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Purpose: In this article, we studied in detail 74 Carbapenem Resistant Klebsiella pneumoniae (CRKP) in Shanxi to provide essential
insight into development of effective strategies for control of CRKP.

Patients and Methods: From 2018 to 2021, we collected 74 clinical CRKP from 11 hospitals in Shanxi Province. Clinical data were
obtained from medical records, and all isolates were subjected to antimicrobial susceptibility testing, multi locus sequence typing,
capsular serotypes, resistant gene profiles and virulence gene profiles. The synergistic activity was performed by microdilution
checkerboard method.

Results: Our study found differences in the clinical characteristics of CRKP between regions in Shanxi. Sequence type (ST) 11 was
the dominant ST in Shanxi; however, the ST types in Shanxi had become more diverse over time and the proportion of STs showed
a more balanced distribution with a significant decrease in ST11. NDM was the most common carbapenemase in Shanxi. In addition,
the STs, carbapenemases, serotypes and virulence gene distribution varied by region in Shanxi. Moreover, tigecycline in combination
with carbapenems and aztreonam had an excellent synergistic effect on CRKP in vitro.

Conclusion: The results of this study provide essential insight into development of effective strategies for control of CRKP in
Shanxi.
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Introduction

Klebsiella pneumoniae is a common cause of nosocomial and community-acquired infections, such as urinary tract
infections, pneumonias, bacteremia, liver abscesses and surgical wound infections.' The ability of K. pneumoniae to
adapt through gene transfer, as well as its virulence and the convergence of resistance, has led to the emergence of strains
causing severe and untreatable invasive infections.” Carbapenems, such as imipenem and meropenem, are the commonly
used agents to treat severe K. pneumoniae infections, and are also the last resort drugs for the treatment of multidrug
resistance (MDR) K. pneumoniae infections.” However, carbapenem resistant K. pneumoniae (CRKP) has emerged as
a global crisis, becoming one of the most important and challenging pathogens causing infections with high mortality.*
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According to the China Antimicrobial Resistance Surveillance System (CARSS),” K. pneumoniae resistance rate to
carbapenems gradually increased from 6.4% in 2013 (269 secondary hospitals and 841 tertiary hospitals) to 11.3% in
2021 (363 secondary hospitals and 1010 tertiary hospitals). However, according to the China Antimicrobial Surveillance
Network (CHINET) (only 71 hospitals),’ K. pneumoniae resistance rate to imipenem and meropenem has risen
dramatically from 3.0% and 2.9% in 2005 to 26% and 27.5% in 2022, respectively. These findings indicate that
CRKP had spread rapidly and broadly in China. Carbapenem resistance in K. pneumoniae is mainly due to the production
of carbapenemases, such as the class A serine carbapenemase K. pneumoniae (KPC) and New Delhi metallo-beta-
lactamase (NDM).” In 2004, the first KPC-2-producing K. pneumoniae isolate recorded in China was found in Zhejiang
Province.® Since then, KPC-2-producing K. pneumoniae has spread widely in China, and blaxpc., has become the most
prevalent carbapenemase in China,® with sequence type (ST) 11 contributing significantly to the dissemination of blaypc-
positive K. pneumoniae.’

Apart from antimicrobial resistance, another worrisome development is related to the evolution of hypervirulent
K. pneumoniae (HVKP).'® Hypervirulence of K. pneumoniae is associated with diagnostic virulence genes such rmpA4 and
iroN as well as hypermucoviscosity. In addition to intrinsic resistance to ampicillin, hvKP strains are usually susceptible
to a variety of antibiotics, including cephalosporins and carbapenems; however, a fatal carbapenem-resistant hyperviru-
lent K. pneumoniae (CR-hvKP) ST11 outbreak clone has recently appeared in eastern China.'' This finding suggests
a worrying convergence of carbapenem resistance and hypervirulence in the already prevalent K. pneumoniae lineage.
Although incidence of CR-hvKP has remained low,'? it is essential to understand how this lineage appeared and evolved
in controlling its further dissemination.

The epidemic dynamics of CRKP differ across geographical regions. Due to the vast territory of China, it is crucial to
comprehend local evolutionary and epidemiological variation to establish the most appropriate strategies of surveillance,
infection control, and antibiotic stewardship. Shanxi Province, one of the 34 provincial-level administrative regions in
China, is located in the northern part of the country, with a population of 34.8 million and an area of 156,700 square
kilometers. In this study, we described the clinical characteristics, clonal relationships, genetic mechanisms of resistance
and virulence, and vitro synergistic effect of 74 CRKP isolates in Shanxi Province, hoping to provide essential insight
into development of effective strategies for control of CRKP and reducing the rate of untreatable infections in clinical
settings.

Materials and Methods
CRKP Isolates

From January 1, 2018, to December 31, 2021, we collected 74 non-repetitive clinical CRKP from 11 hospitals in 11
prefecture-level cities across Shanxi Province, including Taiyuan, Lvliang, Jinzhong, Yangquan, Xinzhou, Datong,
Shuozhou, Yuncheng, Linfen, Jincheng, and Changzhi (Table S1). One representative hospital from each location
(usually the largest general hospital in the location) was chosen for isolates collection. According to the geographical
distribution, we divided the locations into four areas: central (Taiyuan, Lvliang, Jinzhong, and Yangquan), northern
(Xinzhou, Datong, and Shuozhou), southern (Yuncheng and Linfen), and southeast (Jincheng and Changzhi).

The Second Hospital of Shanxi Medical University, as the lead organization, regularly asked other hospitals about
multidrug-resistant bacteria every six months from 2018 to 2021 and collected strains to establish a multidrug-resistant
bacteria database. CRKP with carbapenem-resistant phenotype (resistant to at least one carbapenem such as imipenem,
ertapenem, or meropenem) were detected in each hospital, and were first temporarily stored in the hospital’s —80°C
refrigerator. It was then sent to the Second Hospital of Shanxi Medical University (the strains were preserved by the
paper sheet method and sent on dry ice after three layers of tight packaging) after confirmation of the researchers’
inquiries, but the local failure of timely preservation could not be excluded.

