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Purpose: To evaluate the susceptibility rates of carbapenem-resistant (CR)-Enterobacterales
strains from Chinese intra-abdominal infections (IAl), respiratory tract infections (RTI) and
urinary tract infections (UTI) between 2015 and 2017 to colistin.

Methods: In total, 7138 Enterobacterales including 1074 CR-Enterobacterales strains were
isolated from IAI+UTI+RTI samples and collected in 21 hospitals across 7 regions of China.
Antimicrobial susceptibilities were determined at a central laboratory using CLSI broth
microdilution and interpretive standards.

Results: From 2015 to 2017, E. coli (51.4%) and K. pneumoniae (30.0%) accounted for the
majority of Enterobacterales isolated from IAls, UTIs and RTIs. The percentage of CR strains
within the species was highest for S. marcescens (27.9%), followed by K. pneumoniae
(24.8%), P. mirabilis (22.6), K. oxytoca (19.5%), E. cloacae (17.7%), C. freundii (12.5%),
K. aerogenes (11.0%) and lowest for E. coli (6.9%). Colistin susceptibilities were generally
higher in CS than in CR isolates and were 83.5% for CR-E. coli, 88.6% for CR-K. pneumoniae,
79.2% for CR-E. cloacae and 87.5% for CR-K. aerogenes. For 1Al and UTI isolates in
particular, CR-E. coli and CR-K. pneumoniae showed a trend of decreasing susceptibility,
which was especially noted for CR-E. coli in UTI isolates, and for both organisms in IAI
isolates susceptibility dropped markedly in 2017.

Conclusion: Colistin was a last resort antibiotics for empirical CR-Enterobacterales treat-
ments, since especially the percentage of CR-K. pneumoniae was 30.0% of all IAI, UTI and
RTI isolates, with an incidence of 24.8% CR strains, of which 88.6% were susceptible to
colistin. Also other analyzed CR-Enterobacterales showed colistin susceptibilities of >80.0%.
However, resistance rates of IAI derived CR-K. pneumoniae and CR-E. coli, and CR-
K. pneumoniae UTI isolates to colistin increased between 2015 and 2017, which should
further be closely monitored.

Keywords: Enterobacterales, carbapenem, colistin, intra-abdominal infection, respiratory

tract infection, urinary tract infection

Introduction

Multi-drug resistance (MDR) has become a significant problem worldwide' with
carbapenems being commonly used for the treatment of MDR bacterial infections.
However, carbapenem-resistant (CR)-Enterobacterales induce infections that have
high mortality rates and limited treatment options.? The mechanisms of carbapenem
resistance in Enterobacterales include AmpC expression in combination with the
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loss of porin due to alterations of Omp genes, and the
production of acquired carbapenemases.>* In China, the
incidence of CR-Enterobacterales infections has been stea-
dily increasing,®> with resistance rates to E. coli and
K. pneumoniae of 0% and 0.7% in 2004° raised to 1.0%
and 13.4% in 2014, respectively.” Therefore, we investi-
gated the susceptibility rates of major Enterobacterales
strains isolated from hospitalized patients with intra-
abdominal infections (IAls), urinary tract infections
(UTIs) and respiratory tract infections (RTI) between
2015 and 2017. Isolates were collected for the Study for
Monitoring Antimicrobial Resistance Trends (SMART)
global surveillance program, which was established in
China in 2002 for IAls and in 2012 for UTIs to monitor
in vitro antimicrobial susceptibility profiles of clinical
isolates collected from Chinese patients with IAls and
UTIs.?

Polymyxins are one of the last-line antibiotic choices for
such infections. The World Health Organization (WHO) has
designated polymyxin as the “highest priority critically
important antimicrobial for human medicine™ as it is
often one of the only therapies available for treating serious
bacterial infections in critically ill patients. However, poly-
myxin resistance rates of 36.1% and 15.9% have been
reported in some parts of the world and were found to be
independently associated with mortality.'®'" Emergence of
resistance towards antibiotics of last-resort has also been
reported in China,'? but while colistin has been in clinical
use for about five years, the sensitivities of CR-
Enterobacterales to this drug remain unclear. In the present
study, we analyzed the prevalence of CR-Enterobacterales
isolates from Chinese IAIs, RTIs and UTIs between 2015
and 2017 focusing on the incidence of colistin resistance.

