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Abstract
AIM: Community and hospital-acquired Klebsiella pneumoniae infections have become a ubiquitous medical issue 
due to the limited treatment options and high mortality rate; therefore, the aims of this study are in vitro investigation 
of double antimicrobial combinations against multidrug-resistant and extensively drug-resistant isolates.

MATERIALS AND METHODS: Antimicrobial interaction effect against 12 K. pneumoniae isolates from eight 
Bulgarian hospitals was determined to nine antimicrobial combinations: meropenem-colistin (MER-COL), MER-
fosfomycin (FOS), MER-gentamicin (GEN), MER-rifampicin (RIF), MER-tigecycline (TGC), COL-FOS, COL-GEN, 
COL-RIF, and COL-TGC through the fractional inhibitory concentration method. The isolates were subjected to 
genotyping by multi-locus sequence typing and detection of carbapenemase genes by multiplex polymerase chain 
reaction. The results were assessed by groups of either NDM- or KPC-carbapenemase.

RESULTS: The 12 K. pneumoniae producing either KPC-2 (KPC-KP, 41.7%, 5/12) or NDM-1 (NDM-KP, 58.3%, 7/12) 
was distributed in ST11 (58.3%, 7/12), ST15 (25%, 3/12), and ST258 (16.7%, 2/12). All KPC-KP strains (ST258 and 
ST15) originated from three hospitals. The rest were NDM-1 carriers isolated from six hospitals and belonged to 
ST11. The highest synergistic effect was determined for MER-GEN (83.3%, 10/12) and COL-RIF (83.3%, 10/12). 
The MER-FOS combination was most efficient against NDM-KP, as opposed to the KPC strains. Antagonism was 
not observed for any combinations.

CONCLUSIONS: The evaluated joint synergistic effect of the MER-GEN and COL-RIF may facilitate the treatment 
options for patients infected with NDM- and KPC-KP, whereas MER-FOS is highly synergetic against NDM-KP.
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Introduction

Klebsiella pneumoniae is an opportunistic 
Gram-negative pathogen that causes community-
acquired and healthcare-associated infections [1]. Life-
threatening urinary tract infections (UTIs), pneumonia, 
surgical-site infections (SSIs), bloodstream infections, 
especially in critically ill patients, newborns, and 
immunocompromised individuals are among the most 
common nosocomial K. pneumoniae infections and are 
related to increased morbidity and prolonged hospital 
stay [1], [2], [3].

In cases of severe infections with 
extended-spectrum–β-lactamases, K. pneumoniae 
carbapenems have been regularly used as a treatment 
option [4], [5], [6]. However, in the past decade, 
the number of emerging carbapenem-resistant 
K. pneumoniae (CR-KP) has increased significantly as 

a result of the acquisition of various carbapenemases 
such as KPC (Class A) and NDM (Class B) [1]. According 
to the Annual Epidemiological Report for 2019 for 
antimicrobial resistance (AMR) in the European Union 
(EU)/EEA (EARS-Net), CR has increased remarkably 
in Bulgaria as well [7]. The mean percentage of the 
CR in K. pneumoniae averaged 27.0%, whereas in 
EU/EEA it is sitting at 7.9%. The highest percentage 
of CR-KP observed in south and south-eastern Europe 
has also been reflected with data from the second point 
prevalence survey of healthcare-associated infections 
and antimicrobial use in acute care hospitals (ECDC, 
PPS II, 2016-2017) [8].

