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Abstract
Burkholderia cepacia complex (Bcc) infection, associated with cystic fibrosis (CF) is intrinsically multidrug resistant to antibiotic treatment making eradication from the CF lung virtually
impossible. Infection with Bcc leads to a rapid decline in lung function and is often a contraindication for lung transplant, significantly influencing morbidity and mortality associated with
CF disease. Standard treatment frequently involves antibiotic combination therapy. However, no formal strategy has been adopted in clinical practice to guide successful eradication. A new class of direct-acting, large molecule polycationic glycopolymers, derivatives of
a natural polysaccharide poly-N-acetyl-glucosamine (PAAG), are in development as an
alternative to traditional antibiotic strategies. During treatment, PAAG rapidly targets the
anionic structural composition of bacterial outer membranes. PAAG was observed to permeabilize bacterial membranes upon contact to facilitate potentiation of antibiotic activity.
Three-dimensional checkerboard synergy analyses were used to test the susceptibility of
eight Bcc strains (seven CF clinical isolates) to antibiotic combinations with PAAG or ceftazidime. Potentiation of tobramycin and meropenem activity was observed in combination with
8–128 μg/mL PAAG. Treatment with PAAG reduced the minimum inhibitory concentration
(MIC) of tobramycin and meropenem below their clinical sensitivity breakpoints (4 μg/mL),
demonstrating the ability of PAAG to sensitize antibiotic resistant Bcc clinical isolates. Fractional inhibitory concentration (FIC) calculations showed PAAG was able to significantly
potentiate antibacterial synergy with these antibiotics toward all Bcc species tested. These
preliminary studies suggest PAAG facilitates a broad synergistic activity that may result in
more positive therapeutic outcomes and supports further development of safe, polycationic
glycopolymers for inhaled combination antibiotic therapy, particularly for CF-associated Bcc
infections.
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Introduction
Burkholderia cepacia complex (Bcc) is a group of genotypically diverse strains currently consisting of 20 species and are the causative agent of severe lower respiratory infections in cystic
fibrosis patients [1]. Colonization of the lung with Bcc is associated with an increased risk of
accelerated pulmonary decline, early death, and often excludes Bcc infected patients from consideration for lung transplantation [2, 3]. Furthermore, Bcc respiratory infections in CF
patients frequently lead to exacerbations, causing a significant and rapid decline in lung function that is often not reversible [4].
Bcc have the ability to resist and adapt to antibiotic treatment and adverse environmental
conditions, making it virtually impossible to eradicate from the CF lung [5–7]. Antimicrobial
therapies for infection caused by Bcc are severely limited by the broad-spectrum resistance
exhibited by most strains [8, 9]. Meropenem and tobramycin are two commonly used antimicrobial agents that are generally recommended to treat CF pulmonary exacerbation [10], however only a few reports describing treatments for CF patients infected with Bcc have been
published [4, 11–14]. Though these antimicrobial agents cause a reduction in bacterial density,
clinical improvement in lung function was not observed [11]. Opportunities exist for developing new, more effective therapeutic strategies potentially involving the use of multiple antibiotic therapies to treat chronic lung infections associated with CF.
Development of alternate antibacterial strategies to potentiate the antimicrobial activity of
conventional antibiotics have become increasingly important due to the emerging threat of
multi-drug resistant infection. Poly (acetyl, arginyl) glucosamine (PAAG), is a recently discovered novel class of glycopolymer therapeutics that demonstrate broad antibacterial activity
across a spectrum of drug resistant antibiotics and in many cases, has shown synergy with antibiotics in vitro [14]. A wide range of pathogenic bacteria associated with CF disease, including
methicillin-resistant Staphylococcus aureus (MRSA), Pseudomonas aeruginosa, and nontuberculous mycobacteria (NTM), are sensitive to PAAG alone or in combination with antibiotics
[15]. PAAG is a polycationic polysaccharide and is observed to be biocompatible with minimal
eukaryotic cytotoxicity [16]. Many antimicrobial peptides and polyethylenimines (PEI) are
also polycationic, but have some degree of cytotoxicity that limits their use [14]. Rapid permeabilization of bacterial membranes facilitated by the affinity of PAAG for anionic structures has
been previously observed [17]. Due to the physiochemical properties of polysaccharides, their
derivatives have been widely used in food [18–21] and therapeutic industries [22–26] without
significant risk. Safety and tolerability studies conducted on PAAG, demonstrate a lack of toxicity upon inhalation and intravenous administration in the animal experiment studies.
PAAG and similar cationic antimicrobials such as polymyxin B interact with the outer
membrane of gram-negative bacteria depolarizing the membrane resulting in leakage of the
intracellular contents and death. This mode of action facilitates increased resistance characterized by a lack of charged molecules ability to cross the membrane and exert antimicrobial
effects. Specifically, divalent cations located within the bacterial outer membrane support the
integrity of the structure and electrostatically link lipopolysaccharide (LPS) by the anionic
phosphate groups [27, 28]. Gram-negative bacteria were shown to be susceptible to the antimicrobial activity of PAAG, and antibacterial activity of PAAG was enhanced by increased charge
density [29]. Tobramycin is a polycationic glycoside that facilitates antibacterial activity by
penetrating the bacterial membrane and attaching to the 30S and 50S ribosome and preventing
protein translation [30]. Similarly, meropenem is a cationic antibiotic that inhibits synthesis of
the bacterial cell wall [31]. Ceftazidime is an anionic antibiotic that also penetrates cells and
binds to proteins essential for cell elongation facilitating the bactericidal activity. Diffusion
through the bacterial cell wall is required to facilitate the antibacterial activity of each of these
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antibacterial agents [32]. The different antibacterial targets could facilitate the combination
effect of these drugs in treating Bcc.
This study examines the scope of synergy and sensitization among seven Bcc clinical isolates from CF patients and one environmental isolate using 3D checkerboard analysis to comparatively examine antibiotic combinations of meropenem (MEM) and tobramycin (TOB)
with PAAG compared to those with ceftazidime (CAZ). The results infer that the combination
therapy with PAAG might be effective to treat lung infections caused by Bcc in CF patients.
This study infers that combination therapy with PAAG is effective to treat lung infections
caused by Bcc in CF patients. The bactericidal activity of PAAG may help to clear bacteria
from lungs, thereby decreasing bacterial sputum density, which may help improve clinical
symptoms.

