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Carbapenem-resistant Klebsiella pneumoniae (CPKP) infections seriously threaten global public

health. The main objective of this study was to assess the in-vitro synergistic activity of ceftazidime-
avibactam (CZA) in combination with colistin (COL), amikacin (AK), gentamicin (GEN), and fosfomycin
(FOS) against CPKP isolates. The secondary goal was to determine the antibiotic susceptibility
performance of BD Phoenix. OXA-48 (49.1%) was the predominant carbapenemase, followed by

KPC (29.1%). We used the broth microdilution (BMD) method to determine the minimum inhibitory
concentrations (MICs) of CZA, COL, AK, and GEN. Meanwhile, the MICs of FOS were determined by the
agar dilution (AD) method. To examine the antibacterial activity of CZA, we conducted a checkerboard
assay (CBA) with COL, AK, GEN, and FOS against CRKP isolates. We randomly selected three strains
and performed synergy testing via time-kill assay (TKA). CRKP isolates were 89.1% susceptible to CZA,
16.4% to COL, 21.8% to GEN, and 29.1% to AK using BMD, 47.3% to FOS by AD. The most synergistic
effects were observed in the combination of CZA-COL (78.2%) and CZA-FOS (63.6%). Given the limited
therapeutic options for treating severe CRKP infections, combining CZA with COL and FOS may
enhance in-vitro activity against clinical CRKP isolates.

Keywords Klebsiella pneumoniae, Carbapenem-resistance, Ceftazidime-avibactam, Colistin, Gentamicin,
Amikacin, Fosfomycin

Antimicrobial resistance in gram-negative bacteria has become a major threat to global public health in recent
years. It has become increasingly challenging to find therapeutic options for multi-drug resistant (MDR) organ-
isms and carbapenem-resistant Enterobacterales (CRE). This healthcare challenge is associated with significant
morbidity and mortality, as well as the substantial cost of management'. CRE causes more than 13,000 infections
and results in over 1000 deaths in the United States annually?. Klebsiella pneumoniae is the primary opportunistic
pathogen of healthcare-associated CRE infections®.

Ceftazidime-avibactam (CZA) is a novel combination of ceftazidime, a broad-spectrum cephalosporin, with
avibactam, a non-p-lactam P-lactamase inhibitor. CZA exhibits a broad spectrum of activity against a variety of
B-lactamases expressed by Enterobacterales, including class A extended-spectrum B-lactamases (ESBLs), serine
carbapenemases like KPC, class C cephalosporinases, and some class D oxacillinases. However, it is important to
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note that CZA does not inhibit the activity of metallo-p-lactamases (MBLs). It is worth noting that non-MBLs
mediated CZA resistance in CRE is growing concern. It is important to be aware that isolates with a mutation to
the blaKPC gene omega loop and those with increased expression of blaKPC in the context of reduced perme-
ability may exhibit CZA resistance*. Although it has not been long since its approval, reports of CZA-resistant
strains were published soon after its launch®.

Polymyxins, including colistin (polymyxin E) (COL), are cationic antimicrobial peptides used as the last-line
therapy to treat MDR gram-negative bacterial infections. Polymyxins are bactericidal drugs that disrupt the
outer cell membrane, allowing other drugs (such as CZA) to reach transpeptidase enzymes and other targets
more efficiently®.

On the other hand, aminoglycosides inhibit protein synthesis by binding to the 30S ribosome. However, ami-
noglycoside resistance is commonly caused by mobile genes that code for aminoglycoside-modifying enzymes
(AMEs). These genes can resist some aminoglycosides and are particularly common among MBLs-producing
Enterobacterales. The activity of aminoglycosides may also vary against Enterobacterales. Aminoglycosides can
reduce the activity of drug efflux pumps, which in turn, can reduce the resistance of other drugs. This leads to
collateral sensitivity, making aminoglycosides an important tool in fighting bacterial infections’. Numerous
studies have shown the combined activity of aminoglycosides and beta-lactams in treating infections caused by
gram-negative organisms®.

Although fosfomycin (FOS) is an old phosphoenolpyruvate analog antibiotic, it is a potent bactericidal agent.
It can be a viable alternative treatment option against carbapenem-resistant Klebsiella pneumoniae (CPKP) infec-
tions. However, when used alone, resistance to FOS develops rapidly’.