Methods
Isolates from IAl, UTI and RTI Infections

The Human Research Ethics Committee of our hospital
approved the study protocols (Et. Number: S-K238). Since
some Enterobacterales members have an acquired resis-
tance against colistin but others including Proteus spp.,
Providencia spp., Serratia spp., and Morganella spp. have
an intrinsic resistance,13 we focused on Enterobacterales
isolates, which are known not to be naturally resistant to
colistin.

In total, 7113 Enterobacterales (2015, n = 2203; 2016,
n = 2375; 2017, n = 2535) and 1070 CR-Enterobacterales
(2015, n = 259; 2016, n = 371; 2017, n = 440) isolates

were detected in TAI+UTI+RTI samples from 2015 to
2017 obtained from 21 centers in 7 regions of China
(northeast, north, central south, southwest, east Jiangzhe
and east non-Jiangzhe areas), with a range of 77 to 250
samples per year per hospital, which were consecutively
collected. The majority of the IAI specimens were taken
from the appendix, gall bladder, small intestine, colon,
rectum, pancreas, stomach, liver and peritoneal fluid or
from abscesses. The majority of the UTI specimens were
sampled from urine and the urethra. The majority of the
RTI specimens were taken from bronchial brushings,
bronchoalveolar lavage, sputum and thoracentesis.
Isolates were identified using local hospital procedures
and then sent for analysis to the clinical microbiology
laboratory of Peking Union Medical College Hospital for
re-identification using MALDI-TOF MS (Vitek MS,
BioMérieux, France). All duplicate isolates (the same

genus and species from the same patient) were excluded.

Antimicrobial Susceptibility Testing
Antimicrobial susceptibility testing was performed at the
Peking Union Medical College Hospital center laboratory
using a customized MicroScan broth microdilution techni-
ques in 2014, with the aid of a Trek Diagnostic System
(Thermo Fisher Scientific, Cleveland, US) between 2015
and 2017, with susceptibility interpretations based on the
European Committee on Antimicrobial Susceptibility
Testing clinical breakpoints.'* The antibiotics colistin, imi-
penem, ertapenem, amikacin, ceftazidime and cefoxitin were
tested following the recommendations of the Surgical
Infection Society and the Infectious Diseases Society of
America in their guidelines for the diagnosis and manage-
ment of complicated IATs, UTIs and RTIs."* For each MIC
test batch, reference strains of Escherichia coli (E. coli)
American Type Culture Collection (ATCC) ATCC 27853
and Klebsiella pneumoniae (K. pneumoniae) (ATCC
700603) were used as quality control strains. The results
were analyzed only when the quality control test results fell
within acceptable ranges. In the present study, a CR-strain
was defined as an organism resistant to any drug in the
carbapenem class. A carbapenem sensitive (CS) strain was
defined as an organism susceptible to all of the tested
carbapenems.

Statistical Analysis

The susceptibility rates of all the Enterobacterales, CR-
Enterobacterales and CS-Enterobacterales isolates were
determined using appropriate breakpoints for each species.
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The trend of each year was analyzed with a chi-squared trend
test for distribution and susceptibility rates. A P-value <0.05
was considered to be a statistically significant difference.

