms and molecular epidemiological patterns
observed in pediatric populations, as opposed to those in adults, further complicate the clinical management of infections.
It is noteworthy that the body of research on the epidemiology and resistance mechanisms of CRKP in children remains
less extensive compared to that in adults. This study aims to bridge this gap by conducting a comprehensive analysis of
the molecular epidemiology, resistance mechanisms, and genetic homology of CRKP strains isolated from both pediatric
and adult patients at the Affiliated Hospital of Xuzhou Medical University. The findings from this research will offer
valuable insights and a robust evidence base to inform clinical practices, enabling more targeted and effective treatment
strategies for diverse patient populations.

Materials and Methods

Strain Collection and ldentification

The study period spanned from July 2016 to July 2022, during which a total of 31 non-repetitive strains were collected
from each group of pediatric and adult patients at the Affiliated Hospital of Xuzhou Medical University. To ensure
comparability, adult CRKP strains corresponding to the same months were selected using a random number generator,
aligned with the collection timeline of each strain. Strain identification was conducted using Matrix-Assisted Laser
Desorption/Ionization Time of Flight Mass Spectrometry (MALDI-TOF MS, Bruker Daltonics, Billerica, MA, USA).
The VITEK-2 compact automated microbiological analyzer (Biomerieux, Marcy L’Etoile, France) was employed to
confirm all isolates as CRKP, given their resistance to at least one carbapenem antibiotic, including imipenem,
meropenem, or ertapenem. A comprehensive collection of patients’ clinical data was performed, encompassing variables
such as age, gender, infection type, isolation date, sample type, ward, comorbidities, surgical history, invasive
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procedures, prior antibiotic exposure, antibiotic treatments, patient outcomes, and hospital stay duration. It is important to
note that there is no physical interconnection between the pediatric and adult clinics at the hospital, with all staff and
equipment operating independently. The study was granted ethical approval by the Affiliated Hospital of Xuzhou
Medical University’s Ethics Committee (XYFY2020-KL084).

Antibiotic Susceptibility Testing

The minimal inhibitory concentrations (MIC) of 13 antibiotics were determined by VITEK-2 Compact system, including
Imipenem (IMP), Meropenem (MEM), Tigecycline (TGC), Polymyxin B (PB), Cefepime (FEP), Cefotaxime (CTX),
Ceftazidime (CAZ), Amikacin (AMK), Ciprofloxacin (CIP), Trimethoprim/Sulfamethoxazole (SXT), Aztreonam (ATM),
Cefoperazone/Sulbactam (SCF), and Piperacillin/ Tazobactam (TZP). The ceftazidime/avibactam (CZA) drug sensitivity
assay was performed using the E-test method. The drug sensitivity quality control strain was Escherichia coli ATCC
25922. All the above drug sensitivity results were interpreted with reference to the 2021 American Clinical and
Laboratory Standards Institute Standards document (CLSI).*

Detection of Resistance Determinant

Carbapenemase resistance genes (blagpc, blanpm, blaoxa-as, blayviv, blapvp), ESBL resistance genes (blasyy, blatem,
blactxm-1, blactxm-2, blactxm-g, blactxm-o), AmpC enzyme genes (blapya, blacamy), and colistin-resistant related
gene (pmrA, pmrB, phoP, phoQ, mgrB, mcr-1) were synthesized with reference to relevant literature.”>2° Amplification
was performed according to the following reaction system: 2 pL of DNA template, 12.5 pL of Premix Tagpremix, 1 uL
each of upstream and downstream primers, and sterile water made up to 25uL. Reaction conditions: 95°C for 5Smin,
94°Cfor45s, annealing temperature for45s,72°C for 1min, 30 cycles, 72°C for 5 min. PCR condition for colistin: 94°C for
5 min, 94°C for 1 min, annealing temperature for 45s, 72 °C for 1 min, 35 cycles, 72°C for 10 min. See Table S1 for each
primer sequence and annealing temperature, and the amplified PCR products were run by 1.5% agarose gel electrophor-
esis in 1x TAE electrophoresis solution at 100 V for 45 min. Profitable products were sequenced using Sanger
sequencing, and the sequencing results were compared online at https://bigsdb.pasteur.fr/klebsiella/.

Molecular Typing

Genotyping was carried out using multilocus sequence typing. The sequence of seven housekeeping genes (rpoB, pgi,
tonB, mdh, phoE, gapA, infB) of Klebsiella pneumoniae was amplified by PCR. The gene sequence was synthesized by
referring to the website for housekeeping gene primers (https://bigsdb.pasteur.fi/klebsiella/primers-used/). The PCR

reaction system is as follows: DNA template 2 pL, Premix Taq Premix 12.5pL, 1 pL upstream and 1 uL downstream
primer respectively. Replenish the volume with sterile water to a final concentration of 25 pL. The PCR reaction
conditions were: 94°C for 2 min, 94°C 30s, 50°C 1min, 72 °C 30s, 35 cycles in total, 72 °C 5 min.