Several large-scale studies have shown no significant difference in mortality between patients who man-
age infections caused by CRE with CZA alone and those treated with combination regimens'®. However, it is
important to note that CZA resistance emergence was reported at 3.0% in the combination group and 4.1% in
the monotherapy group''. Additionally, increasing rates of CZA resistance have been reported, especially in
KPC-positive isolates'>.

The main objective of this study was to assess the combined in vitro activity of CZA with COL, AK, GEN,
and FOS against CPKP isolates. The secondary goal was to evaluate the antibiotic susceptibility performance of
BD Phoenix (US) for these antibiotics.

Materials and methods

Antibiotics, media, bacterial strains, and susceptibility testing

This research was carried out at a university hospital with 900 beds, which is the largest one in the Southern
Marmara region. During the period between November 2020 and November 2022, a total of 55 isolates of CRKP
were arbitrarily collected from patients who were in the medicine wards and intensive care units (ICU) of our
hospital. Only adult inpatients were included in the study, and each patient was represented by only one isolate.
The isolates were cultured on 5% sheep blood agar plates (BD diagnostic systems, USA) and incubated at 37 °C
overnight. They were identified using matrix-assisted laser desorption ionization time-of-flight mass spectrom-
etry (MALDITOF MS) (Bruker Daltonik, Bremen, Germany) (IVD v 12.0 database) before undergoing in vitro
antimicrobial susceptibility tests. Only those with a score of two or higher were included in the tests.

We conducted antibiotic susceptibility testing using the BD Phoenix” M50 System per the recommenda-
tions of The European committee on antimicrobial susceptibility testing (EUCAST) guideline of 2023". In our
study, we identified carbapenem-resistant strains using the BD Phoenix CPO detect (NMIC/ID-505) panel. To
maintain quality control, we used the reference strain K. pneumoniae ATCC 700603. The carbapenemase content
of the isolates had been previously characterized by Xpert Carba-R assay v. 2 (Cepheid, Sunnyvale, CA, USA).

Ceftazidime (Cayman Chemical Company, USA), avibactam (Pfizer, USA), colistin sulfate (Sigma, Germany),
amikacin sulfate (ChemCruz, USA), gentamicin sulfate (Biobasic, Canada), fosfomycin disodium salt (Sigma,
Germany), sodium carbonate (Sigma, Germany), and glucose-6-phosphate disodium salt (Biobasic, Canada)
were obtained commercially.

MIC determinations
The minimum inhibitory concentrations (MIC) for CZA, COL, AK, GEN, and FOS were determined using two
methods. The broth microdilution (BMD) method was used for CZA, COL, AK, and GEN on cation-adjusted
Mueller Hinton Broth (CAMHB) (Oxoid, Basingstoke, United Kingdom). The agar dilution (AD) method was
used for FOS. These methods were performed following the guidelines of the Clinical and Laboratory Standards
Institute (CLSI)'*. While the CLSI guideline was used for applying BMD and AD methods, breakpoints were
determined according to EUCASTY. For FOS susceptibility testing in the AD method, cation-adjusted Mueller
Hinton Agar (CAMHA) containing 25 ug/ml of glucose-6-phosphate (CAMHA-G6P) was used. The antibiotic
media were prepared according to the EUCAST Document using a water bath at a temperature of 40-50 °C, and
subsequent dilutions of FOS were added to the liquid agar'>. The MIC ranges of individual drugs were determined
according to CLSI recommendations: CZA (0.0625/4-64/4 pg/ml), COL (0.0625-64 pg/ml), AK (0.0625-64 pg/
ml), GEN (0.015-16 pg/ml), and FOS (0.125-128 pug/ml), breakpoints were determined according to EUCAST.
The BMD plates (CZA, COL, AK, and GEN) were used to test each test organism. The plates were inoculated
with 10° CFU/ml (1/20 McFarland 0.5) of each test organism in 100 ul CAMHB and then incubated for 18-20 h
at 37 °C. One well with no antibiotic was used as a positive growth control, and another with no bacteria was
used as a negative control on each plate. The plates were then read using a magnifying mirror reader for visual
turbidity, and the results were recorded. The MICs were determined as the lowest drug concentration with no
visible growth'¢. In the AD method, 107 CFU/ml (1/10 McFarland 0.5) of each test organism was prepared, and
2 pl of bacteria were inoculated onto the CAMHA-G6P with different concentrations of FOS. The plates were
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then incubated for 18-20 h at 37 °C. The experiments were performed at least three times on different days, and
Escherichia coli ATCC 25922 was used as a quality control strain.

