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ABSTRACT Pseudomonas aeruginosa is a highly virulent, multidrug-resistant patho-
gen that causes significant morbidity and mortality in hospitalized patients and is
particularly devastating in patients with cystic fibrosis. Increasing antibiotic resis-
tance coupled with decreasing numbers of antibiotics in the developmental pipeline
demands novel antibacterial approaches. Here, we tested peptide-conjugated phos-
phorodiamidate morpholino oligomers (PPMOs), which inhibit translation of comple-
mentary mRNA from specific, essential genes in P. aeruginosa. PPMOs targeted to
acpP, lpxC, and rpsJ, inhibited P. aeruginosa growth in many clinical strains and activ-
ity of PPMOs could be enhanced 2- to 8-fold by the addition of polymyxin B nona-
peptide at subinhibitory concentrations. The PPMO targeting acpP was also effective
at preventing P. aeruginosa PAO1 biofilm formation and at reducing existing bio-
films. Importantly, treatment with various combinations of a PPMO and a traditional
antibiotic demonstrated synergistic growth inhibition, the most effective of which
was the PPMO targeting rpsJ with tobramycin. Furthermore, treatment of P. aerugi-
nosa PA103-infected mice with PPMOs targeting acpP, lpxC, or rpsJ significantly re-
duced the bacterial burden in the lungs at 24 h by almost 3 logs. Altogether, this
study demonstrates that PPMOs targeting the essential genes acpP, lpxC, or rpsJ in
P. aeruginosa are highly effective at inhibiting growth in vitro and in vivo. These data
suggest that PPMOs alone or in combination with antibiotics represent a novel ap-
proach to addressing the problems associated with rapidly increasing antibiotic re-
sistance in P. aeruginosa.
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Pseudomonas aeruginosa is an opportunistic pathogen that causes significant mor-
bidity and mortality in patients with immunocompromised conditions, such as

cystic fibrosis (CF). It is intrinsically resistant to a variety of antimicrobials due to the low
permeability of its outer membrane and a high rate of biofilm production (1). In
addition, P. aeruginosa has developed multidrug-resistant (MDR) phenotypes, which
actively resist antibiotics through overexpression of defensive efflux pumps and en-
zymes such as �-lactamases (1, 2). Drugs with significant toxicities, such as tobramycin
or colistin, are now often utilized to treat P. aeruginosa infections (3–7). Unfortunately,
P. aeruginosa has been shown to develop resistance to tobramycin and colistin in
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clinical settings (8–10). This demonstrates the urgent need for new paradigms in the
development of antimicrobials that can control this MDR pathogen (6, 11, 12).

Phosphorodiamidate morpholino oligomers (PMOs) are synthetic antisense oligom-
ers retaining the natural nucleobase but containing a synthetic morpholino and
phosphorodiamidate backbone, rendering the PMOs resistant to enzymatic degrada-
tion (13). The oligomer sequences are designed to be complementary to an mRNA of
interest, specifically around the Shine-Dalgarno or translation start site (NTG) start site
of the target gene, and are thought to exert their effect through inhibition of protein
translation. To aid in intracellular delivery, these oligomers are conjugated to cell-
penetrating peptides (peptide-conjugated PMOs [PPMOs]) that are hypothesized to
help deliver the oligomer across Gram-negative membranes by incompletely under-
stood mechanisms (14). Importantly, PPMOs have already shown in vitro and in vivo
activity against a variety of pathogens, including Escherichia coli, Salmonella enterica,
Acinetobacter baumannii, and members of the Burkholderia cepacia complex (15–18).

In this study, we designed and tested PPMOs targeted to essential genes in P.
aeruginosa and present novel observations for peptide conjugates that enhances the
entry of PPMOs into P. aeruginosa. We demonstrate that PPMOs can inhibit growth and
reduce established biofilms, a critically important aspect of P. aeruginosa pathogenesis,
and that PPMOs can inhibit P. aeruginosa growth synergistically with clinically relevant
antibiotics in vitro. Crucially, PPMOs can also inhibit P. aeruginosa growth in a murine
model of acute pneumonia. These data suggest that PPMOs can be used alone or as
an adjunct to antibiotic therapy and may be of clinical utility against P. aeruginosa
infections.

