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Abstract

The Burkholderia cepacia complex is a group of Gram-negative bacteria that are opportunistic 

pathogens in immunocompromised individuals, such as those with cystic fibrosis (CF) or chronic 

granulomatous disease (CGD). Burkholderia are intrinsically resistant to many antibiotics and the 

lack of antibiotic development necessitates novel therapeutics. Peptide-conjugated 

phosphorodiamidate morpholino oligomers are antisense molecules that inhibit bacterial mRNA 

translation. Targeting of PPMOs to the gene acpP, which is essential for membrane synthesis, lead 

to defects in the membrane and ultimately bactericidal activity. Exploration of additional PPMO 

sequences identified the ATG and Shine–Dalgarno sites as the most efficacious for targeting acpP. 

The CF lung is a complex microenvironment, but PPMO inhibition was still efficacious in an 

artificial model of CF sputum. PPMOs had low toxicity in human CF cells at doses that were 

antibacterial. PPMOs also reduced the bacterial burden in the lungs of immunocompromised 

CyBB mice, a model of CGD. Finally, the use of multiple PPMOs was efficacious in inhibiting the 
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growth of both Burkholderia and Pseudomonas in an in vitro model of coinfection. Due to the 

intrinsic resistance of Burkholderia to traditional antibiotics, PPMOs represent a novel and viable 

approach to the treatment of Burkholderia infections.

Graphical Abstract
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The lung of cystic fibrosis (CF) patients is hypersensitive to infection due to the combined 

effects of increased mucin, decreased airway surface liquid, and loss of mucociliary action.
1,2 Treatment of CF patients is difficult as (i) bacteria readily form biofilms in the increased 

mucus layer, increasing host and antibiotic resistance,2 (ii) the mucus layer itself is a 

complex environment that can inactivate many antimicrobial responses and antibiotics 

(reviewed in ref 3), (iii) bacterial antibiotic resistance is on the rise globally and complicates 

treatment, and (iv) CF patients are intermittently on antibiotics for much of their life, 

increasing the selective pressure for resistance. These challenges are in the face of a lack of 

novel antibiotics in pharmaceutical development.4 Bacterial infections in CF patients 

requires novel approaches for treatment.

The Burkholderia cepacia complex (Bcc) comprise a group of Gram-negative bacteria, 

which are found within the environment and as opportunistic pathogens. Bcc generally pose 

little risk to healthy individuals, but cause disease in immunodeficient patients, such as those 

with CF or chronic granulomatous disease (CGD).5,6 B. multivorans, B. cepacia, and B. 
cenocepacia are the most commonly isolated species, and while they account for only three 

percent of infections in CF patients, they account for significant morbidity and mortality.7–9 

Additionally, Bcc are intrinsically resistant to many antibiotics so novel therapies for the 

treatment of chronic infections are sorely needed.7

Phosphorodiamidate morpholino oligomers (PMOs) are synthetic nucleotides designed to 

bind to an mRNA of interest and inhibit protein translation, thought to be through steric 

blockade of the ribosome. PMOs are resistant to enzymatic degradation and contain natural 

nucleobases connected to synthetic morpholino and phosphorodiamidate intersubunit 

linkages. PMOs are conjugated to cell-penetrating peptides (PPMOs) to assist in 

intracellular delivery. We’ve demonstrated previously that PPMOs designed to target acpP 
are able to inhibit translation most effectively when they are targeted near the Shine–
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Dalgarno or ATG start site of a gene10 and that PPMOs can be utilized to target essential 

genes in multiple Gram-negative species including Escherichia coli, Salmonella enterica, 

Acinetobacter baumannii, Pseudomonas aeruginosa, and Bcc.10–14

The gene for acyl carrier protein was identified as a potential target for antimicrobial 

development in Burkholderia due to sequence conservation between species and importance 

for infection in vivo.15 Acyl carrier protein (acpP) is an essential gene which encodes a 

protein necessary for membrane synthesis.16 Previously, we demonstrated that PPMOs 

targeted to the ATG of Bcc acpP mRNA inhibited growth and were efficacious in an in vivo 

septicemia model.11 In this study, we expand upon our previous work, by screening 

additional PPMOs targeting the −35 to +44 region of the acpP mRNA ATG start site. 

