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Abstract
Infections caused by Methicillin-Resistant Staphylococcus aureus (MRSA) and Extended-Spectrum Beta-Lactamase (ESBL) producing 
Enterobacter cloacae are considered as major therapeutic challenge due to their multidrug-resistant (MDR) phenotype against conventional 
antibiotics. WLBU2 is an engineered cationic peptide with potent antimicrobial activity. This in-vitro study aimed to evaluate the effects of 
WLBU2 against clinical isolates of the aforementioned bacteria and assess whether synergistic effects can be achieved upon combination 
with conventional antibiotics. The minimum inhibitory concentrations (MICs) of antimicrobial agents against bacterial clinical isolates 
(n = 30/strain) were determined using the microbroth dilution assay. The minimum bactericidal concentrations (MBCs) of WLBU2 were 
determined from microbroth dilution (MICs) tests by subculturing to agar plates. MICs of WLBU2 were evaluated in the presence of 
physiological concentrations of salts including NaCl, CaCl2 and MgCl2. To identify bacterial resistance profile, MRSA were treated with 
Oxacillin, Erythromycin and Vancomycin, while Ceftazidime, Ceftriaxone, Ciprofloxacin and Imipenem were used against Enterobacter 
cloacae. Combination treatments of antibiotics and sub-inhibitory concentrations of WLBU2 were conducted when MICs indicated 
intermediate/resistant susceptibility. The MICs/MBCs of WLBU2 were identical for each respective bacteria with values of 0.78–6.25 μM 
and 1.5–12.5 μM against MRSA and Enterobacter cloacae, respectively. WLBU2 was found as salt resistant. Combination treatment showed 
that synergistic and additive effects were achieved in many isolates of MRSA and Enterobacter cloacae. Our data revealed that WLBU2 
is a potent peptide with bactericidal activity. In addition, it demonstrated the selective advantage of WLBU2 as a potential therapeutic 
agent under physiological solutions. Our findings also support the combination of WLBU2 and conventional antibiotics with potential 
application for treatment of resistant bacteria.
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Highlights:
•	 WLBU2 has potent bactericidal effects against MRSA and ESBL producing Enterobacter cloacae.
•	 WLBU2 is a salt resistant antimicrobial peptide.
•	 WLBU2 potentiates the effect of conventional antibiotics against resistant bacteria.
•	 Combination of WLBU2 and antibiotics provides potential application for treatment of resistant bacteria in clinical settings.
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Introduction

Antimicrobial resistance (AMR) is considered as a major health 
threat for public health systems around the world (Ferri et al., 
2017). It has reached an alarming level since it is significantly 

associated with high morbidity and mortality rates (Prestinaci 
et al., 2015). In addition, AMR is well recognized to be associ-
ated with increasing health care costs (Dadgostar, 2019).

Methicillin-Resistant Staphylococcus aureus (MRSA) and 
Extended-Spectrum Beta-Lactamase (ESBL) producing Entero-
bacteriaceae are recognized as serious therapeutic challenge for 
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treatment of infections during the 21st century due to their 
multidrug-resistant (MDR) phenotype (Donkor and Codjoe, 
2019). MRSA is resistant to all beta-lactam antibiotics and 
some strains are also resistant to other conventional antibi-
otics including Macrolides and Fluoroquinolones (Stefani and 
Goglio, 2010). In comparison, ESBL producing Enterobacte-
riaceae are resistant to third generation Cephalosporins (Cef-
triaxone and Ceftazidime) and Monobactams (Coque et al., 
2008).

Conventional antibiotics have limited therapeutic effica-
cy in providing treatment for MDR bacteria. Therefore, new 
strategies were developed to overcome AMR (Chellat et al., 
2016). Antimicrobial peptides (AMPs) have been extensive-
ly studied as potential agents with lower incidence of AMR 
(Sinha and Shukla, 2019). Most AMPs are cationic peptides 
with the ability to kill and/or inhibit bacterial growth (Kohn 
et al., 2018). AMPs have been suggested to bind the bacterial 
cell membrane and cause disruption of the lipids components 
(Sani and Separovic, 2016). This is usually induced by electro-
static interactions between amino acids within the peptide 
(positive charge) and the lipids component (negative charge) 
of bacterial cell membrane, resulting in bactericidal effect (Li 
et al., 2017).