Analysis of the MIC results

The results of the commercial BD Phoenix M50 System were compared with those of the reference BMD and
AD. The ISO 20776-2 guideline was used to calculate categorical agreement (CA), very major errors (VME), and
major errors (ME). For a technique to be considered reliable, the following criteria should be met: CA = 90%,
VME <3%, and ME<3%".

Checkerboard analysis of combination effects

We conducted a study to test the activity of CZA in combination with COL, AK, and GEN against CRKP isolates
by using the BMD method, as well as CZA in combination with FOS using the AD method'®. The MIC ranges
were determined for all combinations, as shown below;

1. CZA+COL; using BMD, CZA (0.0625/4-64/4 pg/ml) and COL (1-64 pg/ml),

2. CZA+GEN; using BMD, CZA (0.0625/4-64/4 pg/ml) and GEN (0.25-16 pg/ml),
3. CZA+AK; using BMD, CZA (0.03/4-32/4 pg/ml) and AK (1-64 pg/ml),

4. CZA+FOS; using AD, CZA (0.125/4-32/4 ug/ml) and FOS (4-128 pg/ml).

We prepared the combinations using 96-well flat-bottom microtiter plates with two-fold serially diluted drug
concentrations in the checkerboard assay (CBA) using the BMD method in-house. The two drugs were mixed in
a 96-well plate, and then a standard bacterial suspension was added with a final concentration of 5 * 10° CFU/mL
(1/20 McFarland 0.5) in CAMHB. After incubating for 18 h at 37 °C, we observed the results using a magnifying
mirror reader for visual turbidity.

Using the AD method for the CBA, a combination of CZA and FOS agents was prepared using CAMHA-G6P
with two-fold serially diluted drug concentrations in-house (Fig. 1). The two drugs were mixed in each agar
(Fig. 1) and a standard bacterial suspension was created with a final concentration of 10’ CFU/mL (1/10 McFar-
land 0.5). 2 pl of each bacteria were inoculated onto the CAMHA-G6P agar surface. After 18-20 h of incubation
at 37 °C, the results were observed, and the MIC was determined as the lowest concentration of the agent that
inhibits growth, as judged by the naked eye (Fig. 2)"°.

We calculated the fractional inhibitory concentrations (FIC) for each strain to determine the activity of
antibiotics in combination. This was done using the formula: FIC A = MIC of antibiotic A in combination/
MIC antibiotic A alone; FIC B=MIC of antibiotic B in combination/MIC antibiotic B alone. We then used the
fractional inhibitory concentration index (FICI) to describe the interaction effects of the antibiotics in vitro.
The FICI is the sum of the two FIC values (FIC of antibiotic A + FIC of antibiotic B) for each strain. The lowest
FIC index of all the non-turbid wells along the turbidity/non-turbidity interface was used. The activity of the
antimicrobial combination was categorized as synergistic when the FICI was < 0.5, additive when 0.5<FICI<1,
indifferent when 1 < FICI <4, and antagonistic when FICI > 4'¢.

Time-kill assay

Based on our PCR results, three strains were arbitrarily selected into the different classes of carbapenemase
genes (class A, B, and D). CAMHB- containing 25 pg/ml of glucose-6-phosphate (CAMHB-G6P), was used
for time-kill assay (TKA)'. A direct suspension from a pure overnight culture was incubated on a mechanical
shaker in CAMHB at 37 °C with shaking until visibly turbid. Suspensions were adjusted to 1 McFarland standard
in saline and then diluted to the last concentration of 6* 10° CFU/mL (1/5 McFarland 1). Colony counts were
performed to verify inoculum densities. A sampling of the inoculum incubated with CZA, COL, AK, GEN, FOS,

}

Figure 1. Checkerboard assay between CZA (0.125/4-32/4 ug/ml) and FOS (4-128 pg/ml) by using agar
dilution.
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Figure 2. Fosfomycin agar dilution plate after 18-20 h.

