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Abstract

With the antibiotic development pipeline running dry, many fear that we might soon run out

of treatment options. High-density infections are particularly difficult to treat due to their

adaptive multidrug-resistance and currently there are no therapies that adequately address

this important issue. Here, a large-scale in vivo study was performed to enhance the activity

of antibiotics to treat high-density infections caused by multidrug-resistant Gram-positive

and Gram-negative bacteria. It was shown that synthetic peptides can be used in conjunc-

tion with the antibiotics ciprofloxacin, meropenem, erythromycin, gentamicin, and vancomy-

cin to improve the treatment outcome of murine cutaneous abscesses caused by clinical

hard-to-treat pathogens including all ESKAPE (Enterococcus faecium, Staphylococcus

aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,

Enterobacter cloacae) pathogens and Escherichia coli. Promisingly, combination treatment

often showed synergistic effects that significantly reduced abscess sizes and/or improved

clearance of bacterial isolates from the infection site, regardless of the antibiotic mode of

action. In vitro data suggest that the mechanisms of peptide action in vivo include enhance-

ment of antibiotic penetration and potential disruption of the stringent stress response.

Author summary

There has been enormous publicity about the inexorable rise of resistance and the dearth

of new therapies. However less attention has been placed on adaptively multidrug-resis-

tant high density bacterial infections for which antibiotics are highly used but no effective

therapies currently exist. Here we have provided new hope for this previously intractable

class of infections as typified by abscess infections that are responsible for 3.2 million

annual emergency room visits in the US alone. We show how to enhance the activity of

antibiotics to treat multidrug-resistant Gram-positive and Gram-negative bacteria, using

peptides that target the bacterial stress response, persister-based resistance and the outer

membrane permeability barrier. In particular we have employed a new bacterial
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subcutaneous abscess mouse model to demonstrate that: (a) 7 of the society’s most recalci-

trant pathogens formed cutaneous abscesses and even when antibiotics were directly

delivered into abscess tissues, they showed poor efficacy; (b) By combining antibiotics

with the local administration of anti-biofilm peptides that target cellular (stringent) stress

responses, we could pharmacologically treat the infection and reduce the severity of cuta-

neous abscesses; (c) This synergy was due to increased outer membrane permeability as

well as the disruption of the conserved stringent stress response that controls virulence

and antibiotic resistance, particularly due to so-called persisters. These peptides have

therefore the potential to broaden our limited antibiotic arsenal for a group of extremely

difficult to treat infections.

Introduction

ESKAPE pathogens (E. faecium, S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa, E. cloa-
cae) are recognized to be responsible for the majority of difficult-to-treat community-acquired,

healthcare-associated, and nosocomial infections [1]. Multidrug-resistant bacteria represent

major therapeutic challenges and pose a great threat to human health [2]. The increasing resis-

tance to available antibiotics dampens treatment possibilities and there is a serious lack of ade-

quate treatment options. Less discussed but of even greater concern are infections associated

with high bacterial densities (>107 CFU/ml bacteria) especially biofilm and/or abscess infec-

tions. High bacterial densities lead to elevated MICs to multiple antibiotics [3] and are

extremely difficult to treat with antibiotics [4]. In this context, skin and soft tissue infections

(SSTIs) are an emerging problem, a significant burden in health care facilities, and responsible

for increased antibiotic administration [5]. SSTIs such as abscesses form fluid, pus-filled pock-

ets infiltrated by bacteria and immune cells [6], and are often highly resistant to antibiotic

treatment. Indeed, abscesses are the most common indication for frequent (6–12 h), high-dose

(up to 1 g/kg) and long term (>5 d) [7] intravenous (IV) broad-spectrum antibiotic adminis-

tration [5]. SSTIs have been traditionally thought to be largely caused by S. aureus and Strepto-
coccus pyogenes but recent findings show that other microbes are very prevalent [8, 9]. Indeed,

the SENTRY antimicrobial surveillance program (North America) [10] reported that the

major pathogens isolated from SSTIs now include 10.8% P. aeruginosa, 8.2% Enterococcus sp.,

7.0% E. coli, 5.8% Enterobacter sp., and 5.1% Klebsiella sp., as well as 45.9% S. aureus. More-

over, recently A. baumannii is increasingly recognized as an emerging cause of nosocomial

infections and important cause of severe, life-threatening soft tissue infections [11]. High bac-

terial numbers of greater than 108 CFU/ml isolated bacteria are present in soft-tissue and peri-

toneal infections [12], highlighting the importance of investigating high-bacterial density

infections. However, standard in vitro susceptibility tests employ modest bacterial concentra-

tions of 2–5 x 105 per ml which critically underestimates the strong impact on antibiotic sus-

ceptibility of the high concentrations of bacteria in such infections [12]. Thus, it remains a

major challenge to translate in vitro findings into in vivo efficacy and compounds that show

excellent in vitro activity (e.g., low MIC in defined medium), often work poorly when tested

under in vivo conditions.

