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Abstract

Objectives: Colistin is a ‘last-line’ antibiotic used to treat multidrug-resistant Gram-negative 

bacteria, but colistin resistance has emerged. Colistin normally binds to the lipid A moiety on the 

bacterial outer membrane, where it then destroys the bacterial membrane. Mobilize colistin 

resistance (MCR, encoded by mcr-1 and others) is a phosphoethanolamine transferase that 

modifies lipid A, preventing colistin binding. We hypothesized that combining pore-forming 

AMPs and colistin will circumvent this mechanism and reduce the minimum inhibitory 

concentration (MIC) of colistin for both colistin- and multidrug-resistant Gram-negative bacteria.

Methods: In vitro cultures were incubated for 18 h after combining bacteria (Escherichia coli, 
Klebsiella pneumoniae, Acinetobacter baumannii and Pseudomonas aeruginosa) with serially 

diluted colistin and a fixed concentration of peptide MSI-78 or OTD-244.

Results: When combined with either peptide, the colistin MIC decreased more than 4-fold for 

88% of all tested isolates (n = 17; range, 4–64-fold reduction) and for 75% of colistin-resistant 

isolates (n = 8; range, 4–64-fold reduction). The concentrations used had no effect on red blood 

cells based on a conventional haemolysis assay.

Conclusions: These findings are consistent with two membrane-damaging compounds having 

an additive effect on bacterial killing. Combining antimicrobial peptides with colistin is a 

promising strategy for bypassing MCR-mediated colistin resistance, but also for improving the 

susceptibility of other Gram-negative bacteria while potentially reducing the therapeutic 

concentration of colistin needed to treat infections.
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1. Introduction

Untreatable multidrug-resistant (MDR) infections have become increasingly common 

around the world [1]. In light of these challenges, physicians have begun using older 

antibiotics (e.g. colistin) to treat recalcitrant infections [2]. Colistin was first discovered in 

the 1940s and was used clinically in the 1950s for the treatment of Gram-negative infections. 

Use was largely discontinued, however, owing to reports of neuro- and nephrotoxicity and 

with increasing availability of less toxic classes of antibiotics, such as aminoglycosides [2]. 

With the emergence of MDR bacteria, such as Acinetobacter baumannii, Pseudomonas 
aeruginosa, Klebsiella pneumoniae [2] and Escherichia coli [3], colistin has been used 

increasingly as a ‘last-line’ antibiotic, despite the risk of toxic effects [3].

For bacteria that are susceptible to colistin, positively charged colistin binds the outer 

membrane via electrostatic interactions with the negatively charged lipid A phosphate group. 

After colistin binds, it damages the integrity of the proximal outer membrane, allowing 

colistin to diffuse into the periplasm, where it can then disrupt the inner membrane. This 

interaction disrupts the osmotic equilibrium of the cell and causes leakage of the bacterial 

cell components [4] and eventual formation of membrane pores that lead to cell lysis and 

death [5].

There are multiple mechanisms that convey resistance to colistin [6–8], but the most 

alarming is a plasmid-mediated, mobilizable colistin resistance (MCR) [6]. The mcr gene 

encodes a phosphoethanolamine transferase that alters 4′-phosphoethanolamine so that the 

lipid A moiety that normally binds colistin is changed from a negative to a neutral charge 

[4]. This change prevents colistin from binding, effectively preventing colistin from 

interacting with the inner membrane.