Results

General Distribution of Enterobacterales
and CR-Enterobacterales from 2015 to
2017

A total of 7113 strains of Enterobacterales were collected from
2015 to 2017, and the yearly number of strains showed an
increasing trend. E. coli (3657, 51.4%) accounted for more
than half of the strains in the three years of study, followed by
K. pneumoniae (2150, 30.2%). Other strains with more than
1% occurrence accounted for <10% of bacteria, being
Enterobacter cloacae (E. cloacae) (407, 5.7%), Proteus mir-
abilis (P mirabilis) (186, 2.6%), Klebsiella aerogenes
(K. aerogenes) (146, 2.1%),
(S. marcescens) (140, 2.0%), Klebsiella oxytoca (K. oxytoca)
(123, 1.7%) and Citrobacter freundii (C. freundii) (96, 1.3%).
The complete list of all Enterobacterales is provided in
Supplementary Table 1. A total of 1070 CR-Enterobacterales
strains were collected from 2015 to 2017, and the number of

Serratia marcescens

strains increased year by year. The percentage of CR strains
within species was highest for S. marcescens (27.9%), fol-
lowed by K. pneumoniae (24.8%), P. mirabilis (22.6%),
K. oxytoca (19.5%), E. cloacae (17.7%), C. freundii (12.5%),
K. aerogenes (11.0%) and lowest for E. coli (6.9%) (Table 1).

Susceptibility Analysis of Colistin to All

Enterobacterales from 2015 to 2017

We found that colistin was less effective against CR-
Enterobacterales (76.3%) than against CS-Enterobacterales
(92.9%) (Table 2). This pattern was similar for E. coli (CR,
83.5%; CS, 95.9%), K. pneumoniae (CR, 88.6%; CS, 95.8%)
and K. aerogenes (CR, 87.5%; CS, 91.9%). (Table 2). The
complete list of MIC 90 value for all Enterobacterales is
provided in Supplementary Table 1. These findings indicated

that CR-Enterobacterales had a lower colistin susceptibility
compared with CS-Enterobacterales.

MIC Distribution of Colistin to
Enterobacterales in IAl, UTI and RTI

For Enterobacterales, E. coli, and K. pneumoniae there was
a general trend that isolates from [Als, UTIs and RTIs which
were CS included a higher percentage with MIC values <1
and a lower percentage with MIC values >4 compared to CR

isolates. However, this was valid for E. cloacae only in IAls,
whereas the percentages of CR- E. cloacae in the MIC values
<I groups were higher in UTIs and the same in RTIs com-
pared to CS-E. cloacae (Table 3).

Susceptibility Changes of
Enterobacterales to Colistin in IAl, UTI
and RTI Isolates from 2015 to 2017

In TAI and UTI isolates, all Enterobacterales, and particu-
larly CR-E. coli and CR-K. pneumoniae, showed a trend of
decreasing susceptibility. Especially for CR-K. pneumoniae
in IAIs and for both in UTIs, the susceptibility decreased
markedly in 2017. In RTI isolates, unlike UTI and IAI
isolates, all Enterobacterales and CR-Enterobacterales
showed trends of increasing or fairly constant susceptibil-
ities. However, the vast majority of isolates from RTIs
exhibited sensitivities of >80.0% (Figure 1).

Susceptibility Changes of
CR-Enterobacterales to Colistin in
Different Regions of China in IAl, UTI and
RTI Isolates from 2015 to 2017

In south and central areas, the susceptibility rates of CR-
Enterobacterales to colistin decreased yearly becoming
<80.0% (64.5% and 72.5%, respectively). The susceptibility
of CR-Enterobacterales to colistin increased from 2016 to
2017 in the north, east (Jiangzhe) and southwest areas. In TAI
isolates, the susceptibility rates to colistin in the northeast and
east (non-Jiangzhe) areas increased year by year. In UTI
isolates, the susceptibility rates to colistin increased in the
northeast, north, central, east (non-Jiangzhe) and east
(Jiangzhe) areas from 2016 to 2017. In RTI, the susceptibility
rates to colistin in the northeast and central areas
decreased year by year (Figure 2). The susceptibility of
CR-E. coli to colistin increased in the east (Jiangzhe) and
east (non-Jiangzhe) areas, and decreased in the central and
south areas. In 2017 the susceptibility rate to colistin in the
central area was only 50.0%. The susceptibility of CR-
K. pneumoniae to colistin increased in the northeast, south
and southwest areas, and exhibited a downward trend in the
north, central, east (non-Jiangzhe) and east (Jiangzhe)
regions from 2016 to 2017 (Figure 2). MIC 90 values and
the susceptibilities to colistin of CR-Enterobacterales, CR-
E. coli and CR-K. pneumoniae isolated from 1Als, UTIs and
RTIs in different Chinese regions between 2015 and 2017 are
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Note: Other refers to isolates <1% of the total.

