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Purpose: Carbapenem-resistant Enterobacteriaceae (CRE) infection has become a concerning threat, especially in hospital settings;
however, its phenotypic characterization, association with rectal colonization and subsequent bloodstream infections (BSI) remain to be
clarified. This study aimed to investigate the incidence and risk factors of CRE infection in rectal CRE carriers and to understand the
clonality of carbapenem-resistant Klebsiella pneumoniae (CRKP) strains and their association with subsequent BSI in these patients.
Patients and Methods: This was a prospectively designed cohort study. Hospitalized patients treated at our institution from
April 2019 to October 2020 with intestinal CRE carriage were screened at admission and weekly thereafter until death or discharge
from the hospital. Stool and blood samples were obtained for strain growth and mass spectrometry. The colonization and clinical
infection isolates were analyzed by antimicrobial susceptibility testing to identify CRE. The clonality of the CRE strains and their
corresponding clinical infection strains was studied by whole-genome sequencing to explore the mechanism of drug resistance and
evaluate possible transmission. CRE-associated risk factors were analyzed in combination with epidemiological data.

Results: Of the 1203 patients, 85 were colonized by CRE and 21 developed CRE infection, of whom 13 developed CRE bloodstream
infection (BSI). Ninety-one CRE strains were isolated from the rectal specimens of the 85 patients. Tracheotomy and chemotherapy in
the past three months were independent risk factors for CRE infection in intestinal CRE carriers. ST11-KL64 (92.3%, 24/26) was the
most dominant capsule and multilocus sequence typing (MLST) type among clonal CRKP isolates. Single-nucleotide polymorphism
clustering showed homology of representative colonization and infection CRKP strain pairs (n=13) in the same patient. One group of
leading clones was endemic in surgical intensive care units (ICUs). Twenty-four CRKP strains carried B-lactamase K. pneumonia
carbapenemase 2, and 73.1% (19 strains) of CRKP carried mucoid phenotype regulator genes A2 and iucABCD.

Conclusion: In summary, intestinal CRE colonization was detectable at an elevated rate among hospitalized patients and prevalent in
ICU patients, with potential rapid horizontal transmission, providing evidence that CRE BSI infection in hospitalized patients might be
due to their colonized strains and indicates the correlation between intestinal colonization and BSI.
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Introduction

In recent years, infection with carbapenem-resistant Enterobacteriaceae (CRE), especially carbapenem-resistant Klebsiella
pneumoniae (CRKP), has been a major public health challenge worldwide due to the widespread use of carbapenems." In
a nationwide study comprising 25 hospitals across 14 provinces in China, an increasing burden of CRE infection was
reported, with an overall CRE infection incidence of 4.05/10,000 discharges, which differed significantly by region, whereby
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the highest incidence was observed in the Jiangsu province (14.97) and the lowest in Qinghai (0.34).> The scale of clinical
and public health problems caused by multidrug-resistant bacterial infections has escalated, and descriptions such as
superbugs® and nightmare bacteria® have reflected the magnitude of the problem of antibiotic resistance.

The intestinal tract of hospitalized patients represents a large repository of antibiotic-resistant bacteria® that can
migrate to extraintestinal tissues, leading to serious extraintestinal in-hospital systemic infections and death.® However,
considering that not all intestinal CRKP could cause further infection,” phenotypic and molecular characterization of
highly pathogenic CRE with strong virulence and resistance against the host’s immunity should be clarified to prevent
their spread, improve their identification and offer timely treatment to high-risk infected patients.

Isolates from ICU departments showed higher or similar resistance rates among Enterobacteriaceae pathogens compared
to other wards.® Over the past decade, CRKP has spread rapidly in several countries, including Greece, and CRKP-related
bloodstream infections (BSIs) are increasingly reported worldwide.® In 2007, the first K. pneumoniae carbapenemase (KPC)-
producing CRE strain in China was reported, and blakpc., has since become the most widespread carbapenemase-encoding
gene in China and even globally. More and more CRKP isolates were found to carry various carbapenemase genes and
virulence genes.'®!'! CRE can survive in the gastrointestinal tract of hospitalized patients without causing any symptoms of
infection.'? However, colonization is generally thought to precede infection,'® so asymptomatic colonization as an important
link in the transmission route may eventually lead to further transmission and outbreaks of pathogens.'*

Fecal CRE carriage is reported to be an important risk factor for developing CRE infection, so understanding the rate
of fecal CRE carriage is critical for controlling CRE infections. Therefore, the objective of this study was to evaluate the
rate of CRE colonization among patients hospitalized at our institutions, identify risk factors associated with rectal CRE
colonization, clarify the phenotypic and molecular characterization of CRE, determine the association between rectal
CRE colonization and subsequent BSI, and explore the clonality of CRKP strains.

