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Abstract

Introduction: Infection with carbapenem-resistant bacteria, such as Klebsiella pneumoniae, is a major issue due to a global shortage of antibiotic
options. Moreover, due to concerns about emerging resistance and toxicity, as well as the potential synergistic effects, antibiotic combinations
are preferred for carbapenem-resistant bacteria. In comparison with other carbapenemases, data on synergy tests for oxacillinase-48 (OXA-48)
carbapenemase-producing K. pneumoniae are scarce. We aimed to evaluate the synergistic effects of colistin-meropenem, colistin-vancomycin,
colistin-minocycline, and meropenem-minocycline combinations on OXA-48 carbapenemase-producing K. pneumoniae.

Materials and Methods: In a previous study, clonal analysis of ertapenem-resistant K. pneumoniae strains collected between May 2012 and
April 2013 was performed using the repetitive element palindromic-polymerase chain reaction (Rep-PCR), and a multiplex PCR was applied to
detect carbapenemase genes. From each clone, a representative isolate containing only OXA-48 carbapenemase genes was selected. Further, the
broth microdilution method was used to determine the minimum inhibitor concentrations of the antimicrobials under study. Between October
2018 and March 2019, the antibiotic synergism of colistin-meropenem, colistin-vancomycin, colistin-minocycline, and meropenem-minocycline
combinations was investigated using the checkerboard method against the selected strains.

Results: Oxacillinase-48-carbapenemase-producing 14 K. pneumoniae strains from various clones were all resistant to colistin. Three of the strains
were intermediate, whereas the others were meropenem-resistant. Five strains were found to be susceptible to minocycline, whereas the remaining
strains were found to be intermediate. Moreover, the highest synergy was between meropenem and minocycline, which was seen in seven (50%) of
the strains. Colistin-minocycline, colistin-meropenem, and colistin-vancomycin combinations were found to have a synergistic interaction in five
(35.7%), four (28.6%), and three (21.4%) strains, respectively. Further, there was no evidence of antagonistic interaction.

Conclusion: Although all antibiotic combinations studied had a synergistic interaction, minocycline-based combinations had a more promising
outcome in clinical trials.
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Giris: Klebsiella pneumoniae gibi karbapenem direncli bakterilerle gelisen enfeksiyonlar antibiyotik seceneklerinin kisitl olmasi nedeniyle tiim
diinyada 6nemli bir sorundur. Direnc gelisme ve toksisite endiseleri ve olasi sinerjistik etkilerinden faydalanmak icin karbapenem direncli bakterilerin
tedavisinde antibiyotik kombinasyonlari tercih edilmektedir. Diger karbapenemazlarla karsilastirildiginda oksasilinaz-48 (OXA-48) karbapenemaz
Ureten K. pneumoniae icin sinerji verisi yetersizdir. Kolistin-meropenem, kolistin-vankomisin, kolistin-minosiklin ve meropenem-minosiklin
kombinasyonlarinin OXA-48 karbapenemaz iireten K. pneumoniae listlindeki sinerjistik etkilerinin degerlendirilmesi hedeflenmistir.

Gere¢ ve Yontem: Daha dnce yapilan bir calisma kapsaminda, Mayis 2012-Nisan 2013 arasinda toplanan ertapenem direncli K. pneumoniae
suslarinin klonal analizleri “tekrarlayan element palindromik-polimeraz zincir reaksiyonu" (Rep-PZR) ile, karbapenemaz genlerinin tayini ise bir
multipleks PZR ile yapiimistir. Sadece OXA-48 karbapenemaz geni iceren suslardan her klondan birer tane olacak sekilde bir 6rnek secilmistir. Cahsilan
antimikrobiyaller icin minimum inhibitdr konsantrasyonlar sivi mikrodillisyon yontemiyle belirlenmistir. Secilen suslara karsi kolistin-meropenem,
kolistin-vankomisin, kolistin-minosiklin ve meropenem-minosiklin kombinasyonlarinin sinerjistik etkileri dama tahtasi yontemiyle Ekim 2018-Mart
2019 arasinda arastiriimistir.