PPMOs were screened against 39 strains of Bcc, including many clinical strains isolated 

from CF and CGD patients. We show that our lead PPMO is bactericidal and results in 

bacterial membrane perturbations. PPMOs are also effective in a complex artificial sputum 

medium designed to mimic conditions in the CF lung. Importantly, PPMOs have low 

toxicity at concentrations near their MIC50 and lead PPMOs are efficacious in an 

immunocompromised mouse pneumonia model. Furthermore, PPMOs can be utilized in 

combination in vitro to target Bcc and P. aeruginosa simultaneously, which is significant, as 

CF patients routinely harbor polymicrobial communities in the lung.17–21

RESULTS

Novel PPMO Sequences Targeted to acpP mRNA Are Inhibitory and Bactericidal

The two originally identified PPMOs were 5′-conjugated (RFF)3RXB PPMOs; the most 

active of the two was targeted to the acpP start ATG. To identify the best Bcc AcpP-PPMOs 

we took a two-pronged approach: (i) we designed a series of 3′-conjugated (RFF)3RXB 

PPMOs across a large region of the acpP gene (AcpP-006Xs and AcpP-0077) from −35 to 

+44 and (ii) we designed a series of 5′-conjugated (RFF)3RXB PPMOs moving 1 bp at a 

time (AcpP-079X) from the originally identified sequence (AcpP-0070). Screening with Bcc 

J2315 revealed that MICs rapidly increased the further the PPMO deviated from the ATG 

and that the best PPMO, AcpP-0791, spanned both the Shine–Dalgarno and ATG sites 

(Figure 1). We expanded this screen to include a broad panel of Burkholderia species 

including clinical isolates from CF and CGD patients and representing Bcc members as well 

as the non-Bcc B. gladioli and B. glumae. Nine of our PPMOs had significant activity, 

defined as a MIC50 of less than 8 μM, with AcpP-0791 being the most effective (Figure S1). 

Interestingly, our panel also included environmentally isolated Burkholderia and the PPMOs 

were still active in these strains.

To further demonstrate the effectiveness of these PPMOs, minimum bactericidal 

concentration (MBC) assays were conducted utilizing PPMO AcpP-0791 compared to our 

previous lead AcpP-0070 and a control PPMO Ctrl-0071 (Figure 2A). MBCs demonstrate 

that while both AcpP-0791 and AcpP-0070 are bactericidal in several Bcc strains, 

acpP-0070 is bactericidal at over 2-fold lower concentration as compared to AcpP-0791 

(Figure 2A). Additionally, both PPMOs were able to reach a bactericidal 3-log CFU 

decrease in a highly antibiotic resistant clinical isolate HI4277,22 albeit requiring higher 

concentrations (Figure 2A, right). The PPMO target, acpP, is essential for membrane 
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synthesis. Therefore, we hypothesized that PPMO inhibition would lead to membrane 

disruption. B. multivorans SH-2 was treated with PPMOs and imaged by TEM at four and 8 

h post-treatment (Figure 2B). Exposure to AcpP-0070 resulted in membrane perturbation at 

both time points (Figure 2B, black arrows) as compared to no effect with Ctrl-0071 or no 

treatment. These data demonstrate that inhibition of acpP translation by PPMO treatment 

likely leads to cell death due to membrane perturbation due to the lack of AcpP protein.

