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Background: Carbapenem-resistant Enterobacteriaceae (CRE) colonization is associated with bacterial translocation, which can
result in subsequent endogenous CRE infection. In the present study, we aim to investigate the colonization-related risk factors and
molecular epidemiological characteristics of CRE in patients with acute leukemia.

Methods: From January 2021 to December 2021, acute leukemia patients were screened for CRE by fecal/perianal swabs. We
identified the species, carbapenemase-encoding genes, and virulence genes of the colonizing strains and performed antimicrobial
susceptibility tests and ERIC-PCR typing. Risk factors for CRE colonization were identified by univariate and multivariate analysis.
Results: We collected a total of 21 colonizing strains from 320 patients. All strains were resistant to meropenem. Klebsiella
pneumoniae was the most abundant species, and ERIC-PCR typing showed low diversity. Univariate analysis showed that age,
cephalosporins, penicillins, tigecyclines, and hematopoietic stem cell transplantation status were risk factors for CRE colonization;
simultaneously discovered CRE strains played a dominant role in invasive infection of colonized patients. Logistic multivariate
regression analysis showed that age, cephalosporins, and tigecyclines were independent risk factors for CRE intestinal colonization.
Conclusion: CRE colonization can increase the incidence of CRE infection in patients with acute leukemia. Early detection of CRE
colonization through CRE screening is an important measure to control the spread of CRE.
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Introduction

Carbapenem-resistant Enterobacteriaceae (CRE) infection is a major challenge in the field of global public health due to
the limited treatment options for CRE isolates, high morbidity, and mortality." It has been reported that patients with CRE
colonization have at least a two-fold increased risk of infection than non-CRE colonized patients,” and CRE colonization
is also one of the main sources of CRE transmission in hospitals and communities.*** The Centers for Disease Control
and Prevention, the European Centers for Disease Control, and the World Health Organization emphasize that medical
institutions must implement interventions to prevent an epidemic of CRE colonization.’

In high-risk populations, such as those with hematological tumors and organ transplants and critically ill patients, the
proportion of intestinal CRE colonization increases significantly. Prior studies reported an 8.8% intestinal CRE coloniza-
tion rate in patients with hematological tumors.® Patients diagnosed with malignant hematological diseases may be more
likely to have intestinal bacterial colonization due to loss of congenital immune function, changes in the intestinal flora,
use of broad-spectrum antibiotics, and chemotherapy.” The intestinal colonizing bacteria can migrate to various organs

and tissues of the body, leading to a higher risk of invasive infection, with a mortality rate of about 60—100% in high-risk
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patients.
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Acute leukemia is the most common blood disorder. Concerning this particular type of leukemia, existing studies are
largely limited by the lack of control groups, heterogeneous patient populations, and health systems; furthermore, clinical
data on risk factors for CRE colonization or infection are scarce, and existing studies are only studied in blood diseases’
which lack of specificity.

The aim of this study was to demonstrate the importance of active CRE surveillance in the hematology department
and verify the correlation between CRE colonization and subsequent CRE infection. The study also aimed to identify the
microbiological parameters of the colonizing strains.

Methods
Research Setting and Ethics Statement

This study was conducted in Fujian Medical University Union Hospital in Fuzhou, Fujian province, from January 2021 to
December 2021. In the department of hematology, we initiated CRE screening by fecal/perianal swabs. During the study
period, a total of 320 inpatients with acute leukemia were recruited. We collected all screenings for CRE-colonizing
strains from patients and divided them into colonized and non-colonized groups. Informed consent was obtained from all
participants.

Bacterial Isolates Collection and Identification

Fecal/perianal swabs were collected and screened for CRE with Mueller-Hinton Agar (Antu Bio, China). Cultured
isolates were identified by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOFMS; Bruker Daltonics Inc., Billerica, Massachusetts), and carbapenem (meropenem or imipenem) antimicrobial
susceptibility testing was performed by the disk diffusion method to confirm CRE. Enterobacteriaceae that were resistant
to meropenem or imipenem were classified as CRE.'°

Antibiotic Susceptibility Testing

According to the Clinical and Laboratory Standards Institute (CLSI) guidelines,'' we used the microbroth dilution
method to determine the minimum inhibitory concentrations (MIC) of cefepime, ceftazidime, cefoperazone/sulbactam,
imipenem, meropenem, tobramycin, amikacin, aztreonam, minocycline, ciprofloxacin, levofloxacin, piperacillin-
tazobactam, compound sulfamethoxazole, and tigecycline. Except for tigecycline, all antibiotic susceptibilities were
based on the CLSI document standard. Tigecycline susceptibility was based on the US Food and Drug Administration
criteria (susceptible, MIC<2 mg/L; resistant, MIC>8 mg/L).'? Escherichia coli ATCC25922 and Pseudomonas aerugi-
nosa ATCC27853 were used as quality control standards.