Bulgular: Farkli klonlara ait on dort OXA-48 karbapenemaz iireten K. pneumoniae susunun tamami kolistine direncliydi. U¢ sus meropeneme orta
duyarhyken digerleri duyarliydi. Bes sus minosikline duyarliyken diger suslar orta duyarlydi. En yiiksek sinerji, yedi (%50) susta meropenem ve
minosiklin arasinda bulundu. Kolistin-minosiklin, kolistin-meropenem ve kolistin-vankomisin kombinasyonlari icin sinerjistik etkilesim sirasiyla bes
(%35,7), dort (%28,6) ve ti¢ (%21,4) susta saptandi. Kombinasyonlarin higbirinde antagonistik etkilesim gozlenmedi.

Sonug: Calisilan biitlin antibiyotik kombinasyonlarda sinerjistik etkilesim saptansa da minosiklin temelli kombinasyonlarin klinik calismalar icin
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cesaretlendiren ve umut vadeden sonuglari vardir.

Anahtar Kelimeler: Dama tahtas, sinerji testi, polimiksin E, oksasilinaz-48, karbapenemaz, in vitro

Introduction

Infection with resistant bacteria is a major global issue today,
especially in our country, Turkey"?. Klebsiella pneumoniae
is one of the most common infectious agents found®*. Due
to its prevalence and high antimicrobial resistance rates, K
pneumoniae is accepted as one of the ESKAPE pathogen
that is an acronym forming the names of six highly virulent
and antibiotic resistant bacterial pathogens by the Infectious
Diseases Society of America®.

Until development of the extended-spectrum beta-lactamase
(ESBL), carbapenems were the main and, for the most part,
the only beta-lactam option for Klebsiella pneumoniae. Upon
getting carbapenem resistance, almost all beta-lactam options
are lost, leaving only a few efficient antimicrobial options, such
as polymyxins, tigecycline, fosfomycin, and aminoglycosides'®.
Because of their pharmacokinetic properties, polymyxins,
tigecycline, and aminoglycosides administered intravenously
may not be convenient in the treatment of severe infections, such
as bloodstream infections and pneumonial®. In some studies
on hospitalized patients, carbapenem-resistant K. pneumoniae
was found to be associated with increased mortality, and
patients infected with carbapenem-resistant K. pneumoniae
stayed longer in the intensive care units (ICUs)®"". Antibiotic
combinations are preferred not only because monotherapy
options have inappropriate pharmacokinetics but also to
prevent emerging resistance, reduce toxic effects, and benefit
from the synergistic effects of combined antibiotics®”'2. Using
antibiotic combinations, especially for bloodstream infections,
resulted in better outcomes!. Generally, combinations of
colistin, carbapenems, tigecycline, fosfomycin, aminoglycosides,

minocycline, and rifampicin have been studied in the previous
literaturel27.12-14],

Carbapenem resistance can occur through a combination of
mechanisms, such as the ESBL production plus porin loss or
through the production of carbapenemases, such as Ambler class
A carbapenemases [Klebsiella pneumoniae carbapenemases
(KPC), etc.], class B carbapenemases (NDM, VIM, SIM, etc),
and class D carbapenemases [oxacillinase-48 (0XA-48), etc.]?.
Oxacillinase-48 carbapenemase was detected for the first time
in our country and the world in 2001. It has spread throughout
the world, particularly in North Africa, India, and the majority of
the European countries!'>'9, In Turkey, OXA-48 carbapenemase
is still the most prevalent carbapenemasel'2.

The majority of the studies focused on KPC and metallo-beta-
lactamase-producing microorganisms. For OXA-48-producing
microorganisms, there was a lack of in vitro studies in Turkey
and the rest of the world. In our study, using the checkerboard
method, we aimed to detect the potential in vitro synergistic
effect of colistin-meropenem, colistin-vancomycin, colistin-
minocycline, and meropenem-minocycline  combinations
against OXA-48-producing K. pneumoniae strains.