Clinical Data Collection
Clinical data and patient information were obtained from medical records and included demographic characteristics,
hospitalization, clinical diagnosis, antimicrobial therapy, invasive treatments and outcomes. This study was reviewed and
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approved by the research ethics committee of each participating hospital. We had hidden the patient’s information. The
patients’ written informed consent was exempt.

Multilocus Sequence Typing (MLST)
We performed MLST as described on the Pasteur Institute MLST website (http://www.pasteur.fr/recherche/genopole/PF8/

mlst/Kpneumoniae.html). The sequences of seven housekeeping genes (gapA, mdh, phoE, tonB, infB, pgi, and rpoB)
were compared with those in the MLST databases (Institute Pasteur MLST Database; https://bigsdb.pasteur.fr/
Klebsiella).

CRKP Definition and Antimicrobial Susceptibility Testing

K. pneumoniae strains that resistant to at least one carbapenem such as imipenem, ertapenem, or meropenem were
defined as CRKP, according to the recommendation of the Clinical and Laboratory Standards Institute (CLSI) 2021."
Strain identity was confirmed by MALDI-TOF mass spectrometry (BrukerDaltonik GmbH, Bremen, Germany).
Antimicrobial susceptibilities were determined by the VITEK-2 compact system (bioMérieux). Susceptibilities to colistin
and tigecycline were determined by the broth dilution method according to CLSI 2021."% In this study, the minimum
inhibitory concentration (MIC) results were interpreted according to the breakpoints defined by the CLSI 2021,"* with
the exception of tigecycline, which were based on the US Food and Drug Administration (FDA) breakpoints (<2 mg/liter
was susceptible, 4 mg/liter was intermediate, and >8 mg/liter was resistant). Multiple antibiotic resistance index (MARI)
was measured as a/b, where a = the total number of antibiotics to which an isolate was resistant and b = the total number
of antibiotics tested.'*

Phenotypic Confirmation of Carbapenemases

All CRKP were screened for carbapenemase production using the modified carbapenem inactivation method (mCIM)
together with EDTA-modified carbapenem inactivation method (eCIM), according to CLSI 2021."* The mCIM and eCIM
results were interpreted as follows: only mCIM positive: serine carbapenemase positive (Ambler A and D group
carbapenemase); both mCIM/eCIM positive: metallo-beta-lactamases positive (Ambler B group carbapenemase). It
should be noted that eCIM was only valid for isolates that tested positive for mCIM.

Molecular Detection of Carbapenemases and Other Resistant Genes

The polymerase chain reaction (PCR) was performed with specific primers to detect the presence of Ambler
A carbapenemase (blaxpc, blanmc, blasme, blapvy, blages), Ambler B group carbapenemase (blanpm, blapvp, blayiv,
blaspm, blagim, blasiv), Ambler D group carbapenemase (blaoxa.as, 23, 24, 58, 51-like)» Extended-spectrum B-lactamases
(ESBLs) (blactx—m, blasyys and blatgy), and AmpC enzyme gene (blappa, blacvy and blact). The sequence of
primers for each gene are listed in Table S2. The results of whole genome sequencing of the four novel ST CRKP strains
(ST4564, ST5365, ST5647, and ST5587) identified in this study were described in detail in previous studies.'>'®

Identification of Serotypes
The serotypes were detected by wzi locus. The sequences of wzi were compared with the pasteur databases (https://
bigsdb.pasteur.fr/Klebsiella). Positive PCR products were visualized by agarose gel electrophoresis, purified with

a QIAquick PCR Purification Kit (Qiagen, Valencia, CA, USA) and sequenced by Sanger sequencing on an ABI
PRISM 3730XL system (Applied Biosystems, Foster City, CA, USA).

Detection of Virulence Genes and Hypermucoviscosity Phenotype

Multiplex PCR for virulence genes including iucA, iutA, iroN, rmpA, rmpA2, ureA, ugeA, fimH, mrkD, kfu, peg344 and
peg589 was performed. The sequence of primers for each gene are listed in Table S2. We used the string test to detect
hypermucoviscosity phenotype as described previously.'® The positive for the string test was defined as the formation of
a viscous string exceeding 5 mm in length, as previously described.
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Tigecycline Combinations Checkerboard Assay

Synergistic activity of tigecycline—imipenem (TGC+IPM), tigecycline—-meropenem (TGC+MEM), and tigecycline—
aztreonam (TGC+ATM) combinations were performed by microdilution checkerboard method using 96-well microtiter
plates (Corning Corporation, America). The concentration ranges were based on the MICs determined above. The effects
of antibiotics in combination were quantified by the fractional inhibitory concentration (FIC) index. The FIC index <0.5
was interpreted as synergy, >0.5 to <1.0 as additive, >1.0 to <4.0 as irrelevant and >4.0 as antagonism. The cation
adjusted Mueller-Hinton broth (CAMHB) served as negative control (Hepebio, Qingdao Hope Biotechnology, Qingdao,
Shandong, China) and bacterial suspension served as positive control.

Statistical Analysis

Statistical analysis was performed using SPSS 25.0 software (IBM Corporation, Armonk, NY, USA). Continuous
variables were assessed by independent sample #-test or variance analysis. The comparison of the categorical variables
was calculated by Chi-square test or Fisher’s exact test. The linear-by-linear association test were used to assess the
changes in CRKP over the calendar year. P value <0.05 was considered to be statistically significant.