Results and discussion

To investigate abscess infections caused by the ESKAPE pathogens and E. coli, we extrapolated

from our previously-developed cutaneous mouse infection model [4], prioritizing the study of

resistant, recalcitrant host-adapted pathogens rather than commonly used laboratory strains.

Synergistic effects of antibiotics and anti-biofilm peptides in vivo
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We identified clinical isolates that were able to cause chronic skin abscesses on the backs of

CD-1 female mice after injection of a high bacterial dose (� 107 bacteria); each of these strains

persisted throughout the course of a three day experiment and did not cause mortality in mice.

MIC assays revealed that these strains had generally low antibiotic susceptibility and were

resistant to antibiotics from at least three different classes (Table 1, S1 Table). Plasmid-encoded

bioluminescently-tagged isolates were created to enable visualization and monitoring of the

progress of disease using non-invasive techniques, and to provide evidence that the skin infec-

tion contained metabolically active bacteria; this enabled us to follow the infection for all

strains (Fig 1).

To optimize the treatment strategy, antibiotics were chosen based on their moderate in
vitro MIC values (0.02 to 15.6 μg/ml) and empirically tested in vivo to determine an appropri-

ate concentration that reduces abscess sizes and/or CFU just enough to observe synergy of the

peptides and antibiotics. Since the drug concentrations after IV injection might be affected by

various factors including blood perfusion, penetration into tissues and/or binding to plasma

proteins or dermal components [13], we directly injected antibiotics into the infected tissue.

This allowed us to overcome the distinct pharmacokinetics of antibiotics used in humans as

opposed to mice when applied intravenously, as well as the amounts delivered and time for

penetration (S1 Table) to the target site [13, 14]. For each antibiotic directly injected into the

infected abscess tissue, an amount that would provide a total body concentration greater than

the effective antibiotic dose was chosen. Meropenem was used to treat A. baumannii and K.

pneumoniae infections at concentrations of 6 and 10 mg/kg, respectively. The MIC for mero-

penem against K. pneumoniae was very low (0.1 μg/ml), while the MIC against A. baumannii
was quite high (15.6 μg/ml). Based on EUCAST clinical breakpoint information, K. pneumo-
niae KPLN649 is resistant to meropenem while A. baumannii Ab5075 is sensitive (S1 Table).

However intriguingly, treatment of an A. baumannii infection reduced bacterial cell numbers

by 111-fold, while there was only a 2.7-fold clearance of K. pneumoniae. Indeed, K. pneumo-
niae showed the highest recalcitrance towards all tested antibiotic treatments in this skin infec-

tion model and high concentrations of azithromycin (500 mg/kg) or colistin (3 mg/kg) had no

anti-infective activity. Similarly, although the MICs of ciprofloxacin against P. aeruginosa
(3.1 μg/ml) and K. pneumoniae (6.3 μg/ml) were quite similar, and both strains resistant to cip-

rofloxacin based on EUCAST (S1 Table), as little as 0.4 mg/kg ciprofloxacin were required to

reduce the P. aeruginosa load by 15-fold, while a 75-fold greater dosage of 30 mg/kg reduced

the K. pneumoniae bacterial burden by only 2-fold. Similarly, the E. coli and E. cloacae strains

Table 1. In vitro MICs of antibiotics and peptides against clinical isolates.