Recently, the effects of synthetic AMPs, either alone or in 
combination with conventional antibiotics, have been inves-
tigated against many bacteria including MDR strains with bi-
ofilm formation ability (Deslouches et al., 2005a; Swedan et 
al., 2019). WLBU2 is an engineered cationic peptide that con-
tains 24 amino acids including 13 arginine (R), 8 valine (V) and 
3 tryptophan (W) residues in the hydrophobic face separated 
from each other by at least 7 amino acids (Deslouches et al., 
2005b). The amino acid sequence is (RRWVRRVRRWVRRV-
VRVVRRWVRR) (Swedan et al., 2019). Results from in-vitro 
and animal investigations revealed the potency of WLBU2 
against different types of microorganisms including bacteria 
and diverse Candida species (Deslouches et al., 2008; Lin et 
al., 2018; Swedan et al., 2019). Preclinical studies on infec-
tions caused by Pseudomonas aeruginosa described WLBU2 as 
a salt resistant with potent inhibitory effects against bacterial 
growth and biofilm formation as well as induction of protec-
tive proinflammatory responses (Chen et al., 2018; Deslouch-
es et al., 2005a; Lashua et al., 2016; Paranjape et al., 2013). The 
antibacterial potency of WLBU2 was reported against oral mi-
croorganisms (Streptococcus gordonii, Fusobacterium nucleatum, 
and Porphyromonas gingivalis) (Novak et al., 2007). In addition, 
WLBU2 had bactericidal activity against Francisella tularensis, 
Yersinia pestis and Burkholderia pseudomallei, which are de-
scribed as highly pathogenic bacteria (Abdelbaqi et al., 2016). 
Recently, WLBU2 has been shown to eliminate pneumonia 
and MRSA superinfection during influenza as well as antibiot-
ic resistant surgical implant biofilms caused by Staphylococcus 
aureus and MRSA (Mandell et al., 2017; Rich et al., 2016). In 
addition, it has been found to be very effective in preventing 
ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella 
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, 
Enterobacter cloacae) and Escherichia coli pathogen’ biofilm for-
mation and attachment (Lin et al., 2018).

Based on the aforementioned studies, WLBU2 appears as 
a potent broad-spectrum AMP with potential therapeutic ef-
fects against highly pathogenic infections. However, only few 
studies are available regarding the combination of WLBU2 and 
conventional antibiotics. Recent results have revealed syner-
gistic effects upon combination treatment of WLBU2 with an-
tibacterial agents against biofilms of MDR Acinetobacter bau-
mannii and Klebsiella pneumonia (Swedan et al., 2019).

Accordingly, this in-vitro study aimed to investigate the 
antimicrobial effects of WLBU2 against clinical isolates of 
MRSA and ESBL producing Enterobacter cloacae, and to evalu-
ate whether synergistic effects can be obtained using combina-
tion treatment between WLBU2 and conventional antibiotics 
against MRSA and ESBL producing Enterobacter cloacae.

 
Materials and methods
Ethical statement
The study was approved by Jordan University of Science and 
Technology (JUST) and the Jordanian Royal Medical Servi- 
ces (JRMS) Research Committees and the Institutional Review 
Boards (IRB) – approval number 8/118/2018 and 5/2018 from 
aforementioned institutes, respectively. However, this study 
only involves bacteria isolated from wound infections for rou-
tine culture and sensitivity testing; hence patient consent was 
not needed.

Bacterial strains
Sixty clinical isolates of MRSA (n = 30) and ESBL producing 
Enterobacter cloacae (n = 30) were utilized in this study. They 
were isolated from clinical samples of wound infections and 
stored at –80 ºC in microbiology laboratories of four major 
hospitals belonging to the JRMS. Reference collection isolates 
of Staphylococcus aureus subspecies aureus (BAA25923), MRSA 
(BAA1720), Enterobacter cloacae (BAA13047) and MDR Entero-
bacter cloacae (BAA2468) were obtained from the American 
Type Culture Collection (ATCC, Manassas, VA, USA).

Identification tests of MRSA strains
The identity of ATCC Staphylococcus aureus, ATCC MRSA and 
all MRSA clinical isolates were confirmed by the biochemical 
tests including Indole (Negative), Motility (non-motile), Ure-
ase (Positive), Citrate (Positive) and Gram Staining (appear 
as grape-like cluster), Catalase test (Positive) and Coagulase 
test (Positive). Strains were also subjected to Oxacillin and 
Cefoxitin disc diffusion test using 30 µg discs as described in 
the Clinical and Laboratory Standards Institute (CLSI) guide-
lines (CLSI, 2017). Herein, we focused on Cefoxitin testing, 
which gives more reliable and accurate results than Oxacillin. 
Identification and susceptibility tests were also confirmed by  
VITEK 2 Technology (Biomerieux, Durham, USA).

Identification tests of Enterobacter cloacae and 
detection of ESBL production
The identity of ATCC Enterobacter cloacae and all ESBL produc-
ing Enterobacter cloacae clinical isolates were confirmed by bi-
ochemical tests including Indole (Negative), Motility (Motile), 
Urease (Negative), Citrate (Positive) and Gram Staining (rod-
shaped), Catalase test (Positive). Strains were also subjected 
to ESBL disc screening as described in CLSI guidelines (CLSI, 
2017). VITEK 2 Technology was applied to confirm identifica-
tion and susceptibility tests.