Results

General Clinical Characteristics
A total of 74 CRKP strains were collected in this study, 31 strains from central Shanxi, 22 from northern Shanxi, 12 from
southern Shanxi and 9 from southeast Shanxi (Table 1). The differences in the patient demographic and clinical
characteristics among the various region were not statistically significant, except for wards distribution and indwelling
device use (Table 1). The mean age of the included patients was 55.9 + 19.6 years, ranging from 1 to 95 years (Table 1,
Table S1). The majority of patients were males (n = 52, 70.2%), but this ratio was lower in the southern district (n = 6,
50.0%). CRKP isolates were obtained from 17 different wards, mainly from intensive care unit (ICU; n = 15, 20.3%),
hematology unit (n = 13.17.6%), and neurosurgery unit (n = 12, 16.2%). Nearly half of the patients in northern Shanxi
and southern Shanxi were from ICU (P = 0.008) and neurosurgery unit (P = 0.043), respectively; however, only central
Shanxi and southeast Shanxi had patients from the blood transplantation unit (P = 0.009). Most isolates were from
sputum (n = 38, 51.4%), blood (n = 14, 18.9%) and secretion (n = 8, 10.8%), which accounted for predominant sources
of CRKP in various regions of Shanxi Province. The most prevalent infections were pneumonia (n = 43, 58.1%) and
bloodstream infection (n = 13, 17.6%), which were also the most common types of infections in various regions of
Shanxi. Surgical treatments were performed in 59.5% (n = 44) of the patients, and this ratio was higher in the southern
Shanxi (n = 9, 75.0%). The majority of patients were exposure to antibiotics (n = 69, 93.2%), and all patients in the
northern and southern Shanxi received antibiotics prior to isolation of CRKP. There were 36.5% of patients isolated with
CRKP using central venous catheter, particularly, 59.1% of patients in the northern Shanxi used central venous catheter,
compared to less than 36% in the other regions (P = 0.021). In contrast to more than 50% of patients in the other regions,
only 22.2% of patients in southeast Shanxi used gastrostomy tube (P = 0.016).

Among 74 patients, 67.6% (n = 50) presented clinical improvement at discharge, and 32.4% (n = 24) died or
abandoned treatment due to the severity of condition. Half of patients in northern Shanxi died or abandoned treatment,
compared to less than 26% in other regions, although there were no significant differences between regions.

CRKP Sequence Types (STs)
Overall, 74 CRKP in this study belonged to 32 different STs, with ST11 being the predominant ST (n = 33, 44.5%),
followed by ST15 (n =4, 5.4%), ST37 (n =3, 4.0%), ST485 (n = 3, 4.0%), ST17 (n = 2, 2.7%), ST307 (n =2, 2.7%) and
ST462 (n = 2, 2.7%). Single isolates were also recovered in 25 other STs (Figure 1).

Notably, 11 STs were found in 32 CRKP of 2018, 4 STs in 7 strains of 2019,11 STs in 18 strains of 2020, and 12 STs
in 17 strains of 2021 (Figure 2A). In addition, one (ST4564), two (ST5365 and ST5647) and one novel ST (ST5587)
were found in 2018, 2020 and 2021, respectively (Figure 2A). The proportion of ST11 decreased significantly over time,
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Table | Demographic and Clinical Characteristics of Patients with Carbapenem-Resistant Klebsiella Pneumoniae

Patient Characteristics Total Central Northern Southern Southeast P value
(N=74) Shanxi (n =31) | Shanxi (n = 22) | Shanxi (n =12) | Shanxi (n = 9)
Demographic
Age, years (mean * SD) 559+ 196 | 51.7 £ 195 60.7 £ 20.1 60.8 £ 16.3 522 % 21.6 0.287
Male sex 52 (70.2) 22 (71.0) 16 (72.7) 6 (50.0) 8 (88.9) 0311
Wards
ICU 15 (20.3) 4(129) 10 (45.5) 1 (8.3) 0 (0.0 0.008
Hematology 13 (17.6) 6 (19.4) 2 (9.1) 3 (25.0) 2 (22.2) 0.599
Neurosurgery 12 (16.2) 2 (6.5) 4(18.2) 5 (41.7) I (I.1) 0.043
Other wards 34 (45.9) 19 (61.3) 6 (27.3) 3 (25.0) 6 (66.7) 0.021
Specimen types
Sputum 38 (51.4) 15 (484) 15 (68.2) 4(33.3) 4 (44.4) 0.230
Blood 14 (18.9) 5 (l6.1) 3 (13.6) 5 (41.7) I (11.1) 0.224
Secretion 8 (10.8) 5(l6.1) 2 (9.1) 1 (8.3) 0 (0.0) 0.787
Other specimen types 14 (18.9) 6 (19.4) 2.(9.1) 2 (l6.7) 4 (44.4) 0.172
Infection type
Pneumonia 43 (58.1) 17 (54.8) 15 (68.2) 5(41.7) 6 (66.7) 0.446
Bloodstream infection 13 (17.6) 3(97) 4 (18.2) 5 (41.7) I (I1.1) 0.109
Central nervous system infection 5 (6.8) 1 (3.2) 1 (4.5) 2 (16.7) I (IL.1) 0.299
Other infection types 13 (17.6) 10 (32.3) 2 (9.1) 0 (0.0) I (11.1) 0.040
Surgery within 30 days 44 (59.5) 18 (58.1) 11 (50.0) 9 (75.0) 6 (66.7) 0.530
Antibiotics exposure within 30 days 69 (93.2) 27 (87.1) 22 (100.0) 12 (100.0) 8 (88.9) 0.191
Indwelling devices
Central venous catheter 27 (36.5) 11 (35.5) 13 (59.1) 1 (8.3) 2(22.2) 0.021
Urinary catheter 42 (56.8) 17 (54.8) 17 (77.3) 5 (41.7) 3 (333) 0.066
Tracheostomy 27 (36.5) 11 (35.5) 11 (50.0) 4(33.3) I (I.1) 0.247
Gastrostomy tube 45 (60.8) 19 (61.3) 18 (81.8) 6 (50.0) 2 (22.2) 0.016
Outcome
Dead or Abandon treatment 24 (32.4) 8 (25.8) 11 (50.0) 3 (25.0) 2 (22.2) 0.258
Remission or clinical improvement 50 (67.6) 23 (74.2) 11 (50.0) 9 (75.0) 7 (77.8) 0.258

Abbreviations: SD, Standard Deviation; ICU, Intensive care unit.

from 65.6% in 2018 to 11.7% in 2021 (P-trend < 0.001), although ST11 had always been the dominant ST, while the
percentage of ST37, ST17, and ST462 increased significantly by 11.8% from 2018 to 2021 (P-trend < 0.05) (Figure 2A).