The pulsed-field gel electrophoresis (PFGE) was used to analyze the clonal relationship of CRKP strains. PFGE is
conducted with reference to the Centers for Disease Control and Prevention (Atlanta, GA), and the cluster analysis was
carried out by BioNumerics software to draw a dendrogram. A population with a similarity of more than 85% was used
to analyze the genetic relationship between different strains.>’

Statistical Analysis

The statistical analysis was conducted using IBM SPSS Statistics software (version specified, SPSS Inc., Chicago, IL,
United States). Categorical data were analyzed using the Chi-square test (y2) The threshold for statistical significance
was set at a p-value of less than 0.05.

Results

Clinical Characteristics of Adult and Children CRKP Isolates

Children aged 0—1 year made up the majority of the 31 CRKP strains recovered from children, accounting for 61.3% (19/
31), followed by children aged 615 years (29.0%,9/31). Specimen type was predominantly sputum (54.8%, 17/31) and
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blood (16.1%,5/31). The departments were mainly concentrated in neonatal ICU and pediatrics, with 54.8% (17/31) and
19.4% (6/31), respectively.

The mean age of patients with 31 strains of CRKP isolated from adults was at 67 years. Specimen type was
predominantly sputum (80.6%,25/31) and urine (12.9%,4/31). The department was mainly concentrated in the neurology
and emergency ICU, accounting for 29.0% (9/31) and 25.8% (8/31), respectively.

Comorbidities in pediatric CRKP patients were most frequent in preterm infants (38.7%,12/31), followed by
neurological disorders (29.0%,9/31) and respiratory infections (19.4%,6/31). The most common comorbidities in 31
adults CRKP patients were neurological disorders (77.4%, 24/31), followed by hypertension (51.6%,16/31) and respira-
tory disorders (45.2%,14/31). There were 2.4 comorbidities per adult (74/31) compared to 1.2 comorbidities per child
(38/31), a twofold difference.

The history of antimicrobial drug use in children and adults was dominated by B-lactamase inhibitor combinations,
54.8% (17/31) and 67.7% (21/31), respectively. Secondly was third-generation cephalosporins (51.6%,16/31) and
carbapenems (35.5%,11/31) in children, and 45.2% (14/31) of carbapenems and 38.7% (12/31) of quinolones in adults.
The history of 3 or more (inclusive) antimicrobial drug use was 64.5% (20/31) in adults, 1.7 times higher than 38.7% (12/
31) in children. Details of the clinical characteristics of the children were shown in Table 1, and for adults in Table 2.

Antibiotic Susceptibility Testing

Thirty-one pediatric and 31 adult CRKP strains were highly resistant to imipenem, meropenem, cefepime, cefotaxime,
ceftazidime, cefoperazone/sulbactam, and piperacillin/tazobactam, the drug resistance rate was>85%, and the sensitivity
rate to tigecycline and polymyxin was>93%.We also find two polymyxin-resistant strains detected in pediatric CRKP and
two intermediately resistant tigecycline strains detected in adult CRKP. There was a significant difference in drug
resistance rates between children and adults. CRKP in adults was higher than in children for imipenem, aztreonam,
ciprofloxacin and amikacin, and CRKP in children was higher than in adults for ceftazidime/avibactam (P<0.05,
Figure 1). See Figure 1 for details.

Detection of Resistance Determinants

The blanpa.s gene was the predominant resistance gene in pediatric CRKP strains, accounting for 58.1% of the cases
(18/31), followed by blaxpc. (6/31, 19.4%). Two strains contained both the blanpwm.s and blagxa-131 genes. The positive
rate for the ESBL resistance gene in pediatric CRKP strains was 93.5%. Among these, 27 strains carried the blagyy gene,
primarily the blagy.11 (7/31, 22.6%) and the blagyy.oez (6/31, 19.4%). Five strains carried the blarg,,, with the blatgym.g
variant being dominant at 12.9% (4/31). Ten strains carried the blactx.m.1 gene cluster, with the blactx.m.15 variant
accounting for 22.6% (7/31). Three strains carried the blacrx.m.9 gene cluster, which included the variants blactx m-14,
blactx-m-65, and blactxm.113- Among the AmpC enzymes, the blapya.; gene was detected in 25.8% (8/31). Two
colistin-resistant strains carried the mgrB gene, representing 6.5% (2/31).

Analysis of the 31 adult CRKP strains revealed that all were carbapenemase producers. The predominant resistance
gene identified was blagpc.,, accounting for 87.1% (27/31) of the strains. blaypym.; Was detected in 16.1% (5/31) of the
strains, with three strains co-producing both KPC-2 and NDM-1 enzymes. All strains harbored the extended-spectrum
beta-lactamase (ESBL) resistance gene SHV. Notably, blagiy.1» was found in 22.6% (7/31) of the strains, while blagiv.31
and blagyy.123 each represented 16.1% (5/31) of the strains. Among the TEM beta-lactamase genes, blatgy was present
in 27 strains, with blagy. being the most prevalent, detected in 54.8% (17/31) of the strains. The CTX-M-1 gene cluster
was identified in five strains, with blacrx.m.107 being the most common, found in 12.9% (4/31) of the strains. The CTX-
M-9 gene cluster was present in 21 strains, with blactx.m.¢s being predominant, representing 51.6% (16/31) of the
strains. Additionally, the AmpC enzyme gene blapya.; Was identified in 12.9% (8/31) of the strains.