Conventional antibiotics
To perform susceptibility tests. Oxacillin, Erythromycin and 
Vancomycin were used against Staphylococcus aureus and 
MRSA, while Ceftazidime, Ceftriaxone, Ciprofloxacin and Im-
ipenem were utilized against ESBL producing Enterobacter clo-
acae. The choices of antimicrobial agents were made based on 
the previous publications (Huang et al., 2014; Kshetry et al., 
2016; Majidpour et al., 2017; Mohamed et al., 2014; Rooney et 
al., 2009; Yıldız et al., 2014). All conventional antibiotics were 
obtained from Cayman Chemicals (Ann Arbor, MI, USA).
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WLBU2 peptide
WLBU2 was synthesized by GL Biochem (Minhang Qu, Shang-
hai Shi, People’s Republic of China). The synthesized peptide 
with a molecular weight of ~3400 g/mol was characterized and 
purified by the manufacturer using High-performance liquid 
chromatography (HPLC) and mass spectrometry with purity 
of 96.13%. Fig. A and Fig. B (Suppl.) show the HPLC and spec-
tra information, respectively, as provided by the manufacturer.

Antibacterial assays
Minimum inhibitory concentrations (MICs) of antimicrobi-
al agents were evaluated using the microbroth dilution tech-
nique in Mueller–Hinton broth (MHB, Oxoid, Basingstoke, 
Hampshire, UK) with an initial inoculum of 106 CFU/ml 
cells in non-treated 96-wells microtiter plates as described 
previously (Mohamed et al., 2014). To characterize the bac-
terial drug resistance profile, strains were treated with two-
fold serial dilutions of conventional antibiotics in accord-
ance with CLSI guidelines (CLSI, 2017). Regarding WLBU2,  
50–0.098 μM serial dilutions were used for treatment. Plates 
were incubated aerobically overnight at 37 °C. The MIC was in-
terpreted as the lowest concentration of peptide or antibiotic 
that completely inhibited the visible growth of bacteria (Mo-
hamed et al., 2014). MIC was determined by measuring the 
absorbance OD600 using an Epoch ELISA plate reader (BioTek, 
Winooski, VT, USA). Regarding the MIC values of conventional 
antibiotics, interpretation was done according to CLSI guide-
lines (CLSI, 2017) as summarized in Table A (Suppl.). Each 
agent was tested in triplicate in at least two independent ex-
periments. Sterile MHB was utilized as negative control and 
bacteria alone without the peptide/antibiotic served as posi-
tive controls.

Regarding the treatment with WLBU2 at different con-
centrations, bacterial growth curves were prepared by plot-
ting WLBU2 concentration at the x-axis and the percentage of 
bacterial survival on the y-axis. Percentages of survival were 
expressed as percentages of mean absorbance of OD600 for 
treated bacteria with respect to control (untreated bacteria).

The minimum bactericidal concentrations (MBCs) of 
WLBU2 which needed to kill ≥99.9% of bacteria were deter-
mined by seeding 10 µl from wells demonstrating no visible 
growth (three wells with MIC concentration and higher) on 
Mueller–Hinton Agar (MHA, Oxoid, Basingstoke, Hampshire, 
UK) plates as described previously (Swedan et al., 2019). Plates 
were incubated for 24 h at 37 °C to count viable bacteria.

Antibacterial activity of WLBU2 in presence of salts
To assess the activity of WLBU2 in the presence of salt envi-
ronment, the MIC was determined using the microbroth dilu-
tion assay as described above, except that fixed concentrations 
of different salts were added to growth media as described pre-
viously (Mohamed et al., 2014). These included NaCl (150 mM, 
100 mM, 50 mM, 25 mM), CaCl2 (5 mM, 2.5 mM), and MgCl2 
(2 mM, 1 mM). Experiments were carried out against ATCC 
bacteria strains as well as selected clinical isolates of MRSA 
and resistant Enterobacter cloacae.

Combination treatment between WLBU2 and 
conventional antibiotics
Combination treatment of WLBU2 and conventional antibiot-
ics was conducted by the combination assay as described previ-
ously (Mohamed et al., 2014; 2016). Experiments were carried 
out if the MIC values of antibiotics indicated intermediate or 
resistant susceptibility. Two-fold serial dilutions of antibiotics 

were tested in the presence of a fixed concentration of WLBU2 
(equal to 25% of WLBU2’ MIC for each respective isolate) (Mo-
hamed et al., 2014; 2016). Based on the obtained data, the 
isobolograms of combined action were plotted and the frac-
tional inhibitory concentration index (FICIndex) was calculated 
according to the following equation: FICIndex = MIC (antibiotic 
in combination)\ MIC (antibiotic alone) + 0.25. FICIndex was 
interpreted as following: FICIndex ≤0.5: synergistic, 0.5< FICIn-

dex <1: additive, 1 ≤ FICIndex <4.0: indifferent, or FICIndex ≥4.0: 
antagonistic as described previously (Wu et al., 2017). Potenti-
ation factor which represents fold reduction in antibiotic’ MIC 
in the presence of 25% of WLBU2’ MIC relative to the antibiot-
ic’ MIC in the absence of WLBU2 was also calculated (Corbett 
et al., 2017).