Strain MIC (μg/ml)

AZAa AZM CAM CAZ CIP COL ERY GEN MERO RIF TOB VAN 1002 HHC-10 1018 DJK-5

A. baumannii Ab5075 >500 15.6 125 >500 62.5 0.2 15.6b >500 15.6 1.6 250 62.5 23.1 23.1 23.1 11.6

E. coli E38 0.1 7.8 <3.9 <3.9 0.02 0.3 62.5 12.5 0.1 12.5 2.5 250 4.6 4.6 9.3 2.3

E. cloacae 218R1 62.5 7.8 7.8 62.5 0.04 0.3 250 3.1 0.6 12.5 0.3 250 23.1 23.1 4.6 9.3

E. faecium #1–1 >500 >500 25 62.5 250 >500 >500 15.6 >250 12.5 500 500 4.6 7.4 4.6 2.3

K. pneumoniae KPLN649 >500 3.9 15.6 62.5 6.3 0.6 500 >500 0.1 >500 125 >500 37 >46.3 18.5 23.1

P. aeruginosa LESB58 250 62.5 7.8 15.6 3.1 6.3 250 250 3.1 25 31.3 250 46.3 18.5 46.3 46.3

S. aureus LAC >500 250 7.8 62.5 5 125 31.3 3.1 1.6 <0.4 <0.4 1.6 <0.4 46.3 148 37

a AZA, Aztreonam; AZM, Azithromycin; CAM, Chloramphenicol; CAZ, Ceftazidime; CIP, Ciprofloxacin; COL, Colistin; ERY, Erythromycin; GEN, Gentamicin;

MERO, Meropenem; RIF, Rifampicin; TOB, Tobramycin; VAN, Vancomycin
b bold numbers indicate the antibiotics/peptides used in this study

https://doi.org/10.1371/journal.ppat.1007084.t001
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were sensitive towards ciprofloxacin (S1 Table), with MICs 0.02 and 0.04 μg/ml, respectively;

however, in the mouse abscess model 4 mg/kg was required to reduce E. coli cells by 5.8-fold

while only 0.006 mg/kg was required to reduce E. cloacae by 2.8-fold (Fig 2A–2E) (S2 Table).

These important observations highlight that antibiotic mono-therapies as well as high anti-

biotic dosages are often ineffective when bacteria form high density infections. Thus in vitro
MICs are useful indicators of potential, but are not always predictive of in vivo efficacy espe-

cially when adaptive resistance occurs. The situation was even more difficult for strains that

were resistant towards several classes of antibiotics, e.g. an E. faecium patient isolate that

showed extensive drug resistance towards all tested antibiotics (Table 1). In this case the use of

gentamicin for in vivo treatment at a high dosage (16 mg/kg) led to a reduction of the bacterial

burden by about 4-fold (Fig 2F, S2 Table). Conversely, a methicillin resistant S. aureus infec-

tion was somewhat treatable, although sensitive to the used antibiotics based on EUCAST

Fig 1. In vivo tracking of bioluminescently labeled (live) bacterial infections. CD-1 female mice were injected with individual bacterial strains carrying plasmids

constitutively expressing lux reporter genes. Bacterial strains were injected subcutaneously at a dose of 1 × 109 CFU E. faecium, 5 × 107 CFU S. aureus, 1 × 109 CFU

K. pneumoniae, 1 × 109 CFU A. baumannii, 5 × 107 CFU P. aeruginosa, 2.5 × 108 CFU E. cloacae, and 1 × 108 CFU E. coli. The infection was monitored 1 h post

infection and then every 24 h until day 3. Representative images for day 0 and day 3 are shown. Mice were imaged using a Perkin Elmer in vivo imaging system

(IVIS) and the experiment was repeated twice with three mice/group. The scale at the bottom indicates radiance x 106.

https://doi.org/10.1371/journal.ppat.1007084.g001
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Fig 2. Antibiotic and synthetic peptide mono- and combinatorial therapy in a murine cutaneous abscess model using female CD-1 mice

and clinical drug-resistant bacterial isolates. Bacterial strains were injected subcutaneously and treated one hour post infection with either

saline (control), synthetic peptides, antibiotics, or antibiotic-peptide combinations. Synthetic peptide concentrations for all conditions were as

follows: 1002, 10 mg/kg (3 mg/kg for E. faecium); 1018, 10 mg/kg; HHC-10 10 mg/kg, and DJK-5, 3 mg/kg (0.25 mg/kg for S. aureus). Infected

and inflamed tissue was measured three days post infection and pus-containing abscess lumps excised to determine CFU. Abscess sizes are in

box and whiskers plots (left panel) and counted CFU/abscess data expressed with geometric mean (right panel). A. P. aeruginosa LESB58,

ciprofloxacin 0.4 mg/kg. B. A. baumannii Ab5075, erythromycin 6 mg/kg, meropenem 6 mg/kg. C. K. pneumoniae KPLN649, meropenem 10

mg/kg, ciprofloxacin 30 mg/kg. D. E. cloacae 218 R1, ciprofloxacin 0.006 mg/kg. E. E. coli E38, ciprofloxacin 4 mg/kg, F. E. faecium #1–1,

Synergistic effects of antibiotics and anti-biofilm peptides in vivo
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(S1 Table), with clindamycin (0.01 mg/kg) and vancomycin (0.15 mg/kg), both of which visu-

ally reduced abscess sizes, but had no impact on bacterial clearance (Fig 2G, S2 Table).