Materials and methods
Bacterial strains and culture conditions
Eight Bcc isolates were examined in this study. One isolate was obtained from ATCC
(ATCC 25416). Six isolates were obtained from the Burkholderia cepacia Research Laboratory and Repository (BcRLR) (University of Michigan, Ann Arbor, MI) of which four
(AU10321, AU10529, AU8042, and AU10398) were the subject of previously reported studies evaluating novel antimicrobial agents [8]. One isolate used for this study (EH4) was
newly isolated from a CF sputum sample provided from the Gregory Fleming James Cystic
Fibrosis Research Center in Birmingham, Alabama [Dr. Steve Rowe], by techniques
described below.
The sputum sample was processed by liquefaction in 1% dithiothreitol (DTT) as described
previously [33]. Dilutions (1:1) were made and plated onto selective media. Isolates with distinctive colony morphologies were sub cultured for further characterization by conventional
methods [34]. The DNA from the Bcc isolate designated EH4 was sent to AccuGENIX
(Charles River Laboratories, Inc.) and identified and typed via comparative 16S ribosomal
RNA (rRNA) gene sequence and reported as Burkholderia multivorans. All the bacterial cultures were maintained as frozen stocks at -80˚C in Mueller-Hinton (MH) broth with 15%
glycerol and recovered from frozen stock on MH agar following overnight incubation at
37˚C.