In this study, the main carbapenemase of CRKP in children was blanpw.s, while blaxpc_, in adults (P<0.001, Figure 2).
Among the ESBL resistance genes, children carried the blagyy.er and blacrx.m.1s resistance genes more than adults
(P<0.05, Figure 2), while carried the blasyv.12, blasyv.123, blatpm.1, and blactxm.es genes less than adults (P<0.05,
Figure 2), and the positive rate of adults carrying ESBL resistance genes was higher than children. AmpC enzymes were
taken more frequently in children, with blapya.3 being the main enzyme in children and blapa.; being the main enzyme in
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Table | Clinical Characteristics of the Children CRKP Strains

Strains | Age | Gender | CAC or Isolation Sample Ward Comorbidities Surgery Invasive History of Antibiotic | Antibiotic | Outcome | Hospital ST
HAC Date Type Operation Use Treatment Days
Kl 15y M HAC 2016/7/25 Urine BMTC Hematological NO None CDZ+LEV+SMZ+IMI/ MXF+CDZ Cure 11 11
system disease REL
K2 Im M HAC 2016/7/25 Sputum NICU Premature infant NO TC CDZ+TZP VA+MEM Cure 4 337
+SCF
K3 7d F CAC 2018/2/26 Sputum NICU Premature infant NO TC TZP+SCF TZP+MEM Cure 8 337
K4 16d M CAC 2018/6/16 Pus NICU Premature infant NO None CID CID Cure | 36
K5 13y F CAC 2018/6/30 Blood PED Circulation system NO None MEM+VA+CSE CASPO Death 24 43
disease, +CASPO+MDE +ATM+LEV
Hematological
system disease
Ké Id M CAC 2018/9/19 Secretion NICU Premature infant NO None CDbz Cbz Cure | 36
K7 14d M CAC 2019/1/9 Secretion NICU Nervous system NO None None MSU Cure | 17
disease
K8 24d F CAC 2019/6/6 Sputum NICU Respiratory system NO None CRO CRO+ATM Cure | 476
disease +PVK
K9 |5y F CAC 2019/12/31 Sputum NRICU Diabetes NO uc SCF+FOX LZD+IMI/ Cure 5 11
REL
K10 14y M CAC 2020/2/7 Sputum NRICU Nervous system NO UC+CVC ETM+SCF+MXF+BPM SCF+BPM Cure 17 11
disease +TC +SMZ+AK
+KZ
K11 I15m F CAC 2020/3/2 Sputum PED Respiratory system NO T CRO CRO Cure 3 15
disease
K12 2y F HAC 2020/5/27 Sputum PED Nervous system YES UC+CvC CRO+E+CDZ+LZD TZP+IMI/ Death 91 34
disease +TC +SCF+MEM+IMI/REL REL
+SMZ+FLU+RIF
K13 8y M HAC 2020/6/7 Tracheal PED Nervous system YES UC+CvC VA+MEM CFP/TAZ Cure 9 15
intubation disease +TC
K14 4d M CAC 2020/6/28 Sputum NICU Lymphatic system YES TC CTX SCF Death 4 29
disease
KI5 10y M CAC 2020/7/13 Blood EGICU Lymphatic system YES uc+CcvcC SCF+MEM+VA MEM+VA Death 3 11
disease +TC +SMZ
+TGC
K16 15y M CAC 2020/10/10 Sputum NRICU Submersion NO Uc+CvC MEN+TZP+SCF+CDR | CRO+TGC Death 5 15
+TC+T +CFP/TAZ+ETM +ETM+CTS
K17 2y M CAC 2020/10/29 Sputum PICU Nervous system YES UC+CVC Cbz CRO+SMZ Cure 4 15
disease +TC
K18 Iy F HAC 2020/12/11 Blood PED Hematological YES BMA+LP LZD+IMI/REL+CASPO LEV+ATM Cure 25 234
system disease +CSE+VOR +CASPO
(Continued)
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Table | (Continued).