The unique mechanism of colistin activity—binding, diffusion and damage to the 

cytoplasmic membrane—suggests that if alternative pathways are available for colistin to 

reach the periplasm, then MCR-mediated resistance could become irrelevant. That is, if the 

outer membrane can be disrupted by an alternative mechanism, this may compensate for 

MCR-mediated changes to the cell membrane and allow colistin to reach the periplasm. One 

possible strategy is to permeabilize the outer membrane with antimicrobial peptides 

(AMPs). For example, MSI-78 (also called pexiganan) is an AMP modified from magainin-2 

[9,10]. It is a potent antibacterial peptide that forms pores in the outer membrane, but its use 

has been limited by toxicity to host cells when used at high concentrations. Similarly, human 

β-defensin-2 is a membrane-disrupting peptide that was originally identified as part of the 

human innate immune system [11]. Human β-defensin-2 acts by binding the negatively 

charged phospholipids, causing hyperpolarization and inducing efflux of intracellular 

components, eventually leading to cell death [12,13].

Witherell et al. Page 2

J Glob Antimicrob Resist. Author manuscript; available in PMC 2020 November 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



For the current study, we combined either MSI-78 or a modified human β-defensin-2 

(OTD-244) with colistin to test the hypothesis that these combinations can circumvent 

MCR-mediated resistance. Human β-defensin-2 was modified by adding a glycine and a 

serine to the N-terminal glycine. We found that relatively low concentrations of either 

peptide, when combined with colistin, lowered the MIC of colistin against subsets of 

colistin-resistant and colistin-sensitive strains of bacteria. Consequently, not only was our 

hypothesis supported, but the findings suggest that combining AMPs with colistin may 

reduce the therapeutic concentration of both colistin and the peptides that would otherwise 

be needed to fight Gram-negative bacterial infections. Such a reduction might permit 

effective control of infections at concentrations of colistin and peptides that are less toxic to 

people.

2. Methods

2.1. Bacterial strains

Seventeen Gram-negative isolates from the US Food and Drug Administration (FDA) and 

Centers for Disease Control and Prevention (CDC) Antimicrobial Resistance Isolate Bank 

were used [14]. These included six isolates that harbour mcr-1 and one mcr-2-positive 

isolate (Table 1). All selected isolates came from clinical cases.

2.2. Antibiotics and antimicrobial peptides

We used colistin sulfate from Research Products International (Mount Prospect, IL; lot no. 

32466-38298). The MSI-78 was a synthesized peptide prepared by Mimotopes and has the 

sequence H-GIGKFLKKAKKFGKAFVKILKK-OH. The modified human β-defensin-2, 

labelled here as Optide 244 (OTD-244), was made by the Fred Hutchison Cancer Research 

Center described by Crook et al. [15]. The amino acid sequence of OTD-244-2 is 

GSGIGDPVTCLKSGAICHPVFCPRRYKQIGTCGLPGTKCCKKP.

2.3. Minimum inhibitory concentration assay

A microdilution assay was used to find the minimum inhibitory concentration (MIC) of each 

antibiotic or AMP against each isolate. Here, we define the MIC as the concentration of drug 

that inhibited growth, as measured by an OD600, to be equivalent to the sterility control 

(<0.1 after 18 h). The results of the MIC assay for each organism were determined by 

making 2-fold serial dilutions of each drug at varying concentrations (in Luria Broth [LB]).

We recovered frozen stock by streaking isolates onto LB agar plates and incubating 

overnight at 37 °C. We then plated one isolated colony onto antibiotic-containing plates. For 

isolates harbouring mcr, we used colistin plates at 4 μg/mL and, for all other isolates, we 

used carbenicillin plates at 8 μg/mL. From the antibiotic selection plates, we used one well-

isolated colony to make an overnight culture, shaking at 37 °C in 3 mL of LB. We diluted 

overnight cultures 1:4 into new media and grew for 1 h shaking at 37 °C. We diluted these 

bacterial subcultures from ~0.8 OD600 to 1:10,000. The diluted cultures were then added to 

the media with treatment (colistin, peptide or both) in 100-well honeycomb plates. The 

plates were incubated in a Labsystems Bioscreen C plate reader (Elsichrom AB, Knivsta, 

Sweden) for 18 h, taking the OD600 measurement every hour at 37 °C (shaking for 5 min 
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before each reading). Leftover cultures were diluted, and 100 μL was plated onto LB agar 

and grown at 37 °C overnight to ensure that the OD measurements reflected a consistent 

number of colony-forming units (CFU) across isolates. After 18 h of incubation, we 

transferred culture (5 μL) from wells onto LB agar plates with no antibiotics. After overnight 

incubation (37 °C), if no bacteria grew below the estimated MIC concentrations (or higher), 

the treatment was considered bactericidal. Every experiment included bacterial culture only 

(growth control), and LB only (sterility/background control). At least two independent 

experiments were completed for each isolate, with each treatment having at least two 

technical replicates.