Materials and Methods

Study Design

This study was a prospective study conducted for 48 months at the Second Affiliated Hospital of Anhui Medical
University, a tertiary university hospital in Anhui, China. The hospital is a teaching hospital with 3200 beds. A high
prevalence of CRE carriers in intensive care units (ICUs) and hematology wards was observed in a previous baseline
investigation, so the above departments were considered high-risk sites for CRE transmission and treated as key
observation departments.

The study inclusion criteria were: (1) patients aged > 18 years old (excluding pregnant women) who agreed to be
screened for carbapenem-resistant gram-negative bacteria rectal colonization, (2) hospitalized for at least two days, (3)
routinely screened for CRE by rectal swabs on admission and once a week until discharge or infection, (4) diagnosed
with CRE based on blood cultures examinations. Patients with a hospital stay < 48 hours and those known to be
colonized by CRE prior to admission or identified as colonized within the first 24 hours were excluded from this study.
This study complied with the Declaration of Helsinki and was approved by the Ethics Committee of the Second
Affiliated Hospital of Anhui Medical University (YX2022083). The patients or family members provided signed
informed consent for study participation.

Patient profiles were collected through questionnaires, and demographic and medical characteristics were recorded,
including antibiotic use (at least 1 course of B-lactamase inhibitor + -lactam combination), broad-spectrum antibiotic use
over the past 30 days (cephalosporins, carbapenems, quinolones, and clotrimazole), surgery (past 6 months), invasive
procedures (endotracheal intubation and tracheostomy), chronic diseases (such as diabetes, malignancy, blood disorders,
and diseases of the central nervous system) and placement of a central venous catheter.

Sample Collection

In this study, the following samples were obtained from eligible patients: perianal swabs, stool and blood. The perianal
swabs or stool samples were obtained within 24 hours of admission to detect CRE colonization and then once per week
until discharge or death. They were used to assess if the patient carried a CRE strain during admission. The blood
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samples were obtained when patients had symptoms of infection such as fever and were used for determining whether
CRE infection occurs.

The samples were immediately transferred to the hospital’s laboratory for processing and analysis. Screening with
only perianal swabs was performed to prevent severe infection in patients with agranulocytosis. Patients with CRE strains

in their intestinal specimens were considered CRE carriers or colonizers (Figure 1).

All patients admitted from April 2019 to October 2020

y

Patients were screened for CRE colonization with rectal
and nasopharyngeal swabs on admission (n=1203)

-

85 patients were colonized with CRE (91 isolates) and had
subsequent CRE clinical infections (21 isolates including
13 isolates from blood)

-

Analysis of risk factors between CRKP colonization group
and CRKP infection group

-

Resistance and virulence gene determined via PCR,
MLST and Whole genome sequencing

-

SNP identified 13 patients with clonally related colonizing
KPN strains (13 isolates) and bloodstream infectious KPN
strains (13 isolates)

Figure | Hospitalized patients were screened for CRE colonization between 2019 and 2020 (n=1203). The patients were divided into “colonized” and “uncolonized”
groups, then further divided into “infected” and “uninfected” groups.
Abbreviations: CRE, carbapenem-resistant Enterobacteriaceae; KPN, Klebsiella pneumoniae; CRKP, carbapenem-resistant Klebsiella pneumoniae; ICU, Intensive Care Unit.
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Bacterial Isolates

Stool samples were inoculated on the mSuperCARBA agar (CHROMagar™™, France), and a susceptibility test was
performed after the growing strain was confirmed to be Enterobacteriaceae. Blood cultures were obtained from all
patients with clinical symptoms of BSI. Only the first positive blood culture sample from each patient was included in the
analysis to prevent duplication of data. Bacterial isolates were identified by mass spectrometry (Bruker Autoflex MALDI
TOF-MS, Germany).