PPMOs Are Active in Conditions Mimicking the CF Lung

In vitro testing in rich culture media does not recapitulate the complex environment of the 

lungs, especially in CF patients.23 Artificial sputum medium (ASM) has been developed to 

more closely approximate the environment of the CF lung, which is high in mucin, DNA, 

and albumin.23 CLSI testing requires visual inspection of culture media following incubation 

to detect turbidity. This is not possible in ASM media due to the opacity; therefore 

alternative methods are used to assess growth. We utilized resazurin, a metabolic dye, which 

becomes fluorescent following metabolic reduction to resorufin. MBC assays were 

conducted in ASM with PPMO dosing every 4 h for 24 h (Figure 3). Lead PPMOs 

AcpP-0791 and AcpP-0070 reduced the amount of metabolically active Bcc (Figure 3A). 

These data follow the same trend for SH-2 and K56–2 by CFU enumeration (Figure 3B, left 

and middle). Highly antibiotic resistance Bcc HI4277 was more refractory to treatment, with 

only the highest concentrations tested able to decrease metabolic activity by 75% (Figure 

3A, right), which correlated to a 50% reduction in CFU (Figure 3B, right).

PPMO Therapy Has Low Toxicity at MIC50 Concentrations and Reduces Bcc in a Mouse 
Model of Pneumonia

PPMOs have previously been shown to have low toxicity in normal human bronchial 

epithelial cells.24 However, Bcc PPMOs utilize a different cell-penetrating peptide and we 

wanted to assess toxicity in a relevant CF lung cell, as CF patients are susceptible to Bcc. 

After 24 h of exposure to 64 μM of PPMO, the highest concentrations of PPMO tested (8- to 

16-fold higher than MIC50), there was an 8–40% reduction in viability (Figure 4A). 

Exposure to the MIC50 concentration (4–8 μM) resulted in no reduction in viability. Having 

determined that PPMOs had low toxicity at concentrations near the MIC50, we sought to 

determine if the PPMO efficacy we observed in vitro would be applicable in vivo. We 

utilized CyBB mice [gp91phox], which are a model of chronic granulomatous disease 

(CGD),25,26 with our two lead PPMOs. CyBB mice were infected with B. multivorans SH-2 

and cotreated with AcpP-0791, Ctrl-0071, or vehicle control (H2O) by intranasal instillation. 

Coadministration of AcpP-0791 with Bcc resulted in a reduction in CFU burden in the lungs 

compared to water but not compared to Ctrl-0071 (Figure 4B). AcpP-0070 was included 

with a second group of mice who received an additional intranasal treatment at 6 h 

postinfection. Both acpP-0791 and acpP-0070 significantly reduced the CFU burden in the 

lungs of CyBB mice compared to vehicle treatment; however only AcpP-0070 was able to 

significantly reduce CFU compared to Ctrl-0071 (Figure 4C). This finding contrasted with 

our in vitro MIC screening (Figure S1), but was supported by the MBC data indicating that 

AcpP-0070 is more efficacious (Figure 2A and 3).
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PPMOs Have the Potential to Treat Gram-Negative Coinfections

CF patients acquire P. aeruginosa very early in life and progress to acquisition of other 

pathogens, such as Bcc.9 We have previously demonstrated efficacy of an acpP-targeted 

PPMO in P. aeruginosa,10 and we therefore hypothesized that utilizing two PPMOs 

simultaneously would be efficacious in coinfections. Two PPMOs were required because P. 
aeruginosa acpP and Bcc acpP are not homologous near the ATG start site and different cell-

penetrating peptides are required for optimal inhibition (Figure 5A). Utilizing bacteria which 

each express a different fluorescent marker, we were able to monitor the inhibition of each 

individual organism during growth (Figure 5B–D). AcpP-0791 (Bcc targeted, Bcc-AcpP) 

and AcpP-0045 (P. aeruginosa targeted, Pae-AcpP) were combined alone with the relevant 

Ctrl-PPMO (Bcc-Ctrl or Pae-Ctrl) or together and the Ctrl-PPMOs were combined as 

controls. With only Pae-AcpP PPMO, Pseudomonas (GFP signal) is inhibited in a dose-

dependent manner (Figure 5B), while Burkholderia (RFP signal) increases in a reverse dose-

dependent manner (Figure 5C). This is because Pseudomonas has a faster doubling time and 

outcompetes Burkholderia in the absence of an inhibitor. The Ctrl-PPMO combination led to 

high GFP signal (Pae) at 18 h but not RFP (Bcc) due to competition (Figure 5D, left). Bcc-