Antimicrobial agents and susceptibility testing
Synedgen’s polycationic proprietary glycopolymer is an arginine derivative of a natural polysaccharide poly-N-acetyl-glucosamine (PAAG). It is polycationic and soluble at physiologic
pH’s. The antibiotics meropenem and tobramycin were obtained from Sigma-Aldrich
(St. Louis, MO). Each of the Burkholderia isolates were tested against meropenem (0.375–
48 μg/mL), tobramycin (2–1024 μg/mL), ceftazidime (8–1024 μg/mL) and PAAG (8–1024 μg/
mL). Susceptibility testing was performed by a broth microdilution method with the test antibiotics and PAAG under test conditions in accordance with Clinical and Laboratory Standards
Institute (CLSI) standards. Serial two-fold dilutions of the test preparation namely meropenem, tobramycin, ceftazidime and PAAG were made in supplemented MH broth and 100 μl
was aliquoted into each well of 96-well flat bottom microtiter plates. Bacteria grown overnight
in MH broth were diluted to a 1 McFarland turbidity standard in MH broth. The diluted culture was added to the wells being tested. Bacteria without the addition of antibiotics or PAAG
were used as controls. The plates were incubated at 37˚C for 24h. The isolates were categorized
as sensitive, intermediate, or resistant according to the CLSI guidelines [35].
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Checkerboard assay
The eight isolates of Burkholderia were characterized as resistant based on the MICs of the
selected individual antibiotics using the microdilution method [36, 37]. The MICs were determined using three-dimensional checkerboard microdilution assay with MH Broth (Difco) and
a final inoculum of 5 X 107 CFU/mL. Microdilution of triple antibiotic combinations in the
presence and absence of PAAG were performed in the following manner as depicted in Fig 1.
The checkerboard assays were performed in duplicates (n = 2). The control plate contained
increasing concentrations of meropenem (48–0.375 μg/mL) on the x-axis and increasing concentration of tobramycin (2–1024 μg/mL) on the y-axis. Each of the subsequent eight plates
contained fixed concentrations of PAAG ranging from 2–1024 μg/mL with increasing concentration of tobramycin ranging from 2–1024 μg/mL on the x-axis and increasing concentrations
of meropenem ranging from 0.375–48 μg/mL on the y-axis. MICs and fractional inhibitory
concentrations (FIC’s) were determined after a period of 24h growth. The MIC was defined as
the lowest concentration well in the microtiter plate which had no visible growth in it. The
FICI values < 0.5, 1.0, and >4 were defined as synergistic, additive or indifferent, and antagonistic respectively, according to the previously published methods [38].

Results
Antimicrobial susceptibility of Bcc isolates
The clinical isolates examined were taken from patients having a mean age of 24.1 years (3
males, 4 females), and were isolated in the years between 1995 and 2016, from various geographic regions across the United States (data not shown). Antibiotic susceptibility for meropenem, tobramycin, and ceftazidime was determined for all the isolates used in the study. The
minimum inhibitory concentration (MIC) for each of the isolates against these antibiotics is
listed in Table 1. Table 1 also summarizes the results of the three-dimensional checkerboard
study and documents the observed relationships as determined by fractional inhibitory concentration (FIC) index (FICI). PAAG alone showed antibacterial activity against all the Bcc
strains tested at concentrations exceeding 1024 μg/ml.

Synergy testing
Eight isolates were found to be clinically resistant to meropenem, tobramycin, and ceftazidime
were tested further in combination with PAAG, using the three-dimensional checkerboard
microdilution assay. The MICs of for the 8 isolates used for three-dimensional checkerboard
analysis were between 6–24 μg/mL for meropenem, between 8 and >1024 μg/mL for ceftazidime, and 128–512 μg/mL for tobramycin and all isolates exhibited resistance to all three antibiotics, according to the CLSI standard [35]. The MICs of the individual MICs of each
antibiotic have been detailed in Table 1 to demonstrate individual drug activity with respect to
the FICI values. In vitro antibiotic combinations are characterized based on the FICI, which
represents the sum of the FICs of each drug tested. The FIC of each drug combination is determined by dividing the MIC of each drug when used in combination by the MIC of each drug
when used alone (FIC A/B/C = MIC of A (combination)/ MIC of A alone + MIC of B (combination)/ MIC of B alone + MIC of C (combination) / MIC of C alone. The FICI interpretation
used was FICI < 0.5 synergy, 0.5 < FICI < 4 additive effects or indifference, and FICI  4
antagonism [36, 37, 39, 40].
All 8 isolates tested with MEM/TOB/PAAG treatments demonstrated synergistic relationships demonstrated by an FICI of less than 0.5. For each isolate tested in combination with
PAAG, the MICMEM and MICTOB was reduced 16 to 64-fold (Table 1). Modest synergy
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Fig 1. Schematic of the set-up for a three-dimensional checkerboard technique. Diagram depicts the design of the 96-well
test plates to include 3 different antibiotics. Each plate has a fixed concentration of PAAG or ceftazidime. Each plate also has a
standard checkerboard of meropenem vs tobramycin. The arrows indicate increasing concentrations of each antimicrobial drug.
The diagram is adapted from Stein et. al., 2015 [38].
https://doi.org/10.1371/journal.pone.0179776.g001
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Table 1. In vitro activities of combination antibiotic treatment and PAAG.
Species Tested