Molecular Detection of Resistance and Virulence Genes

For Klebsiella pneumoniae and Escherichia coli identified as CRE, the production of carbapenemases was determined by
the modified Hodge experiment.'® Polymerase chain reaction (PCR) was used to detect five common carbapenem-coding
genes, including blagpc, blapp blayy, blaypy, and blaox, 45+ The virulence factors detected included type K capsule-
specific genes (including three liver abscess-associated capsule serotypes; K1, K2, and K57) rmpA, rmpA2, iroN, allS,
mrkD, iucA, aerobactin, magA, wcaG, tral, ecpA, iucD, fimH, ompT, iutA, hylA, afaC, and papC. The positive products
were sequenced, and the sequencing results were compared using the basic local alignment search tool (BLAST)
available at http://www.ncbi.nlm.nih.gov/BLAST.

DNA Fingerprint Technology
ERIC-1 and ERIC-2 primers were used to conduct ERIC-PCR in CRE-positive K. pneumoniae and E. coli. The ERIC-

PCR conditions were adjusted according to the report published by Smith et al.'?

DNA fingerprint was analyzed using
GelCompear 11, version 6.5 (Applied Mathematics, NV, Keistraat, Belgium). A cutoff value of 80% similarity was applied
to define the cluster. The similarity among species was evaluated by band-matching Dice coefficient, and the tree map of

each species was drawn by the unweighted pair grouping method with arithmetic mean (UPGMA). According to the
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cluster diagram of the UPGMA system, same strains are defined as strains with > 97% similarity, and strains with < 95%
similarity are defined as unrelated strains.

Statistical Analysis

Data were analyzed using IBM SPSS ver. 21.0 statistical software (IBM Co., Armonk, NY, USA). Frequency tables (n,
%) for categorical variables and descriptive statistics (mean, median, standard deviation) for numerical variables were
used. Comparisons of categorical variables were analyzed by the Chi square test. Logistic regression (Backward LR)
methods (univariate, multivariate) were used to determine the risk factors for CRE colonization. Statistical significance

was assigned to a P value of less than 0.05.

Results

Clinical Characteristics of CRE-Colonized Patients

A total of 21 CRE colonizing strains isolated from the intestines were collected from 320 patients; thus, the incidence of
CRE colonization was 6.56%. The most common strain was K. pneumoniae (71.43%), followed by E. coli (28.57%).
Among the 21 patients with CRE colonization, three (14.29%) had invasive CRE infection; two had K. pneumoniae
secondary infection (66.67%), of which one patient had an invasive infection by K. pneumoniae and Acinetobacter
baumannii; and one had E. coli secondary infection (33.33%).

Patients were divided into two groups: (1) patients with CRE colonization (n= 21), including patients with positive
CRE screening tests, and (2) control group (n=299), including patients with negative CRE screening tests in the same
period. In the colonization group and the control group, the proportion of males (76.19% and 54.85%, respectively) was
higher than females (3.20: 1 and 1.21:1, respectively), and the number of deaths in males (100% and 55.56%,
respectively) was higher than that of females (1: 0 and 1.25: 1, respectively) (Table 1).

Table | Comparison of Demographic Factors Among CRE
and Non-CRE Groups

No. of Cases (n=320) | CRE (n=21) | Non-CRE (n=299)
Age

Pediatric (20) 5 (25.00%) 15 (75.00%)
Adult (300) 16 (5.33%) 284 (94.67%)
Sex

Male (180) 16 (8.89%) 164 (91.11%)
Female (140) 5 (3.57%) 135 (96.43%)
Diagnosis

ALL (104) 6 (5.77%) 98 (94.23%)
AML (215) 15 (6.98%) 200 (93.02%)
MAL (1) 0 | (100%)
Fever

Fever (184) 19 (10.33%) 165 (89.67%)
Non-febrile (136) 2 (1.47%) 134 (98.53%)
Discharge

Yes (248) 9 (3.63%) 239 (96.37%)
No (72) 12 (16.67%) 60 (83.33%)
Chemotherapy

Yes (286) 19 (6.64%) 267 (93.36%)
No (34) 2 (5.82%) 32 (94.12%)