Strains | Age | Gender | CAC or Isolation Sample Ward Comorbidities Surgery Invasive History of Antibiotic | Antibiotic | Outcome | Hospital ST
HAC Date Type Operation Use Treatment Days
K19 I'm M CAC 2021/5/14 Sputum PICU Respiratory system NO None TZP MEM+E Cure 2 17
disease
K20 10y M CAC 2021/6/9 Sputum PICU Nervous system NO ucC None CAZ Cure 2 15
disease
K21 2m M CAC 2021/8/24 Sputum NICU Nervous system NO None TZP+SCF+MEM MEM Cure 27 17
disease
K22 7m M CAC 2021/10/8 Sputum PICU Respiratory system NO None Ccbz CDZ+ATM Cure 5 792
disease
K23 6 m F CAC 2021/11/5 Sputum PED Respiratory system YES LP CRO+FUS SCF+E Cure 9 11
disease, Circulation
system disease,
Nervous system
disease
K24 2m F CAC 2021/12/3 Sputum NICU Premature infant, NO None SCF SCF+CSE Cure 2 2735
Hematological
system disease
K25 28d F CAC 2021/12/18 | Tracheal NICU Premature infant NO PICC+TC CAZ+MEM+PVK+FLU TZP+VOR Cure 27 2735
intubation
K26 I'm F CAC 2022/1/3 Sputum NICU Premature infant NO PICC+TC LZD+FLU+CAZ+MEM MEM+LZD Cure I 2735
+SCF+CTX +FLU+CAZ
K27 14d M CAC 2022/3/28 Tracheal NICU Premature infant NO TC MEM+PVK+SCF MEM+ATM Cure 14 2735
intubation
K28 I'm M HAC 2022/4/1 Blood NICU Premature infant, NO TC TZP FLU+MEM Cure 8 2735
Digestive system +ATM+VA
disease
K29 5d M CAC 2022/4/10 Tracheal NICU Premature infant NO TC CTX+PVK ATM+SCF Cure 4 2735
intubation
K30 I m M HAC 2022/4/21 Urine NICU Premature infant, YES TC CTX+P+TZP+LZD TZP Cure 55 1114
Circulation system +FLUCZ +FLUCZ
disease, Nervous
system disease
K31 I m F HAC 2022/6/24 Blood NICU Premature infant, NO PICC+TC CTX+TZP+PNV+FLU SCF+MEM Cure 43 1114
Respiratory system +MEM+FUS +FLU+ATM
disease

Abbreviations:d, day; m, month; y, year; F, female; M, male; CAC, community-acquired colonization; HAC, hospital-acquired colonization; BMTC, Bone marrow transplant center; NICU, Neonatal Intensive Care Unit; PED, Pediatric
department; NRICU, Neurology ICU; EGICU, Emergency ICU; PICU, Pediatric Intensive Care Unit; TC, Trachea cannula; CVC, Central venous catheter; UC, Urine catheter; T, Tracheotomy; LP, Lumbar puncture; BMP, Bone marrow
biopsy; PICC, Peripherally inserted central catheter; CDZ, Cefodizime; LZD, Linezolid; TZP, Piperacillin/Tazobactam; PB, PolymyxinB; SCF, Cefoperazone/Sulbactam; SMZ, Sulfamethoxazole; MXF, Moxifloxacin; CSE, Cefoselis; ETM,
Etimicin; CID, Cefonicid; MEM, Meropenem; VA, Vancomycin; CRO, Ceftriaxone; FOX, Cefoxitin; E, Erythromycin; AK, Amikacin; VOR, Voriconazole; MDE, Metronidazole; BPM, Biapenem; CDR, Cefdinir; FUS, Fusidic acid; CTX,
Cefotaxime; FLUCZ, Fluconazole; PNV, Penicillin V; CAZ, Ceftazidime; ATM, Aztreonam; CIP, Ciprofloxacin; LEV, Levofloxacin; RIF, Rifampin; CFP/TAZ, Cefoperazone/Tazobactam; CTS, Cefotaxime/sulbactam; MSU, Mezlocillin/

Sulbactam; CASPO, Caspofungin; ONZ, Ornidazole; MOR, Morinidazole; NOR, Norfloxacin; IMI/REL, Imipenem/Relebactam.
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Table 2 Clinical Characteristics of the Adults CRKP Strains