AcpP with Pae-Ctrl did not alter the trend (Figure 5D, left middle), as expected, but Pae-

AcpP with Bcc-Ctrl resulted in increased RFP signal because the Bcc is able to grow in the 

absence of Pseudomonas (Figure 5D, right middle). The AcpP combination treatment 

prevented both the GFP and RFP signals from increasing in a dose-dependent fashion 

(Figure 5D, right), demonstrating inhibition of both organisms.

DISCUSSION

We have previously identified two PPMOs, designed to target acpP, with activity against a 

small panel of Bcc.11 In this manuscript, we further explored potential PPMO sequences 

targeting acpP and identified AcpP-0791, which spans the ATG and Shine–Dalgarno sites, as 

the most effective PPMO. The site of conjugation (5′ vs 3′) did not affect potency, which 

we have observed previously.5,10 The gene target, acpP, is essential for membrane synthesis; 

therefore PPMO inhibition leads to membrane defects and bactericidal killing. Utilizing our 

PPMO design tool, both lead AcpP-PPMOs target a region that is 96% conserved within the 

available Burkholderia genomes (taxon ID 32008). Additionally, the PPMO target is 100% 

conserved in the three major CF Burkholderia species and the potential biothreats B. mallei 
and B. pseudomallei. This suggests that a single PPMO would be efficacious against the 

entire B. cepacia complex.

Standard in vitro testing in rich media is useful for determining antibiotic susceptibility 

clinically, but it does have limitations. First, MHII medium is rich in divalent cations, which 

stabilize bacterial membranes,27 but there are numerous host defenses which limit cation 

availability (e.g., calprotectin). Encouragingly, we have observed enhanced PPMO activity 

in MH medium (low cation), which is not cation supplemented, suggesting PPMOs would 

be more efficacious in the nutrient-limiting conditions of the lung (unpublished 

observations). Second, the lung microenvironment, especially in the CF lung, is considerably 

more complex than rich media. It is high in mucin, DNA, and albumin, which may increase 

nonspecific binding.3 Indeed, our testing of PPMOs in ASM media required higher and 
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repeated dosing of PPMOs, presumably due to interactions with medium components. 

However, PPMOs led to a decrease in bacterial viability in ASM media, approaching a 3-log 

reduction from inoculum in two strains (Figure 3). The third strain examined in ASM, 

HI4277 (also designated BCC1616), is a pan-resistant isolate from a clinical outbreak.28 

While metabolic activity decreased with PPMO treatment, the CFUs of HI4277 were only 

reduced by 0.5-log in ASM media; this is despite a MIC of 8–16 μM with our PPMOs in 

rich medium (Figure S1). This discrepancy may be partially explained by our observations 

that HI4277 has an intrinsically slow growth rate in liquid media, although it does reach a 

similar CFU by 24 h.

Mutations in the CF transmembrane regulator lead to multiple cellular changes. We 

therefore decided to assess PPMO toxicity in CFBE41o- cells that express the most common 

CF mutation (ΔF508). On the basis of in vitro cellular toxicity assays, PPMOs had low 

cellular toxicity at concentrations that we anticipate would be clinically achievable doses 

(Figure 4A and Figure S1). These findings and activity in a biologically relevant media 

(ASM) led us to assess PPMO activity in a pneumonia mouse model. The CyBB mouse, 

which is a CGD model, is a useful model as it renders mice susceptible to Burkholderia 
infections; CGD patients, like CF patients, are susceptible to Burkholderia infections. 

Coadministration of Bcc and PPMO led to a reduction of bacterial burden in the lungs at 24 

h and repeated dosing showed a further decrease in lung burden. Surprisingly, although 

AcpP-0791 had the lowest MIC50 in vitro, AcpP-0070 had enhanced activity in vivo.