Host defense peptides (HDPs) are small cationic amino acids groups produced by the body

as a defense mechanism and are key components of immunity [15], while short synthetic

derivatives show promise as broad spectrum anti-infectives that protect in various animal

models [16]. A discrete subset of these peptides is effective against a broad spectrum of bacte-

rial biofilms [17]. The mechanism of action of such peptides, e.g. 1018 and DJK-5, has been

linked to the disruption of the stringent stress response [17, 18]. The bacterial stringent

response is a highly conserved (present in Gram-positive and Gram-negative bacteria)

response to various stresses that impacts virulence and antibiotic susceptibility. Their unique

ability to disrupt this stress response enables such peptides to show activity against stringent

response controlled abscess infections, where biofilm phenotypes have also been suggested to

play a crucial role [17, 19, 20]. In this context, although our peptides showed high MICs in
vitro (Table 1), we previously showed that they can reduce abscess sizes as well as have modest

effects in reducing bacterial numbers when S. aureus or P. aeruginosa infections were treated

[18, 20].

Here we hypothesized that they would convert bacteria into a more relaxed (unstressed)

state that would render them more susceptible to antibiotic treatment. In this regard, peptide

DJK-5 at just 3 mg/kg reduced bacterial loads of P. aeruginosa (4.6-fold), E. faecium (22-fold),

K. pneumoniae (4.0-fold), A. baumannii (9.9-fold), and E. coli (2.2-fold) infections (Fig 2A–2C

and 2E, S2 Table). Other peptides, namely 1002, 1018, and HHC-10 at concentrations of 10

mg/kg had no significant impact on the bacterial burden but showed promise in visually

reducing abscess sizes for P. aeruginosa, E. faecium, K. pneumoniae, E. coli, and E. cloacae infec-

tions (Fig 2A, 2C–2F).

Antibiotic combination therapy is frequently used as a possible method of outmaneuvering

recalcitrant bacterial pathogens [21] but its application remains controversial and debated, in

part due to the increased risk of toxicity, organ damage, and the selection and emergence of

resistant strains [22]. Unfortunately, although in vitro assessments of synergy employing

checkerboard titration have been used to justify combination therapy, these are rarely followed

up with animal model infection studies. Testing synthetic peptides in combination with antibi-

otics in vivo showed the ability to enhance the treatment outcome of multidrug resistant bacte-

rial infections. In vivo synergy was defined as demonstrating an effect that was significantly

more pronounced in the combination than the sum of the effects of each agent alone using

saline-treated animals as a negative control [23, 24]. By this definition, combination therapies

applied with DJK-5 and antibiotics significantly worked against P. aeruginosa (reduction of

bacterial load by 245-fold in combination with ciprofloxacin), E. faecium (265-fold with

gentamicin), K. pneumoniae (91-fold with meropenem), A. baumannii (1325-fold with eryth-

romycin and 2006-fold with meropenem), and S. aureus (11-fold with vancomycin) when

comparing bacterial burdens to the saline control. Indeed DJK-5 worked synergistically and

showed an average overall improvement of 14-fold compared to the sum of the individual sin-

gle treatments. The highest synergistic activity occurred when DJK-5 was combined with mer-

openem or erythromycin against A. baumannii, reducing the bacterial load by 65-fold and

33-fold, respectively, in combination treatment compared to the sum of individual treatments

gentamicin 16 mg/kg. G. S. aureus LAC, clindamycin 0.01 mg/kg; vancomycin 0.15 mg/kg. (A-G) n = 368 biologically independent animals. All

experiments were done at least three times with 2–4 mice/group. Statistical analysis was performed using One-way ANOVA, Kruskal-Wallis

test with Dunn’s correction (two-sided). The asterisk indicates significant differences to the wild-type (�, p< 0.05; ��, p< 0.01; ���, p< 0.001).