Strains | Age | Gender CAC or Isolation Sample Ward Comorbidities Surgery Invasive History of Antibiotic Outcome | Hospital ST
HAC Date Type Operation Antibiotic Use Treatment Days
K101 56y M HAC 2016/7/1 Sputum EGICU Nervous system disease, NO uc FOX+CTS+IMI/ FLU+IMI/REL Death 8 I
Hypertension REL
K102 45y M HAC 2016/7/9 Sputum NR Nervous system disease, NO UC+PICC ETM+CTS+SCF ETM+CTS Cure 42 I
Diabetes, Hypertension +ONZ+TZP+IMI/
REL+VA
K103 63y M HAC 2018/2/26 Sputum REH Nervous system disease YES TC CAZ+AK+CIP+VA CAZ+AK Cure 15 I
+MEM
K104 53y F HAC 2018/6/6 Urine NS Skeletal motor system YES uc MSU+BPM+VA CAZ+LEV+MXF Cure 22 I
disease +CAZ+LEV +SMZ
K105 80y M CAC 2018/6/25 Sputum CMICU | Respiratory system disease NO UC+CvC IMI/REL+CASPO CTX/SBT+IMI/ Cure 5 I
+TC REL+VOR
K106 57y M CAC 2018/9/14 Sputum NS Nervous system disease, YSE T+UC FEP+VA+CRO FEP+VA+CRO Death | I
Hypertension +PICC +SMZ+AK +SMZ+NOR
+PNV
K107 67y M CAC 2019/1/9 Sputum EGICU Traffic accident YSE UC+CVC LZD+CAZ+SCF VA+LEV+CTS Cure 15 il
+TC +CTS
K108 88y M CAC 2019/6/24 Sputum EGICU | Respiratory system disease, NO UC+CvC MXF+BPM+LZD TGC+BPM+IMI/ Cure 8 I
Nervous system disease +TC +MOR REL+CTS
K109 75y M HAC 2019/12/30 Sputum NRICU Hypertension, Nervous YES UC+CVC MXF+CSE+SCF None Death 18 I
system disease +TC+T +BPM
K110 75y M CAC 2020/2/7 Sputum EGICU Skeletal motor system NO ucC TZP MXF+CID+TZP Cure 5 11
disease, Nervous system
disease
K111 68y F HAC 2020/3/17 Sputum EGICU Nervous system disease, YES UC+CvC AK+TGC+CTS AK+TGC+IMI/ Cure 5 15
Diabetes, Hypertension +TC+T +IMI/REL REL
K112 62y M CAC 2020/5/1 Sputum EGICU Nervous system disease, YES UC+TC+T MEM+MXF MEM+VA+TGC Cure 2 I
Respiratory system disease +SCF+LEV+AK
+BPM+CFP/TAZ
+ETM
K113 73y M HAC 2020/6/2 Urine NRICU Circulation system disease, YES UC+CVvC CFP/TAZ+ETM ETM+BPM+TGC Cure 18 I
Nervous system disease +BPM
K114 77y M CAC 2020/6/13 Sputum NR Nervous system disease, YES UC+CVC VOR+ETM+FLU VOR+ETM Cure 35 I
Respiratory system disease, +TC+T +TGC+MEM+CFP/ +TGC+CASPO
Malignant tumor, TAZ +CFP/TAZ
Hypertension, Diabetes
K115 73y M HAC 2020/7/20 Sputum REH Nervous system disease, YES UC+CvC TGC+CTS+VA None Death 31 15
Hypertension, Circulation +TC+T +LEV+AK+VOR
system disease +MXF+MSU
K116 30y F CAC 2020/10/21 Sputum NRICU Autoimmune diseases NO UC+TC CSE CSE Cure 5 I
K117 87y F CAC 2020/10/12 Sputum GT Digestive system disease, NO UC+CVC MXF+CDZ+MOR MXF+CDZ Cure 9 I
Respiratory system disease
KI18 9y M HAC 2020/12/17 | Puncture GT Nervous system disease, NO UC+CVC VOR+SCF SCF+BPM+TGC Death I 11
fluid Hypertension, Diabetes

(Continued)
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Table 2 (Continued).

Strains | Age | Gender CAC or Isolation Sample Ward Comorbidities Surgery Invasive History of Antibiotic Outcome | Hospital ST
HAC Date Type Operation Antibiotic Use Treatment Days
K119 53y M CAC 2021/5/3 Sputum NRICU Nervous system disease, YES UC+TC MEM+VA+CRO MEM+VA+TGC Cure 7 11
Respiratory system disease, +LZD+CSE+FLU
Hypertension +CRO
K120 66y M CAC 2021/6/2 Sputum NRICU Nervous system disease, NO uc LZD+BPM+MXF LZD+BPM Death 8 il
Urinary system disease, +CFP/TAZ
Respiratory system disease
K121 77y M CAC 2021/8/5 Sputum NRICU Nervous system disease, YES UC+CVC LZD+CTS+MXF LZD+CTS+LEV Death 4 11
Hypertension, Respiratory +TC
system disease
K122 27y M CAC 2021/10/4 Urine EGICU Nervous system disease, YES UC+TC+T AK+TGC+FLU AK+TGC Death 19 I
Respiratory system disease +CASPO
K123 62y M CAC 2021/11/9 Urine UL Urinary system disease, NO uc CDR+MXF O Cure 2 I
Malignant tumor
K124 86y F HAC 2021/12/9 Sputum NRICU Nervous system disease, YES UC+CVC LEV+CTS+AK LEV+CTS+TGC Cure 59 I
Diabetes, Hypertension +TC+T +CFP/TAZ+TGC
+ONZ+TZP
K125 63y F CAC 2021/12/28 Sputum NRICU Nervous system disease, NO None None CFP/TAZ+CAZ Cure | I
Respiratory system disease +ETM+PB
K126 34y M HAC 2022/1/20 Venous EGICU Pesticide poisoning, YES TC+CVC FOX+LZD+IMI/ IMI/REL+VA Cure 32 Unknown
duct Digestive system disease +UC+T REL+VOR+VA +SCF
K127 70y M CAC 2022/3/15 Sputum RC Respiratory system disease, NO ucC BPM+SCF SCF+TGC+PB Cure 4 I
Nervous system disease, +SMZ
Hypertension
K128 58y F CAC 2022/4/12 Sputum NRICU Nervous system disease, YES TC+CVC VA+MEM VA+MEM Death 2 I
Hypertension, Circulation +UC+T
system disease, Digestive
system disease
K129 54y M CAC 2022/4/19 Sputum NSICU Nervous system disease, YES TC+CVC SCF MOR+PB+TGC Death 2 I
Respiratory system disease, +UC
Digestive system disease,
Hypertension
K130 56y M CAC 2022/4/27 Sputum NS Nervous system disease, YES TC+CVC AK+CID+ETM AK+CID Cure 22 48
Hypertension, Diabetes, +UC+T +MEM+LEV+SCF
Respiratory system disease
K131 16y M CAC 2022/6/9 Sputum NSICU Nervous system disease, YES TC+CVC MEM+PNV+SMZ MEM+PNV+BPM Cure 34 48
Respiratory system disease, +UC+T +SCF+BPM
Hypertension