K. pneumoniae is resistant to most antibiotic 
classes and has been classified as one of “ESKAPE 
pathogens” (incl. Enterococcus faecium, Staphylococcus 
aureus, K. pneumoniae, Acinetobacter baumannii, 
Pseudomonas aeruginosa, and Enterobacter species) [9]. 
The World Health Organization has also recently listed 
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K. pneumoniae in the list of 12 bacteria in “ESKAPE 
group” for which new antibiotics are urgently needed [10]. 
Highly resistant K. pneumonia strains are a significant 
burden to the healthcare systems and have an important 
global economic impact. Effects include high mortality 
and morbidity rates, and recent data on the impact of 
AMR in the European Union (EU) have shown that 
>33,000 deaths and 874,541 disability-adjusted life-years 
[9], [11]. The most recent emergence of extensive-drug 
resistant (XDR, resistant to all drugs except cefepime, 
tigecycline (TGC), and ceftazidime-avibactam) and pan-
drug resistant (PDR, resistant to all drugs) K. pneumoniae 
is a wake-up call for us to contemplate more strategic 
measures to control their spread.

Multifactorial dissemination processes through 
mobile genetic elements play a major role in the spread 
of multidrug-resistant (MDR) K. pneumoniae [12]. 
Understanding the mechanisms of action of antimicrobial 
agents and resistance mechanisms is crucial for 
the development of novel antibiotics in the future. 
Unfortunately, the availability of novel antimicrobials is 
limited due to the lengthy process of drug discovery and 
certification [13]. Ultimately, the increase of AMR has 
led to the urge in discovering alternative therapeutic 
plans. At present, some of the treatment options for 
infections caused by CR-KP include optimization of 
dosing regimens, various antimicrobial combinations, 
and application of new drugs such as ceftazidime-
avibactam, ceftolozane-tazobactam, meropenem 
(MER)-vaborbactam, and plazomicin [4], [14], [15].

Antibiotic combinations are often used to treat 
serious and life-threatening hospital K. pneumoniae 
infections and to prevent the emergence of resistant 
strains. The selection of antibiotic combination against 
MDR K. pneumoniae should be dependent upon 
current susceptibility pattern, site of infection, patient 
clinical status, clinicians’ experience, and cost. Of note, 
a potentially viable combination of two antibiotics that 
otherwise show non-susceptibility to the current strain 
could also be used [16].

In addition, the application of new therapeutic 
regimes and dosage for infections with MDR and XDR 
Enterobacteriales must be further validated. For instance, 
TGC and colistin (COL) exhibit good antimicrobial 
activity against resistant isolates [17]. Fosfomycin (FOS) 
is primarily used for uncomplicated UTIs treatment and is 
effective against Gram-negative isolates [17]. Rifampicin 
(RIF) is considered a viable option in combinations due to 
its ability to penetrate into many tissues and biofilms [18]. 
Altogether, these drugs may have synergistic effects if 
combined properly, hence the continuous in vitro assays. 
Finally, antibiotic combinations such as carbapenem-
COL, carbapenem-TGC, carbapenem-gentamicin 
(GEN), carbapenem-FOS, COL-TGC, and COL-RIF 
have already been reviewed and are recommended for 
the treatment of CR-KP [19], [20], [21], [22], [23], [24]. 
The most appropriate antibiotic treatment regimens for 
the treatment of CP-KP infections are not well defined 

and some authors demonstrate that polymyxin is 
being utilized as the common “backbone” antibiotic 
in combination therapy [25], and is regarded as a key 
component in combinations against CR-KP infections 
[26], [27].

The objective of the present study was to 
investigate the most effective double antimicrobial 
combinations against MDR and XDR K. pneumoniae 
in vitro, and whether there is a difference between the 
behavior of KPC- and NDM- producers.

Materials and Methods

The selection of the strains was carried out based 
on the current prevalence and dominating sequence 
types in hospital settings for the 5 years between 
2014 and 2018 as reported by Markovska et al. [26]. 
In total, 12 KPC-2 and NDM-1 carrying K. pneumoniae 
strains were subjected for in vitro investigation of their 
susceptibility profile against different drug combinations. 
The isolates were acquired from urine (4/12), blood 
(3/12), wound (2/12), cerebrospinal fluid (1/12), 
tracheobronchial aspirate (1/12), and rectal swab (1/12) 
from eight Bulgarian hospitals within the same period 
and were sent to the National Reference Laboratory 
for Control and Monitoring of Antimicrobial Resistance, 
National Center of Infectious and Parasitic Diseases. 
Identification was carried out by Matrix-assisted Laser 
Desorption Ionization-time of flight Mass Spectrometry 
(Bruker Daltonics Inc., Billerica, MA, United States) with 
a high confidence score (>2). Antimicrobial susceptibility 
testing (AST) was performed for MER; TGC; FOS; 
COL; GEN; and RIF by individually minimal inhibitory 
concentrations (MIC) gradient strips (0.016–256 mg/L) 
and results were interpreted according to European 
Committee on AST (EUCAST, 2021).