 
Results

Drug resistance profile of planktonic bacteria
MIC values of conventional antibiotics against MRSA clinical 
isolates, ESBL producing Enterobacter cloacae and ATCC strains 
are summarized in Table 1. Results of MIC using the micro-
broth dilution technique indicate that all MRSA clinical iso-
lates are resistant to Oxacillin with MICs range of 4–16 µg/ml. 
However, they were sensitive to Vancomycin with MICs range 
of 0.125–1 µg/ml. Regarding Erythromycin, out of the 30 in-
vestigated isolates, 15 were sensitive (50%, MICs ≤ 0.5 µg/ml), 
12 were intermediate (40%, MICs = 1–4 µg/ml) and 3 were re-
sistant (10%, MICs ≥ 8 µg/ml). The ATCC bacteria BAA1720 
(MRSA) was resistant to Oxacillin (MIC = 8 µg/ml) and 
Erythromycin (MIC = 8 µg/ml), but sensitive to Vancomycin  
(MIC = 0.5 µg/ml). The ATCC BAA25923 (Staphylococcus  
aureus) was sensitive to the three conventional antibiotics 
(Oxacillin, Erythromycin and Vancomycin).

The 30 investigated clinical isolates of ESBL producing 
Enterobacter cloacae were resistant to Ceftazidime and Ceftri-
axone with MICs of 128 and 64 µg/ml, respectively. Of note, 
these isolates showed co-resistance to Ciprofloxacin with MICs 
of 64 µg/ml. On the other hand, all clinical isolates were sensi-
tive to Imipenem with MICs range 0.06–0.13 µg/ml. The ATCC 
BAA2468 (MDR) was resistant to the four conventional anti-
biotics, while the ATCC BAA13047 was resistant to Imipenem 
and sensitive to Ceftazidime, Ceftriaxone and Ciprofloxacin.

MIC and MBC of WLBU2 against planktonic bacteria 
The bacterial growth curves of MRSA and Enterobacter  
cloacae strains upon treatment with different concentrations 
of WLBU2 are shown in Fig. 1A and B, respectively. The MIC 
and MBC values for WLBU2 against bacterial clinical iso-
lates and ATCC strains are summarized in Table 2. The MIC 
and MBC values were identical for each respective isolate and 
ATCC strains. MIC/MBC values for MRSA isolates were in the 
range of 0.78–6.25 μM (median = 3.13 μM). For ESBL produ-
cing Enterobacter cloacae isolates, MIC/MBC values were in the 
range of 1.56–12.5 μM (median = 3.13 μM).

WLBU2 is salt resistant
Selected panel of MRSA and ESBL producing Enterobacter clo-
acae clinical isolates as well as ATCC strains were treated with 
WLBU2 in the presence of different concentrations of salts 
(NaCl, MgCl2 and CaCl2). As indicated in Table 3, WLBU2 was 
considered as salt resistant since the MIC values were identical 
for respective isolates even in the presence of salts at physio-
logical concentrations.
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Table 1. MIC values of conventional antibiotics against planktonic bacteria

MRSA clinical isolates and Staphylococcus aureus ATCC strains

Antibiotic MIC (µg/ml) (susceptibility) Bacteria ID

Oxacillin

1 (S)
4 (R)
8 (R)
16 (R)

BAA25923
3, 7, 13, 25, 27, 28
1, 2, 4–6, 8–11, 14, 15, 20–24, 26, 29, 30, BAA1720
12, 16–19

Erythromycin

0.25 (S)
0.5 (S)
1 (I)
2 (I)
4 (I)
8 (R)

2, 3, 7, 9, 13, 14, 18, 19, 21, 22, 24, 27, 28, 30, BAA25923
23
12, 16, 20
1, 4, 10, 15, 25, 29
5, 6, 11
8, 17, 26, BAA1720

Vancomycin

0.13 (S)
0.25 (S)
0.5 (S)
1 (S)

2, 3, 8, 12, 13, 16, 18–20, 22–24, 26–28, 30
4, 5, 7, 9. 25
1, 6, 10, 11, 14, 17, 21, 29, BAA1720, BAA25923
15

ESBL producing Enterobacter cloacae clinical isolates and ATCC strains

Antibiotic MIC (µg/ml) (susceptibility) Bacteria ID

Ceftazidime
1 (S)
128 (R)

BAA13047
1–30, BAA2468

Ceftriaxone
1 (S)
64 (R)
128 (R)

BAA13047
1–30
BAA2468

Ciprofloxacin
0.25 (S)
64 (R)

BAA13047
1–30, BAA2468

Imipenem

0.06 (S)
0.13 (S)
4 (R)
16 (R)

8–13, 16–20, 22, 24, 25, 29
1–7, 14, 15, 21, 23, 26–28, 30
BAA13047
BAA2468

 

Fig. 1. Growth curves of planktonic bacteria upon treatment with WLBU2. (A) MRSA clinical 
isolates and ATCC strains and (B) Enterobacter cloacae clinical isolates and ATCC strains. 
Different concentrations  of  WLBU2 were tested in triplicate in at least two independent 
experiments. Percentages of survival were expressed as percentages of mean absorbance of 
OD₆₀₀ for treated bacteria normalized to control (untreated bacteria). Points and error bars 
represent the mean and standard deviation, respectively. For clinical isolates, the mean is for 
the 30 clinical isolates. 