CF patients are susceptible to a wide range of organisms, including multiple pathogenic 

bacteria, and it is not uncommon for coinfections to occur. We were therefore curious if 

multiple PPMOs could be used to treat a coinfection. The acpP gene is not conserved 

between Burkholderia and the other major Gram-negative CF pathogen P. aeruginosa, 

requiring the use of two PPMOs. The cell-penetrating peptide (RXR)4XB is the most 

efficacious in P. aeruginosa and (RFF)3RXB is not effective; the opposite is true for Bcc. We 

demonstrate that PPMOs retained activity in these in vitro coinfection models. We 

hypothesized that the lack of penetration of the nontargeted PPMO increases the likelihood 

that targeted PPMO reaches the correct organism and therefore multi-organism targeting is 

effective.

In this manuscript, we describe the expanded design of acpP PPMOs in Bcc and demonstrate 

efficacy in a Bcc relevant in vivo infection model. PPMOs targeting acpP near the ATG and 

Shine–Dalgarno sites appear to be the most effective. Inhibition of a gene essential to 

membrane synthesis led to membrane defects and was bactericidal in normal and CF-

mimicking media. The PPMOs had low toxicity toward human CF bronchial epithelial cells 

at concentrations near their MIC50’s and reduced bacterial burden in a CGD mouse model of 

pneumonia. Finally, the use of multiple PPMOs to inhibit multiple pathogenic bacteria 

represents an effective strategy to combat coinfections. These data all suggest that PPMOs 

could be a viable alternative to standard antibiotic therapy for the treatment of bacterial 

infections in CF and CGD patients. Future studies will continue to assess PPMO efficacy in 

lung models of infection, both acute and chronic. We believe that diseases such as CF are an 

example of a clinical scenario where narrow spectrum therapy utilizing pathogen-specific 

PPMOs would be advantageous.
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METHODS

Peptide-Conjugated Phosphorodiamidate Morpholino Oligomers (PPMOs)

PMO sequences were designed using a custom webtool (https://qbrc2.swmed.edu/

Greenberg/oligonucleotide5.cgi?) that has inputs for a taxon ID, gene, alignment region and 

oligomer length. We design 11-mer PMOs to target near the translation start sites (NTG), 

while having the lowest off-target hits in the start sites of other genes. PPMOs were 

synthesized by Sarepta Therapeutics (Cambridge, MA). PPMO gene targets, sequences, 

peptide, and peptide-conjugation site (5′ vs 3′) are indicated in Table S1. Control (Ctrl) 

PPMOs are conjugated to the same peptides and in the same orientation as active PPMOs, 

however they are not complementary to the gene target.12,29

Bacterial Strains

The Bcc strains used in this study were (i) generous donations from Dr. John LiPuma and 

(ii) Dr. Joanna Goldberg, (iii) from the American Type Culture Collection, or (iv) clinical 

isolates from UT Southwestern Medical Center. More information about the sources of our 

isolates can be found in Table S2. Green fluorescent protein (GFP)-expressing P. aeruginosa 
PAO130 and dsRed-expressing Bcc K56–231 were previously described.

Bacterial Susceptibility Testing

Minimum Inhibitory Concentrations (MICs) of the PPMOs were determined according to 

the Clinical and Laboratory Standards Institute (CLSI) broth microdilution method, with 

minor modifications.32 Briefly, each bacterial strain was diluted to a final concentration of 

approximately 5 × 105 CFU/mL in cation-adjusted Mueller-Hinton broth (MHII) and the 

PPMO was serially diluted 2-fold from 16 μM to 0.5 μM in a 96-well tissue culture plate. 