The hash indicates significant differences of the combination therapy over the sum of the effects of each agent alone (#, p< 0.05; ##, p< 0.01;

###, p< 0.001).

https://doi.org/10.1371/journal.ppat.1007084.g002
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(Fig 2B; S2 Table). For E. coli, DJK-5 in combination with ciprofloxacin showed a 10.3-fold

reduction in bacterial numbers over the saline control, which was still a 2.9-fold improvement

over the summed monotherapies (Fig 2E).

Analogous data was also obtained with other peptides; 1018 in combination with ciproflox-

acin showed about 186-fold, 6.9-fold, 5.4-fold, and 8-fold reduction in bacterial burdens

against P. aeruginosa, K. pneumoniae, E. cloacae, and E. coli over the saline control (Fig 2A and

2C–2E) and additionally was synergistic in reducing P. aeruginosa and K. pneumoniae num-

bers from the abscess tissue by 30- and 6.4-fold, respectively compared to the summed mono-

therapies (Fig 2A and 2C). The combination of HHC-10 with ciprofloxacin against E. cloacae
reduced the bacterial load by about 36-fold compared to the saline control and showed syner-

gistic effects over the summed monotherapies (13-fold enhanced activity) (Fig 2D). Gentami-

cin in combination with peptide 1002 against E. faecium showed an 18-fold reduction in

comparison to the control, and a synergistic effect over the sums of the single administrations

(7.1-fold increased reduction in bacterial burden) (Fig 2F). Thus, although peptides 1002,

1018, and HHC-10 appeared to be less active in combination treatments, possibly due to their

being composed of L-amino acids that makes them susceptible to host proteases, they were

also shown to work synergistically under in vivo conditions.

Although genetically-determined antibiotic resistance has been well publicized as a major

issue in human health, the current inability to deal with phenotypic multi-drug resistance (e.g.

engendered due to growth conditions, especially biofilms), and in particular high-density

infections, has not been well addressed. Here, we examined peptides as a possible adjuvant to

antibiotic therapy for treating high-density, recalcitrant bacterial abscess infections caused by

the most intractable bacterial species. Our strategy to combine conventional antibiotics with

synthetic peptides offers a novel therapeutic approach to effectively treat high density infec-

tions in that a range of combination therapies were able to reduce the bacterial burden of prob-

lematic clinical isolates in our subcutaneous infection model. At least part of the effect of

peptides on antibiotic action was likely due to the ability of peptides to elicit degradation of the

stringent stress response intracellular signaling molecule ppGpp [17, 25], which has been tied

to resistance induction [26, 27], and the development of energy-starved persisters [28, 29]. To

further elucidate how the peptides acted, we performed checkerboard titration experiments to

determine interactions between the antibiofilm peptides 1018 and DJK-5 and the antibiotic

ciprofloxacin against P. aeruginosa LESB58. Since antibiofilm peptides exert their activities

under stringent stress conditions [17, 25], such as encountered in biofilms or abscesses, the

stringent response (ppGpp) inducing agent serine hydroxamate (SHX) as well as a ppGpp-

overproducing strain (LESB58 containing the overexpressed cloned relA gene) were used (S3

Table). As expected, under planktonic growth conditions there was no effect of the combined

treatment. However, for the two ppGpp-overexpressing situations, combining the two agents

lowered the effective concentrations of each agent to below the MIC, but this was prevented in

a stringent response ΔrelAΔspoT double mutant. The insertion of the cloned relA gene into the

double mutant enabled effective ciprofloxacin-peptide combinations. In this context, the

mutant lacking the stringent response genes, was 2-fold more susceptible towards ciprofloxa-

cin while the mutant complemented with the ppGpp synthetase, RelA, had a 4-fold higher

MIC to ciprofloxacin (S3 Table). Stress related responses could provide another mechanism of

synergy in addition to peptide-mediated breach of the Gram-negative permeability barrier.

These in vitro findings provide a plausible mechanism that may also be occurring in vivo.