Strains Tested

MIC(μg/mL)
MEM

TOB

CAZ

FICIMEM/TOB

FICIMEM/TOB/CAZ

FICIMEM/TOB/PAAG

PAAG

B. multivorans

AU10398

6

512

32

>1024

0.39 ± 0.12 (S)

4.1 ± 0.22 (NS)

0.14 ± 0.11 (S)

B. cenocepacia

AU10321

24

128

>1024

>1024

0.42 ± 0.23 (S)

0.3 ± 0.10 (S)

0.15 ± 0.21 (S)

B. multivorans

AU2380

24

256

>1024

>1024

1.0 ± 0.32 (NS)

4.25 ± 0.24 (NS)

0.1 ± 0.14 (S)

B. multivorans

AU0064

24

256

32

>1024

0.8 ± 0.14 (NS)

4.1 ± 0.23 (NS)

0.1 ± 0.12 (S)

B. cenocepacia

AU0007

24

256

128

>1024

0.16 ± 0.16 (S)

0.4 ± 0.14 (S)

0.1 ± 0.13 (S)

B. cenocepacia

AU0037

12

128

8

>1024

0.3 ± 0.13 (S)

1.31 ± 0.14 (NS)

0.15 ± 0.21 (S)

ATCC 25416

6

256

128

>1024

0.05 ± 0.21 (S)

1.5 ± 0.12 (NS)

0.12 ± 0.14 (S)

EH4

6

256

64

>1024

0.8 ± 0.12 (NS)

2.5 ±0.14 (NS)

0.15 ± 0.14 (S)

B. cepacia
B. multivorans

Data is represented as the FICI values ± standard deviation. FICI values given are the lowest values for the given combination.
S = Synergy, NS = No synergy, MEM = Meropenem, CAZ = Ceftazidime, TOB = Tobramycin, FICI = Fractional inhibitory concentration index,
MIC = Minimum inhibitory concentration.
https://doi.org/10.1371/journal.pone.0179776.t001

demonstrated by a 4-fold reduction in the MICCAZ was also observed with MEM/TOB/CAZ
treatments against B. cenocepacia AU10321 and AU0007 (Table 1). All other isolates showed
either no favorable interaction between the drugs or antagonistic relationships. The isolates
that demonstrated antagonism for MEM/TOB/CAZ antibiotic treatment (B. multivorans
strains AU10398, AU2380, and AU0064), showed increased MICCAZ values in the presence of
meropenem and tobramycin.
In the presence of PAAG -concentrations as low as 8 μg/mL, all Bcc strains tested showed 2
to >16 fold reductions in the minimal concentration that inhibited growth (MIC) of meropenem and tobramycin. Lack of significant synergy was observed when PAAG concentrations
below 8 μg/mL was used for the three-dimensional checkerboard assay. More strains will be
tested for synergy at lower concentrations of PAAG. Combination therapy with antibiotics
(other than ceftazidime), in the presence of PAAG, showed a more pronounced reduction in
the MIC for all 8 Bcc clinical isolates tested (Table 1). The 2D checkerboard assays used as control, in the absence of PAAG, also demonstrated synergistic relationships for most of the
strains tested. The therapeutic antibiotic combination of MEM/TOB/CAZ is frequently used
in clinical practice to treat CF lung infections caused by Bcc. Treatment with PAAG facilitated
synergy at the lowest concentrations of MEM and TOB tested (2 μg/mL of TOB and 0.375 μg/
mL of MEM) (Fig 2). PAAG sensitizes resistant bacteria below clinical sensitivity breakpoints
for all the eight clinical isolates of Bcc tested. Ceftazidime was unable to reduce tobramycin or
meropenem MIC of B. multivorans EH4 below clinical breakpoints in vitro. However, replacing ceftazidime with PAAG (8–128 μg/mL) sensitizes B. multivorans EH4 to meropenem. The
MICTOB for B. multivorans EH4 was reduced 32-fold in the presence of PAAG and meropenem. Although achieving an MICTOB of 2 μg/mL for B. multivorans EH4 was below the sensitivity breakpoint [34]. Isolate B. multivorans AU10398 and B. cenocepacia AU10321 were both
re-sensitized to meropenem and tobramycin with the addition of PAAG. Four other isolates
demonstrated similar results of which these represent. These studies show that PAAG sensitizes Bcc to lower MICs of meropenem and tobramycin compared to use with ceftazidime in
combination therapy.
Isoboles were used to graphically represent the synergistic relationships between antibiotics
and PAAG. The FIC values evaluated in Fig 2 were derived from the lowest concentration of
antibiotics where addition of PAAG was able to potentiate the effect of the antibiotics. In Fig 2,
values below the broken line specifies FICs below 0.5 and indicate synergistic relationships
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Fig 2. Isobole analysis of synergistic antibiotic activity. (A) B. multivorans EH4, (B) B. multivorans
AU10398, (C) B. cenocepacia AU10321. The lowest FIC index values of the combinations were reported as
median +/- standard deviation. The graphs on the right column shows isoboles of Bcc strains exhibiting
synergistic effects with the triple combination antibiotic treatment of meropenem, tobramycin and PAAG. The
graphs on the left column exhibits isoboles of Bcc strains with a triple combination antibiotic treatment of
meropenem, tobramycin and ceftazidime. The FIC values were chosen from the lowest concentration of
antibiotics where addition of PAAG that could potentiate the effect of the antibiotics. Dotted line refers to FIC
0.5.
https://doi.org/10.1371/journal.pone.0179776.g002