Next, nine double antimicrobial combinations 
MER-COL, MER-FOS, MER-GEN, MER-RIF, MER-
TGC, COL-FOS, COL-GEN, COL-RIF, and COL-TGC 
were selected during the study design. The strains 
were cultured for 24 h and diluted to starting inoculums 
of approximately 5 × 108 CFU/ml (0.5 McFarland) and 
streaked into Muller-Hinton II media. The MIC strips 
were placed at 90º at the point of intersection using 
an applicator system (MTS-SAS, Liofilchem) and 
incubated at 35°C for 18 h. Afterward, the individual 
MICs of antibiotics were applied in calculating fractional 
inhibitory concentrations (FICs), according to the 
following formula displayed in Figure 1 [20], [21]. The 
obtained interaction effect was defined following the 
accepted criteria: Synergy (FIC ≤0.5); additive (FIC >0.5 
to ≤1.0); indifference (FIC >1 to ≤4.0); and antagonism 
(FIC > 4) [28], [29], [30], [31] as seen on the tested 
strains as shown in Figure 2.
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Finally, genomic DNA was isolated with 
PureLink™ Genomic DNA Mini Kit (Invitrogen, Thermo 
Fisher Scientific, USA). Multiplex polymerase chain 
reaction was performed to detect carbapenemase genes 
(blaKPC, blaVIM, blaIMP, blaSIM, blaGIM, blaSPM, blaNDM-1, blaGES, 
and blaOXA-48) using previously described protocol [31]. 
Multi-locus sequence typing (MLST) was performed 
according to Protocol 2 described in the K. pneumoniae 
MLST database of Pasteur Institute [32].

Results

AST, carbapenemase detection, and ST

Isolate data and individual MICs are presented 
in Table 1. Isolates that are resistant to at least three 
classes of potentially effective antimicrobial agents 
were considered MDR, whereas those resistant to all 
except one or two classes were subcategorized as 
XDR [33]. Six out of the 12 K. pneumoniae isolates 
were determined as MDR, whereas 5/12 were XDR. 
Only one was resistant to all investigated antimicrobials 
in this research and therefore determined as PDR. All 
isolates were resistant to MER (MIC 16 ÷ >128 mg/L). 
Broth microdilution MICs evaluation was performed for 

COL in parallel to MIC gradient strips and the results 
correlated between the two methods (8 ÷ >16 mg/L).

Next, carbapenemase type blaKPC was found in 
41.7% (5/12) and 58.3% (7/12) were blaNDM producers. 
All KPC producers were susceptible to ceftazidime-
avibactam (MIC ≤1 mg/L ÷ 2 mg/L) and TGC (0.5 mg/L); 
three were susceptible to chloramphenicol (≤ 8 mg/L) and 
one was susceptible to trimethoprim-sulfamethoxazole 
(2 mg/L). NDM producers were resistant to ceftazidime-
avibactam (10 ÷ >16 mg/L) and trimethoprim-
sulfamethoxazole (>4 mg/L); only two were susceptible 
to chloramphenicol (MIC ≤8 mg/L) (Table 1). Three 
sequence types were discovered, that is, ST11 (58.3%, 
7/12), ST15 (25%, 3/12), and ST258 (16.7%, 2/12). 
All NDM 1 producers were ST11 and originated from 
six hospitals (6/8). KPC producers belonged to ST15 
(hospital B) and ST258 (hospitals A and D).