Antimicrobial Susceptibility

The minimum inhibitory concentrations (MICs) of antimicrobial agents were analyzed using a Vitek 2 Compact instrument
(bioMérieux, Marcy L’Etoile, France), except for colistin. Colistin-susceptibility analysis was performed by the broth microdilu-
tion method. The quality control strains were ATCC 700603 K. prneumoniae and ATCC BAA-1705 K. pneumoniae. The results
were interpreted using the Clinical and Laboratory Standards Institute (CLSI) guidelines' breakpoints for all the antimicrobial
agents except tigecycline and colistin, which were interpreted using the European Committee on Antimicrobial Susceptibility
Testing (EUCAST) guidelines (10th edition) (http://www.eucast.org/clinical breakpoints/, accessed on Apr 21, 2021).

Carbapenemase Phenotype and Genotype

ATCC BAA-1705 K. pneumoniae was used as a positive control, and ATCC BAA-1706 K. pneumoniae was used as a negative
control. Carbapenemase-encoding genes (blaxpc, blanpm, blapp, blayiv and blagxasg) were identified by PCR.!® PCR
products were sequenced by Sangon (Shanghai, China) and analyzed using the BLAST programs (http://blast.ncbi.nlm.nih.

gov/Blast.cgi).

Whole-Genome Sequencing, Assembly, and Comparative Analysis

A single colony of K. pneumoniae was placed in LB broth, and the culture was shaken overnight at 37°C. Genomic DNA was
extracted using the cetyltrimethylammonium bromide (CTAB) method'” with minor modification, then the DNA concentration,
quality and integrity were determined by using a Qubit fluorometer (Invitrogen, USA) and a NanoDrop spectrophotometer
(Thermo Scientific, USA). Sequencing libraries were generated using a TruSeq DNA Sample Preparation Kit (Illumina, USA)
and a Template Prep Kit (Pacific Biosciences, USA). Genome sequencing was then performed by Personal Biotechnology
Company (Shanghai, China) using the Pacific Biosciences platform and the Illumina MiSeq platform. Data assembly was
performed after adapter contamination removal and data filtering using AdapterRemoval'® and SOAPec.'® The filtered reads
were assembled by SPAdes® and AS5-miseq”' to construct scaffolds and contigs. Multilocus sequence typing (MLST) was
applied in MLST 2.0 (https://cge.cbs.dtu.dk/servicessMLST). Kaptive Web (https://github.com/katholt/Kaptive) was used for
capsule serotyping analysis of virulence genes on online databases (http://www.mgc.ac.cn/cgi-bin/VFs/v5/main.cgi). Resistance
genes were identified using ResFinder (https:/cge.cbs.dtu.dk/services/ResFinder/), and PlasmidFinder (https://cge.cbs.dtu.dk/
services/PlasmidFinder/) was used to analyze plasmids.

Single-Nucleotide Polymorphism (SNP) Analysis and Plasmid Alignment Analysis
Using the sequence of strain KPN_FJ723042 as a reference, all strain sequences were submitted to CSI Phylogeny (https://cge.
cbs.dtu.dk/services/CSIPhylogeny/) to perform SNP analysis. Analysis results were imported into the FigTree 1.4.3 software

(http://tree.bio.ed.ac.uk/software/fifigtree/) to generate the maximum likelihood tree. Strains were grouped according to the

relationship between near and far. All evolutionary trees were created using iTOL*? (http:/itol2.embl.de).

Statistical Analysis

All analyses were performed using SPSS v.26.0 software (SPSS Inc., Chicago, IL, United States). Continuous variables are
expressed as the mean + SD or median with interquartile ranges (IQRs) according to the normality of the data distribution.
Categorical variables were compared using the y* tests. Univariate logistic regression was performed on the variables to
estimate odds ratios (ORs) and their 95% ClIs. Multivariate logistic regression was performed to determine the effects on
different risk factors when controlling for other factors. P < 0.05 was used to indicate statistical significance.
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Results
CRE Isolates

During the study period, we screened CRE strains in 1203 hospitalized patients. Ultimately, 91 CRE strains from 85
patients were included in the study. The data showed an elevated rate of CRE colonization among these hospitalized
patients (85/1203, 7.15%). Among these isolates, K. pneumoniae was the most common strain (n=45, 49.45%), followed
by Escherichia coli (n=24, 26.37%), Enterobacter cloacae (n=14, 15.38%), Klebsiella aerogenes (n=4, 4.39%),
Citrobacter freundii (n=2, 2.19%), and Serratia marcescens (n=2, 2.19%). We identified 42 strains from the ICUs, 20
from the hematology department, and the remaining 29 from other departments (Figure 2).