and values above the broken line demonstrate a lack of synergy between the tested antibiotics.
The left column of Fig 2 exhibits isoboles of Bcc strains treated with meropenem, tobramycin
and ceftazidime. The right column exhibits isoboles of Bcc strains exhibiting synergistic effects
with a triple combination of meropenem, tobramycin and PAAG. Specifically, Fig 2 shows the
isoboles of B. multivorans EH4 (Fig 2A), B. multivorans AU10398 (Fig 2B), and B. cenocepacia
AU10321 (Fig 2C) demonstrating PAAG’s superior synergistic activity in combination with
meropenem and tobramycin, compared to ceftazidime. Four other CF clinical isolates demonstrated similar results (S1 Fig) and speaks to the reproducibility and robustness of the observation of PAAGs superior activity. These data show that FIC values of antibiotic combinations
including PAAG achieve synergy at lower concentrations than antibiotic combinations with
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ceftazidime, and suggest a more rapid and efficient in vitro antibacterial activity can be
achieved with the use of PAAG.

Discussion
The current study served to characterize the interactions of PAAG in combination with meropenem and tobramycin as a novel therapeutic strategy against highly resistant bacterial infections. Multi-drug resistant Bcc were sensitized to antibiotic treatment by PAAG (Table 1).
Tobramycin (TOB), meropenem (MEM), and ceftazidime (CAZ) are frequently used in combination therapy for Bcc infection and yet, were insufficient to reduce tobramycin or meropenem effective concentrations below clinical antibacterial sensitivity breakpoints
(meropenem  4 μg/mL, tobramycin  4μg/mL) in vitro (Fig 2). Antibiotic synergy was
observed at lower tobramycin and meropenem concentrations when used in combination
treatment with PAAG (2 μg/mL of TOB and 0.375 μg/mL of MEM) compared to ceftazidime
(64–128 μg/mL of TOB and 6–12 μg/mL of MEM) and demonstrates the ability of PAAG
(compared to ceftazidime) to reduce MIC of tobramycin and meropenem, below CLSI breakpoints. Also, combination antimicrobial treatment that included PAAG resulted in synergy for
all the clinical isolates tested, compared to only two B. cenocepacia isolates treated in combination with ceftazidime (Table 1). In fact, antagonistic relationships were observed in three of the
four B. multivorans isolates when treated with ceftazidime, tobramycin, and meropenem. This
observation underlines the importance of recognizing the limitations in predictive value of in
vitro antibiotic susceptibility testing when using small numbers of representative bacterial species tested, as well as variables associated with host and testing methodology [41].
Among Bcc lung infections associated with cystic fibrosis, B. cenocepacia and B. multivorans
represent the most commonly found strains [42, 43]. The significance of the different antibiotic susceptibilities of bacterial species has not been extensively examined in previous synergy
studies [44]. The current observation of antagonism in B. multivorans treated with ceftazidime,
tobramycin, and meropenem, compared to the achievement of synergy in B. cenocepacia clinical isolates (Table 1), supports the claim that significant variation exists in antibiotic susceptibility among Burkholderia species. Consequently, the observed antagonism between these
cationic antibiotics and anionic ceftazidime observed when used against B. multivorans could
be dependent on the differences in charge and their interaction with outer membrane structure [9]. Observations by others show 18% of ceftazidime-sensitive isolates demonstrated
antagonistic relationships with the addition of tobramycin [11]. Also, 13% of tobramycin-sensitive strains and 5% of meropenem-sensitive strains demonstrated antagonism in the presence
of ceftazidime [11]. The epidemiology and diversity of Bcc species may explain this observation of antagonism of single antibiotic sensitive Bcc isolates [1, 11]. In comparison, treatment
of these strains with PAAG in combination with meropenem and tobramycin achieved synergy against both species equally. Further investigation of treatment regimens with regard to
specification of Bcc species isolated is warranted, specifically with respect to B. cenocepacia and