CRKP ST types were geographically diverse. Central Shanxi had 18 ST types (mainly ST11, ST485 and ST307),
followed by 10 STs in southern Shanxi (mainly ST11 and ST15), 7 STs in northern Shanxi (mainly ST11), and 5 STs in
southeast Shanxi (mainly ST11 and ST37) (Figure 3A, Table S1). Although ST11 was the most prevalent type in various
regions of Shanxi, the percentage of ST11 in northern Shanxi was 68.2%, while other regions were less than 45%
(Figure 3A). Notably, no ST11 CRKP was found in Shuozhou, a city in northern Shanxi, but instead consisted of one
strain each of ST15, ST17 and ST462 (Figure S1A).

Antimicrobial Susceptibility Testing Results

The detailed antimicrobial susceptibility testing results of the 18 drugs is listed in Table 2. The CRKP isolates showed high
susceptibility to colistin (98.6%), followed by amikacin (78.4%), tigecycline (67.6%), fosfomycin (64.1%), and minocycline
(42.5%), while the susceptibility to other antibiotics was below 23%. Notably, fewer than 5.5% of the CRKP were
susceptible to meropenem, imipenem and ertapenem. The 74 CRKP had 44 (A1-A44) different antibiotypes (antibiotic
resistance patterns) (Table S3). A14 (n=9, 12.2%) was the most frequent pattern. Also, MARI ranged from 0.3 to 0.9 and the
majority of isolates (n = 66, 89.2%) had MARI of >0.5 (Table S3). However, only 66.7% of CRKP in southern Shanxi (n = 8)
had MARI of >0.5, while other regions were greater than 90%, especially in southeast Shanxi (n =9, 100%) (Table S1).
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Antimicrobial Susceptibility Comparison Between STI| and Non-ST11 CRKP

There were clear variations in susceptibility between ST11 CRKP and non-ST11 isolates (Figure 4). For ST11 CRKP,
imipenem, ertapenem, cefaclor, ceftriaxone, ceftazidime, cefepime, aztreonam, cefoperazone sulbactam, ciprofloxacin, levo-
floxacin and chloramphenicol were all unsusceptible. The susceptibility of ST11 CRKP to drugs other than cephalosporin,
minocycline and tigecycline was lower than that of non-ST11 isolates (Figure 4). The 2 groups of CRKP (ST11 vs non-ST11)
differed significantly in terms of susceptibility to aztreonam (0% vs 22%, P < 0.01), cefoperazone sulbactam (0% vs 17.1%, P <
0.05), ciprofloxacin (0% vs 45.5%, P <0.001), levofloxacin (0% vs 34.1%, P <0.001), piperacillin tazobactam (3.0% vs 33.3%,
P <0.01) and minocycline (60% vs 13.3%, P < 0.01). The most common antibiotype of ST11 CRKP was A14 (n=9, 27.2%),
while A31 (n= 3, 7.3%) and A39 (n = 3, 7.3%) were the most frequent patterns in non-ST11 isolates (Figure 1, Table S1).

Phenotypic Confirmation and Molecular Detection of Carbapenemase

In phenotypic evaluation, 24.3% (n = 18) and 66.2% (n = 49) of CRKP were serine carbapenemase producers (only
mCIM positive) and MBL producers (both mCIM/eCIM positive), respectively (Figure 1). However, molecular detection
showed that 32.4% (n = 24) and 63.5% (n = 47) of CRKP carried at least one serine carbapenemase (blaxpc, blapi,
blasmg and blagxa23) and MBL gene (blanpwm), respectively (Figure 1).

Opverall, carbapenemase genes were detected in 68 isolates (91.9%). The NDM-type carbapenemase gene was the most
abundant type, with blanpw.1 accounting for the majority (n = 44, 59.5%) and blanpw.s for the minority (n = 3, 4.1%), whereas
blaxpc, was identified in 21 isolates (n =21, 28.4%), and blaogxa-23, blasme and blapg in 3 (n=3,4.1%),3 (n=3,4.1%) and 2 (n
= 2, 2.7%), respectively (Figure 1, Table S1). The distribution of carbapenemases was not significant from 2018 to 2021
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Figure 2 Distribution of ST (A), carbapenemase (B), serotype (C) and virulence gene (D) of Carbapenem-Resistant Klebsiella pneumoniae from 2018 to 2021. 32 CRKP
strains were included in 2018, 7 in 2019, 18 in 2020, and 17 in 2021. *P-trend<0.05, **P-trend<0.01, ***P-trend<0.001.
Abbreviations: ST, sequencing type; NT, non typable. ND, none detected.

(Figure 2B). Nevertheless, we found an increase in the type of carbapenemases produced from 2020 onwards and the emergence
of isolates that coproduced carbapenemases (Figure 2B, Table S1). Seven CRKP strains coproduced at least two carbapenemase
genes (n =7, 9.5%). Coproduction of blagpc.o+oxa-23 Was found in 3 isolates (ST3984, ST5365, ST485) and co-production of
blanpm-1+xpc-2 in 1 isolate (ST11), blanpw-1+1mvr in 1 isolate (ST307), blanpm.1+mi+sme in 1 isolate (ST11), and blaxpc.o+smE In
1 isolate (ST337), respectively (Figure 1).

The distribution of carbapenemase differed significantly among regions in Shanxi (P = 0.049). All CRKP (n =9) in
southeast Shanxi, 96.8% (n = 30) in central Shanxi, 91.7% (n = 11) in southern Shanxi and 81.8% (n = 18) in northern
Shanxi carried carbapenemase genes (Figure 3B, Figure S1B). A variety of carbapenemase genes (blanpm.1, blaxpco,
blap, blasme, blaoxa-23) were detected in central Shanxi, while in other regions only blanpy and blaxpc were detected.
The blanpm.s was only found in southern Shanxi and southeast Shanxi (P = 0.011). In addition, all seven coproduction
CRKP strains were found in central Shanxi (Taiyuan) (Table S1).