CZA plus COL, CZA plus AK, CZA plus GEN, and CZA plus FOS was performed at times of 0, 4, 8, and 24 h of
post-incubation at 37 °C. Antibiotics were prepared in the MICs of all the strains. A growth control without any
antibiotic was included in each experiment'®. Synergy was defined as a>2 log10 CFU/mL decrease by the combi-
nation compared with the most active single agent at 4, 8, and 24 h. Indifference was defined as a <2 log10 CFU/
mL decrease between the combination and the most active single drug alone. Antagonism was defined as a>2
log10 CFU/mL increase decrease by the combination compared with the most active single agent'®.

Ethical approval
The study adhered to the principles of the Declaration of Helsinki and received ethical approval from the Bursa
Uludag University Ethics Committee (2021-18/12). Informed consent was obtained from all subjects.

Results

Bacterial isolates

Our research involved 55 CRKP strains, each belonging to a different patient. These strains were grown from
clinical specimens collected between November 2020 and November 2022. The patients were of varying ages
(ranging from 23-86) and genders (35 males and 20 females). The strains were collected from different parts
of the body, such as blood (n:25, 45.5%), deep tracheal aspirate (n:18, 32.7%), wound pus (n:6, 10.9%), sputum
(n:3, 5.5%), urine (n:2, 3.6%), and cerebrospinal fluid (n:1, 1.8%). OXA-48 production was the most common
(49.1%), followed by KPC production (29.1%), co-production of KPC and OXA-48 (10.9%), NDM production
(3.7%), co-production of VIM and NDM (1.8%), co-production of OXA-48 and NDM (1.8%), co-production
of KPC, OXA-48, and NDM (1.8%), and the absence of any gene (1.8%).

Antimicrobial susceptibility and analysis of the MIC results

A total of 55 CRKP isolates, with no repetition, were tested for susceptibility using the automated BD Phoenix”
M50 System according to EUCAST, 2023. The results indicate that 48 (87.3%) isolates were susceptible to CZA,
14 (25.5%) to COL, 17 (30.9%) to GEN, 25 (45.5%) to AK, and 34 (61.8%) to FOS.

In reference methods, CRKP isolates showed 89.1% susceptibility to CZA (n:49), 16.4% susceptibility to
COL (n:9), 21.8% susceptibility to GEN (n:12), and 29.1% susceptibility to AK (n:16) by using BMD, 47.3%
susceptibility to FOS (n:26) by AD according to EUCAST, 2023.

The BD Phoenix showed unacceptable false-susceptible results (VME) rates, except for CZA results. AK and
FOS showed the most inconsistent results because of their high VME and low CA rates. COL and GEN had
acceptable CA results but unacceptable VME results. CZA showed the most compatible result according to the
ISO 20776-2 guideline (Table 1).

We found six CZA-resistant CRKP strains. Five of them were NDM positive, and one was KPC positive.

CZA resistance rate was 10.9% (Table 2). The COL resistance rate was 83.6%, which was higher in CZA-
susceptible strains (87.8%) than in CZA-resistance strains (50%). GEN resistance rate was 78.2%, higher in
CZA-resistance strains (83.3%) than in CZA- susceptible strains (77.5%). AK resistance rate was 70.9%, higher
in CZA-susceptible strains (73.5%) than in CZA-resistance strains (50%). FOS resistance rate was 52.7%; it was
higher in CZA-susceptible strains (53.1%) than in CZA-resistance strains (50%) (Table 2).

Synergy testing

The XFIC values were calculated using CBA for four antibiotic combinations (CZA-COL, CZA-GEN, CZA-
AK, and CZA-FOS). Their synergistic, additive, and indifferent interactions are shown in Table 3. Antagonism
was not detected in all of the combinations. The most synergistic results were observed in the combination of
CZA-COL (78.2%) and CZA-FOS (63.6%). The synergistic result was insufficiently combined with aminogly-
cosides, and the indifference result was more dominant. When the results of the CZA-COL combination were
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Antibiotics Categorical agreement n (%) Very major error n (%) Major error n (%)
CZA 54 (98.2) 0 1(1.8)

coL 50 (90.9) 5(9.1) 0

GEN 50 (90.9) 5(9.1) 0

AK 46 (83.6) 9(16.4) 0

FOS 45 (81.8) 9 (16.4) 1(1.8)

Table 1. Categorical agreements, very major errors, and major errors for antibiotics in the BD Phoenix as
per the reference methods. CZA ceftazidime-avibactam, COL colistin, AK amikacin, GEN gentamicin, FOS
fosfomycin.