B. multivorans that make up a majority of Bcc infections [1]. Failure to account for the differences between Burkholderia species may result in less favorable clinical outcomes and impede
the development of appropriate treatment recommendations.
Consensus has not been met on the appropriate treatment regimen for Bcc lung infections,
despite numerous studies examining antibiotic combination therapy [4, 11–13]. The differences in resistances between strains may make such a broad consensus impossible. Both multidrug resistance and genetic diversity among Bcc species complicate clinical treatment. Studies
demonstrate therapeutic success against Bcc when the patient is treated with tobramycin, meropenem, and/or ceftazidime [6, 44]. The drawbacks of these standard antibiotic treatments
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include increased resistance development, antagonism, and adverse effects. PAAG, and other
potentiating glycopolymer, may provide an appealing drug development strategy by augmenting the activity of ineffective or inefficient therapeutic agents and demonstrating synergistic
activity over a broad range of Bcc species. PAAG, as a polycationic antimicrobial that selectively permeabilizes bacterial membranes appears to facilitate antimicrobial activity. Bacterial
membrane permeability was increased following PAAG treatment as demonstrated by bacterial uptake of florescent probes (1-N-phenylnaphthylamine, nile red, and propidium iodide)
and supported by electron microscopy documentation of abnormal outer membrane structure
[29]. Other cationic small-molecules attempt to utilize this strategy to potentiate antibacterial
activity however, the required concentrations were too high for clinical use given the toxicity
of the drugs [27]. The current study did not elucidate mechanisms of antibiotic resistance but
suggests patterns in antibiotic susceptibility profiles that may inform current treatment
practices.
Antibiotics such as polymixin B, colistin, and colistimethate sodium (CMS) are associated
with harmful side-effects (i.e., nephrotoxicity, ototoxicity, and neuromuscular blockade) and
are limited in clinical use in favor of treatments with better safety profiles [45]. For example,
CMS can be used as an inhaled treatment for chronic lung infections but requires relatively
large doses (up to 160 mg/kg every 8 hours) and CMS is associated with nephrotoxicity at a
rate similar to the more potent polymixin B [45, 46]. Ongoing studies suggest that less than
1mg/kg will be safely tolerated and effective for PAAG treatments delivered by inhalation at
less frequent intervals than what is standard for CMS [45]. Further, as large-molecule therapeutics, glycopolymer PAAG is restricted to the local treatment area and is unable to cross into
the circulation to exhibit systemic toxicity and also may reduce the effective dose. Cytotoxicity
was evaluated in the elution, agar diffusion, and direct contact tests and indicated PAAG was
non-toxic. Acute dermal irritation and delayed-type hypersensitivity tests reported no irritation or sensitivity to PAAG treatment. In preliminary nonclinical toxicology studies, PAAG
has been administered intravenously without any major adverse clinical signs at more than
1000 times or 100 times the anticipated therapeutic dose in rats and dogs, respectively. Dose
escalation studies of inhaled PAAG for 7-days showed no treatment related clinical signs nor
any test article-related effects observed in either rats or dogs. These data show a feasible and
safe dose of PAAG is achievable and encourages further efforts in the development of PAAG
for treatment of CF airway infections.
These preliminary results presented in this study suggest that triple antibiotic combination
therapy with PAAG is more effective and bactericidal against clinical Bcc isolates, when compared to the standard triple antibiotic combination therapy with ceftazidime. PAAG has been
shown to enhance susceptibility of resistant Bcc during combination antibacterial treatment.
Triple synergy assay utilizing antibiotic combination therapy with PAAG is currently being
further evaluated with more Bcc species and other isolates associated with CF infections. Further pre-clinical and clinical studies are ongoing to investigate the use of PAAG as a novel
inhaled therapeutic to potentiate and restore susceptibility of innately resistant Bcc infections
and improve clinical outcomes.

