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Abstract

Introduction: A new approach to carbapenem resistance-K. pneumoniae infections is to use combination drug therapies. However, little data are
available about the effectiveness of the in vitro carbapenem plus colistin combination against oxacillinase-48 (0XA-48) producing K. pneumoniae.
Therefore, the aim of this study is to assess the potential synergistic activity of imipenem plus colistin in 0XA-48-producing K. pneumoniae strains
and investigate the changes in the imipenem minimal inhibitory concentrations (MICs) to varying MICs of colistin.

Materials and Methods: Carbapenem and colistin resistance (ColR) genes were investigated by polymerase chain reaction. In the first stage,
synergistic properties were determined by the checkerboard combination method. In the second step, at varying colistin concentrations, changes
in the imipenem MICs were investigated.

Results: Colistin MIC_; 2 pg/ml, MIC, 16 pg/ml, and imipenem MIC, 32 pg/ml, MIC, 128 pg/ml were found, respectively. According to the fractional
inhibitor concentration (FIC) formula, 62.2% of the isolates were synergistic, and 37.8% were indifference. When the colistin was fixed at 0.125
ug/ml, 0.25 pg/ml, 0.5 pg/ml, 1 pg/ml, and 2 pg/ml, respectively. Significant decreases were observed in the imipenem MICs, especially of colistin-
sensitive isolates. However, imipenem MICs of ColR isolates did not decrease to susceptible levels.

Conclusion: This information will facilitate the design of antibiotic regimens that are more suitable for treating infections due to such pathogens
producing OXA-48 and prolong these antibiotics' efficacy. Further in vitro research is required to determine which treatment combination is best
and its optimal use as combination therapy to treat these infections.
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Giris: Karbapenem direncli-K. pneumoniae enfeksiyonlarina yeni bir yaklasim, kombinasyon ila¢ tedavilerinin kullanilmasidir. Ancak, in vitro
karbapenem ve kolistin kombinasyonunun oksasilinaz-48 (0XA-48) iireten K. pneumoniae'ye karsi etkinligi hakkinda cok az veri mevcuttur. Bu
nedenle, bu calismada OXA-48 lireten K. pneumoniae suslarinda imipenem ve kolistinin potansiyel sinerjistik aktivitesini degerlendirmek, kolistinin
degisen minimum inhibitér konsantrasyonunda (MiK) imipenem MiK'lerinin degisikliklerini arastirmak amaclanmustir.

Gereg ve Yontem: Karbapenem ve kolistin direnc genleri polimeraz zincir reaksiyonu ile arastirildi. ilk asamada, sinerjik 6zellikler dama tahtasi
birlestirme yontemi ile belirlenmistir. ikinci asamada, degisen kolistin konsantrasyonlarinda imipenem MiK'lerinin degisimleri arastirimistir.
Bulgular: Kolistin MiK50 2 pg/ml, MiK90 16 ug/ml, imipenem MiK50 32ug/ml, MiK90 128 ug/ml bulundu. FIC formiliine gore izolatlarin %62,2'si
sinerjik ve %37,8'i ilgisizdi. Kolistinin sirasiyla 0,125 pg/ml, 0,25 pg/ml, 0,5 pg/ml, 1 pg/ml, 2 pg/ml olarak sabitlenmesi durumunda 6zellikle kolistine
duyarli izolatlarda imipenem MiK'lerinde énemli diisiisler gozlendi. Bununla birlikte, kolistin direncli izolatlarda imipenem MiK'leri, duyarh diizeylere
diismemistir.

Sonug: Bu calisma, OXA-48 iireten patojenlere bagl enfeksiyonlari tedavi etmeye daha uygun antibiyotik rejimlerinin tasarlanmasini saglayacak
ve bu antibiyotiklere karsi diren¢ gelisimini uzatacaktir. Hangi tedavi kombinasyonunun miikemmel oldugunu ve bu enfeksiyonlarin tedavisi icin
kombinasyon tedavisinin en iyi nasil kullanilacagini in vitro belirlemek icin daha fazla arastirma yapilmasi gerekmektedir.
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Introduction

Klebsiella pneumoniaeis an encapsulated Gram-negative bacillus
that causes a range of infections in humans, ranging from
urinary tract infections to life-threatening pneumonia, sepsis,
and meningitis. Studies have indicated that it is among the top-
five frequent pathogens of healthcare-associated infections,
accounting for 5% to 20% of isolates!"?. Recently, emerging
therapeutic problems due to increasing and differentiating
antimicrobial resistance in this species have been a great
concern, especially carbapenem resistance (CR).