Antimicrobial Susceptibility of CRE

According to the CLSI and EUCAST breakpoints, all CRE isolates were resistant to cefazolin, ceftriaxone, cefuroxime,
cefoxitin, ceftazidime, cefepime, meropenem, imipenem, amoxicillin/clavulanic and ertapenem, and most CREs were
resistant to P-lactam and B-lactam/B-lactamase inhibitor combinations, including piperacillin/tazobactam (96.70%),
amikacin (61.54%), levofloxacin (78.02%) and aztreonam (85.71%) (Table 1). All the strains were sensitive to
polymyxin B and tigecycline.

Phenotypic and Molecular Characterization

Ninety-one CRE had detectable carbapenemase genes according to PCR analysis. The 91 carbapenemase-producing CRE
were resistant to all three tested carbapenems (imipenem, meropenem, and ertapenem), showing a positive correlation
between genotype and phenotype. KPC-2 (53.84%, 49/91) was the most prevalent carbapenemase, followed by NDM-1/5
(42.85%, 39/91), IMP-4 (2.19%, 2/91) and OXA-48 (3.29%, 3/91), including 2 CRE isolates carrying two different
carbapenemase genes (Table 2).

Analysis of Risk Factors for CRE Colonization

The results of risk factor analysis for comparing CRKP rectal carriers with non-CRKP rectal carriers are shown in Table 3.
Variables associated with CRKP rectal carriage development included surgery within 6 months, severe anemia, tracheotomy,
and chemotherapy in the past three months. Multivariate logistic regression analysis demonstrated that tracheotomy (OR:
2.80, 95% confidence interval [CI]: (1.11-7.05), p = 0.03) and chemotherapy in the past three months (OR: 0.27, 95% CI:
(0.08-0.96), p = 0.04) were independent risk factors for the acquisition of rectal CRE colonization in high-risk patients.

40+ Hl K pneumoniae
Bl E coil

30 4 Other strains
@
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1S
2
= 20 -
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= 10+

0 l -
ICU Haematology Dept. Other Dept.

Figure 2 Isolate CRE strains distribution.
Abbreviations: CRE, carbapenem-resistant Enterobacteriaceae; ICU, Intensive Care Unit; Hematology Dept., Hematology department; K. pneumoniae, Klebsiella pneumo-
niae; E. coli, Escherichia coli.
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Table | Antimicrobial Susceptibility of Carbapenem-Resistant Enterobacteriaceae Isolated from Fecal Samples

Antimicrobial Total, n=91 (%) | K. pneumoniae, n=45 (%) | E. coli, n=24 (%) | Others, n=22 (%)
Piperacillin/tazobactam(R) 88 (96.70) 44 (97.78) 24 (100.00) 20 (90.91)
Amoxicillin/clavulanic(R) 91 (100.00) 45 (100.00) 24 (100.00) 22 (100.00)
Cefoperazone/sulbactam(R) 91 (100.00) 45 (100.00) 24 (100.00) 22 (100.00)
Cefoxitin(R) 91 (100.00) 45 (100.00) 24 (100.00) 22 (100.00)
Cefuroxime(R) 91 (100.00) 45 (100.00) 24 (100.00) 22 (100.00)
Ceftriaxone(R) 91 (100.00) 45 (100.00) 24 (100.00) 22 (100.00)
Ceftazidime(R) 91 (100.00) 45 (100.00) 24 (100.00) 22 (100.00)
Cefepime(R) 91 (100.00) 45 (100.00) 24 (100.00) 22 (100.00)
Aztreonam(R) 78 (85.71) 44 (97.78) 14 (58.33) 20 (95.45)
Ertapenem(R) 91 (100.00) 45 (100.00) 24 (100.00) 22 (100.00)
Meropenem(R) 91 (100.00) 45 (100.00) 24 (100.00) 22 (100.00)
Imipenem(R) 91 (100.00) 45 (100.00) 24 (100.00) 22 (100.00)
Amikacin(R) 56 (61.54) 33 (73.33) 8 (33.33) 15 (68.18)
Levofloxacin(R) 71 (78.02) 40 (88.89) 18 (75.00) 13 (59.10)
Trimethoprim/sulfamethoxazole(R) 33 (36.26) 10 (22.22) 15 (62.50) 8 (36.36)
Tigecycline(R) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
Colistin(R) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)

Abbreviations: K. pneumoniae, Klebsiella pneumoniae; E. coli, Escherichia coli; R, resistance against antibiotic.