Abbreviations: |Al, intra-abdominal infection, UTI, urinary tract infection RTI respiratory tract infection; CS, carbapenem sensitive; CR, carbapenem-resistant; Cl, carbapenem-intermediate.

shown in Supplementary Figure 1 and in Supplementary
Table 2.

Discussion
According to the Centre for Disease Dynamics, Economics
and Policy (CDDEP), 80% of Indian K. pneumoniae isolates
were up to 60% resistant to carbapenems. In Italy the pre-
valence of CR-K. pneumoniae isolates, which did not exist
in 2008, had risen to 60% by 2013 (CDDEP: https://cddep.
org/). This rapid rise in carbapenem resistance reflects
a worrisome trend. In the present study, we observed that
CR-Enterobacterales comprised 15% of all Enterobacterales
collected in IAI, UTI and RTI isolates from 2015 to 2017. In
particular, the proportion of CR-K. prneumoniae in all
K. pneumoniae 1Al, UTI and RTI isolates increased from
19% in 2015 to 24.3% and 24.8%, respectively in 2017.

Polymyxins, introduced in the 1950s to treat infections
caused by Gram-negative bacteria, exert bactericidal activity
by displacing membrane-stabilizing calcium and magnesium
ions and targets the polyanionic lipopolysaccharide
components.'®!” Despite their toxicity, they are considered to
be one of the treatments of last resort for CR-Enterobacterales
infections.®

Several studies investigated resistance to colistin
between 2005 and 2010 and reported resistance rates of
6.8% for K. pneumoniae in South Korea,' 0.09% for
E. coli, 1.2% for K. pneumoniae and 1.5% for E. cloacae
in Tunisia.’® A global survey reported colistin susceptibility
rates of 97-99% for K. pneumoniae and E. coli isolates,
respectively in North America, Europe, Latin America and
Asia pacific.?' Available data from China collected in 2009
are 7.5% resistance of CR-Enterobacterales to colistin.*?

Later studies, however, revealed a rise of colistin resis-
tant rates particularly for CR-K. pneumoniae strains in
countries such as Greece (20.8% in 2010),”> Spain
(31.70% in 2012)** and Italy (36.1% in 2011 and 43% in
2013-2014).'%% The overall susceptibility rates of E. coli
and K. pneumoniae to colistin were >80% throughout the
years 2015 to 2017 in the present study, but particularly
for CR-K. pneumoniae strains from IAI isolates, and CR-
K. pneumoniae and CR-E. coli isolates from UTIs, the
colistin susceptibilities decreased in 2017. This decrease
might be attributed to the increased treatment of infections
caused by CR-Enterobacterales with colistin, which has
been used in humans in China since 2015. In addition, the
local distribution of CR-E. coli and CR-K. pneumoniae in
7 regions of China showed that in the east Jiangzhe area,
susceptibility of CR-E. coli to colistin was >80.0%
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Table 2 Ranges of MIC50, MIC90 and Susceptible (%), Intermediate (%) and Resistant (%) Rates of Enterobacterales to Carbapenems
and Colistin Between 2015 and 2017