Supporting information
S1 Fig. Isoboles of the double combinations of the antibiotics. (A) Burkholderia multivorans
AU2380, (B) Burkholderia multivorans AU0064, (C) Burkholderia cenocepacia AU0007.
(PDF)
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Ouattar B, Simard RE, Piett G, Bégin A, Holley RA. Inhibition of surface spoilage bacteria in processed
meats by application of antimicrobial films prepared with chitosan. Int J Food Microbiol, 2000; 62(1–2):
p. 139–48. PMID: 11139014

20.

Rhoades J, Roller S. Antimicrobial actions of degraded and native chitosan against spoilage organisms
in laboratory media and foods. Appl Environ Microbiol. 2000; 66(1): p. 80–6. PMID: 10618206

21.

Roller S, Covill N. The antimicrobial properties of chitosan in mayonnaise and mayonnaise-based
shrimp salads. J Food Prot. 2000; 63(2): p. 202–9. PMID: 10678425

22.

Baxter RM, Dai T, Kimball J, Wang E, Hamblin MR, Wiesmann WP et al. Chitosan dressing promotes
healing in third degree burns in mice: gene expression analysis shows biphasic effects for rapid tissue
regeneration and decreased fibrotic signaling. Journal of Biomedical Materials Research. Part A. 2013;
101(2), 340–348. https://doi.org/10.1002/jbm.a.34328 PMID: 22847951

23.

Burkatovskaya M., Tegos GP, Swietlik E, Demidova TN, P Castano A, Hamblin MR. Use of chitosan
bandage to prevent fatal infections developing from highly contaminated wounds in mice. Biomaterials.
2006; 27(22): p. 4157–64. https://doi.org/10.1016/j.biomaterials.2006.03.028 PMID: 16616364

24.

Fischer T.H., Arthur P. B., Marina D., John N. V. Hemostatic properties of glucosamine-based materials. J Biomed Mater Res A. 2007; 80(1): p. 167–74. https://doi.org/10.1002/jbm.a.30877 PMID:
17001651

25.

Mi FL, Wu YB, Shyu SS, Schoung JY, Huang YB, Tsai YH et al. Control of wound infections using a
bilayer chitosan wound dressing with sustainable antibiotic delivery. J Biomed Mater Res. 2002; 59(3):
p. 438–49. 214. PMID: 11774301

26.

Noble L, Gray AI, Sadiq L, Uchegbu IF. A non-covalently cross-linked chitosan based hydrogel. Int J
Pharm. 1999; 192(2): p. 173–82. PMID: 10567748

27.

Rajyaguru JM, Muszynski MJ. Enhancement of Burkholderia cepacia antimicrobial susceptibility by cationic compounds. Antimicrob Agents Chemother. 1997; 40: 345–351.

28.

Schneck E, Schubert T, Konovalov OV, Quinn BE, Gutsmann T, Brandenburg K et al. Quantitative
Determination of Ion Distributions in Bacterial Lipopolysaccharide Membranes by Grazing-Incidence Xray Fluorescence. Proc Natl Acad Sci U. S. A. 2010; 107: 9147–9151. https://doi.org/10.1073/pnas.
0913737107 PMID: 20442333

PLOS ONE | https://doi.org/10.1371/journal.pone.0179776 June 29, 2017

11 / 12

Glycopolymer sensitizes Burkholderia to antibiotic treatment

29.

Tang H, Zhnag P, Kieft TL, Ryan SJ, Baker SM, Weissmann WP et al. Antibacterial action of novel functionalized chitosan-arginine against gram-negative bacteria. Acta Biomaterialia. 2010; 6(7): 2562–
2571. https://doi.org/10.1016/j.actbio.2010.01.002 PMID: 20060936

30.

Kotra LP, Haddad J, Mobashery S. Aminoglycosides: perspectives on mechanisms of action and resistance and strategies to counter resistance. Antimicrob Agents Chemother. 2000; 44(12): 3249–3256.
PMID: 11083623

31.

Sunagawa M, Kanazawa K, Nouda H. Antipseudomonal activity of carbapenem antibiotics. Jpn J Antibiot. 2000; 53(7):479–511. PMID: 11019384

32.