Because the type of plastic used can influence MIC estimates for colistin [16,17], we 

verified that mcr-1–positive strains used in this study had similar MIC values, as indicated 

by the CDC. Assays were described as above, except 96-well, U-bottom microplates were 

used (Greiner, Millipore Sigma, Burlington, MA, USA), and the dilution series ranged from 

16 to 0 μg/mL colistin. Plates were incubated at 37 °C, not shaking, for ~18 h. Aliquots (5 

μL) were taken from each well, plated onto LB agar plates and grown at 37 °C overnight. 

Plates were examined for growth, and the lowest treatment concentration with no growth 

was considered the MIC. Three independent assays were completed for each isolate; each 

included two technical replicates.

2.4. Combinatorial assays

Combinatorial assays were performed with a fixed concentration of MSI-78 or OTD-244 

combined with 2-fold serial dilutions of colistin. Initial concentrations for MSI-78 or 

OTD-244 were set at half the MIC value, as measured for each strain used in this study. In 

addition to half the MIC, we used a checkerboard assay to select additional concentrations 

above and below half the MIC that reflected the greatest combinatorial effect (data not 

shown). Controls included MSI-78 or OTD-244 only, bacterial culture only (growth control) 

and LB only (sterility/background control). The plates were incubated in a Labsystems 

Bioscreen C plate reader for 18 h, taking the OD600 every hour at 37 °C and shaking for 5 

min before each reading.

Statistical analysis was done using PRISM version 8 (GraphPad Systems, San Diego, CA). 

Significant fold reduction was found by first normalizing OD600 values to remove the 

background absorbance (OD600 at hour 0 - OD600 at hour 18). Next, we determined the MIC 

as OD600 ≥ 0.1 μg/mL. We then determined if there was a significant difference in OD600 

values at any given concentration below the MIC for colistin with either MSI-78 or 

OTD-244 versus colistin alone by using multiple Student t tests with a two-stage, step-up 

method of the Benjamini, Krieger and Yekutieli false discovery method (Q = 5%) [18]. Once 

we identified a significant difference, we then calculated the fold reduction by identifying 

the number of concentrations for which there were significant differences between the 

OD600 values for colistin with either MSI-78 or OTD-244 and colistin alone. Because we 

used 2-fold dilutions, we used the formula 2n, where n is the number of concentrations tested 

with significant differences. We considered the fold reduction to be biologically significant 

if 2n ≥ 4.
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2.5. Haemolysis assay

The haemolysis assay was adapted from Monteiro et al. [19]. Defibrinated sheep blood (100 

mL; <2 weeks old; Hardy Diagnostics, Santa Maria, CA) was centrifuged (500 × g at 4 °C) 

and resuspended in 10 mL of phosphate buffered saline (PBS). This process was repeated 

three times before red blood cells (RBCs) were enumerated by using a haemocytometer and 

diluted to 1 × 109 RBC/mL in PBS. We aliquoted 100 μL of the diluted RBCs into each well 

of a 96-well white polystyrene plate (Thermo Fisher Scientific, Waltham, MA). The plate 

was centrifuged at 500 g at 4 °C, and the supernatant was aspirated from every well. We then 

added 100 μL of each treatment to the RBC pellet. We used 100 μL of PBS as a negative 

control and 100 μL of 0.1% Triton X-100 as a positive control. The cells were then 

incubated at 37 °C for 1 h. Supernatant was then transferred into a flat-bottomed, clear, 96-

well plate. We then read the OD450 in a plate reader (Tecan Spark, Tecan Group, Mannedorf, 

Switzerland). The readings were normalized using the equation ([treatment – negative 

control]/[positive control – negative control] × 100) to get the percentage of haemolysis in 

each well. Two independent experiments were performed with duplicates.