Abbreviations:d, day; m, month; y, year; F, female; M, male; CAC, community-acquired colonization; HAC, hospital-acquired colonization; NS, Neurosurgical unit; NSICU, Neurosurgery ICU; NR, Neurological unite; NRICU, Neurology
ICU; EGICU, Emergency ICU; UL, Urology Surgery; GT, Gl Medicine; CMICU, Critical Care Medicine ICU; REH, Rehabilitation department; RC, Respiratory and Critical Care Department; TC, Trachea cannula; CVC, Central venous
catheter; UC, Urine catheter; T, Tracheotomy; PICC, Peripherally inserted central catheter; CDZ, Cefodizime; LZD, Linezolid; TZP, Piperacillin/Tazobactam; PB, Polymyxin B; SCF, Cefoperazone/Sulbactam; SMZ, Sulfamethoxazole; MXF,
Moxifloxacin; CSE, Cefoselis; ETM, Etimicin; CID, Cefonicid; MEM, Meropenem; VA, Vancomycin; CRO, Ceftriaxone; FOX, Cefoxitin; AK, Amikacin; VOR, Voriconazole; MDE, Metronidazole; BPM, Biapenem; TGC, Tigecycline; CDR,
Cefdinir; CTX, Cefotaxime; FLUCZ, Fluconazole; PNV, Penicillin V; CAZ, Ceftazidime; ATM, Aztreonam; CIP, Ciprofloxacin; LEV, Levofloxacin; CFP/TAZ, Cefoperazone/Tazobactam; CTS, cefotaxime/sulbactam; MSU, Mezlocillin/
Sulbactam; CASPO, Caspofungin; ONZ, Ornidazole; MOR, Morinidazole; NOR; Norfloxacin; IMI/REL, Imipenem/Relebactam.
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Figure | Difference in the prevalence of drug sensitivity resistance between children and adults. * is P value <0.05, *** is P value <0.001. The difference is statistically
significant.
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Figure 2 Difference in the detection rates of drug-resistant genotypes between children and adults. * is P value <0.05, ** is P value <0.0l, *** is P value <0.001. The
difference is statistically significant.

adults (P<0.05, Figure 2). No strains were detected carrying the blapp, blayiv, blactxm-o, blactxm-g, OF blacyy genes. The
differences in drug-resistance genes between children and adults are shown in Figure 2 and Table S2.

Molecular Characteristics of Adult and Children CRKP Isolates

The MLST analysis revealed significant differences in the genetic lineages between pediatric and adult populations.
A total of thirteen sequence types (STs) were identified among the pediatric strains, whereas only four STs were detected
in the adult strains. Notably, ST2735 was the predominant type in children, representing 19.4% (6/31) of the strains. In
contrast, ST11 was overwhelmingly the most common type in adults, accounting for 83.9% (26/31) of the strains. The
distribution of MLST types in adults was notably more concentrated, with a higher prevalence of a single ST, indicative
of less genetic diversity. Conversely, the pediatric population exhibited a more dispersed distribution of STs, suggesting
the presence of multiple small clusters. This disparity underscores the distinct epidemiological patterns and potential
transmission dynamics between the two age groups.
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Figure 3 PFGE profile analysis of 62 strains of CRKP in children and adults. The UPGMA algorithm was performed to construct a dendrogram based on the dice similarity
coefficient. Strains were classified as the same clone cluster when their dice similarity index was>85%.

Abbreviations: NS, Neurosurgical unit; NSICU, Neurosurgery ICU; NR, Neurology department; NRICU, Neurology ICU; NICU, Neonatal Intensive Care Unit; PICU,
Pediatric Intensive Care Unit; EGICU, Emergency ICU; BMTC, Bone Marrow Transplantation Center; UL, Urology Surgery; GT, Gl Medicine; CMICU, Critical Care Medicine
ICU; REH, Rehabilitation department; RC, Respiratory and Critical Care Department; PED, Pediatric. A, Adult; C, Children.

Childhood PFGE was divided into six different clusters, each consisting of different ST types. The main clonal spread of
these isolates was mainly from the neonatal ICU (n=11). Six ST2735 isolates indicated high homology (>95%). Adult PFGE was
divided into eight different clusters, and 21 ST11-type KPC-2-producing strains were divided into six distinct groups. Major
clonal transmission of these isolates was mainly from the neurology ICU (n=7) and emergency ICU (n=6). We also found an
outbreak of ST11 CRKP in adults. Moreover, the homology of five ST15-type OXA-232-producing strains was greater than
85%, of which 3 were from children and 2 were from adults. Similarly, the CRKP homology of ST11 producing KPC-2 was
greater than 85% in 2 children and 4 adults. The details are shown in Figure 3.