Antibiotics MIC50 | MIC90 | MIC range Resistance rate (%)
CZA 2/4 4/4 1/4->64/4 10.9
Total COL results 32 64 |2->64 83.6
COL COL results in CZA resistant strains 2 32 2->64 50
COL results in CZA susceptible strains 32 64 | 2->64 87.8
Total GEN results >256 >256 1->256 78.2
GEN GEN results in CZA resistant strains 128 >256 1->256 83.3
GEN results in CZA susceptible strains >256 >256 | 1->256 77.5
Total AK results 64 >256 2->256 70.9
AK AK results in CZA resistant strains 4 >256 2->256 50
AK results in CZA susceptible strains >256 >256 | 2->256 73.5
Total FOS results 64 >128 <0.125->128 | 52.7
FOS FOS results in CZA resistant strains 16 128 8-128 50
FOS results in CZA susceptible strains 64 >128 <0.125->128 | 53.1

Table 2. MIC (minimum inhibitory concentration) 50, MIC 90, MIC range and percentage of resistant
CRKEP isolates. CRKP carbapenem-resistant K. pneumoniae, MIC minimum inhibitory concentration, CZA
ceftazidime-avibactam, COL colistin, AK amikacin, GEN gentamicin, FOS fosfomycin.

examined, a synergistic effect was observed in 33.3% of the strains to which both antibiotics were resistant. In
contrast, no indifferent results were observed in CZA-susceptible and COL-resistant strains, and synergistic
effects were observed in 95.3%. In combinations of CZA-GEN, CZA-AK, and CZA-FOS, a synergistic effect was
not observed when the strains were resistant to both antibiotics. No synergistic effect was observed in cases where
isolates were susceptible to aminoglycosides but resistant to CZA. Synergistic results were found in 10.5% of
CZA-susceptible and GEN-resistant strains and 19.4% of CZA-susceptible and AK-resistant strains. Synergistic
results were found in 66.7% of CZA-resistant and FOS-susceptible strains and 42.3% of CZA-susceptible and
FOS-resistant strains (Table 3).

We arbitrarily selected three strains that had different carbapenemase genes. Table 4 shows their antimicrobial
profile and synergy results with both CBA and TKA. Only the KPC-positive strain showed synergistic effects
with the combination of CZA and GEN when tested with TKA. However, all combinations with other strains
resulted in indifference.

Discussion

Infections caused by CRKP are a major public health concern due to their rapid spread and limited treatment
options'. CZA has been utilized as a first-line treatment for infections caused by CRKP. According to the Infec-
tious Diseases Society of America (IDSA) 2023, the emergence of resistance is a significant concern associated
with using all beta-lactams for treating CRE infections. Existing data indicates that the frequency of resistance
may be most pronounced in the case of CZA. Most data on resistance emergence to CRE new agents focuses on
KPC-producing isolates. Resistance to CZA commonly occurs due to mutations in the blaKPC gene, leading
to changes in the KPC carbapenemase?. Since its initial discovery, FOS has been sparingly utilized in clinical
settings, primarily for treating urinary tract infections®. However, it has demonstrated potent antibacterial
activity against numerous MDR pathogens, including CRE. Additionally, the medication exhibits low protein
binding and high tissue penetration, suggesting potential efficacy in combination with other antibiotics against
MDR pathogens?'. COL enhances membrane permeabilization and improves access to CZA at its target sites?.
Aminoglycosides, including GEN and AK, exhibit rapid and enduring bactericidal properties, proving effective
in treating CRKP bloodstream infections®. Shields et al. effectively utilized combination therapy, starting with a
short course of GEN followed by de-escalation to CZA alone. This approach maximizes treatment effectiveness
while limiting toxicity, primarily acute kidney injury*. Combining different medications could have a synergistic