Table 2 Molecular Characteristics of Carbapenem-Resistant Enterobacteriaceae Isolated from Faecal Samples

Isolate Positive Carbapenemase Phenotypic Confirmatory Test (n) Carbapenemase
KPC-2 | NDM-I1/5 | IMP-4 | OXA-48

K. pneumoniae 45 44 | - -
E. coli 24 2 207 2 -
C. freundii* 2 2 2 - -
E. cloacae 14 I 13% - -
K. aerogenes 4 - 3 - |
S. marcescens 2 - - - 2
Total 9l 49 39 2 3

Note: *Two C. freundii producing NDM-land KPC-2. #Twelve of the E. coli isolates produced NDM-1, and 8 of them produced NDM-5. ®Eight E. cloacae
isolates produced NDM-1, and 5 of them produced NDM-5.

Abbreviations: K. pneumoniae, Klebsiella pneumoniae; E. coli, Escherichia coli; C. freundii, Citrobacter freundii; S. marcescens, Serratia marcescens; K. aerogenes,
Klebsiella aerogenes; E. cloacae, Enterobacter cloacae; KPC, class A carbapenemases; NDM, New Delhi metallo-B-lactamase types; IMP, imipenemase; OXA-48,
oxacillinases (OXA-48-like enzymes).

Time-to-Event Analysis
Throughout the study period, a total of 45 patients (55.56%) were detected to have rectal colonization by CRKP. Among the
CRKP-colonized patients, 13 (28.89%) developed CRKP BSI after a median time of 7 days (range: 3—13 days), and their risk of
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Table 3 Analysis of Risk Factors Between the CRKP Colonization Group and the Non-CRKP Colonization Group

Variable CRKP Non-CRKP Univariate Analysis Multivariate Analysis
Colonization Colonization
OR (95% CI) P OR (95% CI) P
(n=45) (n=40)

Patient characteristics

Age(years old) 59.28+18.3I 60.2616.02 1.00 (0.97-1.02) | 0.73

Sex male, n (%) 31 (68.89) 21 (52.50) 2.00 (0.83-4.86) | 0.12

Underlying diseases

COPD 36 (80.00) 27 (67.50) 0.52 (0.19-1.39) 0.19
Diabetes 7 (15.56) 3 (7.50) 2.27 (0.55-9.46) 0.26
Neurological disease 17 (37.78) 9 (22.50) 2.09 (0.80-5.44) 0.13
Hematological system diseases 7 (15.56) 12 (30.00) 0.43 (0.15-1.23) 0.12
Tumour 51111 6 (9.52) 0.71 (0.20-2.53) 0.60
Surgery in the past 6 months 22 (48.89) 10 (25.00) 2.87 (1.14-7.23) 0.02*
Respiratory infection 31 (68.89) 25 (62.50) 1.33 (0.54-3.26) 0.54
Septic shock 9 (20.00) 5 (12.50) 1.75 (0.53-5.74) 0.36
Severe anemia 11 (24.44) 20 (50.00) 0.32 (0.13-0.81) | 0.02*
Glucocorticoid use 9 (20.00) 5 (12.50) 1.00 (0.67—1.51) 0.99

Invasive procedures

Trachea cannula 21 (46.67) 18 (45.00) 1.07 (0.46-2.52) 0.88

Tracheotomy 26 (57.78) 12 (30.00) 3.19 (1.30-7.84) 0.01* | 2.80 (I.11-7.05) 0.03*
Central venous catheterization 20 (44.44) 21 (52.50) 0.72 (0.31-1.70) 0.46