Abbreviations: CRE, carbapenem-resistant Enterobacteriaceae; ALL, acute
lymphoid leukemia; AML, acute myeloid leukemia; MAL, acute mixed lineage
leukemia.
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Risk Factors for Colonization

Risk factors for colonization were determined by assessing the effects of all independent variables that showed
statistically significant differences (p<0.05) in comparative analyses of colonized and control patients. This final multi-
variable model also showed significant predictors for each group. Univariate analysis showed that age, cephalosporins,
penicillins, tigecyclines, and hematopoietic stem cell transplantation status were risk factors for CRE colonization. In
multivariate analysis, age (odds ratio [OR] 0.212; 95% confidence interval [CI]:0.056-0.807; p= 0.023), use of
cephalosporins (OR 2.205; 95% CI:1.099-4.424; p=0.026), and tigecyclines (OR 1.680; 95% CI:1.170-3.311;
p=0.011) were identified as independent risk factors for colonization (Table 2). In logistic regression analysis, CRE
strains dominated aggressive infections in colonized patients (Table 3).

Antimicrobial Resistance Characteristics

The results of drug susceptibility testing for CRE colonizing strains are shown in Figures 1 and 2. Overall, the sensitivity
rate of CRE to tigecycline was the highest (93.21%), followed by amikacin (61.90%). Compared with K. pneumoniae,
E. coli was more sensitive to minocycline (50.00% vs 21.43%), ciprofloxacin (20.00% vs 6.67%), and cefepime
(16.67% vs 0).

Detection of Resistance and Virulence Genes

In K. pneumoniae, 57.14% of the isolates produced carbapenemases. Blaxpc was the only carbapenem resistance gene
detected. The most common virulence factor was mrkD (100%), followed by rmpA2 (42.86%) and iucA (42.86%). In
E. coli, the most common virulence factors were #ra7(100%) and ecpA(100%), followed by iucD (66.67%), fimH
(66.67%), and ompT (33.33%). No carbapenem resistance genes were detected in blaxpc, blapps blaypy, blaypy, and
blapx,.4s (Figure 3). Patients with more virulence factors had a worse prognosis, with Eastern Cooperative Oncology
Group (ECOG) scores in the range of 3—5, and most patients with fewer virulence factors had a better prognosis, with
a score of about 2.

ERIC-PCR Typing of Colonizing Isolates

ERIC-PCR typing showed 8 and 4 fingerprint patterns for K. pneumoniae and E. coli strains, respectively. In
K. pneumoniae, 77.78% of the isolates showed a separate ERIC profile, and 22.22% of the isolates had the same pattern.
In E. coli, 60.00% of the isolates showed a separate ERIC profile, and 40.00% of the isolates had the same pattern.

Discussion

In this study, the colonization rate of CRE in patients with acute leukemia was 6.56%. Komurcu et al collected rectal
swabs from 57 patients with neutropenia and found a CRE colonization rate of 8.8%.° Moreover, the literature shows
a CRE colonization rate of 8.8% to 18.9% in long-term hospitalized patients and 28% in transplant patients.'®'” The
lower intestinal CRE colonization rate found in this study could be explained by: (1) differences in CRE colonization rate
in different regions; (2) inconsistency of disease range; and (3) differences in the site of detection.

Intestinal colonization of CRE at any stage is a risk factor for CRE infection.'® It was reported that the incidence of
infection increased in patients with CRE colonization, ranging from 7.6% to— 86.4%.'® 2 In this study, the infection rate
was 14.29% in colonized patients and 2.68% in non-colonized patients, which was statistically significant by logistic
regression analysis (p=0.012). In the colonization group, strains of CRE infection were mainly K. pneumoniae (66.67%,
2/3), followed by E. coli (33.33%, 1/3).