Molecular Detection of Other Resistance Genes
More than half of CRKP (n = 44, 59.5%) harbored ESBL gene, including blacrx.m (n = 21, 28.4%), blagyy (n = 34,
45.9%) and blatgy (n = 35, 47.3%). A total of 45.9% (n = 34) of CRKP carried more than one ESBL, of which all strains
coproduced blasyv-tem (n = 34) and 32.4% coproduced blacrx-m+suv+tem (0 = 11).

Only 12.2% of isolates (n = 9) carried AmpC gene, all blapya. The frequency of co-occurrence of various beta-
lactamases was as follows: AmpC/ESBL/carbapenemase (n = 9, 12.2%) and ESBL/carbapenemase (n = 31, 41.9%).
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CRKP Serotypes

Of 19 different serotypes identified, KL22KL.37 (n = 20, 27%) was dominant serotype in this study, followed by KL64 (n
=9, 12.0%), K28 (n =6, 8.1%), KL102KL149KL155 (n = 6, 8.1%), K47 (n =4, 5.4%) and K24 (n = 3, 4.1%) (Figure 1).
There was a progressive enrichment of serotypes, but the dominant serotype varied from year to year (Figure 2C). In
2018, it was mainly KL.22KL37 (n = 18, 56.2%) and K47 (n = 4, 12.5%), KL64 was popular in 2019 (n =5, 71.4%) and
2020 (n = 3, 16.7%), and in 2021 it became dominated by K28 (n =4, 23.5%) and KL102KL149KL155 (n = 4, 23.5%).
In particular, KL22KL37 and K47 decreased significantly by 56.2% and 12.5%, respectively, from 2018 to 2021 (P-trend
< 0.001 and P-trend = 0.035), while K28 and KL102KL149KL155 increased significantly by 23.5% and 20.4%,
respectively (P-trend = 0.004 and P-trend = 0.029).

CRKP serotypes were also geographically diverse. Central Shanxi had 12 serotypes, followed by 8 serotypes in
southern Shanxi, 6 serotypes in northern Shanxi, and 5 serotypes in southeast Shanxi (Table S1, Figure 3C, Figure S1C).
KL22KL37 was the most prevalent type in northern Shanxi (n = 10, 45.5%), southern Shanxi (n = 3, 25.0%) and central
Shanxi (n =7, 22.6%), while KL64 (n =5, 55.6%) was the most prevalent type in southeast Shanxi and KL22KL37 was
not found in this area (P < 0.001) (Figure 3C). Moreover, K47 only detected in northern Shanxi (P = 0.026).
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Table 2 Antimicrobial Susceptibility Testing Results of Carbapenem-Resistant Klebsiella Pneumoniae

Antimicrobial Number of MIC Range Susceptible, Intermediate, Resistant,
Isolates Tested (ng/mL) n (%) n (%) n (%)

Meropenem 74 0.25-256 4 (54) 0 (0.0 70 (94.6)
Imipenem 74 0.25-256 3 (4.0) 2(27) 69 (93.3)
Ertapenem 44 0.01-256 2 (4.5) 0 (0.0 42 (95.5)
Cefaclor 39 64-256 0 (0.0 0 (0.0 39 (100.0)
Ceftriaxone 66 8-256 0 (0.0 0 (0.0 66 (100.0)
Ceftazidime 57 32-256 0 (0.0 0 (0.0 57 (100.0)
Cefepime 66 32-256 0 (0.0 0 (0.0 66 (100.0)
Aztreonam 74 0.125-256 9 (12.1) 0 (0.0 65 (87.9)
Cefoperazone sulbactam 74 0.5-256 7 (9.5) 4 (5.4) 63 (85.1)
Piperacillin tazobactam 66 0.5-256 12 (18.2) 1 (1.5) 53 (80.3)
Ciprofloxacin 66 0.01-64 15 (22.7) 2 (3.0 49 (74.2)
Levofloxacin 74 0.125-256 14 (18.9) 7 (9.5) 53 (71.6)
Minocycline 40 2-256 17 (42.5) 3(7.5) 20 (50.0)
Fosfomycin 39 8-256 25 (64.1) 4 (10.3) 10 (25.6)
Chloramphenicol 39 4-256 2 (5.1) 2 (5.1) 35 (89.7)
Amikacin 74 0.25-256 58 (78.4) 0 (0.0 16 (21.6)
Tigecycline 74 0.5-32 50 (67.6) 4 (5.4) 20 (27.0)
Colistin 74 0.125—4 73 (98.6) 0 (0.0 1 (1.4)

Abbreviations: MIC, minimum inhibitory concentration; n, number.

CRKP Virulence Gene and String Test

Eight virulence genes were detected in 13 CRKP isolates (n =13, 17.6%): iutd (n =7, 9.4%), rmpA2 (n = 6, 8.1%), rmpA
(n =15, 6.7%), iucA (n = 4, 5.4%), mrkD (n = 4, 5.4%), ured (n = 4, 5.4%), kfu (n = 3, 4.0%) and iroN (n = 1, 1.3%)
(Figure 1, Table S1). Nine of the 13 isolates carried more than one virulence gene. Five virulence gene combinations
were identified, as follows: iutd + rmpA2 (n = 1, 1.3%), rmpA + iroN + rmpA2 (n = 1, 1.3%), iucA + iutA + rmpA +
rmpA2 (n =1, 1.3%), iucA + iutA + rmpA + rmpA2 + urea + kfu (n =1, 1.3%), and iucA + iutA + rmpA + rmpA2 + mrkD
+ kfu (n = 2, 2.7%). In addition, the variety of virulence genes detected gradually increased from 2018 to 2020, but only
two virulence genes (mrkD and kfu) were detected in 2021 (Figure 2D). Most of the detected virulence genes were
distributed in the central and southeast Shanxi; three cities (Xinzhou, Linfen and Changzhi) did not detect any virulence
genes (Figure 3D, Figure S1d).