RESULTS
P. aeruginosa is inhibited by PPMOs in vitro. We utilized a focused screening

approach, designing PPMOs targeting genes that we and others have previously shown
to be essential in other pathogens or whose protein products are currently the target
of antibiotic therapy, such as ribosome components or cell membrane pathways. The
initial screening in Mueller-Hinton II cation-adjusted medium (MHII) showed that
PPMOs did not inhibit growth at concentrations of �16 �M in most P. aeruginosa
strains (see Fig. S1a in the supplemental material). However, with further experimen-
tation, we found that PPMOs targeting 3 genes (acpP, lpxC, and rpsJ) showed substan-
tial potency (MIC50 values of 0.5 to 16 �M) in the presence of a subinhibitory
concentration (1 �g/ml) of the antibiotic colistin (polymyxin E) or polymyxin B nona-
peptide (PMBN; 2 �g/ml) (see Fig. S1b and c in the supplemental material). In addition,
PPMOs had enhanced potency against P. aeruginosa grown in morpholinepropanesul-
fonic acid (MOPS) minimal medium (see Fig. S1d in the supplemental material). MOPS
medium contains lower divalent cations compared to MHII, which is known to desta-
bilize lipopolysaccharide. Increasing the bacterial outer membrane permeability with
either polymyxins or cation-limited media allowed our PPMOs to inhibit P. aeruginosa
growth, suggesting that our PPMO leads were effective but that the penetrating-
peptide components were insufficient to allow entry into the bacterium.

Therefore, we expanded our repertoire of cell-penetrating peptides and com-
pared PPMOs with the same sequence but different peptides and sites of attach-
ment. Of the nine different peptide conjugations examined, (RXR)4XB conjugates
had the lowest MIC50s in MHII with PMBN at 2 �g/ml of (Fig. 1a, orange). In addition,
various membrane-penetrating peptides were examined individually by substitution
and attachment to either the 5= or the 3= end of the oligomer. (RXR)4XB conjugated
PPMOs had similar MIC50 values across the nine P. aeruginosa strains tested, usually
varying only 2-fold regardless of which side the peptide was conjugated (5= versus 3=)
(Fig. 1b).

To confirm the optimal position of our AcpP PPMO, we designed 13 additional
11-mers spanning the �30 to �40 region of the acpP gene. These PPMOs were
designed, utilizing our PPMO design tool, to avoid off-target hits spanning similar gene
regions of other known essential genes. In vitro testing was performed and confirmed
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previous observations that sequences targeting the Shine-Dalgarno or ATG start site of
the acpP gene were the most effective at bacterial inhibition (data not shown). Indeed,
the MIC of AcpP-0445 (spanning the ATG) was 2 �M, with PPMOs losing activity the
farther away they were placed from these two target sites. The RpsJ and LpxC PPMOs

FIG 1 Peptide-conjugate (RXR)4XB was effective at delivering PMO into P. aeruginosa. (a) Heat map comparison of MICs for PPMOs with various peptide-
conjugates against P. aeruginosa strains grown in MHII with PMBN at 2 �g/ml. (b) Heat map comparison of MICs for 5= versus 3= (RXR)4XB-conjugated PPMOs
against P. aeruginosa strains grown in MHII with PMBN at 2 �g/ml. (c) Heat map comparison of MICs for lead sequence PPMOs against P. aeruginosa strains
grown in MHII with PMBN at 2 �g/ml, MOPS, and MHII alone.
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were designed to target these same regions, and PPMOs were selected based on the
lowest number of off-target hits in other genes.

Having optimized sequence and peptide parameters, we next examined the gene
target leads as 5=-(RXR)4XB conjugates in MHII without PMBN. AcpP-0445 and LpxC-
0251 had MIC50s of 8 �M, whereas RpsJ-0066 had an MIC50 of 32 �M, revealing that the
(RXR)4XB peptide was capable of P. aeruginosa outer membrane penetration, even in
rich media, without additional membrane perturbation (compare panels in Fig. 1c).
Both AcpP-0445 and LpxC-0251 were bactericidal at 2� their MICs by 24 h, and
RpsJ-0066 was bactericidal at 4� the MIC by 24 h (see Fig. S2 in the supplemental
material).