 

 

Fig. 1. Growth curves of planktonic bacteria upon treatment with WLBU2. (A) MRSA clinical isolates and ATCC strains and (B) Enterobacter 
cloacae clinical isolates and ATCC strains. Different concentrations of WLBU2 were tested in triplicate in at least two independent experiments. 
Percentages of survival were expressed as percentages of mean absorbance of OD600 for treated bacteria normalized to control (untreated 
bacteria). Points and error bars represent the mean and standard deviation, respectively. For clinical isolates, the mean is for the 30 clinical 
isolates.

Table 2. The minimum inhibitory/minimum bactericidal concentration (MIC/MBC) values for WLBU2 against planktonic bacteria

Bacteria strains Bacteria ID WLBU2 MIC/MBC (µM)

MRSA clinical isolates and Staphylococcus aureus 
ATCC strains

4
3, 7, 11, 13, 22–24, 30
2, 8–10, 12, 14–19, 25, 28, 29, BAA25923
1, 5, 6, 20, 21, 26, 27, BAA1720

0.78
1.56
3.13
6.25

Enterobacter cloacae clinical isolates and ATCC 
strains

4, 5, 8, 15, 19 
2, 3, 6, 7, 9–14, 16–18, 20, 21, 24, 27–30, BAA13047
1, 23, 25, 26, BAA2468
22

1.56
3.13
6.25
12.5
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Table 3. Minimum inhibitory concentration (µM) of WLBU2 against planktonic bacteria in the presence of physiological concentrations of 
salts (NaCl, CaCl2 and MgCl2)

Bacteria strain Bacteria ID No salts NaCl  
(25, 50, 100, 150 mM)

CaCl2  
(2.5, 5 mM)

MgCl2  
(1, 2 mM)

MRSA clinical isolates and 
Staphylococcus aureus ATCC 
strains

4
11
12, BAA25923
1, BAA1720

0.78
1.56
3.13
6.25

0.78
1.56
3.13
6.25

0.78
1.56
3.13
6.25

0.78
1.56
3.13
6.25

Enterobacter cloacae clinical 
isolates and ATCC strains

5
7, BAA13047 
1, BAA2468
22

1.56
3.13
6.25
12.5

1.56
3.13
6.25
12.5

1.56
3.13
6.25
12.5

1.56
3.13
6.25
12.5

Combination treatment of WLBU2 with conventional 
antibiotics against planktonic bacteria 
Combination treatments of conventional antibiotics and 
WLBU2 at its sub-inhibitory concentration (25% of WLBU2’ 
MIC value of respective strain) were carried out if the MIC val-
ues of antibiotics indicated resistant or intermediate suscep-
tibility.

Regarding MRSA clinical isolates (Table 4), combination 
of WLBU2 peptide with Oxacillin resulted in a 2-fold reduc-
tion of Oxacillin’s MIC in 14/30 (46.7%) clinical isolates with  
FICIndex = 0.75. Of note, isolate ID 27 has shifted from Oxa-
cillin resistance to susceptible upon combination. All remain-
ing isolates (n =16/30, 53.3%) as well as BAA1720 (MRSA) 
showed no change in the MIC of Oxacillin upon combination  

Table 4. Results of synergism testing between sub-inhibitory WLBU2 concentrations and conventional antibiotics against MRSA clinical 
isolates and ATCC strain

Conventional 
antibiotic

Isolate ID 25% of WLBU2 
MIC (μM)

MIC of conventional antibiotic  
(μg/ml)

PF FICIndex

Alone Combination

Oxacillin

4, 10 0.2

8 8

1 1.25

23 0.39

2, 9, 0.78

1, 5, 20, BAA1720 1.56

3, 7, 13 0.39
4 4

25, 28 0.78

16, 18, 19 0.78 16 16

11, 22, 24, 30 0.39

8 4

2 0.75

8, 14, 15, 29 0.78

6, 21, 26 1.56

12, 17 0.78 16 8

27 1.56 4 (R) 2 (S)

Erythromycin

10 0.2
2 2

1 1.25
15 0.78

16 0.78
1 1

20 1.56

12 0.78 1 (I) 0.5 (S)

2 0.75

4 0.2

2 125, 29 0.78

1 1.56

11 0.39
4 2

5, 6 1.56

17 0.78
8 (R) 4 (I)

BAA1720 1.56

8 0.78 8 (R) 1 (I) 8 0.375

26 1.56 8 (R) 2 (I) 4 0.5

Elsalem et al. / J Appl Biomed
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(FICIndex = 1.25). According to FICIndex described by the pre-
vious publication (Wu et al., 2017), it can be concluded that 
additive effect was achieved in 46.7% of investigated isolates, 
while 53.3% showed indifferent effects. Corresponding isobol-
ogram is shown in Fig. 2A.