In vitro investigation of double 
combinations

The results data are shown in Table 2. The 
highest synergistic interaction effects against NDM-1 
producers were scored in the following combinations: 
MER-FOS (100%, 7/7); MER-GEN (85.7%, 6/7); MER-
RIF (85.7%, 6/7); MER-COL (85.7%, 6/7); and COL-RIF 
(5/7, 71.4%), while COL-RIF (100%, 5/5) and MER-
GEN (80%, 4/5) were their counterparts in respect to 
the KPC producers group.

Other key results are observed within the 
MER-FOS tests. Notably, FOS helped decrease the 
MIC of MER significantly when combined against FOS 
susceptible strains. Interestingly, synergism was found 
in all 7/7 of the NDM-1 strains and additive in 80% (4/5) 

Figure 1: Fractional inhibitory concentrations (FIC) index formula. 
The FIC index is used to define additivity results in no interactions 
in most combination studies. The effect ranges from 0.5 to 4.0 and 
is calculated as synergistic (FIC ≤0.5); additive (FIC >0.5 to ≤1.0); 
indifference (FIC >1 to ≤4.0) and antagonistick (FIC >4). The formula 
takes into account the MICs of each drug. It is a calculation of FICs 
A and B, where FIC A is the MIC of drug A in combination with drug 
B divided by the number of MIC A; and FIC B is the MIC of drug B in 
combination with drug A divided by MIC B, respectively.

Figure 2: Mueller-Hinton media with minimal inhibitory concentrations (MIC) strips from in vitro experiments of double combination against 
Klebsiella pneumoniae. (a) Synergistic effect Fractional inhibitory concentrations (FIC) ≤0.5 for meropenem-colistin (MER-COL) (FIC = 0,281) 
against strain 3467. The MIC of COL was 8 mg/L and 1.5 mg/L, when tested alone and in combination with MER, respectively. The MIC of MER 
decreased from 64 mg/L to 6.0 mg/L; (b) Additive effect FIC >0.5 ÷ ≤1 for MER-COL (FIC = 0,854) against strain 2761. The MIC of COL when 
tested alone was 24 mg/L, but when tested in combination with MER was 16 mg/L. The MIC of MER when tested alone was 16 mg/L, but when 
tested with COL was 3 mg/L; (c) Indifferent effect FIC >1 ÷ ≤ 4 for COL-gentamicin (GEN) (FIC = 1.75) against strain 3473. The MIC of the two 
antimicrobials alone and in combination remained unchanged (16 mg/L for COL and 256 mg/L for GEN)

a b
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of the KPC strains. In 3/12 FOS susceptible isolates, the 
corresponding MIC of MER reduced from 128 to 3 mg/L, 
while a much smaller reduction effect was observed in 
the other 9/12 isolates. The MER-GEN combination 
obtained a similar effect. In the cases of GEN susceptible 
strains, the corresponding MICs of MER reduced 
between 5 (32 ÷ 6 mg/L) and 32-fold (128 ÷ 4 mg/L), 
thus resulting in a synergistic effect in 83.33% (10/12) 
K. pneumoniae isolates or 6/7 and 4/5 of both NDM and 
KPC groups, respectively. Moreover, a high synergy 
effect between MER-RIF was detected in 85.7% (6/7) 
NDM-1 strains, but not in the KPC group. Mixed results 
were yielded in the MER-TGC combination for both KPC 
and NDM, thus no conclusion could be drawn due to 
the equal distribution in the three categories (synergistic 
33.3%; additive 25.0%; and indifferent 41.7%).

Moreover, COL tested in combination with FOS, 
GEN, and TGC provided mostly additive and indifferent 
interaction effects. No significant MIC reduction or 
carbapenemase-specific effects were seen in any of the 
three variants. On the contrary, a high level of synergism 
(83.3%, 10/12) occurred in the group COL-RIF effectively 
inhibiting the growth of 5/5 KPC strains and 5/7 of the 
NDM by decreasing the initial COL MIC value from 12 
÷ 24 mg/L below 2 mg/L in 4/12 and to 3 mg/L in 7/12. 
Finally, no antagonism (defined by an FIC index >4) was 
noted with any of the nine double antibiotic combinations.