PPMOs can prevent and dissociate P. aeruginosa biofilm. PPMOs were tested for
their ability to prevent and break down biofilms. P. aeruginosa PAO1-GFP was grown in
MBEC plates with PPMOs, and biofilm formation was measured by using crystal violet
and confocal microscopy. PPMOs targeted to acpP, lpxC, and rpsJ prevented the
formation of biofilm at 4 �M and above (see Fig. S3a in the supplemental material), and
this effect was enhanced down to 1 or 2 �M in the presence of subinhibitory
concentrations of PMBN (see Fig. S3b in the supplemental material). Since AcpP-0445
was the most effective at preventing biofilm, AcpP-0445-treated and control biofilms
were also visualized using fluorescence microscopy. The images demonstrate that
control cultures had thick biofilms (red) with large amounts of bacteria present (green),
whereas cultures treated with 8 �M AcpP-0445 alone or 4 �M AcpP-0445 with PMBN
(see Fig. S3c and d in the supplemental material) show little residual biofilm or bacteria.

AcpP-0445 was further tested for its ability to decrease an existing biofilm. A thick
biofilm was established by growing PAO1-GFP for 24 h, followed by exposure to PPMO
at 24, 32, and 40 h, before analysis at 48 h. AcpP-0445 significantly reduced PAO1-GFP
biofilm (77% reduction at 20 �M) in a dose-dependent manner, while Scrambled
treatment had no effect (Fig. 2a). The addition of subinhibitory concentrations of PMBN
enhanced this effect, (83% reduction at 10 �M) in a dose-dependent manner (Fig. 2b).
Confocal microscopy of experiments revealed a thick biofilm (red, �50 �m), with
numerous bacteria (green) in untreated cultures (data not shown) or in cultures treated
with 10 �M a Scrambled PPMO (Fig. 2c). Established biofilm cultures treated with 10 or
2.5 �M AcpP-0445 were reduced to a thickness of �10 �m with reduced numbers of
detectable bacteria (Fig. 2d and e).

PPMOs synergize with existing antibiotics. Based on the original finding that
PPMOs worked better with the antibiotic colistin (see Fig. S1b in the supplemental
material) and based on synergy findings with similar antisense modalities (19), we
sought to determine whether PPMOs would have enhanced and perhaps synergistic
activity with other approved antibiotics. We hypothesized that there would be en-
hanced interactions when the antibiotic and the PPMO targeted similar cellular pro-
cesses (i.e., both targeting components in the bacterial membrane or both targeting
translation). Synergy was consistently identified when AcpP-0445 or LpxC-0251 PPMO
was combined with piperacillin-tazobactam (fractional inhibitory concentration [FIC]
indices � 0.30 to 0.50), and when LpxC-0251 was combined with colistin (FIC indices �

0.38 to 0.5) (Fig. 3a and b). However, the most synergistic combination identified was
RpsJ-0066 with tobramycin (FIC indices � 0.26 to 0.29) in PAO1 and two clinical P.
aeruginosa strains (Fig. 3a and b). AcpP-0445 combined with colistin had both syner-
gistic and additive interactions (FIC indices � 0.46 to 0.67) depending on the P.
aeruginosa strain utilized (Fig. 3a and b). Tobramycin was also synergistic in all strains
when combined with PPMOs targeting dissimilar cellular processes (AcpP and LpxC; Fig.
3c), whereas the other dissimilar cellular process pairs ranged from FIC indices of 0.42
to 0.83 (Fig. 3c).

PPMOs reduce P. aeruginosa burden in infected mice. The therapeutic potential
of PPMOs was further assessed by an in vivo model of acute pneumonia. BALB/c mice
were infected by intratracheal instillation with P. aeruginosa PA103 and treated 6 h
postinfection with PPMOs. Intranasal treatment of infected mice with AcpP-0445,
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LpxC-0251, or RpsJ-0066 significantly reduced the CFU in the lungs of infected mice by
24 h compared to phosphate-buffered saline (PBS) or Scramble PPMO controls (Fig. 4a).
Interestingly, bacterial burden in Scramble PPMO-treated mice was intermediate to PBS
and targeted PPMOs. In addition, histological examinations of lungs treated with
targeted PPMOs showed a reduction in inflammation and cellular infiltrate (Fig. 4b).
These data suggest that PPMOs have therapeutic potential in vivo.