Materials and Methods

This study was carried out in the Clinical Microbiology
Laboratory of Ankara Numune Training and Research Hospital, a
1200-bed tertiary care hospital and referral center with surgical
and medical ICUs that served patients from Ankara and the
surrounding cities. Shortly after the completion of this study,
Ankara Numune Training and Research Hospital was dissolved,
and the remaining units were transferred to Ankara Bilkent City
Hospital in May 2019.
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Isolates

The isolates for this study were selected from a collection of
ertapenem-resistant K. pneumoniae strains obtained from
routine ICU surveillance cultures and clinical samples of patients
admitted to the ICU for at least 48 hours between May 2012 and
April 2013. At the time of first isolation, the collected bacterial
strains were identified using conventional biochemical reaction-
based tests and the VITEK [1® system (bioMérieux, Marcy I'Etoile,
France). Additionally, the identification results were confirmed
using the matrix-assisted laser desorption ionization-time of
flight (MALDI-TOF) method via MALDI Biotyper® (Microflex LT,
Bruker Daltonics Inc., Germany). Moreover, the VITEK [1® system
(bioMérieux) was used to analyze antibiotic susceptibility
tests using VITEK GN AST cards. Colistin susceptibility was
also determined using the broth microdilution method, as
recommended by the European Committee on Antimicrobial
Susceptibility Testing (EUCAST)'.  Ertapenem-resistant K.
pneumoniae strains were tested for carbapenemase genes, and
their genetic relationships were studied as part of a previously
unpublished study. The strains had MIC values of meropenem
above the screening cutoff value for carbapenemase-producing
Enterobacteriaceae (>0.125 ug/ml)'®. Previously, K. pneumoniae
strains were cloned using the repetitive element palindromic-
polymerase chain reaction (Rep-PCR) DiversiLab® (bioMérieux).
The Pearson correlation coefficient was used to calculate
distance matrices, and the unweighted pair group method with
arithmetic averages was used to create dendrograms of the
isolates. All isolates with Rep-PCR patterns that had a similarity
index of >95% were grouped together in the same cluster.

To detect carbapenemase genes, a multiplex PCR (hyplex®
SuperBug ID, Amplex, Germany) was used according to the
manufacturer's recommendations. This system can identify

metallo-B-lactamase genes, such as bla,, . .. bla,. .. and
bla,,,, ,: oxacillinase genes, such as bla ,, ,.-like encoding genes
(including blagy, . oxars1. oxaz0er @Nd Blagy, ) and all variants
of bla,_,, genes.

Isolates were kept at -80°C until the day of synergy testing.
Among the isolates containing only bla,, .-like genes, one
representative isolate from each clone was selected for synergy
testing. Before beginning the studies, the selected isolates were
thawed and subcultured twice in 5% sheep blood agar.

Synergy Testing with the Checkerboard Method

Between October 2018 and March 2019, the synergistic activities
of four antibiotic combinations were evaluated. Before starting
the checkerboard tests for meropenem trihydrate (Sigma-
Aldrich, St. Louis, MO), vancomycin hydrochloride (Sigma-
Aldrich), minocycline hydrochloride (Sigma-Aldrich), and colistin

sulfate (Sigma-Aldrich), the minimum inhibitory concentration
(MIC) values were checked using the broth microdilution method
to determine the necessary MIC ranges that would be used in
checkerboard tests. Further, all of the studied antibiotics were
diluted with Mueller-Hinton broth (Sigma-Aldrich). After an
18-24-hour incubation period, MIC values were recorded. The
susceptibilities of the studied strains to meropenem and colistin
were determined using EUCAST breakpoints!'”, and minocycline
was determined using the Clinical and Laboratory Standards
Institute breakpoints due to a lack of recommendation in
EUCAST!. Because K. pneumoniae was intrinsically resistant
to vancomycin, vancomycin susceptibility was not considered.
Except for vancomycin, the MIC50 and MIC90 values of the
antimicrobials were calculated.