Carbapenem use in the past 30 day 34 (75.56) 31 (75.50) 1.49 (0.57-3.84) 0.46

Chemotherapy in the past three 4 (8.89) 12 (30.00) 0.23 (0.067-0.778) | 0.02* | 0.27 (0.08-0.96) 0.04*
months

Combination of antibiotic use (>3) 34 (75.56) 19 (90.48) 0.90 (0.328-2.455) | 0.83

Time from admission to positive 21.56+25.32 25.75%26.25 1.01 (0.99-1.03) 0.35

rectal swab (days)

Note: *Significant statistical difference (P<0.05).
Abbreviations: Cl, confidence interval. CRKP, carbapenem-resistant Klebsiella pneumoniae; COPD, chronic obstructive pulmonary disease; OR, odds ratio; P, P-value.

developing CRKP-related BSI was much higher than those with colonization by non-CRKP CRE strains. CRKP BSI was mostly
observed in patients from the ICU (11/13, 84.61%), followed by the hematology department (2/13,15.38%). In the blood and
fecal specimens of these patients, KL.64 CRKP isolates were the most common (24/26; 92.31%), followed by KL.139 (2/26,
7.70%). According to the MLST typing results, 24 strains (77%, 36/47) colonization and clinically infectious KL.64-CRKP
strains belonged to the dominant ST11 (92.31%, 24/26), followed by ST3155 (7.70%, 2/26), which belonged to the KL.139

serotype (Figure 3).

Colonization and BSI CRKP Isolate Whole-Genome Sequencing
Homology analysis was performed on 26 strains from 13 patients with CRKP BSI. The results showed that clonal-
associated colonization and corresponding clinically infectious Klebsiella isolates were found in 84.61% (11/13) of
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Figure 3 Timeline from admission to colonization and subsequent BSI in CRKP colonized patients. The circles represent the day of colonization, while the triangles show
the day of BSI. During the study, |3 patients developed BSI from their intestinal colonizing strains, showing a median time of 7 days (range: 3—13 days) from admission to
colonization. The median time from CRKP colonization to BSI was 6 days (range, 2—16 days).

Abbreviations: BSI, bloodstream infections; CRKP, carbapenem-resistantKlebsiella pneumoniae; ICU Dept., Intensive Care Unit department; Hematology Dept., Hematology
department.

patients. To determine whether the infection was caused by the patient’s own colonizing bacteria, genome-wide sequence
analysis was performed on 26 intestinal colonization and BSI CRKP isolated from 13 patients at the same time. The
results showed that all were genetically homologous strains, suggesting that horizontal transmission of ST11 might have
occurred in the ICU ward across a short distance, and both strains carried the blaxpc., gene encoding carbapenem.
Among them, the clonal analysis of group A showed that there were 10 STI1 isolates in the group, consisting of
colonization strains and clinical isolates from 5 patients in the ICU of internal medicine, and they were all closely related
to each other, which indicated that there was a clone of ST11 CRKP in our hospital. Genome analysis of resistance genes,
virulence genes, and plasmids showed that all strains carried multiple resistance genes, of which 24 CRKP strains carried
both virulence genes and virulence plasmids (Figure 4).

Discussion
CRE rectal colonization was previously identified as an important epidemiological risk factor for subsequent CRE
infection;?® however, only a small number of colonized patients eventually develop clinical infection.>* In this study,
a total of 85 patients were identified as CRE carriers, showing a detection rate of 7.07%, of whom 24.71% of the carriers
were found to have CRE infections. Although CRE infection rates have been reported to vary in individual studies (ranging
from 7.6% to 44.4%) in patients with CRE colonization,> there are also reports suggesting that the overall risk of CRE
infection in patients with CRE colonization is 16.5%,® and individual study infection rates vary, possibly due to differences
in individual type, patient population, and clinical setting. Therefore, the overall level of risk remains unclear. Our study
provides a comprehensive assessment of infection risk and implications for preventing and treating CRE infections.
Compared to the isolates in a previous study in China,”’ the CRE isolates in our study exhibited higher resistance
rates to B-lactam antimicrobial agents, including penicillins, carbapenems, cephalosporins, and the monobactam aztreo-
nam. In contrast, the CRE isolates showed a certain level of sensitivity to non-f-lactam antibiotics. A substantial
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Figure 4 Core-genome phylogeny of the CRKP isolates, antimicrobial resistance genes, virulence-associated genes and virulence-associated plasmids. The maximum
likelihood phylogeny tree was based on single-nucleotide polymorphisms in the core genomes of 26 CRKP isolates. Genome clusters are shaded using different colors.
Distribution of virulence-associated genes, antimicrobial resistance genes and virulence-associated plasmid in CRKP strains. Heat maps were generated by aligning the draft
genome sequence of each isolate with the sequences deposited in the BIGSdb Klebsiella genome database. The scale bar indicates nucleotide divergence. The origins of the
isolates are shown in different colors. Antimicrobial resistance genes, virulence-associated genes and virulence-associated plasmid are shown on the top.
Abbreviations: ARG, antimicrobial resistance gene; ND, no detection; pVir, virulence-associated plasmid; VG, virulence-associated gene.