DISCUSSION

Antibiotic resistance is on the rise; therefore, new antibiotic development is des-
perately needed. Targeting P. aeruginosa is particularly challenging given that it is
intrinsically more resistant to numerous antibiotics compared to other Gram-negative
bacteria due to a lower abundance of general diffusion porins and a high abundance
of efflux pumps (20). To our knowledge, this is the first study to demonstrate the
effectiveness of PPMOs in P. aeruginosa. We demonstrate that at 2� or 4� the MIC,
PPMOs were bactericidal with a 3-log reduction (see Fig. S2 in the supplemental
material). Critically, within these proof-of-concept studies, we demonstrate additional
properties of PPMOs that have not been previously described, such as activity in
biofilms and synergy with traditional antibiotics (Fig. 2 and 3).

(RXR)4XB-conjugated PMOs have now been identified as highly effective against P.
aeruginosa, E. coli (21), A. baumannii (17), K. pneumoniae (22), and even the eukaryotic
parasite T. gondii (23) but are ineffective against Burkholderia cepacia complex (15). In
comparing inhibitory PPMO concentrations needed for other pathogens, the concen-
trations of (RXR)4XB-conjugated PMOs utilized against P. aeruginosa were slightly
higher. However, the concentrations needed for inhibition could be enhanced by

FIG 2 PPMO treatment reduces existing P. aeruginosa biofilm. Biofilm was grown for 24 h and then treated at 24, 32, and 40 h with the
indicated PPMO in MHII (a) or in MHII with PMBN at 2 �g/ml (b) and analyzed at 48 h by crystal violet. The dashed line represents the
lower limit of detection. These data are combined from three independent experiments, the error bars represent standard deviations, and
statistics were determined with a one-way analysis of variance (ANOVA) and a Holm-Ŝidák’s multiple-comparison test, where P � 0.0001
(**) and P � 0.05 (*) are indicated compared to no PPMO. Spinning disk confocal microscopy images of MBEC pegs are depicted from
above and the side incubated as in panel b with 10 �M Scr-0078 (c), 10 �M AcpP-0445 (d), or 2.5 �M AcpP-0445 (e). Green indicates
PAO1-GFP, and red indicates biofilm stained with concanavalin A-Alexa Fluor 647.
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subinhibitory concentrations of polymyxins, including PMBN and colistin, or culture in
cation-limiting media, which increases membrane permeability (Fig. 1; see also Fig. S1b,
c, and d in the supplemental material). These data are consistent with the idea that
most antimicrobial peptides, including the amphipathic peptide conjugates used here,
directly penetrate through the lipid membrane (21).

Our initial screen (data not shown) identified three candidate essential genes (acpP,
lpxC, and rpsJ) that were effectively inhibited by (RXR)4XB PPMOs. Acyl carrier protein
(acpP) is involved in fatty acid biosynthesis, specifically as a small protein that carries all
the needed intermediates in the pathway for membrane synthesis. AcpP-0445 targets
a region of acpP that includes the ATG translation start site and, within the NCBI taxon
ID 287 for Pseudomonas aeruginosa, is 100% conserved, so a single oligomer can target
any strain that might be clinically encountered. We and others have previously iden-
tified acpP as a good therapeutic target for PPMOs and peptide nucleic acids (PNAs) in
a variety of Gram-negative opportunistic pathogens (15–18, 24, 25).

LpxC-0251 targets the metalloamidase that catalyzes the first committed step in
lipid A biosynthesis, which is also involved in membrane formation. Previous work has
demonstrated that lpxC is essential in P. aeruginosa (26) and is well conserved in
Gram-negative bacteria. Several small-molecule inhibitors of LpxC are in development,
as reviewed previously (27), and are effective in vitro against E. coli, K. pneumoniae, and
P. aeruginosa but not A. baumannii (A. W. Serio, presented at the 53rd Interscience
Conference on Antimicrobial Agents and Chemotherapy, Denver, CO, 10 to 13 Sep-
tember 2013).

Finally, rpsJ encodes the 30S ribosomal protein S10. The ribosomal 30S subunit is a
common target of aminoglycoside antibiotics, several of which are commonly used to
treat CF, such as tobramycin and amikacin (28). However, the incidence of resistance to
aminoglycosides is increasing due to a variety of mechanisms, including enzymatic
inactivation of the antibiotic, efflux, and decreased outer membrane permeability (29).