The plates were then covered with gas permeable membrane strips (MIDSCI, St. Louis, 

MO) and incubated at 37 °C and 225 rpm for 18–20 h. Optical density was measured at 600 

nm using a microtiter plate reader and the lowest dose of PPMO at which the average 

OD600 measured ≤0.06 was recorded as the MIC. Assays were conducted in triplicate 

across 39 strains of Bcc to determine the MIC50, MIC75, and MIC90 of each PPMO (e.g., 

MIC50 is the minimum concentration at which 50% of the strains were inhibited). For select 

PPMOs, the minimum bactericidal concentration (MBC), the concentration that results in a 

3-log reduction in CFU/mL, was determined following the OD600 measurement. Aliquots 

were removed, serially diluted, and plated for CFU enumeration. If no detectable colonies 

were observed, the limit of detection was used for statistical analyses.

Transmission Election Microscopy

TEM analysis was performed on B. multivorans SH-2 treated with 20 μM Ctrl-0071 or 

AcpP-0070 PPMOs. Bacteria were diluted to 1 × 108 CFU/mL, treated with PPMO, and 

incubated at 37 °C and 225 rpm for 4 h, and 8 h. Nontreated (NT) controls were also fixed at 

the indicated time points. After incubation, the samples were washed with Hank’s Balanced 

Salt Solution (HBSS; Life Technologies, Grand Island, NY), resuspended in Karnovsky’s 

fixative (2% Paraformaldehyde, 2.5% Glutaraldehyde and 0.1 M Sodium Phosphate Buffer), 

and stored at 4 °C. Samples were processed by the Electron Microscopy Core Facility at UT 
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Southwestern Medical Center and TEM grids were captured on an FEI Tecnai G2 Spirit 

Biotwin microscope (FEI Company, Hillsboro, OR).

Artificial Sputum Medium Experiments

ASM media was prepared as described previously and nonbiological components were of 

analytical grade.23,33 Briefly, 10 mg/mL porcine mucin (M1778, Sigma-Aldrich, St. Loius, 

MO), 10 mg/mL bovine serum albumin (A7906, Sigma-Aldrich), 1.4 mg/mL DNA (D3159 

Sigma-Aldrich), 5.9 μg/mL diethylene triamine pentaacetic acid, 5 mg/mL NaCl, 2.2 mg/mL 

KCl, 5 mg/mL Casamino acids (223120, Becton-Dickinson, Franklin Lakes, NJ), and 1.81 

mg/mL Tris base were added sequentially and stirred until complete dissolution and then pH 

was adjusted to 6.5. The medium was sterilized by autoclaving at 110 °C for 15 min, cooled, 

and 5 mL/L of egg yolk emulsion (R450290, Thermo Scientific, Waltham, MA) was added 

aseptically before storing at 4 °C for up to a month.

The standard MIC assay was utilized with the following changes. PPMO was dosed at 0 h as 

in a standard MIC assay and then every 4 h for 24 h (six doses) in a fixed 1 μL volume. At 

24 h the well was diluted 1:1 with Dulbecco’s PBS (DPBS; D8537, Sigma-Aldrich) plus 

0.1% Triton X100 (X100, Sigma-Aldrich) and mixed to homogeneity by pipetting. The 

addition of 0.1% Triton X100 is necessary to disrupt clumps that form in viscous ASM 

media and has no effect on bacterial viability in media with or without PPMOs. Aliquots 

were removed and plated for CFU enumeration. Resazurin, a metabolic dye that becomes 

fluorescent when reduced, was added to the remaining volume at a final concentration of 

100 μM and incubated for 2 h at 37 °C. Metabolic capacity was determined 

spectrophotometrically with excitation at 530 nm and emission at 590 nm. Untreated wells 

served as positive controls, sterile media as negative control, and tobramycin was included 

as a comparator to PPMOs. Resazurin assays were conducted in triplicate and CFU 

determinations were completed in duplicate to demonstrate resazurin accurately assesses 

burden.

Cytotoxicity Assay

The CF human bronchial epithelial cells CFBE41o- were kindly provided by Dr. Dieter C. 