3. Results

3.1. Bacterial isolates

We tested 17 Gram-negative isolates that originated from the FDA-CDC Antimicrobial 

Resistance Isolate Bank [14]. All 17 isolates (4 species) have been sequenced at least 

partially, and antibiotic resistance genes were previously identified (Table 1). Seven isolates 

harboured mcr-1, and one isolate harboured mcr-2. The remaining nine isolates were 

resistant to other classes of antibiotics (Table 1).

3.2. Minimum inhibitory concentration

The MIC was defined as the concentration of inhibiting compound that limited the optical 

density (600 nm) of inoculated culture media to <0.1 after an 18-h incubation. The colistin 

MIC in 100-well honeycomb plates for strains lacking mcr-1 and mcr-2 ranged from <0.016 

to 2.5 μg/mL, whereas strains harbouring these resistance genes had MIC values from 1.25 

to 5 μg/mL (Table 1). The MIC results in 96-well Greiner plates ranged from 1 to 8 μg/mL 

(Supplementary Table S1). The MIC for MSI-78 ranged from 2.5 μg/mL(least resistant) to 

>10 μg/mL (most resistant). The MIC for OTD-244 for all organisms was >500 μg/mL, 

consistent with limited antimicrobial activity against the tested organisms. No bacteria were 

recoverable after 18 h of treatment at the recorded MIC concentration for colistin or MSI-78.

3.3. Colistin MIC reduced when combined with antimicrobial peptides

For these experiments, the concentration of MSI-78 or OTD-244 that we used ranged from 

1.25 to 4.25 μg/mL or 25 to 50 μg/mL, respectively (see Section 2). It had been shown 

previously that colistin MIC values can vary based on the type of plastic used in the assay. 

Because of this, we chose to compare fold change rather than specific MIC values (Table 1, 

Supplementary Table S1). When colistin was used in combination with MSI-78 (1.25 μg/

mL), there was a profound 64-fold reduction in the colistin MIC for mcr-1-positive E. coli 
isolate 346 (Fig. 1A), but the reduction for other strains varied from none to 32-fold (Table 
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2). Representative examples for different species included MDR K. pneumoniae isolate 145, 

for which combining colistin with 3.5 μg/mL MSI-78 resulted in a 4-fold reduction in 

colistin MIC compared with colistin alone (Fig. 1B). A 4-fold reduction was also evident for 

MDR P. aeruginosa isolate 356 when 3.25 μg/mL of MSI-78 was combined with colistin 

(Fig. 1C). E. coli isolate 349, harbouring mcr-1, showed only a 2-fold MIC reduction when 

colistin was combined with 1.25 μg/mL of MSI-78 (Fig. 1D). When used in combination 

with OTD-244 at 50 μg/mL, there was a 64-fold reduction in the colistin MIC for A. 
baumannii isolate 83 (Fig. 2A), whereas A. baumannii isolate 35 showed a 16-fold reduction 

(Fig. 2B). The colistin MIC for E. coli isolate 495, positive for mcr-1, did not improve when 

OTD-244-2 was combined with colistin (Fig. 2C).