N Range MIC50 (mg/L) MIC90 (mg/L) S% 1% R%
All Enterobacterales
Colistin 7113 <lto>8 < >4 87.7 0.0 12.3
Ertapenem 7113 <003t0>4 <0.06 >4 83.6 3.0 13.4
Imipenem 7113 <05to0>32 <05 8 832 5.1 1.7
Meropenem 4910 <0.12t0 > 16 <0.12 16 88.0 0.4 1.6
CR-Enterobacterales
Colistin 1070 <lto>8 < > 4 76.3 0.0 237
Ertapenem 1070 <003t >4 >4 >4 10.7 0.5 88.9
Imipenem 1070 <05t0>32 32 >32 18.4 3.6 78.0
Meropenem 8l <0.12t0 > 16 > 16 > 16 27.9 22 69.9
CS-Enterobacterales
Colistin 5524 <lto>8 < < 929 0.0 7.1
Ertapenem 5524 <0.03 t0 0.5 < 0.06 0.25 100.0 0.0 0.0
Imipenem 5524 <05¢to | <05 | 100.0 0.0 0.0
Meropenem 3765 <0.12to | <0.12 <0.12 100.0 0.0 0.0
Escherichia coli
Colistin 3657 <lto>8 < < 94.6 0.0 54
Ertapenem 3657 <003to>4 < 0.06 0.5 90.6 2.7 6.7
Imipenem 3657 <05to0>32 <05 | 94.8 |.4 39
Meropenem 2440 <0.12to >16 <0.12 <0.12 95.8 0.3 39
CR-Escherichia coli
Colistin 254 <lto>8 < > 4 83.5 0.0 16.5
Ertapenem 254 <003 to>4 >4 >4 35 0.4 96.1
Imipenem 254 <05to>32 4 > 32 38.6 5.9 55.5
Meropenem 184 £0.12to > |6 4 > |6 44.6 33 522
CS-Escherichia coli
Colistin 3273 <lto>8 < < 95.9 0.0 4.1
Ertapenem 3273 <0.03t0 05 <0.06 0.25 100.0 0.0 0.0
Imipenem 3273 <0.5to | <05 <05 100.0 0.0 0.0
Meropenem 2181 <0.12to 0.5 <0.12 <0.12 100.0 0.0 0.0
Klebsiella pneumoniae
Colistin 2150 <lto>8 < 2 934 0.0 6.6
Ertapenem 2150 <003t >4 < 0.06 >4 734 23 243
Imipenem 2150 <05t0>32 <05 >32 75.6 2.7 21.7
Meropenem 1555 <0.12to >16 <0.12 > 16 759 0.6 235
CR-Klebsiella pneumoniae
Colistin 534 <lto>8 < 4 88.6 0.0 1.4
Ertapenem 534 < 0.06 to > 4 >4 >4 1.9 0.4 97.8
Imipenem 534 <0.5to0>32 > 32 >32 9.9 26 875
Meropenem 421 <0.12to > 16 > |6 > 16 1.2 2.1 86.7
CS-Klebsiella pneumoniae
Colistin 1529 <lto>8 < < 95.8 0.0 43
Ertapenem 1529 < 0.03t0 0.5 < 0.06 0.25 100.0 0.0 0.0
Imipenem 1529 <05¢to | <05 | 100.0 0.0 0.0
Meropenem 1072 <0.12 to | <0.12 <0.12 100.0 0.0 0.0

(Continued)
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Table 2 (Continued).