Gruenert (San Francisco, CA).34,35 CFBE41o-cells have the cystic fibrosis ΔF508 CFTR 

mutation and were maintained in MEM with 10% FBS at 37 °C and 5% CO2. Cells were 

seeded in 96-well tissue culture plates at 1 × 104 per well and allowed to adhere for 24 h. 

PPMO, vehicle (H2O), or 0.01% Triton X-100 was added in a fixed 1 μL volume and cells 

were incubated for 24 h. Resazurin was added at a final concentration of 100 μM and 

incubated for 24 h at 37 °C and measured as above. Viability was calculated as percent of 

positive control (no treatment), and the assay was conducted in quadruplicate.

Mouse Pneumonia Model

Immunocompromised CyBB mice, which lack the phagocyte oxidase (CGD model), were 

purchased from (Jackson Laboratories, Bar Harbor, ME). CGD mice are relevant due to the 

susceptibility of CGD patients to Bcc and because CyBB mice are hyper-susceptible to Bcc 

infection. All experimental procedures were carried out with the approval from the 

Institutional Animal Care and Use Committee (IACUC) at UT Southwestern (Protocol #: 
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2016–101626). Mice, aged 16–18 wks, were anesthetized by isoflurane and infected with 6 

× 105 CFU of B. multivorans SH-2 by intranasal instillation of 50 μL coadministered with 

50 μg of PPMO or H2O (total dose 50 μg or 2.5 mg/kg). A second group received a second 

i.n. dose at 6 h postinfection in 25 μL (total dose 100 μg or 5 mg/kg). Mice were euthanized 

24 h postinfection and whole lungs were harvested for CFU enumeration. Lungs were 

weighed and homogenized in 1 mL of DPBS, followed by serial dilution and plating for 

CFU enumeration. Experiments were conducted in at least duplicate with n = 5–7.

Coinfection In Vitro Experiments

For coinfection experiments, the CLSI susceptibility testing procedure was used with minor 

alterations. PAO1-GFP and K56–3-dsRed were added at a 1:1 ratio at 5 × 105 CFU/mL. Two 

PPMOs at a 1:1 ratio were diluted 2-fold as normal. Four PPMOs were required: the AcpP-

PPMO (AcpP-0070) and Ctrl-PPMO (Ctrl-0071) for Bcc are described in Tab. S1 and the P. 
aeruginosa AcpP-PPMO (AcpP-0445) and Ctrl-PPMO (Ctrl-0078) are described in Howard 

et al., 2017.10 Two controls were necessary as P. aeruginosa PPMOs utilize a different cell-

penetrating peptide [(RXR)4XB] compared to Bcc [(RFF)3RXB]. Bcc AcpP-PPMO was 

combined with the Pseudomonas Ctrl-PPMO and Pseudomonas AcpP-PPMO was combined 

with the Bcc Ctrl-PPMO for single organism targeting. Both AcpP-PPMOs were combined 

for dual organism targeting and both Ctrl-PPMOs were combined to assess nonspecific 

effects. Bacterial growth was monitored spectrophotometrically by each organism’s 

respective fluorophore (GFP excitation 485 nm emission 528 nm; dsRed excitation 530 nm 

emission 590 nm) every 15 min for 18 h at 37 °C with orbital shaking.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

ASM artificial sputum media

Bcc Burkholderia cepacia complex

CF cystic fibrosis

CGD chronic granulomatous disease

CyBB a mouse strain lacking phagocyte oxidase

GFP green fluorescent protein

MBC minimum bactericidal concentration
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MH Mueller-Hinton

MIC minimum inhibitory concentration

PMO phosphorodiamidate morpholino oligomers

PPMO peptide-conjugated phosphorodiamidate morpholino oligomers

(RFF)3RXB a small cationic peptide containing arginine, phenylalanine, 

phenylalanine (3 repeats) with an arginine, 6-aminohexanoic acid, 

beta-alanine linker

RFP red fluorescent protein

(RXR)4XB a small cationic peptide containing arginine, 6-aminohexanoic acid, 

arginine (4 repeats) with a 6-aminohexanoic acid, beta-alanine linker

TEM transmission election microscopy
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Figure 1. 
PPMOs are most effective when targeted near the ATG start site. Alignment of AcpP-

PPMOs along the acpP gene sequence of B. cenocepacia J2315. The Shine–Dalgarno and 

ATG start site are displayed in red text and PPMOs target sites are aligned below. The 

MIC50 values, which is the concentration (μM) that inhibits 50% of strains in Figure S1, are 

displayed on the ID number (left) using a color scale (right).