Overall, 15/17 (88.2%) isolates showed significant (≥4-fold) reductions in MIC when 

colistin and an AMP were used jointly (Table 2). A reduction was observed for 11/17 

(64.7%) isolates when MSI-78 and colistin were combined and for 8/17 (47.1%) isolates 

when OTD-244 and colistin were combined. The MIC for colistin-resistant isolates was 

reduced significantly in five of eight (62.5%) cases, and for OTD-244 and colistin there was 

a significant reduction in two of eight (25%) cases (Table 2, Fig. 3). Overall, the MIC for 

colistin alone included eight strains (47.1%) that had an MIC <1 μg/mL (Table 1), which is 

clinically applicable for most patients [20]. When combined with an AMP tested here, 

94.1% of the tested isolates met this clinical threshold for colistin efficacy.

3.4. Lower concentrations translate into reduced toxicity by haemolysis assay

Haemolysis of RBCs is commonly used as a first assessment of potential toxicity of 

membrane-damaging compounds; colistin causes haemolysis at concentrations well above 1 

μg/mL with this assay (Fig. 4A). The OTD-244 peptide exhibited no haemolysis, even when 

RBCs were exposed to 512 μg/mL (Fig. 4B). MSI-78 appears far more toxic (>50% 

haemolysis with 200 μg/mL; Fig. 4C), but when used at concentrations tested here that have 

additive effects with colistin (1.25–10 μg/mL), there was no evidence for haemolytic effects 

against RBCs (Fig. 4D).

4. Discussion

With the emergence of colistin-resistant organisms in combination with multidrug 

resistance, monotherapy may in many cases no longer be a sustainable option [21]. By using 

new antimicrobial compounds, particularly in the absence of genetically encoded resistance, 

it may be possible to treat otherwise recalcitrant colistin-resistant and other MDR infections 

successfully. Furthermore, combining new antimicrobials with last-line antibiotics might 

thwart the rapid increase in antibiotic resistance, given that there is no evidence of cross-

resistance between AMPs and medically important antibiotics [22]. For the current study, 

combining colistin with an AMP produced significant reductions in the MIC (>4-fold) for 

most strains tested. The combinatorial effect worked with concentrations of MSI-78 and 

OTD-244 that produced no haemolysis of red blood cells while allowing the colistin 

concentration to be reduced by more than 100-fold in some cases.

Used alone, MSI-78 is more potent against every organism tested compared with OTD-244. 

This difference is probably as a result of the manner in which each peptide interacts with the 
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cell membrane [22]. MSI-78 has a higher isoelectric point compared with OTD-244 (10.9 

and 9.3, respectively [24]). Such a difference might lead to greater avidity between MSI-78 

and bacterial phospholipids, thus creating more pores. MSI-78 combined with colistin 

appears to kill both mcr-positive bacteria and MDR bacteria equally, whereas OTD-244 

combined with colistin was more effective against MDR bacteria compared with mcr-
positive bacteria. When combined with colistin, OTD-244 was particularly effective against 

MDR A. baumannii strains that can be particularly problematic nosocomial infectious agents 

[25].

Additional studies may address why some organisms respond to an MSI-78 and colistin 

combination but not to OTD-244 and colistin, or vice versa. Some reasons might include the 

size of the molecules and the quaternary structures that they form. MSI-78 may bind more 

effectively than OTD-244 to bacterial membranes due to its smaller size and structure [9,26–

28]. MSI-78 is approximately 2.5 kDa in size, whereas OTD-244 is much larger, 4.5 kDa 

[24]. In addition, the shape of the peptide might alter how well the peptides can bind and 

create pores leading to cell death [23]. MSI-78 forms an α-helical structure when it comes 

into contact with the membrane and forms dimers when creating pores [9,26–28]. OTD-244 

creates pores by making octamers, of which each monomer contains three antiparallel β 
sheets and one α helix [26,28]. The traits that enhance the antibacterial activity of MSI-78 

may also explain the greater potential toxicity of this peptide.