proportion of isolates showed susceptibility to trimethoprim/sulfamethoxazole (70%) and amikacin (36.7%), among
others, and although the rate of nonsusceptibility to tigecycline was 15.8%, all the isolates remained susceptible to
colistin. Therefore, in some cases, combining colistin and/or tigecycline with these other antimicrobial agents could be
considered for treating complex infections caused by CRE.

CRE carriers may develop systemic infections and, in severe cases, might be fatal. Thus, the occurrence of CRE
infection should be timely identified to prevent progression to intestinal CRE colonization, which is why this study
investigated related clinical predictors and risk factors. Recently published case-control studies suggested that solid
organ®® stem cell transplantation, mechanical ventilation, fecal incontinence and exposure to carbapenems, vancomycin
and metronidazole over the past 30 days were independent factors associated with CRE colonization.”’ Comparatively, in
this present prospective case-control study, surgery within 6 months, severe anemia, tracheotomy and chemotherapy in
the past three months were the reasons for a higher incidence of CRE colonization in these patients, thus demonstrating
that the combination of antibiotics is a key factor accelerating the risk of CRE colonization and infection.

Logistic regression analysis showed that tracheotomy and chemotherapy in the past three months were independent
risk factors for infection originating from intestinal colonization. The clinical infections in CRKP carriers are consistent
with a previous study,*® suggesting that CRKP colonization also requires continual monitoring during patient hospita-

lization. Tracheotomy is strongly associated with the development of CRE infection in CRE carriers, concordant with

Infection and Drug Resistance 2022:15 hetps: 6059

Dove:


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

Chu et al Dove

another study,”' as it was an independent risk factor, possibly related to the invasive procedures that may disrupt the
patient’s natural immune barrier and lead to CRE infection. Moreover, we also found that chemotherapy within the past
three months was negatively correlated with CRE colonization after hospitalization. This may be because the chemother-
apy process disrupts the adhesion of CRE in the intestine and reduces the probability of CRE colonization in patients,
which is similar to the idea proposed by Micozzi et al*? that carriers may have a reduced risk of KPC BSI when an
intensive chemotherapy program is appropriately scheduled or implemented. These indicate that different treatment
strategies might lead to patients’ disease progressing in different directions®® but should be further confirmed in
colonized patients and infection severity.

As CRKP is commonly observed in hospital settings worldwide, many hospitals have introduced infection control
programs to limit infection. Fifteen of the 45 CRKP carriers in this study developed CRKP infection, and 13 were
bloodstream infections, which showed a much higher incidence of infection than other CRE carriers. These CRKP
carriers developed BSIs of the same strain 2—7 days after detection in the intestine, so CRE is most likely to turn
infectious within 2—7 days after colonization. Therefore, it is particularly important to implement proactive screening to
reduce the risk of nosocomial transmission caused by CRE colonization or infection by early detecting high-risk patients
with CRE infection or colonization and applying appropriate protective measures. It has been reported in literature that
BSI-related mortality decreased from 50% to 6% in patients with a high risk of KPC colonization who were actively
screened for initial intervention.>* At the same time, according to MLST, of the 26 clonal-associated colonization—
infection pairs, ST11 was dominant (92.30%, 24/26) among the 26 CRKP strains (13 clonal-related colonization—
infection pairs). Similarly, ST11 was reported to be the most common type of CRKP in China,>* " and at present,
there is a lack of epidemiological information on ST11-KL64 CRKP, although ST11-KL47 CRKP is mostly reported in
studies of hospital epidemic transmission in China.>> Notably, research institutes in the Taiwan Province of China
detected ST11-KL64 as the most common pod type among CRKP-ST11 (32/40) between 2010 and 2011°°. ST11-KL64
produces more biofilm, is more resistant to killing by human neutrophils, and shows a more rapid killing effect in the
large wax borer infection model. Moreover, rmpA-rmpA2 coexists on the same plasmid of ST11-KL64 as the regulator
of mucoid phenotype gene A (rmpA), which confers more virulence than ST11-KL47 and increases survival in hospital
settings.”® Therefore, we believe that ST11-KL64 CRKP might be circulating in our hospital, indicating that bacterial
clonality has a significant impact on the clinical development process of patients with intestinal colonization.