Discussion

Literature reviews on the effectiveness 
of antimicrobial combinations against 

carbapenemases-producing K. pneumoniae are scarce. 
In cases with MDR and XDR infections treatment 
with combinations of two or more antibiotics is often 
selected  [13] due to potential benefits in lowering 
the sub-MICs and achieving a synergistic effect [35]. 
Although the in vitro activity of most combinations may 
be scored as synergistic, their in vivo effectiveness 
remains uncertain due to the complexity of the 
infections such as infection site, pharmacokinetic, and 
pharmacodynamics characteristics of the drugs [13]. The 
results from genome sequences and epidemiological 
data of more than 1700 K. pneumoniae samples 
isolated from patients in 244 hospitals in 32 countries 
during the European Survey of Carbapenemase-
Producing Enterobacteriaceae demonstrate that 
carbapenemase acquisition is the main cause of CR and 
477 of 682 (69.9%) carbapenemase-positive isolates 
are concentrated in four clonal lineages (11, 15, 101, 
258/512) and their derivates [36], [37]. In this study, we 
focused on evaluating the interaction effect of certain 
combinations on twelve K. pneumoniae nosocomial 
strains belonging to the most prevalent sequence types 
in Bulgaria (ST11, ST15, and ST258).

Several studies reported good activity of FOS 
against CR-KP [17], [18], [38]. Our results showed 
that by combining MER with FOS the MIC of MER 
decreased significantly and was able to inhibit the 
growth of all 7/7 of the NDM-1 strains. However, it had 
only an additive effect on the KPC strains. Regardless 
of that, NDM K. pneumoniae UTIs could be treated with 
this combination. As reported by other sources, FOS 
has in vitro activity against COL and TGC resistant 
K. pneumoniae isolates [36]. It is highly recommended, 
however, to be used in combinations with other agents 

Table 1: Molecular characteristics and antibiotic susceptibility profile for in vitro combinations against multidrug-resistant and 
extensively drug resistant Klebsiella pneumoniae isolates
Strain 
number

Year of 
isolation

Hospital/
department

Clinical 
specimen

Antibiotic susceptibility testing (MIC, mg/L) Susceptible to Carbapenemase Sequence 
typeCOL MER GEN TGC FOS RIF

2671 2013 A/ICU Wound exudate >16, R 32, R 1.5, S 0.5, S ≤16, S 32 CZA, GEN, TGC, FOS KPC-2 ST258
2718 2014 B/ICU Blood >16, R 32, R >256, R 0.5, S 64, R 16 CZA, TGC, CHL KPC-2 ST15
2761 2014 B/ICU CSF >16, R 16, R >256, R 0.5, S 64, R 12 CZA, TGC, CHL, SXT KPC-2 ST15
2791 2014 B/Urology Urine >16, R 64, R 256, R 0.5, S 64, R 16 CZA, TGC, CHL KPC-2 ST15
3337 2017 D/Oncology Urine >16, R >128, R 1.5, S 0.5, S 64, R 16 CZA, GEN, TGC KPC-2 ST258
3412 2017 C/ICU TA >16, R >128, R 1.5, S 0.5, S 64, R 16 GEN, TGC, CHL NDM-1 ST11
3451 2017 F/Neonatal Rectal swab 16, R >128, R 256, R 0.5, S >64, R 16 TGC NDM-1 ST11
3467 2018 C/ICU Urine 8, R 64, R >256, R ≤0.25, S 64, R >256 TGC NDM-1 ST11
3473 2017 H/Neonatal ICU Blood 16, R >128, R >256, R 1, R >64, R 16 - NDM-1 ST11
3477 2018 D/ICU Blood 16, R 32, R 1.5, S 1, R 32, S 48 GEN, FOS NDM-1 ST11
3529 2018 G/Urology Urine >16, R 128, R >256, R 0.5, S >64, R 24 TGC, CHL NDM-1 ST11
3577 2018 I/ICU Wound exudate 16, R 128, R 2, S 1, R ≤16, S 16 GEN, FOS NDM-1 ST11
CSF: Cerebrospinal fluid, TA: Tracheobroncheal aspirate, ICU: Intensive care unit, MIC: Minimal inhibitory concentrations (mg/L), CHL: Chloramphenicol, COL: Colistin, CZA: Ceftazidime-avibactam, FOS: Fosfomycin, 
GEN: Gentamicin, MER: Meropenem, RIF: Rifampicin, SXT: Trimethoprim-sulfamethoxazole, TGC: Tigecycline.