Only 6 CRKP (8.1%) showed phenotype of hypermucoviscousity with positive string test, belonging to genetic lines
ST15/K28 (n =2), ST23/K1 (n = 1), ST3984/KL64 (n = 1), STI1/KL-NT (n = 1), and ST307/KL-NT (n = 1) (Figure 1).
Isolates of ST15/K28 carried kfu; isolate of ST23/K1 harbored iucA + iutd + rmpA + rmpA2 + urea + kfu; isolate of
ST3984/KL64 carried iucA + iutA + rmpA + rmpA2 + mrkD + kfu; isolate of ST11/KL-NT and ST307/KL-NT did not
detect the aforementioned virulence genes.

Synergistic Effects of Tigecycline with Other Antibiotics

Half of CRKP (n =37, 50.0%) were selected to evaluate the combined therapeutic effects of TGC with MEM, IPM, and
ATM, of which 48.6% (n = 18) from northern Shanxi, 27.0% (n = 10) from central Shanxi, 16.2% (n = 6) from southern
Shanxi and 8.1% (n = 3) from southeast Shanxi (Figure S2). The MICs of TGC were reduced by 17-25 fold on average
in the TGC+IPM, TGC+MEM, and TGC+ATM combinations. The MICs of IPM and ATM decreased by 6-fold (2 ~
2048-fold) and 16-fold (2 ~ 64-fold), respectively. In particular, the MIC of MEM dramatically decreased by an average
of 134-fold (2~256-fold). TGC+IPM, TGC+MEM, and TGC+ATM combinations were high synergistic against 97.3%
(36/37), 91.9% (34/37), and 91.9% (34/37) of CRKP isolates, respectively. Moreover, neither of the combinations of
these isolates showed signs of irrelevant or antagonism. The results of the FICs are shown in Table 3.
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Figure 4 Comparison of susceptibility between STI1 and non-ST|| Carbapenem-Resistant Klebsiella pneumoniae. *P<0.05, **P<0.01, ***P<0.001.
Abbreviation: ST, sequencing type.

Discussion

The continual emergence of CRKP strains is a major threat to public health worldwide. According to the CARSS,’ the
rate of K. pneumoniae resistance to carbapenems in Shanxi Province increased from 1.2% in 2014 to 3.1% in 2021, while
the data from CHINET showed that the detection rate of CRKP in Shanxi Province increased from 2.5% in 2017 to 4.7%
in 2021.° The gradual increase of CRKP in Shanxi Province needs to be alerted. Therefore, local epidemiologic data on
the prevalence of specific CRKP clones are indispensable for developing clinical treatment regimens and evaluating the
outcomes of various treatment strategies.

In this study, nearly half of the patients isolated from CRKP were older than 60 (n = 33, 44.6%), with 9.5% of them
older than 80 years (n = 7, 9.5%) (Table S1), which may result from the decreased immune function of elderly patients.®
This finding is consistent with a study from Zhejiang, China, which reported that the detection rate of CRKP increased
along with age and the highest proportion of resistant isolates was observed among those >60 years.® In addition, most of
the patients in our study were hospitalized in ICUs, which is considered as an important risk factor associated with CRKP

Table 3 Combined Therapeutic Effects of Tigecycline with Other Antibiotics

Synergy Additive Irrelevant Antagonism

(FIC<0.5) (0.5<FIC<1.0) | (1.0<FIC<4.0) (FIC>4.0)
TGC+IPM 36 (97.3) 1 (27) 0 (0.0 0 (0.0
TGC+MEM 34 (91.9) 3(8.1) 0 (0.0 0 (0.0
TGC+ATM 34 (91.9) 3(8.1) 0 (0.0 0 (0.0

Abbreviations: FIC,

fractional inhibitory concentration; TGC, tigecycline; IPM, imipenem; MEM, merope-
nem; ATM, aztreonam.
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in previous studies.'”'® The patients admitted to ICU are usually in a more severe condition, who also often have other
coexisting health issues, may make them more susceptible to CRKP. Moreover, the ICU is a relatively confined space,
and the poor ventilation makes it easier for CRKP to colonize and contaminate environmental surfaces in ICU wards,
increasing the likelihood of transmission among patients, ICU staff, and the environment.'”

In this study, 32.4% of patients isolated CRKP eventually died, including those who abandoned treatment due to the
severity of disease because many Chinese chose to be discharged home at the end of life. The mortality of CRKP in this
study was comparable to that in North America (33.2%), but higher than in previous studies in China (19.1-19.7%) and
lower than in South America (46.7%) and Europe (50.1%).2%% These differences may be due to differences in inclusion
criteria and study design chosen by different investigators. In addition, patient conditions, co-morbidities, as well as
geographic variations, should be taken into account. It is worth noting that the mortality rates in our study also varied by
region, with mortality rates as high as 50% in northern Shanxi and less than 26% in other regions. We speculate that the
high mortality rate in northern Shanxi may be relate to the high proportion of ICU patients (45.5%), the history of
antibiotic exposure in all patients and the high use of invasive devices (50-81.8%), which are risk factors for death in
patients isolated with CRKP reported in previous studies.'”-'***

Clonal lineages of K. pneumoniae differ in their ability to acquire resistance and virulence genes, and in their
propensity to spread within hospital and community environments.” In our study, CRKP had 32 STs, revealing
polyclonality of Shanxi Province. ST11 of CRKP, but not ST258, a common strain type reported worldwide, is the
dominant CRKP type in Shanxi Province, which has exhibited signs of multiclonal dissemination in China.**> Other STs
are relatively rare and sporadically distributed, with ST15 being the next most common type. Notably ST15 is of growing
concern given its characterization as both MDR and hypervirulent,”® which had led to the unfavorable prognosis of one
patient in our study and in-hospital mortality in other study.?’ Therefore, attention should be focused on the identification
of sporadic STs and surveillance of the most prevalent clonal complexes.