Scientific Reports |

(2024) 14:17567 | https://doi.org/10.1038/541598-024-67347-5 nature portfolio



www.nature.com/scientificreports/

Combination Checkerboard assay
CZA | COL | Total | Synergy (%) | Additive (%) | Indifference (%)
S S 6 0 4(66.7) 2(33.3)
N 3 1(33.3) 1(33.3) 1(33.3)
CZA+COL
R 43 41 (95.3) 2 (4.7) 0
R R 3 1(33.3) 0 2(66.7)
Total 55 43 (78.2) 7(12.7) 5(9.1)
CZA | GEN
S S 11 6 (54.5) 4(36.4) 1(9.1)
S 1 0 0 1(100)
CZA+GEN
S R 38 4(10.5) 4(10.5) 30 (79)
R R 5 0 0 5(100)
Total 55 10 (18.2) 8 (14.5) 37 (67.3)
CZA | AK
S S 13 5(38.5) 6(46.2) 2(15.3)
S 3 0 2(66.7) 1(33.3)
CZA+AK
R 36 7(19.4) 11 (30.6) 18 (50)
R R 3 0 0 3 (100)
Total 55 12 (21.8) 19 (34.6) 24 (43.6)
CZA | FOS
S N 23 22(95.7) 1(4.3) 0
N 3 2(66.7) 1(33.3) 0
CZA+FOS
R 26 11 (42.3) 2(7.7) 13 (50)
R R 3 0 0 3 (100)
Total 55 35 (63.6) 4(7.3) 16 (29.1)

Table 3. Results of checkerboard assay in CRKP isolates. CRKP carbapenem-resistant K. pneumoniae, CZA
ceftazidime-avibactam, COL colistin, AK amikacin, GEN gentamicin, FOS fosfomycin.

KPC NDM 0OXA-48
CZA S R S
COL S R R
GEN S R R
AK S S R
FOS R R
Checkerboard assay | Indifference | Syner; Syner;
CZA+COL Y yhersy YRersy
Time kill assay Indifference | Indifference | Indifference
Checkerboard assay | Synergy Indifference | Indifference
CZA+GEN
Time kill assay Synergy Indifference | Indifference
Checkerboard assay | Synergy Additive Additive
CZA+AK
Time kill assay Indifference | Indifference | Indifference
Checkerboard assay | Additive Additive Indifference
CZA+FOS
Time kill assay Indifference | Indifference | Indifference

Table 4. Comparison of checkerboard assay and time-kill assay results. CRKP carbapenem-resistant K.
pneumoniae, CZA ceftazidime-avibactam, COL colistin, AK amikacin, GEN gentamicin, FOS fosfomycin, S
susceptible, R resistant.

effect, which is especially beneficial for severe infections such as sepsis, septic shock, renal replacement therapy,
and ventilator-associated pneumonia. Even if the bacteria are susceptible to CZA, using a combination regimen
might help prevent the development of resistance to CZA??. Patients with CRKP pneumonia have worse outcomes
when treated with CZA, highlighting the need for research on CZA’ activity in the lungs and the best dosage,
particularly for septic patients. There is generally a lack of clinical data on the best dosing for new p-lactams
and B-lactamase inhibitors (BLBLIs), and differences in extracellular volume and renal function in critically ill
patients can affect the distribution of BLBLIs**. Additionally, even in the presence of MBLs, adding AK, COL,
or FOS to the treatment may be beneficial, as carbapenemase enzymes do not affect these antibiotics. In vitro
synergistic activities may not precisely correlate with the clinical efficacy of antibiotics’ in vivo pharmacokinetic
properties. Our primary objective was to investigate the synergistic effect of a recently introduced antibiotic,
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CZA, and last-line antibiotics. Our study aimed to show these combinations’ in vitro activity in preventing
resistance development in individuals with invasive infections. Our secondary objective was to evaluate the
performance of our automated antibiotic susceptibility system.