In the present study, we found decreased patient age, previous use of cephalosporins, and tigecyclines to be risk
factors for CRE colonization among acute leukemia patients. Among the modifiable risk factors, the use of drugs is
the most noteworthy. The reasons for this may be that: (1) cephalosporins and tigecyclines are often used as
substitutes for carbapenem antibiotics, and the symbiotic gastrointestinal flora changes in the presence of broad-
spectrum antibiotics, resulting in the selection of organisms with antibiotic resistance and (2) plasmids that cause
carbapenem resistance usually carry additional genes that make them resistant to other antibiotics; therefore, the use
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Table 2 Univariate Analysis and Multivariate Logistic Regression Analysis of Risk Factors for CRE Colonization in Colonized versus Non-Colonized Patients

Variables CRE Colonized Non-Colonized Bivariate Multivariate

n (%) n (%)
Total No. of Patients N=21 (6.56) N=299 (93.44) OR (95% CI) p OR (95% CI) P
Age range (14 to 79years) 16 (76.19) 284 (94.98) 0.122 (0.038-0.394) 0.000 0.212 (0.056-0.807) 0.023
Sex (male) 16 (76.19) 164 (54.85) 2.634 (0.941-7.376) 0.065
ECOG (3 to 5) 7 (33.33) 95 (31.77) 1.074 (0.420-2.747) 0.882
Hospital stays (50 to 410 days) 19 (90.48) 225 (75.25) 3.124 (0.711-13.732) 0.132
No. of admissions (6 to 50) 15 (71.43) 140 (46.82) 2.363 (0.844-6.619) 0.102
Clinical Diagnosis n (%) n (%) OR (95% CI) P OR (95% CI) P
ALL 6 (28.57) 98 (32.78) 0.820 (0.309-2.180) 0.691
AML 15 (71.43) 200 (66.89) 1.237 (0.466-3.287) 0.669
MAL 0 1 (0.33) 0 |
Gastrointestinal symptoms 12 (57.14) 144 (48.16) 1.794 (0.704—4.343) 0.228
Invasive Operation n (%) n (%) OR (95% CI) P OR (95% CI) P
PICC 9 (42.86) 174 (58.19) 0.539 (0.220-1.318) 0.175
Chemotherapy 19 (90.48) 267 (89.30) 1.139 (0.253-5.115) 0.866
Refractory 9 (42.86) 83 (27.76) 1.952 (0.793-4.803) 0.146
Neutrophils n (%) n (%) OR (95% CI) P OR (95% ClI) P
Decreased 17 (80.95) 194 (64.88) 2.300 (0.754-7.013) 0.143
History of antibiotic intake within last 3
months
Carbapenems 18 (85.71) 199 (66.56) 3.015 (0.868—-10.478) 0.082
Quinolones 9 (42.86) 80 (26.76) 2.053 (0.834-5.057) 0.118
Cephalosporins 10 (47.62) 29 (9.70) 8.464 (3.312-21.627) 0.000 2.205 (1.099—4.424) 0.026
Tigecyclines 9 (42.86) 51 (17.06) 3.647 (1.46-9.109) 0.006 1.968 (1.17-3.311) 0.011
Penicillins 10 (47.62) 71 (23.75) 2919 (1.191-7.158) 0.019 1.364 (0.693-2.685) 0.369
Hematopoietic stem cell transplantation 16 (76.19) 118 (39.46) 4.908 (1.751-13.757) 0.002 0.364 (0.115—1.155) 0.086

Abbreviations: CRE, carbapenem-resistant Enterobacteriaceae; ECOG, Eastern Cooperative Oncology Group; ALL, acute lymphoid leukemia; AML, acute myeloid leukemia; MAL, acute mixed lineage leukemia;

Inserted Central Catheter; n, number of patients; OR, odds ratio; 95% ClI, confidence interval; p, test significance.

PICC, Peripherally
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Table 3 Univariate Analysis of the Risk of Development of Invasive Clinical
CRE Infection in the Sample

Infection CRE Colonized Controls OR (95% CI) p
n (%) n (%)

Yes 3 (14.29) 8 (2.68) 6.062 (1.481- 0.012

No 18 (85.71) 291 (97.32) 24.825)

Total 21 299

Abbreviations: CRE, Carbapenem-resistant Enterobacteriaceae; n, number of patients; OR, odds
ratio; 95% Cl, confidence interval; p, test significance.

of these antibiotics may be related to CRE carrier.” These findings highlight the importance of antimicrobial
management interventions aimed at limiting the unnecessary use of multiple antibiotics, especially in high-risk
patients, including those hospitalized in the hematology department. Future studies should further determine the
potential modifiable risk factors for CRE and evaluate the role of cephalosporins and tigecyclines in the treatment of
CRE infection in acute leukemia.