In addition, the type of ST varied in each region of Shanxi Province, which may be relate to the geographical
characteristics and location of Shanxi. Shanxi Province is roughly parallelogram shaped with a long north-south spacing
of about 682 km, with Shaanxi to the south and Inner Mongolia to the north, which may explain the ST differences
between the north and south of Shanxi Province in our study. Moreover, differences in climate and altitude in different
regions will also screen for bacteria adapted to different growth environments. The insufficient strains in this study could
also have an impact on the results. In particular, Taiyuan, located in central Shanxi, had the most abundant STs, probably
due to its high traffic flow as the provincial capital and the fact that most of the patients with serious diseases in inferior
hospitals are referred to Taiyuan, and this causes different ST of CRKP from different regions to cluster in here. Notably,
carbapenemase genes, serotypes, and virulence genes also showed regional differences similar to ST types in this study,
which may be related to the differences between STs in terms of fitness, epidemicity, and host-related factors, as well as
the ability to acquire resistance and virulence genes.”® Therefore, molecular identification of specific high-risk clones in
a region is of the utmost importance to implement appropriate infection control programs.

Treatment options for CRKP infections are very limited, cephalosporins, beta-lactamase inhibitor combinations, and
fluoroquinolones were not suitable treatment options for most isolates owing to high levels of resistance (Table 2). These
findings were consistent with recent reports of increasing emergence of highly resistant K. pneumoniae strains in
different studies from Iran, India, Colombia and China.>*'**® Moreover, ST11 showed a higher resistance than non-
ST11 strains, which was similar with a previous nationwide study in China.” Although most CRKP isolates were
susceptible to colistin and tigecycline, monitoring in this study reported a 27.0% resistance rate for tigecycline but only
a 1.4% resistance rate for colistin in CRKP isolates. Such a result was actually not unexpected, as in our region colistin is
not usually part of the standard treatment regimen due to the severe nephrotoxicity and neurotoxicity, but is only used as
a last resort and for MDR K. prneumoniae infections. However, the efficacy of colistin for treating CRKP infections has
recently been questioned following clinical monotherapy trials.® Another interesting finding of the current study was the
high susceptibility of CRKP to fosfomycin (64.1%) and amikacin (78.4%), in contrast to previous reports of 21-50.7%
sensitivity to fosfomycin and 27-47.7% sensitivity to amikacin.”'*'*?> Notably, the resistance patterns were different in
each region of Shanxi Province, with A23 and A18 predominating in central Shanxi, A14 and A4 in northern Shanxi,
A31 and A2 in southern Shanxi, and A7 and A34 in southeast Shanxi (Table S1). There are a number of reasons that
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could explain these inconsistencies, including the source of isolates, sample type and size, different patient populations,
and treatment regimens commonly prescribed in the region. This result provides important data for selecting specific
drugs for the clinical therapy of infections caused by CRKP.

Carbapenemase-producing CRKP strains carry resistance genes on mobile plasmids that can shuttle between resistant
and susceptible strains.” The blagpc., has become the most widely spread carbapenemase gene in China,” while our data
showed that blanpy.; Was the main drug resistance factor of CRKP in Shanxi (found in 59.5% of isolates). Alarmingly,
NDM-1 has prevalent in K. pneumoniae in China, India, and Pakistan.>**>° In addition, the OXA-lactamases in
K. pneumoniae strains were usually blapx Aas,> ! however, in our study, no such enzyme was found. Instead, we detected
three strains harbored blapxa.»3, Which are scarcely found in K. pneumoniae but more commonly in Acinetobacter
baumannii>' A review of the medical records revealed that one patient (CRKP11) was detected for CRKP carrying
blagxa.o3 along with MDR A. baumannii (resistant to carbapenem, penicillin, penicillin with enzyme inhibitors,
cephalosporin, cephalosporin with enzyme inhibitors, aminoglycoside, quinolone, tetracycline, sulfonamide), which
probably led to the transmission of blagxa_p3 located in the plasmid.31 The blagxa-»3 of the other two CRKP strains
were probably from other patients infected with A. baumannii in the same unit or ward. Furthermore, IMI or SME-
producing strains were rarely reported. In this study, two IMI-producing strains and three SME-producing strains were
detected. IMI carbapenemases have been reported to be associated with a gene encoding a LysR-type transcriptional
regulator, conferring high resistance to imipenem and meropenem; it has mainly been identified in Enterobacter cloacae
and Enterobacter asburiae.** And the SME enzymes have been found only infrequently and sporadically worldwide in
Serratia marcescens.>® The blapy or blagyy, -mediated carbapenem resistance is an infrequent mechanism but it has been
reported both in hospitals and community environments in China.>* However, the exact origin of IMI and SME enzymes
and how they emerged in K. pneumoniae still remain unclear. Notably, a recent single center study conducted locally in
Shanxi showed that CRKP carrying blapy and blagyg also emerged from a hospital in Taiyuan,3 4 reminding us that
transmission of this type of strain may have occurred in Shanxi and requires close attention and continuous monitoring.

Of note, a CRKP strain coproducing blanpm.-1+kpc.2 Was identified in this study, and co-occurrence of blaxpc., and
blanpm-1 has rarely been reported yet. The conjugation assay in a study reflected that blanpw.1 plasmid is more prone to
transfer than blagpc., plasmid;®® therefore, it is possible that the emergence of KPC-2-NDM-1-CRKP was owing to
blanpm-1 plasmid transferred into blagpc., plasmid, which can increase resistance of this type of bacteria. This also
raised an alarm on the increased prevalence of co-existing blaxpc.» and blaypym.; CRKP isolates with characteristics of
high stability and non-inferior fitness, which may increase the difficulty of treating and prolonging infections.*® Our
study also identified other strains that produced at least two genes, including blaxpc.o+oxa-23> blanpm-1+1m1, Plakpc.z
+smE, and blanpm-1+1vi+sme, Which have been rarely reported worldwide. Monitoring the dynamics of CRKPs with
coproductions in the surveillance program is essential because of the potential risks they present, and because the way
they emerge and whether they are only transient or have transmission capacity remain uncertain.”®

However, six CRKP were negative for the carbapenemase gene detection and only one strain was positive for the
carbapenemase production via mCIM experiment, which means the other five CRKP strains have other mechanisms for
carbapenem resistance. Possible explanations include the existence of mutations or loss of outer membrane porins
(especially for the OmpK35 and OmpK36), or the active drug efflux.?’ The relative detections of the six CRKP strains
could be performed in the further study.