For combination treatment with Erythromycin, experi-
ments were carried out when MIC indicated resistance (n = 3) 
or intermediate (n = 12) susceptibility in total of 15 isolates. 
Synergistic effects were achieved in 2 resistant isolates (2/15, 
13.3%) with FICIndex = 0.375 and 0.5, as well as 8 and 4-fold 
reduction in antibiotic’ MICs in isolates ID 26 and 8, respec-
tively. The resistant isolate ID 17 and eight clinical isolates 
with intermediate susceptibility (9/15, 60%) as well as the 
BAA1720 (MRSA) showed a 2-fold reduction in antibiotic’s 
MIC with FICIndex = 0.75. Of note, MICs of aforementioned 
isolates and ATCC bacteria indicated intermediate suscepti-
bility upon combination, while isolate ID 12 has shifted from 
intermediate to susceptible. The remaining isolates (n = 4/15, 
26.7%) showed no change in the MIC of Erythromycin upon 
combination (FICIndex = 1.25). The results revealed that combi-
nation treatment resulted in synergistic and additive effects in 
13.3% and 60% of investigated isolates, while 26.7% showed 
indifferent effects. Fig. 2B represents the isobologram for com-
bination of WLBU2 and Erythromycin.

There were no antagonistic effects observed between the 
WLBU2 and antibiotics against all MRSA strains tested. Re-
sults with calculated values of potentiation factor and FICIndex 
are summarized in Table 4.

Regarding Enterobacter cloacae clinical isolates (Table 5), 
combination of WLBU2 with Ceftazidime, Ceftriaxone and 
Ciprofloxacin resulted in synergistic effects in 7/30 (23.3%), 
10/30 (33.3%) and 10/30 (33.3%) clinical isolates, respective-
ly, with FICIndex ≤0.5. Herein, a 4-fold reduction in antibiotics’ 
MICs was observed, while 8-fold reduction was demonstrated 
in Ceftriaxone’ MIC in isolate ID 9. In addition, a 2-fold re-
duction in Ceftazidime, Ceftriaxone and Ciprofloxacin MICs 
was reported in 17/30 (56.7%), 16/30 (53.3%) and 17/30 
(56.7%) clinical isolates, respectively with FICIndex = 0.75 that 
can indicate additive effects according to the previous publi-
cation (Wu et al., 2017). For BAA2468 (MDR) strain, 2-fold 
reduction in Ceftazidime’ MIC was observed upon combina-
tion with WLBU2. There were no antagonistic effects observed 
between the WLBU2 and antibiotics against all Enterobacter 
cloacae strains tested. Table 5 summarizes the results with cal-
culated values of potentiation factor and FICIndex. The isobolo-
grams for combination of WLBU2 and the three antibiotics are 
shown in Fig. 2C–E.

Table 5. Results of synergism testing between sub-inhibitory WLBU2 concentrations and conventional antibiotics against Enterobacter 
cloacae clinical isolates and ATCC strain

Conventional 
antibiotic

Isolate ID 25% of WLBU2 
MIC (μM)

MIC of conventional antibiotic  
(μg/ml)

PF FICIndex

Alone Combination

Ceftazidime

5 0.39

128 128 1 1.252, 6, 9, 20 0.78

1 1.56

4, 8 0.39

128 64 2 0.75
3, 10–14, 16–18, 21, 29 0.78

23, 25, 26, BAA2468 1.56

22 3.13

15, 19 0.39
128 32 4 0.5

7, 24, 27, 28, 30 0.78

Ceftriaxone

5, 8, 19 0.39
64 64

1 1.257 0.78

BAA2468 1.56 128 128

4, 15 0.39

64 32 2 0.752, 3, 10, 11, 13, 16–18, 20, 21 0.78

1, 23, 25, 26 1.56

22 3.13
64 16 4 0.5

6, 12, 14, 24, 27–30 0.78

9 0.78 64 8 8 0.375

Ciprofloxacin

5, 8, 19 0.39
64 64 1 1.25

BAA2468 1.56

4, 15 0.39

64 32 2 0.752, 3, 7, 10–14, 21, 27, 30 0.78

1, 23, 25, 26 1.56

6, 9, 16–18, 20, 24, 28, 29 0.78
64 16 4 0.5

22 3.13
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Fig. 2. Combined antibacterial effect of WLBU2 with conventional antibiotics against planktonic bacteria. Isobolograms for combination 
of WLBU2 with (A) Oxacillin and (B) Erythromycin against MRSA, (C, D and E) Isobolograms for combination of WLBU2 with Ceftazidime, 
Ceftriaxone and Ciprofloxacin, respectively, against Enterobacter cloacae. Concentrations of antimicrobial agents are given in fractions of their 
individual minimal inhibitory concentrations (MICs). Points lying on or underneath the green line are considered to be synergistic (FICIndex 
≤0.5). Points between the green and red line are considered additive (0.5< FICIndex <1) and points at or above the red line are considered as 
indifferent if 1≤ FICIndex <4.0 (Wu et al., 2017). FICIndex with the number of clinical isolates are shown next to each point.