Carbapenemsare clinically indispensable beta-lactam drugs used
in K. pneumoniae infections since they have stability to the most
beta-lactamases, have successful penetration to the body fluids,
are available as monotherapy or combination regimes, lack an
age limitation, and have relatively low side effects. However, the
rising global incidence of CR-Klebsiella phenotypes has brought
substantial difficulties in patient management. Oxacillinase-48
(OXA-48), like carbapenemases, are among the most prevalent
mechanisms, particularly in Europe, the Middle East, and South
Americal". Today, the European survey of carbapenemase-
producing Enterobacterales '‘EUSCAPE’ working group's report
classified European countries by epidemiological stage of
0X-48-producing K. pneumoniae spread (0: cases have been
reported, 1: Sporadic, 2: One hospital outbreaks, 3: Regional
expansion 4: Interregional extension 5: endemic)®.

Colistin (polymyxin E) is a cationic polypeptide that inhibits the
synthesis of the outer membrane in the Gram-negative cell wall.
This drug was out of use because of its nephrotoxic side effects.
It was reintroduced to clinical application against extensively
drug-resistant Gram-negatives since no active agent remained.
However, recent reports have shown that colistin resistance
(ColR) is increasing worldwide, especially in CR endemic areast*.,

Colistin overuse produces not only nephrotoxic side effects but
also increases ColR. Studies have indicated that ColR is directly
related to the amount of colistin used™®®. Therefore, increased
efforts to find optimal combination regimens with colistin reduce
colistin nephrotoxicity and decrease ColR development. For this
purpose, several in vitro studies, randomized controlled trials,
and observational studies were performed. Though the clinical
studies’ outcomes remain controversial, the in vitro synergy tests
have yielded promising results. The antimicrobial combination
studies are often on Klebsiella pneumoniae carbapenemase
(KPC), Delhi metallo-beta-lactamase (NDM), Verona integron-
encoded metallo-beta-lactamase  (VIM)-producing  CR-K.
pneumoniae strains®'2. However, little data is available about
the effectiveness of carbapenem plus colistin combination
against OXA-48-like carbapenemase-producing K. pneumoniae
strains, though this is a leading worldwide mechanism of CR.

Oxacillinase-48-like carbapenemases have weak hydrolytic
activity on imipenem and meropenem. However, a high-
level CR can emerge in strains with reduced outer membrane
permeability. Therefore, we conducted this study to assess the
potential synergistic activity of imipenem plus colistin, an outer
membrane inhibitor, in K. pneumoniae strains produced mainly
OXA-48.

Materials and Methods

This work was approved by the inénii University Scientific
Research and Publication Ethics Board with decision number
2020/878, date: 30.06.2020.

Bacterial Strains: Source, and Identification and Susceptibility
Tests

Atotal of 37 clinical isolates of CR K. pneumoniae that were shown
to be clonally unrelated with pulse-field gel electrophoresis were
included in the study. All strains were prospectively collected
from the patients' clinical samples’ bacteriologic cultures in a
1368-bed referral tertiary care hospital between January 2017
and July 2018.

K. pneumoniae isolates were identified according to classic
bacteriologic methods and with a Vitek MS (Biomérieux, France)
matrix-assisted laser desorption ionization time-of-flight mass
spectrometry device. Antimicrobial susceptibility tests were
performed with a Vitek-2 (Biomérieux, France) automated
device. Minimal inhibitory concentrations (MICs) of imipenem
and colistin were studied with standard broth microdilution
(BMD). Broth microdilution was performed using 96-well broth
microdilution panels according to the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) guide. The BMD
MIC test range was determined as 32 pg/ml-0.06 pg/ml for
colistin and 0.5-512 ug/ml for imipenem. Results were evaluated
according to the EUCAST criterial™!.