Although the positive rate of ESBL genes was >59% in CRKP in this study, we were unable to confirm this by
phenotypic testing because the ESBL phenotype is no longer sensitive to carbapenemase.’ In our study, 45.9% and 47.2%
CRKP carried blagyy and blargy, respectively, while only 28.3% of CRKP with blactx.v. This finding is contrary to
previous studies in China as well as in other countries that reported that blacrx.m is the most popular ESBL.%!#3¢
Antibiotic use plans differ in each region, which may cause selection pressure for the circulation of ESBL producing
isolates and explain these inconsistencies. Also, the origin of collected samples and the geographical variances may
contributed to these differences. There is evidence for the role of AmpC beta-lactamase in resistance to carbapenems and
increasing their MIC.*” In our study, only 12.2% of isolates carried AmpC gene, all blapya. In a previous observation

from Iran,'* higher prevalence rates of blapya (34.4%) were found in K. pneumoniae isolates.
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The emergence of hypervirulent lineages carrying antimicrobial resistance genes including carbapenemases is now
being increasingly reported: with limited treatment measures and high mortality, they are considered a “super-bug”.?’
The differentiate of hvKP is usually based on phenotypic and genotypic characteristics, but so far there are no standard
methods.

A total of 19 serotypes were identified in our study, with KL22KIL.37 accounting for the majority. The most common
serotypes of hvkP in China are KL64 and KL47,%® while KL.22KL37 has rarely been reported, but a hospital in Taiyuan,
Shanxi, also isolated CRKP identified as KL22KL37 in 2018.>° And most strains of KL22KL37 in this study were
isolated in 2018, with only 2 sporadic strains appearing in 2020. This suggests that KL.22KL.37 may have undergone
transmission between hospitals in Taiyuan and from Taiyuan to other regions of Shanxi in 2018. Nine CRKP strains in
this study were identified as KL64, second only to KL.22K1.37, and were highly correlated with ST11 (n = 6, 66.6%),
similar to previous studies.*’

In our study, 6 of 74 CRKP isolates were string test positive, but only two strains carried rmpA4 and rmpA2, which
were previously associated with the hypermucoviscous phenotype in K. pneumoniae strains.*' And one string test
positive strain was negative for the virulence gene detection, which required the second- or third-generation sequencing
to demonstrate the presence of other genes. Moreover, the string test only describes the phenotypic characteristics, but
cannot represent the hypervirulent of the strains. In this study, only eight virulence genes were detected in 13 strains,
including genes encoding capsular polysaccharides (rmpd, rmpA2, ureA), siderophores (iucA, iutA, iroN and kfi)) and
type III fimbriae (mrkD). However, 69.2% (n = 9) of isolates carrying gene markers had a negative string test. This
phenomenon has also been reported in previous studies from Iran and China.'®'* This may be due to the presence of
mutations in the studied genes that prevent their function to produce the hypervirulent phenotype.'® It is worth noting that
in our study, a strain with the genetic line ST23/K1 was identified that was positive for string test and carried multiple
virulence genes including iucA + iutd + rmpA + rmpA2 + ured + kfu. Studies have shown that K1 is strongly related to
ST23 and is the most predominant type of hvkP in Asia.*' Several studies have suggested that K1 strains have higher
virulence than the strains of other serotypes, which could be attributed to the distinct compositions that confer survival
advantages.*> A recent study showed that a surface-exposed protein, fructose-1, 6-bisphosphate aldolase, was identified
in K1 hvKP, and its enhanced expression could protect bacteria against neutrophil killing under high glucose condition.*®
Therefore, we must pay close attention to such strains to prevent the further spread.

TGC is currently a commonly used antibiotic for the clinical treatment of CRKP, but its use as monotherapy has been
reported in the literature to have poor efficacy with reduced sensitivity, and TGC combined carbapenems are often used
in combination therapy against CRKP strains.**** In view of the relatively low sensitivity of the strains to TGC found in
this study and the predominance of NDM production in Shanxi, we conducted an in vitro synergistic test using TGC as
the primary drug. The data showed that TGC in combination with carbapenems and ATM had an excellent synergistic
effect on CRKP in vitro. TGC combined with IPM was the most effective. Our results inform an available selection for
clinical treatment.

This study had some limitations. The participation of hospital was all tertiary hospital, so our results should not be
interpreted as being representative of CRKP epidemiology for all types of hospitalized patients in Shanxi. However,
patients with CRKP are generally more complex and severe, so they are actually more common in tertiary hospitals.
Additionally, we did not carry out a detailed analysis of drug-resistant plasmids, which should be examined at later stages
by second- or third-generation sequencing. Finally, the data conclusions about trends and distributions that might be
artifacts of an incomplete or biased sampling.

Conclusion

In conclusion, to our knowledge this is the first province-wide CRKP study in Shanxi Province. Key findings of this
study are summarized as follows. First, the differences in the patient demographic and clinical characteristics among the
various region were not statistically significant, except for wards distribution and indwelling device use. Second, both ST
types and serotypes in Shanxi province have become more diverse over time, and varied in each region. Third, NDM-1 is
the most common carbapenemase in Shanxi and carbapenemases distribution have significant regional variability. Last
but not least, TGC in combination with carbapenems and ATM had an excellent synergistic effect on CRKP in vitro.
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TGC combined with IPM was the most effective. According to the results of this study, we propose that nosocomial
CRKP infection control strategies should be reevaluated and adjusted. Although the economy in Shanxi Province is
underdeveloped, CRKP treatment must be considered urgent. Therefore, the establishment of increased and improved
CRKP surveillance in hospitals is crucially needed to prevent the further spread of CRKP.
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