Panels of 96-well microtiter plates (Isolab, Ankara, Turkey) were
prepared based on the MIC ranges found. The dilution intervals
were found to be 4-8 times higher and 1/8-1/16 below the MIC
values. In colistin-based combinations, the concentration ranges
for colistin, meropenem, vancomycin, and minocycline were 32-
0.03125 ug/ml, 8-0.125 pg/ml, 512-8 ug/ml, and 16-0.25 ug/ml,
respectively, and in meropenem-minocycline combinations, the
concentration range for meropenem was 32-0.03125 ug/ml and
minocycline was 16-0.25 pug/ml. The antibiotic solutions were
distributed to microplates beforehand, and the microplates were
stored at -80 °C until inoculation. We used these microplates
for two weeks with no discernible decrease in the effectiveness
of the antibiotics. The checkerboard method was implemented
as recommended by the Clinical Microbiology Procedures
Handbook®.

The inoculum was prepared for the final microorganism at a
density of 3-5 x 10° CFU/ml from the stored strains. All of the
wells were inoculated, except for the sterility control well. From
the control well, a purity plate and counting plate (5% sheep
blood agar plate) were prepared. All of the microplates and agar
plates were incubated in ambient air for 18-24 hours at 35°C.
Moreover, Escherichia coli ATCC 25922 and Staphylococcus
aureus ATCC 25923 were used as quality control strains.

The fractional inhibitory concentration (FIC) of each antibiotic
in each combination was determined. For the calculations,
the following formulas were used: FICx = MIC of antibiotic X
in combination/MIC of antibiotic X alone and FICy = MIC of
antibiotic Y in combination/MIC of antibiotic Y alone. The FIC
index (FICI) was calculated by adding FICx and FICy together.
FICIs were interpreted as a synergistic interaction if FICI < 0.5, an
additive interaction if 0.5 < FICl < 1, an indifferent interaction if
1 < FICI < 4, and an antagonistic interaction if FICl > 4.
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All 68 isolates included in the previous study, the results of
which were not published, contained the bla , ,.-like encoding
genes. As a result of the clone analysis, a total of 14 clones
were detected. The 14 strains from these 14 clones were isolated
from the rectal swabs and urine, wound, and tracheal aspirate
samples. The rectal swab was the most common (57.1%) sample
from which the strains were isolated (Table 1).

All of the studied strains were also resistant to colistin. Three
of the strains were intermediate, whereas the others were
meropenem-resistant. Five strains were found to be susceptible
to minocycline, whereas the remaining strains were found to be
intermediate. Table 2 shows the MICSO, MICQO, and MIC range for
colistin, meropenem, and minocycline. Because K. pneumoniae
is intrinsically resistant to vancomycin, MICSO, MICSO, and MIC
ranges for vancomycin were not given.

Table 3 displays the results of the synergy tests. Moreover, there
were no antagonistic interactions in any of the combinations.
In all strains studied, synergistic or additive interaction was
detected in meropenem-minocycline and colistin-minocycline
combinations. Further, meropenem-minocycline combinations

demonstrated the highest synergy (50%). The synergy rates of

Table 1. Distribution of clinical samples from which the
strains were obtained

Clinical samples Number (n) Percentage (%)
Rectal swab 8 57.1

Urine 3 21.1

Wound 2 14.3

Tracheal aspirate 1 7.1

Total 14 100

other antibiotic combinations were determined to be 35.7%
for colistin-minocycline, 28.6% for colistin-meropenem, and
21.4% for colistin-vancomycin.

Table 4 shows the FICI values of the antibiotic combinations as
well as the distribution of interaction types.

Carbapenems are effective antibiotics against carbapenem-
resistant K. pneumoniae due to their pharmacokinetic
properties and efficacy. However, due to increasing carbapenem
resistance, alternative treatment strategies have been required.
For our country, OXA-48 carbapenemase production is the
most important carbapenem resistance mechanism, and it is
becoming more important in other countries!"?. Due to a lack of
investigations, treatment options for OXA-48 carbapenemases
have remained unclear and insufficient when compared to other
carbapenemasest. Combined antibiotic therapies, especially
for bloodstream infections, have also been shown to reduce
mortality"?, As a result, we investigated the effects of various
antibiotic combinations against 0XA-48-carbapenemase-
producing K. pneumoniae. None of the studied combinations
exhibited antagonistic interactions. Synergistic and additive
interaction rates were high in all combinations, especially for
minocycline-based combinations.