N Range MIC50 (mg/L) MIC90 (mg/L) S% 1% R%
Enterobacter cloacae
Colistin 407 <lto>8 < >4 735 0.0 26.5
Ertapenem 407 <003t0>4 0.12 >4 715 12.0 16.5
Imipenem 407 <05t0>32 <05 8 82.6 6.6 10.8
Meropenem 272 £0.12to > |6 <0.12 16 88.2 0.0 1.8
CR-Enterobacter cloacae
Colistin 72 <lto>8 < >4 79.2 0.0 20.8
Ertapenem 72 < 0.06 to > 4 >4 >4 6.9 0.0 93.1
Imipenem 72 <05to>32 16 >32 319 6.9 6l.1
Meropenem 49 <0.12to > 16 16 > 16 347 0.0 65.3
CS-Enterobacter cloacae
Colistin 268 <lto>8 < >4 74.6 0.0 25.4
Ertapenem 268 <0.03 to 0.5 <0.06 0.5 100.0 0.0 0.0
Imipenem 268 <05¢to | <05 | 100.0 0.0 0.0
Meropenem 185 <0.12 to 0.25 <0.12 <0.12 100.0 0.0 0.0
Klebsiella aerogenes
Colistin 146 <lto>8 < < 92.5 0.0 7.5
Ertapenem 146 <003to>4 0.25 2 87.0 2.1 11.0
Imipenem 146 <0.5to0>32 | 2 65.1 28.1 6.9
Meropenem 108 <0.12to > |6 <0.12 0.25 94.4 0.0 5.6
CR-Klebsiella aerogenes
Colistin 16 <lto>8 | >8 87.5 0.0 12.5
Ertapenem 16 2t0 >4 >4 >4 0.0 0.0 100.0
Imipenem 16 <05to0>32 4 >32 375 0.0 62.5
Meropenem I <0.12to > |6 4 > 16 455 0.0 54.6
CS-Klebsiella aerogenes
Colistin 86 <lto>8 < 2 91.9 0.0 8.1
Ertapenem 86 <0.03t0 0.5 0.25 0.5 100.0 0.0 0.0
Imipenem 86 <05to | | [ 100.0 0.0 0.0
Meropenem 65 <0.12 to 0.25 <0.12 0.25 100.0 0.0 0.0

Abbreviations: CS, carbapenem sensitive; CR, carbapenem-resistant; MIC, minimum inhibitory concentration; S, susceptibility; I, intermediate; R, resistance.

throughout the study years, but it is noteworthy that CR-
K. pneumoniae susceptibility decreased in 2017 compared
to previous years to <80%, which might indicate enhanced
colistin usage in this region where the 2013 incidence of
CR-K. pneumoniae was the highest in China.*® On the
other hand, it should be considered that other studies
have suggested that the cause of colistin resistance is
excessive veterinary usage.”?” % In addition, previous
studies about PK/PD parameters of colistin indicated that
sub-optimal doses of colistin might have increased the
resistance rates to colistin with persistent levels being
organ specific. There were high levels in muscle, kidney
and liver, but poor distribution to the cerebrospinal fluid,

bones, lung parenchyma and pleural cavity, which might

lead to organ specific susceptibility differences,*® though
in the present study RTI isolates showed consistent sus-
ceptibility rates of >80.0% throughout the years.

Limitations of the present study are that the paper only
provides details about phenotypical testing and completely
omits strain typing, such as MLST, detection of resistance
genes and others.

Conclusions

Colistin is a last resort antibiotic for empirical CR-
Enterobacterales therapy. E. coli (51.4%) and K. preumoniae
(30.0%) with percentages of CR-K. pneumoniae and CR-
E. coli strains of 24.8% and 6.9%, accounted for the majority
of Enterobacterales isolated from IAls, UTIs and RTIs in
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Figure | Changes in the of indicated Enterobacterales sensitivity to colistin over time for the indicated infection types.
Note: “means that the susceptibility of CR-K. aerogenes in 2015 was not available.
Abbreviations: |Al, intra-abdominal infections; UTI, urinary tract infections; RTI, respiratory tract infections; CR, carbapenem-resistant.
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Figure 2 Changes in the susceptibility of CR-Enterobacterales, CR-E. coli and CR-K. pneumoniae to colistin over time in different regions of China.

Abbreviation: CR, carbapenem-resistant.

2015-2017. Colistin susceptibilities were generally higher in
CS than in CR isolates and were 83.5% for CR-E. coli and
88.6% for CR-K. pneumoniae, respectively. However, the
resistance rates of Al derived CR-K. pneumoniae as well as
CR-E. coli and CR-K. pneumoniae UTI isolates to colistin
increased between 2015 and 2017, which should further be
closely monitored.
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