Discussion

K. pneumoniae is a prevalent pathogen associated with both healthcare-related infections and community-acquired
infections, capable of causing infections at various sites within the body. The widespread use of antimicrobial drugs
has driven the emergence of CRKP, complicating clinical treatment and increasing the risk of CRKP-related mortality. In
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clinical practice, numerous medications have been explored for the treatment of CRKP. For instance, ceftazidime/
avibactam (CZA) is utilized for the treatment of CRKP strains producing class A and D B-lactamase enzymes. In
contrast, CRKP strains producing class B metallo-p-lactamase enzymes necessitate a combination therapy involving
CZA and aztreonam for effective treatment. This study observed that pediatric CRKP strains exhibited higher resistance
rates to CZA compared to adult strains, primarily attributed to distinct resistance mechanisms. The predominant
resistance genes in children were associated with metalloenzymes that can hydrolyze CZA. The presence of carbapene-
mase resistance genes, specifically MBL production, point mutations in blaxpc.», and elevated expression levels of KPC
enzymes, are critical factors contributing to CZA resistance.>'*?

Traditionally reserved for their considerable side effects, colistin and tigecycline have been re-evaluated, with dosage
adjustments facilitating their use in CRKP treatment. However, the emergence of resistance to these drugs is a growing
concern. The study identified two strains exhibiting colistin resistance and two strains showing intermediate resistance to
tigecycline, highlighting the ongoing challenge of antibiotic resistance in both pediatric and adult CRKP cases. In
Escherichia coli, polymyxin resistance is often due to the plasmid-mediated mcr-1 gene,> while in Klebsiella pneumo-
nige strains, it is often due to mutations in mgrB gene.** In our study, two colistin-resistant CRKP strains were detected
to carry the mgrB gene. One exists in the ST11CRKP, while another exists in the ST15CRKP. Tigecycline resistance is
mainly due to the overexpression of the AdeABC efflux pump, which is associated with genetic mutations, but this
resistance could be reversed into susceptibility by additional mutations in antibiotic-free environments.*> Moreover,
a phenomenon of hetero-resistance may develop during infections treated with tigecycline, and hetero-resistance can be
an intermediate phase between susceptibility and resistance after exposure to antibiotics.*® Based on the history of
antibiotic use, one case of tigecycline intermediate resistance may be hetero-resistance caused by the patient’s history of
tigecycline use, and the other case cannot be ruled out as having taken this type of drug before. Further exploration is
needed. So, we need to strengthen the monitoring of CRKP to provide a reliable basis for the rational clinical use of
antimicrobial drugs and to provide timely data to enable timely responses to the problem of bacterial resistance.

The analysis of clinical data from this study indicated that infants under one year of age are particularly vulnerable to
pediatric CRKP infections, with the neonatal intensive care unit (ICU) emerging as a high-risk area for such cases.
Similarly, older adults were found to be at an increased risk for adult CRKP infections, with the neurology ICU identified
as a high-risk unit for this demographic. The majority of both children and adults in the study presented with
comorbidities and were likely to have undergone invasive procedures. Additionally, a significant history of antimicrobial
drug use was observed, with the severity of these conditions varying markedly between adults and children. A meta-
analysis of CRKP risk factors identified several key risk factors for CRKP infection, including immunosuppressive
therapy, ICU admission, exposure to a broad range of antimicrobial drugs (encompassing carbapenems, quinolones,
glycopeptides, and beta-lactam/beta-lactamase inhibitors or BL/BLIs), surgical interventions, mechanical ventilation,
central venous catheterization, and the presence of indwelling devices such as nasogastric tubes.>’” To enhance the
provision of a more rational treatment plan, it is crucial to minimize the indiscriminate use of antimicrobial medications
and reduce the frequency of unnecessary invasive procedures. This approach is vital for mitigating the risk of CRKP
infections and promoting more effective clinical management strategies.

The molecular typing of CRKP strains in children revealed a diverse genetic landscape without a particularly
dominant sequence type (ST) phenotype. The distribution of STs was predominantly small and concentrated or scattered.
Notably, the ST2735 strain was identified in six cases from December 2021 to April 2022, all originating from the
neonatal ICU. These strains harbored the blanpy.s gene with a high degree of homozygosity (>85%). This clustering
suggests a potential localized neonatal epidemic of ST2735-producing NDM-5 CRKP during the specified period.
Further analysis of multilocus sequence typing (MLST) data in children indicated that the ST2735 type is the second
most frequently isolated ST in pediatric hospitals, as reported in the literature.*®? Interestingly, this ST type was not
detected in adults at this hospital over the years. The emergence of ST2735 CRKP as a concerning clonal type in children
warrants clinical vigilance.

In contrast, the molecular typing in adults showed a more concentrated ST distribution, with ST11 being the
predominant group, aligning with our primary prevalent ST type. A retrospective analysis spanning a decade of ST11
type CRKP cases revealed that this strain is nearly universally resistant to clinical antimicrobials. Moreover, it has the
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potential to acquire pLVPK-like virulence plasmids, which could result in the development of highly virulent carbape-
nemase-resistant hypervirulent Klebsiella pneumoniae (CR-hvKP).*® Our findings underscore the importance of closely
monitoring the prevalent ST11 type within our nation, with a particular emphasis on the spread and evolution of ST11-
type CRKP. Seven adult cases of ST11-type CRKP, characterized by the KPC-2 gene and a high degree of homozygosity
(>85%), were identified between July 2016 and April 2022. This observation confirms the clonal transmission of ST11-
type CRKP within our institution and highlights the highly transmissible and challenging nature of CRKP infections.
Additionally, clonal transmission events were observed for ST11 and ST15 types in both pediatric and adult patients at
our institution. Despite the absence of a physical link between pediatric and adult clinics, the movement of medical staff
between wards for consultations may contribute to the inter-age group clonal spread.