Detection of Carbapenemase and ColR Genes

The presence of carbapenemase and ColR genes were
screened using in-house PCR. Carbapenem resistance
genes were studied as recommended by Poirel et al.l'¥.
The presence of the mecr 1-5 gene regions responsible for
plasmid-mediated ColR was determined using in-house
multiplex PCR, as Rebelo et al.l' suggested. The primer sets
are as follows: OXA-48(F)-5'-GCGTGGTTAAGGATGAACAC-3'
and OXA-48 (R)- 5'-CATCAAGTTCAACCCAACCG-3' for

bla,, .. ~NDM-1 ()  5-GGTTTGGCGATCTGGTTTTC-3'
and  NDM-1 (R}  5-CGGAATGGCTCATCACGATC-3
for  bla KPC (F)  5-CGICTAGTTCTGCTGTCTTG-3"

NDM-1*

and KPC (R) 5'-CTTGTCATCCTTGTTAGGCG-3' for
bla VIM  (F)  5'-GATGGTGTTTGGTCGCATA-3'  and

KkPC!
VIM (R) 5'-CGAATGCGCAGCACCAG-3' for bla

vim'
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IMP (- 5'-GGAATAGAGTGGCTTAAYTCTC-3' and
IMP(R)  5'-CCAAACYACTASGTTATCT-3'  for  bla,,,
mer-1 (3] 5'-AGTCCGTTTGTTCTTGTGGC-3' mcr-
1 (R) 5'-AGATCCTTGGTCTCGGCTTG-3"  mer-
2 (P 5'-CAAGTGTGTTGGTCGCAGTT-3' and mcer-
2 (R) 5'-TCTAGCCCGACAAGCATACC-3', mer-3
(F) 5'-AAATAAAAATTGTTCCGCTTATG-3' and
mer-3 (R) 5'-AATGGAGATCCCCGTTTTT-3', mcr-
4 (R 5'-TCACTTTCATCACTGCGTTG-3' and mcr-
4 (R) 5'-TTGGTCCATGACTACCAATG-3', mcr-5 (F)
5'-ATGCGGTTGTCTGCATTTATC-3' and mer-5 (R)

5'-TCATTGTGGTTGTCCTTTTCTG-3" For this purpose, the first DNA
extraction of strains was performed with a column-based DNA
isolation kit (DNA mini kit, Qiagen, Germany). The PCR run was
performed using the GeneAmp PCR System 9700 device (Applied
Biosystems). Amplicons were photographed with ultraviolet
illumination after electrophoresis.

Antimicrobial Combination Test and the Checkerboard
Method

A 96-well and U-based sterile microplate was used to perform
the antimicrobial combination test and the checkerboard
method described by Moody!"®. The inoculum was prepared
by putting 35 colonies in Mueller-Hinton broth from 24-hour
cultures and incubating at 37 °C for 2-3 hours. A bacterial
suspension of 0.5 McFarland density was prepared. For each
antibiotic, double serial dilutions in separate tubes were made
with cation-attached Mueller-Hinton broth according to
the recommendations of EUCAST. The A1 well was used as a
reproductive control, and the H12 well was used as a medium
control. So, antibiotics were not added. The MICs of antibiotics
were determined using the first horizontal row (an order) for
imipenem from two antibiotics in combinations and the first
vertical row (column 1) for colistin. Two-fold dilutions of
imipenem were distributed from column 2 of the microdilution
plate to column 12. Double dilutions of colistin were transferred
to the B and H sequences of the microdilution plate for each
dilution to be placed in one row. Next, 10 pl of the bacteria
suspension was placed in all wells, and the plates were kept at
37 °C for 18 hours. Then, the fats were visually evaluated for
each combination.

The MIC values obtained by the checkerboard combination
method were evaluated by the fractional inhibitor concentration
index (FIC) formula.

The ZFIC was calculated as; ZFIC = FIC A + FIC B. In this
equation, FIC A is drug A MIC in combination/drug A MIC alone,
and FIC B is drug B MIC in the combination/drug B alone MIC.
The combination is considered synergistic when the ZFIC index
was <0.5, indifference was indicated by a ZFIC index >0.5 to <4,
whereas antagonism when the ZFIC was >4"7),

Statistical Analysis

Statistical analyses were performed using SPSS for Windows,
version 17.0 (IBM-SPSS Inc., Armonk, NY). P values were
determined using the Wilcoxon signed ranks test.