Colistin was once a very effective antimicrobial against
carbapenem-resistant  Enterobacteriaceae.  Colistin-based
treatment options were investigated and clinically used more
frequently than any other optionsB®+'2. Contrarily, colistin
resistance rates have recently increased®. According to the
susceptibility testing results, the strains considered susceptible
may have heteroresistance to colistin. In a study involving three
K. pneumoniae strains, colistin-resistant subpopulations were
detected, regardless of the colistin MIC values®??. The antibiotic

Table 2. The minimum inhibitory concentration (MIC), the minimum inhibitory concentration 50 (MIC, ), the MIC,, values, and

the MIC range for minocycline, colistin, and meropenem (n=14)

MIC,, (ug/ml)

MIC,, (ng/ml) MIC range (pg/ml)

Minocycline 4 8 4-8
Colistin 4 16 4-32
Meropenem 1 8 0.25-8

MIC: Minimum inhibitory concentration

Table 3. The synergy test results of antimicrobial combinations, n (%*)

Combination Synergism Additive effect Indifferent effect Total

Colistin-meropenem 4 (28.6) 7 (50.0) 3(21.4) 14 (100)
Colistin-minocycline 5(35.7) 9 (64.3) - 14 (100)
Meropenem-minocycline 7 (50.0) 7 (50.0) - 14 (100)
Colistin-vancomycin 3(21.4) 10 (71.4) 1(7.1) 14 (100)

*Row percentages
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Table 4. Distribution of the fractional inhibitory concentration index and antimicrobial interaction type in antibiotic

combinations

Strain number Colistin-meropenem

Colistin-minocycline

Meropenem-minocycline Colistin-vancomycin

FICI Int FICI Int FICI Int FICI Int

1 1.00 | 0.63 A 0.75 A 0.51 A
2 1.13 | 0.53 A 0.38 S 0.5 S
3 0.53 A 0.32 S 0.5 S 0.63 A
4 0.63 A 0.5 S 0.28 S 0.56 A
5 0.53 A 0.53 A 0.56 A 0.53 A
6 0.63 A 0.5 S 0.75 A 0.51 A
7 1.00 | 0.53 A 0.75 A 0.52 A
8 0.53 A 0.5 S 0.75 A 0.5 S
9 0.32 S 0.53 A 0.5 S 0.63 A
10 0.27 S 0.28 S 0.38 S 0.5 S
1 0.63 A 0.53 A 0.5 S 0.53 A
12 0.13 S 0.53 A 0.75 A 1.00 I

13 0.63 A 0.56 A 0.75 A 0.53 A
14 0.38 S 0.56 A 0.5 S 0.53 A

FICI: Fractional inhibitory concentration index, Int: Interaction type, S: Synergy, A: Additive effect, I: Indifferent effect

susceptibility testing technique also interferes with the results.
In our study, all of the strains studied were resistant to colistin.
It was surprising because colistin resistance rates were initially
detected lower due to the use of an automated system rather
than the broth microdilution method®!. So, a combination
strategy is essential for colistin-based therapies.

In a study investigating the synergy rate of colistin and
meropenem, 50 carbapenem-resistant K. pneumoniae were
studied with the checkerboard and time-kill assay. The majority
of the 50 strains produced OXA-48 carbapenemases. Higher
synergy rates were detected with the time-kill assay. Colistin-
resistant and susceptible strains had synergy rates of 500
and 45.20%, respectively™. Moreover, the synergy rate of the
colistin-meropenem combination was found to be 28.6%.
Similarly, Gaibani et al.”! reported that the synergy rate for
the colistin-meropenem combination was three out of eight
among colistin-resistant K. pneumoniae. Different resistance
mechanisms and different techniques can yield varying results
for in vitro studies. In an observational study of bloodstream
infections caused by OXA-48-producing Enterobacteriaceae
from Turkey, colistin-based dual combinations (carbapenems,
aminoglycosides, cephalosporins) had no difference in clinical
outcomes (p>0.05)?4. In another study, carbapenem-containing
antibiotic combinations outperformed non-carbapenem-
containing antibiotic combinations (p=0.04; Odds ratio: 5.15;
95% confidence interval: 1.1-24.5)29,