MRSA MRSA
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Discussion
Infections caused by MRSA and ESBL producing Enterobacte-
riaceae are characterized by being MDR to conventional anti-
biotics, which is considered as serious therapeutic challenge 
for treatment of bacterial infections during the 21st century 
(Donkor and Codjoe, 2019). WLBU2 is one of the newly en-
gineered cationic AMPs with promising antimicrobial activity 
against different strains of Gram-negative and Gram-positive 
pathogens, multidrug resistant and biofilm forming bacteria 
(Swedan et al., 2019). In this in-vitro study, the antimicrobial 
activity of WLBU2 was evaluated against drug resistant clinical 
isolates of MRSA and ESBL producing Enterobacter cloacae as 
little is known about WLBU2 activity against the latter.

Initially, the MIC values of conventional antibiotics were 
utilized to explore the drug resistance profile of both strains. 
We found that many of investigated clinical isolates exhibit-
ed resistance to various important antibiotic classes including 
penicillins, macrolides, cephalosporins and fluoroquinolones 
which were in accordance with previous studies (Blahová et al., 
1999; Huang et al., 2014; Kshetry et al., 2016; Majidpour et al., 
2017; Mohamed et al., 2014; Rooney et al., 2009; Spanu et al., 
2002; Wiener et al., 2016; Yıldız et al., 2014). In comparison, 
MRSA and ESBL producing Enterobacter cloacae clinical iso-
lates were sensitive to Vancomycin and Imipenem, respective-
ly, which was reported by other studies and hence, considered 
as drug of choice for treatment of infections caused by these 
strains (Kshetry et al., 2016; Mohammed and Abass, 2019).

We then explored the antibacterial activity of WLBU2 
against the clinical isolates and ATCC bacteria strains. It is 
worth mentioning that little is known about the antibacte-
rial activity of WLBU2 against ESBL producing Enterobacter  
cloacae. Herein, WLBU2 exhibited strong antibacterial ac-
tivity against investigated bacteria, with MICs range of  
0.78–6.25 μM for MRSA and 1.56–12.5 μM for ESBL produc-
ing Enterobacter cloacae. Of note, the MBC values for WLBU2 
were found to be identical to the MIC values of respective 
bacteria, indicating that WLBU2 exhibits bactericidal activity 
(Tripathi, 2013). The potent antibacterial activity of WLBU2 
against both bacteria points to the potential of using WLBU2 
as a treatment option for infections caused by pathogenic bac-
teria that are highly resistant to conventional antibiotics. The 
exact mechanisms for WLBU2 are yet to be elucidated. How-
ever, it was suggested to be mediated by electrostatic interac-
tions between peptide’ cationic amino acid residues and the 
negatively charged lipid molecules on the surface of bacterial 
targets (Deslouches et al., 2005a). Therefore, the potent activi-
ty of WLBU2 may be attributed to the high cationic charge and 
the increased length of amino acids of WLBU2 (24 residues) 
(Deslouches et al., 2005a; 2013). Previous studies reported 
that AMP activity might also be mediated by binding to bac-
teria DNA (Mohamed et al., 2014). However, limited investi-
gations have been conducted for WLBU2. Only recent findings 
have revealed that WLBU2 was not able to delay DNA mobility 
(Swedan et al., 2019).

WLBU2 MIC/MBC values from our investigations are in 
accordance with previous studies which showed that WLBU2 
has fast killing effects with MIC values ≤10 μM (Deslouches et 
al., 2013; 2015, Swedan et al., 2019). Findings of our study and 
others support that WLBU2 has broad spectrum activity with 
potent bactericidal effect against different isolates that exhibit 
resistance to various important antibiotic classes.

In this study, we also investigated the antibacterial activity 
of WLBU2 against all ATCC strains and selected clinical iso-

lates in the presence of salts including sodium chloride and di-
valent cations. This was highly valuable since one of the major 
drawbacks with the use of AMPs, mainly the natural AMPs, 
is their limited activity due to inactivation by physiological 
concentrations of salts (Mohamed et al., 2014). In addition, 
salt sensitivity might be dependent on the test organism (De-
slouches et al., 2005a). Herein, WLBU2 retained its effect when 
tested under various NaCl, CaCl2 and MgCl2 concentrations. 
The ability of WLBU2 to resist the effects of salts provides a 
selective advantage as potential therapeutics in physiological 
solutions. This is considered highly important for treatment 
of infections in conditions with disturbed normal salt homeo-
stasis (Deslouches et al., 2005a). In addition, it suggests that 
the chemical structure of WLBU2 has been well designed to 
relatively retain antimicrobial activity in the presence of NaCl 
and divalent cations which is considered a major challenge for 
natural peptides. Previous studies showed that the antibac-
terial activity of well-studied natural AMPs was substantially 
reduced under similar conditions (Chu et al., 2013; Turner et 
al., 1998). In comparison, it was reported that WLBU2 activi-
ty against Pseudomonas aeruginosa remained unchanged under 
various NaCl, CaCl2 and MgCl2 concentrations (Deslouches et 
al., 2005a), which was also supported by our results.