Table 2: Results from in vitro investigations of nine antimicrobial combinations expressed in percent by groups of KPC and NDM 
producers
Antibiotic 
combination

FIC 
variations

KPC NDM Total isolates
S Ad I S Ad I S Ad I An

MER-COL 0.13–0.85 20 (1/5) 80 (4/5) - 85.7 (6/7) 14.3 (1/7) - 58.3 (7/12) 41.7 (5/12) - -
MER-FOS 0.11–1.13 - 80 (4/5) 20 (1/5) 100 (7/7) - - 58.3 (7/12) 33.3 (4/12) 8.4 (1/12) -
MER-GEN 0.19–3.17 80 (4/5) - 20 (1/5) 85.7 (6/7) - 14.3 (1/7) 83.3 (10/12) - 16.7 (2/12) -
MER-RIF 0.19–0.87 40 (2/5) 60 (3/5) - 85.7 (6/7) - 14.3 (1/7) 66.7 (8/12) 25.0 (3/12) 8.3 (1/12) -
MER-TGC 0.13–2.50 40 (2/5) 40 (2/5) 20 (1/5) 28.6 (2/7) 14.3 (1/7) 57.1 (4/7) 33.3 (4/12) 25.0 (3/12) 41.7 (5/12) -
COL-FOS 0.31–3.40 - 100 (5/5) - 14.3 (1/7) 14.3 (2/7) 57.1 (4/7) 8.4 (1/12) 58.3 (7/12) 33.3 (4/12) -
COL-GEN 0.23–1.75 - 60 (3/5) 40 (2/5) 28.6 (2/7) 28.6 (2/7) 42.9 (3/7) 16.6 (2/12) 41.7 (5/12) 41.7 (5/12) -
COL-RIF 0.31–0.63 100 (5/5) - - 71.4 (5/7) 28.6 (2/7) - 83.3 (10/12) 16.7 (2/12) - -
COL-TGC 0.21–1.16 20 (1/5) 80 (4/5) - 14.3 (1/7) 71.4 (5/7) 14.3 (1/7) 16.7 (2/12) 75.0 (9/12) 8.3 (1/12) -
COL: Colistin, FOS: Fosfomycin, GEN: Gentamicin, MER: Meropenem, RIF: Rifampicin, TGC: Tigecycline, FIC: Fractional inhibitory concentration, Ad: Additive, An: Antagonism, I: Indifferent, S: Synergy.
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in infections with CR-KP to prevent the emergence 
of FOS resistance [36] as the mutation rate to FOS 
resistance is high compared to other drugs.

Beta-lactams and aminoglycosides are 
traditionally combined in infections with Gram-negative 
bacteria [35]. The synergistic effect lies in beta-lactam-
mediated interference of the cell walls of Gram-
negative bacteria, thus facilitating the passage of 
aminoglycosides into the cytoplasm. As expected, the 
duo MER-GEN achieved a synergistic effect on most 
of the strains regardless of KPC or NDM presence. 
According to numerous sources, the combination is а 
viable therapeutic alternative option against CR-KP [35]. 
Furthermore, aminoglycoside monotherapy is effective 
for UTIs, as they reach high peak concentrations in the 
kidneys renal cortex [35]. On the other hand, in systemic 
infections, application as a single drug results in worse 
clinical outcomes than in combination with β-lactams [35].