Most available antibiotics target intracellular processes and therefore must penetrate the

bacterial cell envelope, which is particularly challenging in Gram-negative bacteria due to their

formidable outer membrane. To further investigate the molecular basis of the synergistic and

additive effects of the combinatorial treatment, we performed outer membrane permeability

Synergistic effects of antibiotics and anti-biofilm peptides in vivo
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assays, observing the ability of peptides to enhance the uptake of the normally impermeable

hydrophobic fluorophore N-phenyl-1-naphtylamine (NPN). Colistin, a cationic lipopeptide

antibiotic that is known to permeabilize the bacterial outer membrane [30], served as a positive

control, while meropenem, gentamicin, or vancomycin were used as negative controls. Except

for 1002, each peptide was able to interact with and permeabilize the outer membrane of

Gram-negative bacteria at their corresponding MICs (Table 2) and/or 10xMICs (S4 Table).

The effect of the peptides on Gram-positive bacteria was almost undetectable since NPN has

almost unimpeded access to Gram-positive bacteria.

The peptides used here worked with a variety of antibiotics. However, future work should

explore further possible combinations to find those most optimal. Other possible mechanisms

contributing to synergy should be investigated including modulating the host innate immune/

inflammatory responses (increasing protective responses while dampening inflammation) and

yet-to-be-identified downstream processes associated with the blockage of the stringent

response.

The insights from our study could help physicians to understand bacterial infections in skin

and soft tissues, and aid in management and development of improved treatment strategies.

Ultimately, we have provided evidence that our peptides, especially DJK-5, showed superior

effects when paired with antibiotics.

Materials and methods

Bacterial strains and growth conditions

Bacterial strains used in this study were E. faecium #1–1 (BEI resources, NR-31903), K. pneu-
monia KPLN649 [31], A. baumannii Ab5075 [32], P. aeruginosa LESB58 [33], E. cloacae 218R1

[34], E. coli E38 (Serotype O78:H-) (BEI resources, NR-17717), and S. aureus LAC USA300

[35] (S5 Table). All organisms were cultured at 37˚C in double Yeast Tryptone (dYT). Liquid

cultures were grown at 37˚C with shaking at 250 rpm. Cultures harboring individual plasmids

were supplemented with 15 μg/ml gentamicin (Gm), 100 μg/ml ampicillin (Ap), 10 μg/ml

tetracycline (Tc), 25 μg/ml chloramphenicol (Cm), 100 μg/ml spectinomycin (Sp) for

E. coli, 500 μg/ml Gm for P. aeruginosa, 100 μg/ml Cm for K. pneumoniae, 25 μg/ml Tc for

Table 2. Outer membrane permeabilization by peptides cf. antibiotics at their corresponding MICs. The uptake of the fluorophore NPN in the presence of different

antibiotics and synthetic peptides was determined by assessing increased fluorescence at an excitation wavelength of 350 nm and an emission wavelength of 420 nm due to

partition of the normally impermeable hydrophobic NPN into bacterial membranes. Relative fluorescence values of at least three biological replicates were determined by

subtracting the fluorescence value without test substance.

Strain Relative NPN Fluorescence (Mean ± Standard Error)

Antibiotica 1018 HHC-10 DJK-5 1002 Colistin

A. baumannii Ab5075 0 ± 0 145 ± 9d 120 ± 6d 48 ± 14 85 ± 29 56 ± 49

E. coli E38 1.4 ± 1.4 72 ± 6d 69 ± 12d 21 ± 3.5 6.0 ± 0.9 12 ± 1.2

E. cloacae 218R1 4.5 ± 3.4 26 ± 11 102 ± 12d 12 ± 7.2 9.3 ± 4.7 0.3 ± 0.3

K. pneumoniae KPLN649 0 ± 0 33 ± 12d 116 ± 36d 13 ± 0.7 25 ± 3.5 48 ± 36

P. aeruginosa LESB58 4.5 ± 4.5 275 ± 110d 72 ± 8 140 ± 29d 113 ± 49 210 ± 57d

E. faecium #1–1 2.6 ± 2.3b 1.9 ± 1.2 0 ± 0 0.6 ± 0.6 0 ± 0 0 ± 0

S. aureus LAC 2.9 ± 2.9c 7.1 ± 5.7 0 ± 0 1.8 ± 1.8 8.2 ± 2.5 9.7 ± 5.5

a Meropenem was used unless indicated otherwise
b Gentamicin
c Vancomycin
d Significant difference to the antibiotic (p< 0.05; One-Way ANOVA, Kruskal-Wallis test).

https://doi.org/10.1371/journal.ppat.1007084.t002
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A. baumannii, 25 μg/ml Gm for E. cloacae, and 400 μg/ml Sp for E. faecium. Bacterial growth

was monitored using a spectrophotometer at an optical density of 600 nm (OD600).