The vast majority of K. pneumoniae and E. coli strains were resistant to multiple antibiotics. The colonizing and
infective strains showed similar drug resistance characteristics. In terms of antibiotics, previous studies have shown that
the drugs effective in the treatment of CRE infection are tigecyclines and aminoglycosides.'** Correspondingly, the
CRE strain isolated from fecal/perianal swabs in this study was highly sensitive to tigecycline and aminoglycosides and
can be used as an effective drug for treatment combined with anti-infection.

We analyzed the microbiological parameters of colonizing strains to determine the characteristics of CRE-colonizing
strains and their correlation with prognosis. K. pneumoniae was the most common strain of CRE colonizing the intestinal
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Figure | Susceptibility of 21 CRE colonized isolates to different antimicrobial agents.
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Figure 2 Distribution of MIC values of different types of antibiotics determined by broth micro-dilution method.
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Figure 3 Molecular characterization of carbapenemase genes and virulence genes in CRE isolates as detected by PCR. (A) Virulence factors of Klebsiella pneumoniae in
colonized bacterium. (B) Virulence factors of Escherichia coli in colonized bacterium. (C) carbapenemase genes in CRE isolates.

tract. Approximately half of the CRE-colonizing strains tested in our study do not seem to produce carbapenemases. The
dominant carbapenemase group of K. pneumoniae strains was blagpc. Compared with other carbapenem genes, blagpc
had greater virulence and transmission. The common carbapenem resistance genes of blagpc, blapp blayy, blanpy, and
blapx.4s were not detected in E. coli. In addition, this study tested virulence factors to explore the correlation between
virulence factors and prognosis. It was found that compared with other patients with a lower virulence factor carrier rate,
patients with more virulence factors had a worse prognosis, with an ECOG score in the range of 3-5.

Similar to previous studies, we also studied the clonal correlation between colonizing isolates, and 71.43% of the
isolates showed a separate ERIC map. The uniqueness of ERIC patterns indicates non-clonal transmission. In contrast,
28.57% of the isolates had the same pattern, indicating that the sources of transmission were similar. Genetic analysis
using ERIC-PCR showed that most colonizing strains had no genetic relationship in cloning, indicating that the
transmission of these strains was not due to clonal outbreaks. The non-clonality between strains also correspondingly
explains the low detection rates of blaxpc and blaypyys.

Human intestines are the storage place and source of infection for all kinds of drug-resistant bacteria and genes. Feces
can pollute the surrounding environment and lead to the spread of drug-resistant bacteria. Thus, patients with CRE
colonization are considered to be important hosts for horizontal transmission of carbapenem-resistant strains in hospital
environments.> The medical team is gradually looking for multifaceted plans to control the spread of CRE in hospitals to
achieve the best interventions.”* This study examined the relevant data on colonization and infection rates and proved the
importance of active CRE monitoring in the implementation of early preventive measures. We propose a significant
point: CRE colonization and colonization infection are known risk factors that can be changed through the implementa-
tion of antibiotic allocation plans.

To understand the risk factors of intestinal CRE colonization in patients with acute leukemia, the significance of
actively detecting intestinal CREs in high-risk populations is as follows: first, when intestinal CRE colonization develops
into CRE infection, we can guide the clinical development of appropriate initial anti-infective treatment according to the
drug resistance of the colonizing CRE and use sensitive antibiotics as soon as possible to reduce mortality; second, we
can take timely prevention and control measures in patients with intestinal CRE colonization to avoid hospital
transmission; third, active CRE screening is limited to CRE outbreaks or high-risk groups (such as close contact with
CRE carriers and local epidemics), because active screening of CRE in non-epidemic areas consumes manpower and is
difficult to implement widely. At present, most studies have focused on risk factor analysis for CRE infection, and the
research on intestinal CRE colonization is mostly focused on patients with basic diseases, such as Intensive Care Unit
(ICU); thus, there are few studies on the risk factors of intestinal CRE colonization in hematological diseases from home
and abroad. Patients with hematological diseases are at high risk of intestinal CRE colonization. This study is a targeted
study of patients with acute leukemia, a large group of blood discases.

The limitations of this study are that it was a single-center study and was conducted only in hematological wards.
Because the limitations of the patient population may lead to a lack of generalizability of the findings, the prevalence of
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CRE colonizing strains and risk factors may not be extended to other institutions or departments. In addition, due to the
limitations of a retrospective study, we could not acquire the strains after infection to compare the microbiological
characteristics of infective strains and colonizing strains.

Conclusion
In summary, implementing CRE screening may be an effective measure to reduce CRE infection and transmission, and
better antibiotic treatment regimens can help reduce CRE colonization rates.
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