The interaction of COL-RIF attained the 
highest synergistic effect against K. pneumoniae 
isolates producing KPC-2. The joint outcome of the 
duo is regarded as particularly successful for MDR 
A. baumannii [13], [39]; therefore, we included it within 
the experiment design. Surprisingly, it occurred as a 
well synergistic fusion keeping high 0.31–0.63 FIC 
scores in comparison to other tests. Altogether, in 10/12 
isolates the attained high in vitro synergy between 
the two antimicrobials is close to that of MER-GEN. 
Another issue is the in vivo applicability and whether 
both antimicrobials achieve high concentrations at the 
target sites of infection.

TGC is one of the few antimicrobial agents 
that remain in vitro susceptible to CR-KP-producing 
carbapenem-hydrolyzing enzymes [38]. However, 
the number of TGC resistant K. pneumoniae isolates 
is increasing and empirical therapy may prove 
unreliable [39]. In the present study, although being 
highly valuable drugs alone and potentially highly 
effective combination, the MER-TGC duo did not achieve 
a significant interaction effect, and only a small part of 
the strains were synergistically inhibited. This finding 
strongly corresponds with the recent recommendation 
from the FDA on the use of alternative drugs to TGC 
in the case of serious infections involving MDR and 
XDR K. pneumoniae [40]. Nevertheless, retrospective 
data reports and some cases suggested that TGC 
has to be administrated as a part of an antimicrobial 
combination [36], [41].

Polymixins and aminoglycosides are both 
cationic antibiotics and share common mechanisms 
of action. Although cases of successful treatment of 
bacteremia and endocarditis due to KPC K. pneumoniae 
with COL-GEN have been reported, herein we found 
synergy only in 2/12 of the strains. The rest of the FICs 
fluctuated between additive and indifferent.

In vitro, synergistic activity against NDM-1 
producing isolates was observed in combinations of 

COL-FOS. Another study demonstrated a synergistic 
effect between COL or polymixin B with TGC against 
KPC-producing K. pneumoniae, increasing the clinical 
response and hopefully preventing the development of 
resistance to the agents [36]. Our tests with COL-FOS 
on NDM-KP strains seemed to provide mixed results 
likewise the MER-TGC. Regarding the KPC-KP group, 
we scored 5/5 additive effect.

Most valuable observations in the current study 
were scored as a high synergistic effect between FOS-
MER in 7/7 NDM-KP, but as an additive in 4/5 KPC-KP, 
indicating the potential for application against NDM-KP. 
Next, COL-RIF and MER-GEN both achieved a high 
level of synergism against 10/12 strains regardless 
of the type of the carbapenemase. The combination 
COL-RIF is synergistic against isolates belonging 
to ST258 (2/2) and ST15 (3/3), whereas MER-GEN 
is synergistic against ST11 (6/7) and ST 258 (2/2). 
Interestingly, the detected synergy of MER-RIF was 
higher in NDM-1 strains but not in the KPC group.

Conclusion

The presented findings highlight key 
combinations and their corresponding interaction effects 
on different carbapenemase-producing K. pneumoniae. 
Although they indicate synergistic effects for some 
combinations against CR-KP and may provide 
alternative treatment algorithms in CR-KP infections, we 
acknowledge the small sample size of only 12 strains 
and the need for further validation. Nevertheless, this 
study provides valuable directions by narrowing the drug 
combination choices for when a much larger sample set 
is to be tested. Another major study limitation constitutes 
the inapplicability of the COL MIC testing method. 
Even though, the broth microdilution MIC (reference 
according to EUCAST) values results corresponded 
with the gradient strip values, alternative testing such 
as antibiotic time-kill or checkerboard assays design 
must be performed for verification. Consequently, there 
is a need for systematic reviews on the assessment of 
in vitro synergistic effect of drug combinations and their 
corresponding clinical outcomes.
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