Construction and transformation of bioluminescent plasmids

The 5.8-kb luxCDABE operon was PCR amplified from pUCP.lux using the primer lux-fd

(CCGCAAATGGATGGCAAATA) and transcriptional terminator t0-containing primer lux-

rv-t0 (TGGACTCACAAAGAAAAAACGCCCGGTGTGCAAGACCGAGCGTTCTGAACA

ATCAACTATCAAACGCTTCGG). The resulting PCR fragment was cloned into the pCR-

BluntII-TOPO vector and successful transformants isolated based on their expression of lumi-

nescence. A broad-host-range cloning vector, pBBR1MCS [36], with various antibiotic resis-

tance markers to constitutively express luminescence genes from the lac promoter was utilized

by transferring the complete luxCDABE-t0 fragment into pBBR1MCS-1, pBBR1MCS-3, or

pBBR1MCS-5, via KpnI / PstI restriction sites (S6 Table). Successful transformants were

selected based on luminescence expression and further verified by restriction digestion.

P. aeruginosa LESB58 and A. baumannii Ab5075 were made electrocompetent with 300

mM sucrose. E. cloacae 218R1, K. pneumonia KPLN649, E. faecium #1–1, and E. coli E38 were

made electrocompetent with ice-cold water. Briefly, individual strains except E. faecium were

scraped from an overnight grown agar plate and washed with either sucrose or water. E. fae-
cium was scraped from a plate and grown overnight in dYT supplemented with 3% glycine.

Electroporation conditions were 2.5 kV, 25 μF, 200 O. Plasmid pUCP.lux was transformed

into P. aeruginosa, pBBR1.lux into K. pneumoniae, pBBR3.lux into A. baumannii and E. coli,
pBBR5.lux into E. cloacae, and plasmid pSL101-P16S, which has a broad-host range replicon

for Gram-positive bacteria, into E. faecium. Successful transformants were checked for lumi-

nescence expression and plasmid stability further verified by re-streaking single colonies on

agar plates without antibiotic selection for 4 days, which did not lead to the loss of lumines-

cence signals.

Construction of the relA overexpression plasmid

A 2447-bp fragment containing the relA gene including a 100-bp upstream promoter region

was PCR amplified from P. aeruginosa LESB58 genomic DNA using the primers relA_oe_fwd-

Spe (CATACTAGTGGGTATCTCGGGTCTTCAG) and relA_oe_rev-Apa (TCAGGGCCCG

CTAGGATGCCTGCGTAATC). The resulting PCR fragment was cloned into pBBR1MCS-5

[36] via SpeI and ApaI restriction sites and sent for sequencing before transformation into

P. aeruginosa LESB58.

Peptide synthesis, antibiotics, and in vivo application

Peptides HHC-10 (KRWWKWIRW-NH2) [37], 1002 (VQRWLIVWRIRK-NH2) [38], 1018

(VRLIVAVRIWRR-NH2) [39] and the D-enantiomer DJK-5 (VQWRAIRVRVIR-NH2) [25]

were synthesized by CPC Scientific using solid-phase 9-flurenylmethoxy carbonyl (Fmoc)

chemistry and purified to>95% purity using reverse-phase high-performance liquid chroma-

tography (HPLC). The lyophilized peptides were resuspended in endotoxin-free water. The

antibiotics gentamicin, ciprofloxacin, meropenem, erythromycin, clindamycin, vancomycin,

azithromycin, and colistin were purchased from Sigma-Aldrich at a United States Pharmaco-

peia (USP) Reference Standard grade. Erythromycin and azithromycin were initially dissolved

in 70% ethanol, while all other antibiotics were dissolved in endotoxin-free water (E-Toxate,

Sigma-Aldrich). Antibiotics and peptides were further diluted into saline (Sigma-Aldrich) for

in vivo application.
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Drug susceptibility

The MICs of drugs for all clinical isolates were determined by using the broth microdilution

assay [40] in 96-well plates using Mueller-Hinton broth (MHB; Difco). All tests were per-

formed in at least triplicate following the Clinical and Laboratory Standards Institute recom-

mendations. Bacterial growth (37˚C) was examined by visual inspection after 16 h to 48 h of

incubation. The MIC was defined as the lowest concentration of a compound that completely

prevented visible cell growth.