Zhanel GG, Wiebe R, Dilay L, Thomson K, Rubinstein E, Hoban DJ et al. Comparative review of the carbapenems. Drugs. 2007; 67(7):1027–52. PMID: 17488146

33.

Burns JL, Emerson J, Stapp JR, Yim DL, Krzewinski J, Louden L et al. Microbiology of sputum from
patients at cystic fibrosis centers in the United States. Clin Infect Dis. 1998; 27:158–163. PMID:
9675470

34.

Gilligan P. Pseudomonas and Burkholderia, In Murray PR, Baron EJ, Pfaller MA, Tenover FC, Yolken
RH (ed.), Manual of clinical microbiology, 6th ed. 1995; p. 509–519. American Society for Microbiology,
Washington, D.C.

35.

Clinical and Laboratory Standards Institute. Methods for dilution antimicrobial susceptibility tests for
bacteria that grow aerobically. Approved standards M7-A9, 9th edition, Clinical and laboratory standards institute, Wayne, PA. 2014.

36.

Claudia S, Oliwia M, Jurgen AB, Yvonne P, Miriam K, Stefen H et al.. Three-dimensional Checkerboard
Synergy analysis of colistin, Meropenem, Tigecycline against Multidrug-Resistant Clinical Klebsiella
pneumonia Isolates, PLoSONE. 2015; 10(6): e0126479.

37.

Eliopoulos GM, and Moellering RC. In Lorian V. (ed.), Antibiotics in laboratory medicine, 3rd ed. Antibiotic combinations. 1991; p. 432–492.

38.

Berenbaum MC. Correlations between methods for measurement of synergy. J Infect. Dis. 1980;
142:476–480. PMID: 7003034

39.

Meletiadis J, Pournaras S, Roilides E, Walsh TJ. Defining Fractional Inhibitory Concentration Index Cutoffs for Additive Interactions Based on Self-Drug Additive Combinations, Monte Carlo Simulation Analysis, and In Vitro-In Vivo Correlation Data for Antifungal Drug Combinations against Aspergillus
fumigatus. Antimicrob Agents Chemother. 2010; 54(2):602–609. https://doi.org/10.1128/AAC.0099909 PMID: 19995928

40.

Odds FC. Synergy, antagonism, and what the checkerboard puts between them. J Antimicrob Chemother. 2003; 52:1. https://doi.org/10.1093/jac/dkg301 PMID: 12805255

41.

Zhou J, Chen Y, Tabibi S, Alba L, Garber E, Saiman L. Antimicrobial Susceptibility and Synergy Studies
of Burkholderia cepacia Complex Isolated from Patients with Cystic Fibrosis. Antimicrob Agents Chemother. 2007; 51(3) 1085–1088. https://doi.org/10.1128/AAC.00954-06 PMID: 17158942

42.

Jones AM, Dodd ME, Govan JRW, Barcus V, Doherty CJ, Morris J et al. Burkholderia cenocepacia and
Burkholderia multivorans: influence on survival in cystic fibrosis. Thorax. 2004; 59:948–951. https://doi.
org/10.1136/thx.2003.017210 PMID: 15516469

43.

LiPuma JJ, Spilker T, Gill LH, Campbell PW 3rd, Liu L, Mahenthiralingam E. Disproportionate distribution of Burkholderia cepacia complex species and transmissibility markers in cystic fibrosis. Am J Respir
Crit Care Med. 2001; 164:92–6. https://doi.org/10.1164/ajrccm.164.1.2011153 PMID: 11435245

44.

Abbott FK, Milne KE, Stead DA, Gould IM. Combination antimicrobial susceptibility testing of Burkholderia cepacia complex: significance of species. Int J Antimicrob Agents. 2016; 48(5):521–527. https://
doi.org/10.1016/j.ijantimicag.2016.07.020 PMID: 27665523

45.

Kwa AL; Tam VH; Falagas ME. (2008) Polymyxins: A Review of the Current Status Including Recent
Developments Ann Acad Med Singapore 37:870–83. PMID: 19037522

46.

Nord NM, Hoeprich PD. (1964) Polymyxin B and colistin. a critical comparison. N Engl J Med
270:1030–5. https://doi.org/10.1056/NEJM196405142702002 PMID: 14122799

PLOS ONE | https://doi.org/10.1371/journal.pone.0179776 June 29, 2017

12 / 12