A total of 37 CRKP clinical isolates identified from blood were
included in the study. According to EUCAST, all K. pneumoniae
isolates were resistant to imipenem (MICs 16 to 256 pg/ml).
Imipenem MIC, and MIC,  were determined as 32 ug/ml and 128
ug/ml, respectively. The distribution of the number of isolates by
imipenem MICs is shown in Figure 1. A total 9 of 37 strains were
resistant to colistin. Colistin MICs for susceptible 28/37 strains
ranged from 0.5-2 ug/ml and for 9 resistant strains from 8 to
32 ug/ml (Figure 2). Colistin MIC_ and MIC, were determined
as 2 pg/ml and 16 pg/ml, respectively. The concentration of MIC
values was evaluated in colistin-imipenem combinations. When
colistin was fixed at 0.125 pg/ml, 0.25 pg/ml, 0.5 pg/ml, 1 pg/ml,
and 2 ug/ml, significant reductions were observed in imipenem
MIC values. Combinations with colistin fixed at 0.125 pg/ml in 5
isolates, at 0.25 pg/ml in 6 isolates, at 0.5 pug/ml in 9 isolates, at 1
ug/mlin 16 isolates, and at 2 pg/ml in 26 isolates imipenem MIC
levels were reduced to susceptible MICs according to EUCAST
(<2 pg/ml) (Figure 3). However, imipenem MICs of ColR in seven
isolates did not reduce to susceptible MIC levels, even though
the colistin MIC was fixed at 2 ug/ml in the combination. But
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Figure 1. Distribution of the number of isolates according to
imipenem MICs. MIC range, MIC_, and MIC_ results
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Figure 2. Distribution of the number of isolates according to
colistin MICs. MIC range, MIC_, and MIC90 results

MIC: Minimal inhibitory concentrations
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these isolates imipenem MICs were decreased 2- to 3-fold log,
dilutions of MICs. Especially in colistin-sensitive isolates, even at
a low level of colistin MICs concentration, imipenem MIC levels
were reduced 2- to 10-fold log, dilutions of MICs (Figure 3).

The 23 (62.29%) of the 37 isolates were synergistic, and 14
(37.8%) of them were determined as indifference according to
the FIC formula. ZFIC was found to range from 0.07 to 1.12, and
the mean of ZFIC was 0.467.

CR gene OXA-48 was detected in all isolates. Furthermore, only
OXA-48 producing isolates were included in the study. Regarding
the danger of the horizontal spread of ColR, the presence of
plasmid-mediated mcr gene regions was investigated. However,
the mer gene regions (1 to 5 mer genes) associated with plasmid-
mediated ColR were not found.

The emergence of antibiotic resistance in K. pneumoniae is
a substantial clinical issue™., The failure to discover new
effective antibiotics further exacerbates the threat posed
by CR-K. pneumoniae. On the other hand, few effective drug
combinations exist against K. pneumoniae, which are extensively
drug resistant!'?,

The mechanism of resistance to carbapenems usually involves
carbapenemase enzymes. In a time-kill experiment, Tangdén
et al® investigated in vitro activities of double and triple
combinations of 10 antibiotics for 2 VIM- and NDM-producing
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Figure 3. The number of isolates according to imipenem MIC
levels in combination at varying colistin levels

MIC: Minimal inhibitory concentrations

CR-K. pneumoniae strains. They reported that the rifampin-
meropenem-colistin combination was the most effective
regimen with synergistic and bactericidal effects. Another
study that included three KPC-producing K. pneumoniae, Lee
and Burgess® reported that combinations of colistin sulfate or
polymyxin B with doripenem had rapid bactericidal activity for
all isolates within four hours. Jernigan et al.l'! found similar
results for 12 KPC-producing K. pneumoniae, even though
the included strains were ColR. Sharma et al.l'"! evaluated the
combination of polymyxin B and meropenem in vitro on 10
KPC-producing K. pneumoniae. They found that all isolates
were synergistic in combination except one isolate, which was
resistant to both drugs at high levels. Machuca et al.l'? reported
that combination therapy decreased the mortality in bacteremic
patients due to ColR KPC-producing K. pneumoniae with high-
level CR in patients with septic shock. The size of the regions
where the OXA-48 enzyme is endemic and where outbreaks
occur suggests that the main cause of colistin use in these
countries is CR-K. pneumoniae infections that produce OXA-
488391 However the in vitro efficacy of colistin-carbapenem
combination therapy against 0XA-48 producing K. pneumoniae
has little data, and no defined treatment protocol. This requires
conducting studies against OXA-48 producing bacteria. In our
study, the CR gene OXA-48 was detected in all isolates.