Checkerboard titration assays

P. aeruginosa LESB58, LESB58.relA, LESB58.ΔrelA/ΔspoT, and LESB58.ΔrelA/ΔspoT (comple-

ment with plasmid pBBR5.relA) were adjusted to an OD600 of 0.001 and grown in a 96-well

plate in MHB for 24 h at 37˚C under static conditions. To chemically induce stringent condi-

tions, 500 μM serine hydroxamate (SHX; Sigma-Aldrich) was added to the growth medium.

The minimum fractional inhibitory concentration for each compound was visually deter-

mined in wells that showed 100% growth inhibition.

Ethics statement

Animal experiments were performed in accordance with The Canadian Council on Animal

Care (CCAC) guidelines and were approved by the University of British Columbia Animal

Care Committee (certificate number A14-0363).

Cutaneous mouse infection model

Mice used in this study were female outbred CD-1. All animals were purchased from Charles

River Laboratories (Wilmington, MA), were 7 weeks of age, and weighed about 25 ± 3 g at the

time of the experiments. 1 to 3% isoflurane was used to anesthetize the mice. Mice were eutha-

nized with carbon dioxide.

The abscess infection model was performed as described earlier [4]. All microorganisms

used in this infection model were grown to an OD600 of 1.0 in dYT broth. Prior to injection,

bacterial cells were washed twice with sterile PBS and resuspended to the following (strain-

dependent) concentrations to produce reproducible abscesses and bacterial counts: P. aerugi-
nosa LESB58, 5 × 107 CFU; A. baumannii Ab5075, 1 × 109 CFU; K. pneumoniae KPLN49,

1 × 109 CFU; E. faecium #1–1, 1 × 109 CFU; E. cloacae 218R1, 2.5 × 108 CFU; E. coli E38,

1 × 108 CFU; and S. aureus LAC, 5 × 107 CFU/ml (S5 Table). A 50 μl bacterial suspension was

injected into the right side of the dorsum. All utilized peptides and antibiotics were tested for

skin toxicity prior to efficacy testing. Treatment was applied directly into the subcutaneous

space into the infected area (100 μl) at 1 h post infection. The progression of the disease/infec-

tion was monitored daily and abscesses (visible swollen, inflamed lumps) were measured on

day three using a caliper. Skin abscesses were excised (including all accumulated pus), homog-

enized in sterile PBS using a Mini-Beadbeater-96 (Biospec products) for 5 min and bacterial

counts determined by serial dilution. Experiments were performed at least 3 times indepen-

dently with 2 to 4 animals per group.

Tracking luminescence tagged bacteria during infection

To follow disease progress in real-time bioluminescently labelled strains were used (S5 Table).

Bioluminescence images were acquired (auto exposure, medium binning) at different times

after the initiation of infection by using the IVIS Lumina system (Perkin Elmer, Waltham

MA) and analyzed using Living Image software.
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Outer membrane permeabilization assay

The induction of increases in the outer membrane permeability caused by antibiotics or pep-

tides was evaluated using the fluorescence dye N-phenyl-1-naphthylamine (NPN; Sigma-

Aldrich), based on the protocol of Loh et al [41]. Briefly, microtitre plates were prepared with

100 μl Hepes buffer (5 mM, pH 7.2) (control) or buffer supplemented with 0.5 mM NPN with

or without peptides/antibiotics at a concentration equivalent to the MIC and 10-fold the MIC

of individual bacterial strains. Bacterial strains were grown overnight on dYT agar plates,

scraped from the plate, resuspended in buffer and adjusted to an OD600 of 1.0. One hundred μl

of the cell suspension was then added to each well of the microtitre plate and the fluorescence

immediately measured at an excitation wavelength of 350 nm and emission wavelength of 420

nm in a Synergy H1 microplate reader (BioTek). The values obtained from the cell suspension

without test compounds were subtracted from the value for the suspension with test substrates

to express the relative fluorescence units. All obtained data points were divided by 100 for

presentation.

Statistical analysis

Statistical evaluations were performed using GraphPad Prism 7.0 (GraphPad Software, La

Jolla, CA, USA). P-values were calculated using one-way ANOVA, Kruskal-Wallis multiple-

comparison test. Data was considered significant when p-values were below 0.05, 0.01 or 0.001

as indicated.
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