In this present study, 24 strains of ST11-CRKP carried KPC-2. ST11 is a monolocus variant of ST258 within the same
clonal complex,*® which is considered to be responsible for the global spread of KPC over the past 20 years, with KPC-2
and KPC-3 being the dominant subtypes.*’ Therefore, our study concluded that carbapenemase types were closely related to
specific STs and that the risk of BSI in KPC-carrying K. pneumoniae rectal carriers was much higher than in NDM-carrying
K. pneumoniae carriers. While our molecular results support the association between CRKP colonization and BSI,
suggesting that hospitalized patients are infected with their colonized strains, our study highlights the importance of
screening for specific carbapenemase types with rectal colonization. Regarding the strains of CRKP in this study, 17 strains
of the rmpA2-positive CRKP strain all carried the aerobactin synthetic gene cluster iucABCD-iutA, which may be located
in the same plasmid. These CRKP strains all had virulence plasmids that encoded virulence genes, such as the salmo-
nelloxin gene iroEN; thus, these strains can be defined as carbapenem-resistant hypervirulent K. pneumoniae (CR-HvVKP).

CR-HVKP has been reported to account for only 3% of infections caused by ST11 CRKP strains across China,*' but
the proportion of CR-HvKP in this study was much higher, which might be related to the low sample size in this study.
This type of strain can evade the host’s immune response and colonize the intestine, where the probability of colonization
and survival is greater. The outbreak of two clonal strains in the ICU is related to CR-HvKP. The CRKP strains in this
study carried more resistance genes and higher virulence plasmid loads than other CRE strains, suggesting that they have
more opportunities to carry these captured plasmids for a long time and transfer the plasmids to other clinically important

gram-negative bacteria,**

a phenomenon that, especially for CRKP carriers, may largely contribute to the spread of
resistant strains in hospital settings.

CRKP colonization can persist and spread for years, even among food workers in some developing countries. Fecal
carriage rates of multidrug-resistant Enterobacteriaceae are high, signaling the spread of resistant bacteria to hospitals and

communities.** In addition, clonal outbreaks are triggered in long-term care facilities, and patients with new colonization
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may develop fatal infections.** In the current coronavirus disease 2019 (COVID-19) era, overuse of antibiotics may increase
selection pressures in hospitals and communities and may increase the incidence and transmission of CRE.®

Our study had some limitations. First, the study was conducted in a single center, and the results may not be
generalizable to other institutions. Second, the risk factors identified in this study are associated with areas where
endemic/persistent CRKP strain outbreaks occur and may not be appropriate for other settings with low KPC prevalence
or strains with different resistance mechanisms. Third, this study lacked a detailed assessment of the genomes of each
strain, underlying mechanisms, and associated pathways. Based on these preliminary data reported in this study, we aim
to perform deeper investigations and compare the genetic homology of CRE colonization isolates from patients with
CRE colonization detected from public facilities to obtain additional evidence that could be used to limit transmission by
strengthening infection control.

Conclusion

In summary, the rate of CRE rectal colonization was quite high at our institutions, especially in the ICUs, which was found to
independently associate with tracheotomy and central venous catheterization and could lead to BSI within 1 week of rectal
colonization. Routine clinical screening for rectal carriage of CRE may help reduce the current high rate of hospital-acquired
CRE infections. Whole genome sequencing showed that the BSI was caused by genetically homologous strains of the rectal
CRE. Horizontal transmission from other patients was also detected, reflecting the epidemic outbreak of ST11-KL64 CRKP
clones in our hospital, urging the need for strict infection control measures to prevent this transmission route.
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