Among these, the clonal transmission of ST15-type CRKP in both children and adults was attributed to the OXA-232
enzyme, with an associated mortality rate of 40%. OXA-232, a variant of OXA-48, has been implicated in recent
outbreaks of ST15-type CRKP in regions such as Shanghai and Yancheng.*'** A study conducted in Zhejiang indicated
that these outbreaks of ST15-type OXA-232 enzyme-producing CRKP share similar resistance and virulence genes, as
well as plasmid types, suggesting a propensity for environmental colonization and widespread transmission between the
environment and patients due to clonal spread.*® The presence of OXA-232-producing CRKP in both pediatric and adult
populations at our hospital mandates heightened attention to disinfection and isolation practices between pediatric and
adult units. It also calls for robust nosocomial infection prevention and control measures, including environmental
decontamination and strategies to reduce colonization transmission.

In this study, the NDM-5 gene emerged as the most prevalent drug-resistance gene in pediatric CRKP, followed by
the KPC-2 gene. This contrasts with the adult CRKP population, where the KPC-2 gene was predominantly detected,
succeeded by the NDM-1 gene. It is noteworthy that the NDM-5 gene, while most commonly found in E. coli, has
become increasingly prevalent in Klebsiella pneumoniae as well.***> The NDM-5 gene is known to carry multiple drug-
resistance determinants and is associated with a plethora of virulence genes. It has been shown that the NDM-5 gene can
be harbored by the IncX3 plasmid in K. pneumoniae and can be efficiently transferred into E. coli J53.%° Importantly, this
plasmid exhibits stable inheritance and is resistant to loss, which underscores the potential for the dissemination of
resistance genes within clinical settings. Given the implications of such plasmid-mediated gene transfer for the
emergence of multi-drug resistant strains, it is crucial to maintain a high index of suspicion for the presence of NDM-
5 in CRKP strains. Vigilant surveillance and appropriate infection control measures are essential to prevent potential
outbreaks associated with nosocomial plasmid transfer.

This research presents the first report of ST1114-type CRKP co-producing NDM-5 and OXA-181 enzymes identified
in neonates. Additionally, in the adult CRKP strains, three instances of KPC-2 and NDM-1 co-producing CRKP were
detected. A study conducted by Hui Wang et al*’ highlighted that ST11 has emerged as the dominant clone, likely due to
its co-evolution with certain plasmids, which has facilitated its predominance in clonal transmission. The coexistence of
KPC-2 and NDM-1 genes, which are stably evolved, presents a significant challenge to clinical management. KPC-2 is
predominantly found in IncFII plasmids, while NDM-1 is located in various plasmids, such as IncN, IncX, and IncHIB.
This genetic diversity complicates clinical diagnosis and treatment strategies. A global multicenter study*® has under-
scored the significant regional differences in the epidemiology of CRKP, encompassing baseline patient characteristics,
clinical outcomes, and bacterial features. Findings from one region may not be directly applicable to others, emphasizing
the heterogeneity of CRKP dynamics on a global scale. To ensure accurate guidance for the therapeutic use of
antimicrobial medications and to inform prevention and control measures for hospital-acquired infections, it is imperative
to conduct continuous evaluations of bacterial resistance patterns within our local area and hospital. This approach is
essential for tailoring clinical practices to the specific epidemiological context and for preserving the effectiveness of
antimicrobial agents.

Conclusion

The study conducted at the Affiliated Hospital of Xuzhou Medical University revealed significant differences in the
predominant carbapenemase enzymes among pediatric and adult CRKP strains. The blanpm.s gene was identified as the
primary carbapenemase in children, whereas the blagpc, gene was the main enzyme in adult CRKP strains. Notably,
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there were substantial differences in resistance rates to key antimicrobial agents such as imipenem, ceftazidime/
avibactam, aztreonam, ciprofloxacin, and amikacin between the pediatric and adult populations. Our findings highlight
the presence of several clonal transmissions of blanpm.s-producing CRKP within the pediatric cohort and blaypc.o-
producing CRKP within the adult cohort. Additionally, we observed co-occurring clonal transmissions of ST11 type
blaxpc, and ST15 type blagxa_232 resistance genes in both children and adults. Importantly, this research marks the first
report of clonal prevalence of ST1114-type CRKP co-producing blanpm.s and blagxa.1g; in the neonatal ICU. These
findings underscore the fact that clonal transmission of CRKP is not confined to a single unit but can occur across
different units, affecting both children and adults. Therefore, it is imperative to strengthen infection prevention and
control measures to mitigate the spread of CRKP clones. Continuous surveillance, coupled with the implementation of
targeted strategies, is essential to curb the dissemination of these resistant strains and to ensure the delivery of effective
clinical care.
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