Recognizing the potent antimicrobial activity of WLBU2, 
even under salt environments, suggests that it has the poten-
tial to be used for treatment of infections caused by resistant 
bacteria. However, combination therapy is well known to have 
many advantages (Tyers and Wright, 2019). Upon reviewing 
the literature, limited evidence is available regarding the com-
bination of WLBU2 and other conventional antibiotics against 
MRSA or ESBL producing Enterobacter cloacae from clinical 
isolates being examined. Herein, combination treatment was 
conducted if MIC values of antibiotic against respective isolate 
indicated resistant or intermediate susceptibility (Swedan et 
al., 2019). In this study, WLBU2 potentiated the antibacterial 
effect of conventional antibiotics with synergistic and additive 
effects were obtained in many instances of MRSA and ESBL 
producing Enterobacter cloacae. In addition, there were no an-
tagonistic effects upon combination. According to our knowl-
edge, our study is among the first studies to report evidence 
of potentiation and synergism upon combination of WLBU2 
and conventional antibiotics against examined clinical iso-
lates. This might be a result of increased membrane permea-
bility caused by the action of WLBU2 cationic peptide, which 
enhanced the penetration of antibiotics toward bacterial cells 
and thus, improved the drug efficacy and killing effects (Mo-
hamed et al., 2016; Tyers and Wright, 2019). Findings from 
combination experiments are proof of concept that combina-
tion of antimicrobial agents can reduce antibiotic resistance 
caused by resistant bacteria. Further, it might result in obtain-
ing synergistic effects and thus enhances efficacy (Tyers and 
Wright, 2019). Advantages of combination treatment may 
also include broadening the spectrum of antimicrobial cover-
age and reducing the needed doses of each antimicrobial agent 
and thus, drug toxicity (Tyers and Wright, 2019).

Our results support synergistic effects reported by previ-
ous studies upon combination of AMP such as HPME, HPMA, 
CAME, CA, DP7 and SPR741 with conventional antibiotics to 
overcome MDR (Corbett et al., 2017; Deslouches et al., 2015; 
Gopal et al., 2014; Wu et al., 2017). Only recent study has 
shown that combination of WLBU2 with Amoxicillin-Clavu-
lanate or Ciprofloxacin for Klebsiella pneumonia, and with To-
bramycin or Imipenem for Acinetobacter baumannii, resulted in 
synergism (Swedan et al., 2019). The combination of WLBU2 
and conventional antibiotics appears a promising approach 
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with clinical translational potential for treatment of infections 
caused by resistant MRSA and ESBL producing Enterobacter 
cloacae.

 
Conclusions

Results from this in-vitro study revealed that WLBU2 peptide 
has a potent antibacterial activity against resistant MRSA 
and ESBL producing Enterobacter cloacae strains. In addition, 
WLBU2 demonstrated the selective advantage as a potential 
therapeutic agent under physiological solutions. Further, we 
reported synergism upon combination of WLBU2 with con-
ventional antibiotics which points to potential clinical applica-
tion of using this approach for treatment of infections caused 
by resistant MRSA and ESBL producing Enterobacter cloacae.

Findings from this study are from in-vitro investigations. 
Therefore, in-vivo animal studies might be highly valuable to be 
carried in the future to validate our observations. In addition, 
we have focused on the activity of WLBU2 against two bacteri-
al strains using MIC and MBC values. However, similar investi-
gations could be conducted for other MDR Gram-positive and 
Gram-negative bacteria in order to characterize the spectrum 
of WLBU2 activity with emphasis on WLBU2 activity against 
biofilm formation. This might be considered under normal 
conditions and in the presence of salts, serum and proteases. 
Future experiments might also include exploring the potential 
synergism between WLBU2 and other cationic AMPs as little is 
known in this field. Investigations regarding the exact under-
lying mechanisms of the antibacterial activity of WLBU2 alone 
and combined with conventional antibiotics might be consid-
ered as future experiments. These investigations might involve 
studies on morphological changes or effects at the molecular 
level including genes playing role in bacterial resistance, bacte-
rial metabolism or other energetics aspects.
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Supplementary materials

 

Fig. A. High-performance liquid chromatography (HPLC) information of WLBU2
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Table A. Antibiotic susceptibility based on MIC values (µg/ml) according to CLSI guidelines (CLSI, 2017)

Bacteria strain Antibiotic Resistant Intermediate Sensitive

Staphylococcus aureus

Oxacillin MIC ≥ 4 – MIC ≤ 2

Erythromycin MIC ≥ 8 MIC = 1–4 MIC ≤ 0.5

Vancomycin MIC ≥ 16 MIC = 4–8 MIC ≤ 2

Enterobacter cloacae

 
Ceftazidime

 
MIC ≥ 16

 
MIC = 8

 
MIC ≤ 4

Ceftriaxone MIC ≥ 4 MIC = 2 MIC ≤ 1

Ciprofloxacin MIC ≥ 4 MIC = 2 MIC ≤ 1

Imipenem MIC ≥ 4 MIC = 2 MIC ≤ 1

 Fig. B. Mass spectrometry (MS) information of WLBU2