The advantage of using AMPs that interact with negatively charged phospholipids is that 

compared with conventional antibiotics, their mechanism of action makes the development 

of complete resistance difficult [29–31]. Guo et al. [32] suggested that the modification of 

lipid A could produce resistance to a wide range of AMPs but, in the case of MCR-mediated 

changes, this is not a universal resistance mechanism. For example, we found that when used 

alone, MSI-78 susceptibility was unchanged for mcr-positive strains that presumably 

undergo lipid A modification. We believe that this is because MSI-78 is highly cationic and 

can bind to many negatively charged phospholipids on the bacterial membrane, rather than 

being restricted to a specific binding interaction, as is the case for colistin [19]. Human 

defensins, from which OTD-244 was derived, behave in a similar manner, being highly 

cationic and relying on electrostatic interactions to form pores in the bacterial membranes. 

Nevertheless, mcr-positive strains were less vulnerable to colistin combined with OTD-244 

as compared with when colistin is combined with MSI-78. This finding suggests that 

modification to the lipid A moiety might provide some protection against some AMPs. The 

specific mechanism of binding to the bacterial membrane likely varies for different peptides; 

thus, changes to lipid A and other membrane moieties are unlikely to provide universal 

resistance to all AMPs. Notably, when used in conjunction with colistin, the overall 

concentrations of AMP and colistin can be reduced, which likely reduces potential 

toxicological complications while also reducing the overall selection pressure for resistant 

infectious organisms. Based on data from the antimicrobial peptide database, there are over 

3,200 verified AMPs and an estimated 1.3 million natural AMPs in existence [33,34]. The 

research shown here supports the need for broader screening of natural and modified AMPs 

for potential combinations with antibiotics currently in use and for other potentially 

therapeutic AMP cocktails.
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Although AMPs occur naturally in nature, it is possible for them to be synthesized on an 

industrial scale, as would be needed for them to be potential drug candidates. There are 

several possible ways to make AMPs in large quantities, such as using recombinant 

production or solid-phase synthesis [35,36]. Solid-phase synthesis first came into use in 

1963 and is a well-established method for producing peptides; it is currently used for the 

synthesis of several therapeutic peptides. Some significant advantages to using this method 

is that it is fast and easily scalable, and the products can be purified very easily by 

techniques such as high-performance liquid chromatography (HPLC). However, this method 

can be costly. In contrast with the already established solid-phase method, the recombinant 

method still needs more development in terms of scaling up production. The advantage to 

using the recombinant method is that it is cost-effective and a sustainable way of producing 

AMPs. However, this method has its limitations in that the scalability needs to be refined 

[35]. Nevertheless, it is important to note that new technologies are being studied to consider 

AMPs as an alternative therapeutic market.
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Fig. 1. 
Representative endpoint concentration curves comparing the effects of colistin alone (solid 

circle) versus colistin combined with MSI-78 (solid squares; see also Table 2). Tested strains 

show how the addition of MSI-78 reduces the MIC for colistin as follows: (A) 64-fold; (B) 

4-fold; (C) 4-fold; (D) 2-fold. SEM, Standard error of the mean.
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Fig. 2. 
Representative endpoint concentration curves comparing the effects of colistin alone (solid 

circle) versus colistin combined with OTD-244 (solid squares; see also Table 2). Tested 

strains show how the addition of OTD-244 reduces the MIC for colistin as follows: (A) 64-

fold; (B) 16-fold; (C) 2-fold.
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Fig. 3. 
Summary of MIC-fold reduction results (Table 2) for mcr-1- or mcr-2-positive strains (open 

circles) and mcr-1- and mcr-2-negative strains (closed circles).
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Fig. 4. 
Percentage haemolysis of sheep red blood cells of colistin, OTD-244, MSI-78 and 

combination after 1 h incubation at 37 °C. Shown is the percentage haemolysis of each 

compound ± the standard error of the mean. (A) Colistin; LD50 of red blood cells not found. 

(B) OTD-244; LD50 of red blood cells not found. (C) MSI-78; LD50 of red blood cells, 

122.52. (D) Combination of colistin and antimicrobial peptides at representative 

concentrations used in this study; LD50 of red blood cells not found.
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