Daly et al. Page 13

ACS Infect Dis. Author manuscript; available in PMC 2019 July 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
AcpP-PPMOs are bactericidal. (A) Minimum bactericidal concentration (MBC) assays for 

the two lead AcpP-PPMOs in B. multivorans SH-2, B. cenocepacia K56–2, and B. 
cenocepacia HI4277 after 24 h incubation with indicated PPMOs. Dashed lines in each 

panel represent the 3-log reduction in CFU (top line) and the limit of detection (bottom line). 

(B) Transmission electron microscopy of B. multivorans SH-2 after 4 or 8 h incubation with 

20 μM Ctrl-0071, AcpP-0070, or no treatment (NT). Black arrows indicate membrane 

perturbation and red scale bar is 500 nm in all panels.
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Figure 3. 
PPMOs are effective in artificial sputum medium (ASM). Resazurin, a metabolic dye, is 

reduced by metabolically active bacteria. MBC assays were conducted as in Figure 2A, but 

with PPMO dosing every 4 h. A sample was removed for CFU enumeration and resazurin 

was added (100 μM) and incubated at 37 C for 2 h. (A) Metabolic reduction of resazurin was 

measured with fluorescence spectrometry at 530 nm excitation and 590 nm emission. 
#Tobramycin was diluted as with PPMO but the highest concentration depicted was 400 

μg/mL and the lowest 6.25 μg/mL. The assay was run with at least triplicate experiments and 

the mean and standard deviation are displayed. (B) CFU were enumerated by serial dilution 

and plating. The top dotted line represents the inoculum while the bottom represents a 3-log 

reduction from the inoculum or MBC. These assays were run in duplicate (mean ± SD) with 

select concentrations to confirm observations with resazurin.
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Figure 4. 
PPMOs have low cytotoxicity and are efficacious in a mouse model of pneumonia. (A) 

Human CF bronchial epithelial cells (CFHBEs) were seeded onto 96-well tissue cultures 

plates, stained with resazurin, and incubated for 24 h. Triton X-100, a detergent, was used as 

a positive cytotoxicity control. (B) CYBB mice, deficient in the phagocyte oxidase, were 

infected with 6 × 105 CFU of B. multivorans SH-2 by intranasal instillation of 50 μL 

coadministered with 50 μg of PPMO (2.5 mg/kg). (C) A second group received a second 

dose at 6 h postinfection in 25 μL (total dose 100 μg or 5 mg/kg). Mice were euthanized at 

24 h, and lungs were homogenized for CFU enumeration (n = 5–7). Significance was 

determined with a Mann–Whitney U test; *p ≤ 0.05, **p ≤ 0.01.
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Figure 5. 
PPMOs retain activity in coinfection models. (A) Alignment of the acpP start site of P. 
aeruginosa PAO1 and B. cenocepacia J2315 with their respective PPMOs. (B, C) 

Coinfection model with increasing concentrations of P. aeruginosa AcpP-PPMO 

demonstrating Pseudomonas GFP signal decreases in a dose-dependent fashion (B), while 

Bcc RFP signal increases in reverse dose-dependent fashion due to the removal of the 

competitive organism (C). (D) Coinfection with each AcpP-PPMO combination (only 16 

μM or 1 μM data are shown) results in the inhibition of either a single organism (left middle 

and right middle) or both (right) and the control PPMOs are not inhibitory (left) as assessed 

at 18 h. *Each fluorophore is normalized to the maximal level captured.
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