In recent years, polymyxins have re-emerged because of
increased frequency-dependent, multidrug-resistant, Gram-
negative bacterial infections and inadequate treatment. During



Mediterr J Infect Microb Antimicrob
2021;10:2

Duman et al.
The Effects of Colistin on Imipenem MICs

treatment, reducing the colistin dose in combination therapy
is important because it is significantly nephrotoxic when used
at high doses alone. In clinical practice, colistin-associated
nephrotoxicity occurs in approximately 40% of treated
patients. The synergistic effectiveness of colistin and imipenem
can reduce the nephrotoxic side effect by enabling the use of
colistin at lower doses. Also, combination therapy can increase
the efficacy of treatments. In addition, effective treatment is
important because long-term use of colistin causes the selection
of ColR strains in flora and increases the spread of ColR strains
among patients with long-term hospitalization. Therefore, this
study aims to potentiate the other drug's action dynamics
by increasing the permeability to reduce outer membrane
synthesisi**'4, Lee et al’® reported that they used colistin
alone to treat 12 patients infected with CR-K. pneumoniae. A
significant increase in colistin MIC values was detected quickly,
and ColR was improved in three patients. They interpreted
this rapid change as reinfection due to the selection of ColR
isolates. However, they did not observe a significant change in
the isolates' colistin MIC values of the patients who used the
combination treatment. We assessed colistin's in vitro effect
on imipenem MIC levels in the combination against OXA-48-
producing ColR and/or CR-K. pneumoniae. In our study, colistin
M?Kw 2 pg/ml, MiK,, 16 pg/ml, imipenem MK, 32 pg/ml, and
MIK,, 128 pg/ml were found. In parallel with the increased
resistant of isolates, MIC levels increased against antibiotics.
In another study, in intensive care units the CR-K. pneumoniae
rate reached 36.5%". Significant reductions were observed in
imipenem MIC values, especially in colistin-sensitive isolates.
The concentration of MIC values was evaluated in the colistin-
imipenem combination, when colistin was fixed at 0.125 pg/
ml, 0.25 pg/ml, 0.5 pg/ml, 1 pug/ml, and 2 pg/ml. Furthermore,
combinations when the colistin was fixed at 0.125 ug/ml in 5
isolates, at 0.25 pug/ml in 6 isolates, at 0.5 ug/ml in 9 isolates, at 1
ug/mlin 16 isolates, and at 2 pg/ml in 26 isolates, the imipenem
MIC levels decreased to susceptible MICs (Figure 3). However,
imipenem MICs of seven ColR isolates did not decrease to
susceptible MIC levels, but a 2- to 3-fold log, dilution reduction
in MICs occurred. Especially in colistin-sensitive isolates, even at
a low level of colistin MICs concentration, imipenem MIC levels
were reduced 2- to 10-fold log, dilutions of MICs. Considering
the limited number of effective antimicrobials that can be used
to treat CR-K. pneumoniae infections, for a while, colistin and
carbapenem combination regimens were used for treatment.
However, the clinical evidence is mainly based on clinical
experience and observational retrospective studies. A few
research studies on the in vitro efficacy of combination therapy
against CR and/or ColR-K. pneumoniae were reported (usually
on KPC-producing K. pneumoniae). Moreover, other publications
report that these isolates are not restricted to only hospitals but
are spread in the community?2. This rapidly growing problem

also reveals the urgent need for new therapeutic approaches to
CR-K. pneumoniae isolates.