In Turkey, CZA was approved for use in April 2021. A study conducted between 2018 and 2021 found that
our country’s CZA resistance rate in CRKPs was 7.3%?*. A recent multidisciplinary study in Turkey reported
that 39.2% of CRKP had CZA resistance, and 21% of isolates were positive for NDM?*. Nordman et al. reported
that CREs had 63% CZA susceptibility, and it may contribute to optimizing the choice of first-line therapy for
treating infections due to CRE?”. We had six CZA-resistant CRKP strains (10.9%) in our study. Five of them were
NDM-positive, and one was KPC-positive. NDM belongs to the B1 subclass of MBLs of carbapenemases, and
CZA is already inactive against class B. It is rare for a KPC-positive CRKP to be resistant to CZA. Researchers
have demonstrated that a single substitution mutation in the KPC gene results in resistance to CZA. The emer-
gence of CZA resistance in KPC-positive strains presents a major challenge in the future.

Resistance to CZA was observed in a clinical trial after treatment courses of 10, 15, and 19 days?. Using CZA
as a single drug may lead to rapid resistance and treatment failure. Polymyxins are a class of bactericidal drugs
that disrupt the outer cell membrane. This action enables other drugs, including CZA, to more effectively reach
transpeptidase enzymes and other cellular targets®. Kole et al. reported synergy in 97.6% of the isolates when
CZA was combined with COL using the CBA method®’. Mataraci Kara et al. found that the best synergistic
interactions were achieved with CZA+COL against OXA-48-producing Enterobacterales, when studied at 1xMIC
concentrations for 24 h using the TKA method™®. Shields et al. identified synergy and antagonism against 13%
and 46% of the CRE isolates, respectively, when CZA+COL were combined using the TKA method®. However,
Wang et al. reported that the CZA+COL combination (by TKA method) did not have a better effect than a sin-
gle drug, supporting this study’. In our study, we found better synergy between CZA+COL (78.2%) using the
CBA method. However, using TKA, indifference was observed in the three selected isolates. The variability in
the results can be attributed to the different isolates and synergy methods used by the researchers. The studies
that demonstrated the synergy between CZA and COL, including our study, were conducted in Turkey. On the
other hand, the studies that showed no synergy were conducted in different countries. Rosa et al. demonstrated
that KPC-2-positive K. pneumoniae complex strains displayed MDR and extensively drug-resistant profiles,
emphasizing resistance to carbapenems, CZA, COL, and tigecycline, considered last-line antimicrobial treat-
ment options®”. The differences in CRKP isolates at the molecular level may have influenced the results. Although
OXA-48 is dominant in our country, there are not enough studies to determine which variations of the KPC
genes are dominant. The dominant KPC variant in our country and the prevalence of OXA-48 may be related
to the observed synergy result.

Fosfomycin is a drug used as a last-line treatment for a broad range of infections and has activity against gram-
negative bacteria. FOS serves as a time-dependent inhibitor of the MurA enzyme, which plays a pivotal role in
the initial stage of peptidoglycan synthesis. Its synergistic effect with CZA is attributed to its distinct mechanisms
of action in different phases of bacterial cell wall synthesis®. Various studies have reported varying results on
the synergistic effect of combining CZA-FOS in CRKPs, with some showing no synergy** and others reporting
a synergistic effect’. Onal et al. found that patients infected with CRKP did not exhibit a significant difference in
mortality rates when treated with combination regimens such as FOS plus one or two antibiotic combinations®.
Furthermore, they did not observe any significant differences in the overall length of ICU hospitalization and the
14- and 30 day mortality rates between patients who received CZA-based and FOS/meropenem-based treatment
regimens®. In our study, we found that the CZA-FOS combination showed the most synergy after the CZA-COL
combination, as determined by CBA. However, TKA indicated that the selected three isolates were indifferent.
CBA also showed promising synergy in approximately 42.3% of FOS-resistant CZA-susceptible isolates.

Aminoglycosides are often used in combination with CZA to treat CRKP infections. When aminoglycosides
are combined with B-lactam antibiotics, which act on cell wall synthesis, this combination promotes amino-
glycosides’ entry into bacteria and enhances their killing ability”’. According to a study by Huang et al., syn-
ergy was more common between CZA and AK for CRKP isolates that contain aac(6')-Ib’ genes, while synergy
between CZA and GEN was more common for isolates containing aac(6')-Ib genes using the TKA method?®.
Other researchers have also found synergy between CZA and AK against CRKP isolates*”. However, Gaibani
et al. showed no synergism was found in the CZA-GEN combination against CRKP isolates by using a gradient
synergy test®®. In our study, we found that the combination of aminoglycosides and CZA showed less frequent
synergy than COL and FOS using the CBA method. Moreover, we found relatively less frequent synergy in
aminoglycosides-resistant and CZA-susceptible isolates using the CBA method. We only observed synergy in
the CZA-GEN combination for the KPC-positive CRKP isolate using the TKA method.