Vancomycin is a big molecule for penetration of the outer
membrane of Gram-negative microorganisms. So, Gram-
negative bacilli, such as Klebsiella spp. and Acinetobacter spp.,

are intrinsically resistant to vancomycin. Colistin is a cationic
detergent that disrupts the outer membrane. A previous study
discovered that when colistin was combined with vancomycin,
vancomycin may be effective against Acinetobacters whose
outer membrane has been disrupted by colistin. According to the
same study, the surfaces of the colistin-exposed Acinetobacters
had pits and increased topographic variabilities?®. To the best of
our knowledge, the colistin-vancomycin combination has not
been tested on Klebsiella spp. The purpose of this study was to
investigate the effects of the colistin-vancomycin combination
on K. pneumoniae based on its effects on Acinetobacters, and
nearly one in five of the studied strains showed synergistic
interaction with colistin-vancomycin combination. Similarly, in
a study on colistin-resistant Enterobacteriaceae (10 of 20 strains
were K. pneumoniae), the synergy rate of colistin-vancomycin
was found to be 25002,

Minocycline is a derivative of tetracycline. Its tissue penetration
is superior to that of other tetracyclines?”. Minocycline is
used to treat pneumonia and urinary tract infections with
carbapenem-resistant Acinetobacter baumannii. Minocycline
can be administered intravenously or orally. In this manner,
inpatients who have been discharged can be treated with
minocycline. However, there is no reliable advice for minocycline
monotherapy in carbapenem-resistant K. pneumoniae as much
as carbapenem-resistant A. baumannii®. In our study, five of
the studied strains were susceptible to minocycline, whereas
the others were intermediate. It was shown that polymyxin B
facilitated the passing of minocycline to the cytosol in a study
on Acinetobacters?®. With a similar effect expectation for K.
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pneumoniae, we studied colistin (polymyxin E)-minocycline and
meropenem-minocycline combinations. These combinations
had synergy rates of 35.7% and 5000, respectively. Using
the time-kill assay, Huang et al.l'"¥ investigated the synergy
between polymyxin B and minocycline among KPC-producing
K. pneumoniae. On the 24" hour, the synergy rate was detected
to be 50%. In a study using inkjet printer-based technology,
the synergy rates for colistin-minocycline were 30% and
10% for meropenem-minocycline among 10 carbapenem-
resistant Enterobacteriaceae strains (five of which were
K. pneumoniae)®l.

There are some limitations to this study. The isolates were
obtained from a single center in a small number. With the clonal
analysis, internal validity was aimed to be achieved with the
least number of samples. However, external validity could not
be asserted. Resistance mechanisms of antibiotics other than
carbapenem (minocycline, vancomycin, and colistin) could not
be evaluated. Other methods for synergy tests, such as the time-
kill assay and gradient strip test, were not applied to support the
results of the checkerboard method.

Today, it is well understood that combined antibiotic therapies
are necessary for infections caused by carbapenem-resistant K.
pneumoniae.Combined therapyoptionsarelimited,andespecially
for OXA-48-carbapenemase-producing microorganisms,
efficient combinations are required. The synergistic effects
of  colistin-meropenem,  colistin-vancomycin,  colistin-
minocycline, and meropenem-minocycline combinations with
the checkerboard method were investigated. All of the studied
combinations yielded promising results, but with the exception
of colistin-meropenem combinations, clinical studies on
antibiotic combinations we examined were insufficient. As a
result, clinical studies are needed for all antibiotic combinations.
With their high synergy rates and proper pharmacokinetic
features, minocycline-based combinations, in particular, are
promising for improved clinical outcomes.
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