Studies in animal models with experimental treatments
suggested using combinations to treat infections caused by CR
bacteria®. The US Centers for Disease Control and Prevention
estimates that CR isolates are responsible for 9300 (6.6%) of
approximately 140,000 nosocomial Enterobacterales infections
in the United States each year®!. Many studies reported lower
mortality rates among patients receiving combination therapy
(0-400%) than patients receiving monotherapy (40-80%).
Recently, combination therapy's positive effect is significant,
especially in patients at high risk of death+29,

Combination antibiotic therapy has generally been accepted
for several indications, such as infective endocarditis (e.g.,
ampicillin and gentamicin for Enterococcus), Helicobacter
pylori, and mycobacterial infections?®. The administration of
combination antibiotic treatments can also expand the spectrum
of antimicrobial effects in empirical therapy. In previous studies
on the benefits of combination therapy to treat Gram-negative
bacterial infections before the onset of carbapenem and ColR
isolates, experts report that combination therapy is beneficial
to immunosuppressed patients?2%. In a prospective multicenter
study, including 260 patients infected or colonized with CR-K.
pneumoniae, Hauck et al.?”! found that 39% of patients died
due to sepsis or pneumonia, and hospital stays were prolonged
for 5-10 days. In our study, 62.2% of the in vitro combination
of imipenem and colistin was determined as synergistic and
37.8% of indifference according to the FIC formula. Also, we
found that ZFIC ranged from 0.07 to 1.12 and had a mean of
SFIC was 0.467. In their study, Tzouvelekis et al.?®! 48.6% of
patients used combination therapy, 38.1% used monotherapy,
and 11% wused inappropriate antibiotics (an ineffective
antimicrobial used). They reported that the mortality rate of
patients receiving monotherapy (carbapenem, tigecycline, or
colistin) was not different from patients receiving inappropriate
treatment. In their study, Qureshi et al.? reported that the most
used treatment combinations were carbapenem with colistin
or tigecycline combination and found that the mortality of
combination therapy (12.5%) decreased significantly compared
with monotherapy mortality (66.7%). They also reported that
combination therapy was associated with longer survival in
carbapenemase-producing K. pneumoniae bacteremia.

The antimicrobial activity of colistin on the cell membrane is the
displacement of calcium (Ca 2+) and magnesium (Mg 2+), which
stabilize the lipopolysaccharides (LPS) membrane in the bacterial
cell membrane, leading to irregularity in the cell membrane. This
irregularity causes an increase in cell membrane permeability,
cell content leakage, and consequently cell death®. Resistance
to colistin is related to chromosomal mutations [mutations
in the paras/pry two-component system that regulates the
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synthesis and structure of LPS)] and plasmid-mediated resistance
genes mer'™. Reports on ColR are rising, and ColR-K. pneumoniae
strains emerge in hospital settings. In recent studies, Liu et al.”
and Wang et al.” reported that the plasmid-mediated ColR genes
prevalence in Enterobacterales is increasing. Colistin resistance
prevalence of Enterobacterales was reported to range from 0.05%
to 1% in Europel". The studies showed higher prevalence rates in
Asian countries compared with Europe. A report from the People's
Republic of China described a high prevalence value of 3.5000%,
Regardless, the increase in resistance to colistin is terrible. Our
study did not find plasmid-mediated resistance genes mer 1-5,
which are particularly important for horizontal transmission.
Therefore, we believe resistance to colistin in our isolates was
most likely due to chromosomal mutations. However, we could
not perform further molecular analyses to identify which specific
mutation existed.

While metallo-beta-lactamases have very high hydrolytic
activity against carbapenems, OXA-48 enzyme is required,
an outer membrane protein defect, and the activity of efflux
pumps, to provide clinically significant CR. Therefore, knowing
the CR mechanism carried by the strain will help investigate
the combination efficacy against resistant Gram-negatives and
select antimicrobials for combination in the clinic.

The limitation of the study is that it did not demonstrate the
effect of combination therapy in human patients or animals.

In conclusion, these findings demonstrate that imipenem
is effective even at very low levels combined with colistin,
although isolates are resistant to carbapenem. In addition,
colistin is effective at lower MIC levels when used in combination
than when used alone. These findings might help clinicians
determine the appropriate treatment dose in the combination
of carbapenem-colistin. This study may guide the development
of more suitable antibiotic regimens to treat infections caused
by OXA-48 producing pathogens. Further in vitro research is
required to determine which treatment combination is best and
its optimal use as combination therapy to treat these infections.
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