In our study’s combinations and methods, no antagonist results were found. This is an encouraging outcome
that suggests CZA may be effective in combination therapy as well as monotherapy. The synergy rate with CBA
was determined to be 95.3% in COL-resistant, CZA-susceptible isolates. In CZA-resistant FOS-sensitive isolates,
the synergy rate was found to be 66.7%, while in CZA-sensitive FOS-resistant isolates, the synergy rate was 42.3%.
Combination therapy in these isolates may lead to successful treatment.

Various methods are used to test for synergy but don’t always produce the same results. Determining which
method is most reliable is difficult because there is no established gold-standard synergy reference method. An
ideal technique would consistently predict treatment outcomes, but there have been few comparisons of in vitro
synergy testing data with clinical outcomes®. For all these reasons, there may be discrepancies in the results
between our CBA and TKA testing methods.

Our diagnostic laboratory utilizes the BD Phoenix automated antibiotic susceptibility system. We found that
the CA (98.2%) and VME (0%) of CZA were pleasingly within acceptable limits. Park et al. also reported similar
values (CA: 97.6% and VME: 0.9%)*’. However, we have observed an alarming increase in COL resistance in
our hospital and country, especially in CRKP isolates. Our COL resistance rate was 83.6%, higher than the 65%

Scientific Reports |

(2024) 14:17567 | https://doi.org/10.1038/541598-024-67347-5 nature portfolio



www.nature.com/scientificreports/

reported using the BMD method by Sengel et al. in 17 CRKP isolates’. In a previous study we conducted, we
found 61.1% COL resistance in Enterobacteriaceae isolates using the BMD method*!. In our country, Adaleti
et al.*? reported a 63% rate of COL resistance in MDR Enterobacteriaceae using the BMD method, while Kansak
et al.¥ reported this rate as 61%. The adhesion of polymyxins to plastics can affect in vitro susceptibility testing.
Adding polysorbate 80 as a surfactant reduces COL binding to plastic, improving MIC results for Enterobac-
teriaceae and Pseudomonas aeruginosa***>. The alarmingly high rate of COL resistance may be because COL
binds to plastic, reducing the concentration available to interact with the instilled bacterial inoculum. Kansak
et al. found the mcr-1 gene in eight MDR K. pneumoniae strains®. A comprehensive analysis of mcr genes and
whether the increased COL resistance is due to the mcr gene or chromosomal origin of CRKP has not been car-
ried out in Turkey. Koyuncu Ozyurt et al. reported that the BD Phoenix system had a CA of 95% and VME of
5% for COL*. In our study, the CA was 90.9%, which is acceptable. However, the VME rate was high at 9.1%.
The BD Phoenix system did not provide successful results with aminoglycosides. The acceptable range for AK
was not met, with CA at 83.6% and VME at 16.4%. Although CA for GEN was within acceptable limits at 90.9%,
VME at 9.1% was not. Haffler et al. reported that, the BD Phoenix system’s aminoglycoside sensitivity values for
CRKP were not within acceptable limits. They reported CA as 89% for AK and 56% for GEN*. The BD Phoenix
also had difficulty with FOS. The acceptable range for FOS was not met, with CA at 81.8% and VME at 16.4%.
Kowalska-Krochmal et al. found that the VME was 37.84% when testing for FOS in Enterobacterales using BD
Phoenix*. This indicates that when using aminoglycosides or FOS in critical patients, a confirmation test from
the laboratory should be requested.

The study has limitations, including a small number of total and CZA-resistant isolates and the inability to
conduct whole genome analysis on a single KPC-positive isolate among CZA-resistant ones.

Conclusion

The CA and VME of CZA were within acceptable limits in the BD Phoenix panel; however, the other antibiotics
were not. This study has revealed that combining CZA with COL and FOS improves in vitro activity against
CRKP clinical isolates. The findings suggest a new treatment opportunity; as limited treatment options are avail-
able for severe CRKP infections. Further clinical studies are required to comprehend the potential benefits of
combination therapies fully.
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