FIG 3 PPMOs display synergy with traditional antibiotics. Three representative strains of P. aeruginosa (PAO1, M57-15, and W43532) were
utilized to examine if PPMOs enhanced activity when combined with current traditional antibiotics. (a) Synergy isobolograms of PPMOs
and antibiotics that target similar cellular processes. (b) Fractional inhibitory concentration (FIC) indices of PPMOs and antibiotics that
target similar cellular processes. (c) FIC indices of PPMOs and antibiotics that target dissimilar cellular processes. FIC indices were
calculated as described in Materials and Methods. An FIC index is considered synergistic when �0.5. Data represent the average of three
to four independent experiments, and FIC indices were calculated from the best interaction point of these averages. Pip/Tazo,
piperacillin-tazobactam; Scr, Scrambled.
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Therefore, PPMOs targeting the mRNA of the 30S ribosome subunit components have
the potential to circumvent these antibiotic resistance mechanisms since they are
enzymatically stable and (RXR)4XB conjugation assists in penetration of the membrane.

These lead PPMOs were highly effective in vivo, decreasing P. aeruginosa lung
burden in a mouse model of acute infection by nearly 3 logs at 24 h. Simultaneously,
there was an apparent reduction in cellular infiltrate and airway collapse in infected
lungs in PPMO-treated mice compared to controls. The lead PPMO, which will ulti-
mately move forward to advanced preclinical development, will be largely based on
more extensive in vivo studies.

The ability of P. aeruginosa to form biofilms is clinically important both in patient
tissues and on abiotic surfaces of medical devices. P. aeruginosa embedded in biofilms
is inherently more resistant to antibiotics due to a variety of intrinsic properties,
including the composition of the biofilm matrix, which may bind certain antibiotics and
limit initial diffusion (30), and the reduced metabolic activity of bacteria deep within the
matrix (31). A single treatment of PPMO prevented the formation of biofilm, most likely
by inhibiting planktonic growth, which seeds the biofilm. Importantly, repeated treat-
ment with PPMO was successful at decreasing the amount of established biofilm, and
this effect was enhanced with PMBN. Our data show that PPMOs are effective at
penetrating biofilms and suggest that PPMOs could have clinical utility in environments
where biofilm formation is a prominent feature of disease. Given that PPMOs are
high-molecular-weight molecules, it is intriguing that they would work in this setting.
We hypothesize that this effect is related to the cationic nature of the peptide
conjugate, and ongoing studies are focused on dissecting the mechanism behind this
effect.

Due to the increasing levels of antibiotic resistance in clinical P. aeruginosa infec-
tions, it was encouraging to find that PPMOs demonstrated synergy with traditional

FIG 4 PPMOs decreased P. aeruginosa burden in the lungs of infected mice. BALB/c mice were infected
intratracheal with P. aeruginosaPA103 and treated with PPMOs or PBS control at 6 h postinfection. (a) The
CFU/g of whole lung were analyzed. Statistics were determined with a one-way ANOVA and a Holm-
Ŝidák’s multiple-comparison test where P � 0.001 (**) compared to PBS and Scr-1073 controls and P �
0.001 (*) compared to PBS control. (b) H&E stains of the left distal lungs of infected mice treated as
indicated compared to a naive control. The magnification in the top row is at �4, with black boxes to
indicate the regions pictured at �40 magnification below. These data are combined from three
independent experiments, except for RpsJ-0066, which was one experiment.
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antibiotics, of which the most effective combination was RpsJ-0066 with tobramycin
(FIC indices � 0.26 to 0.29) (Fig. 3). Interestingly, PPMOs demonstrated synergy with
antibiotics targeting both similar and dissimilar cellular processes (i.e., both targeting
components in the bacterial membrane or one targeting the membrane and the other
targeting translation) (Fig. 3). However, the synergy observed between tobramycin and
AcpP-0445 or LpxC-0251, which target seemingly dissimilar cellular processes, may be
explained by previous observations that aminoglycosides are also able to permeabilize
the outer membrane of P. aeruginosa (32). The range and multitude of synergistic
interactions suggests PPMO and antibiotic combination therapy could be clinically
useful. However, although CF patients are often prescribed multiple antibiotics, there is
currently no evidence for improved patient outcomes when using combination in vitro
susceptibility testing results (compared to standard single compound susceptibility
testing results) to inform clinical therapy for acute pulmonary exacerbation of CF
(33, 34).

There are several limitations of this study that are worthy of mention. First, we do
not show target specificity of our three lead PPMOs. Studies have demonstrated that
PMOs do not bind double-stranded DNA and in cell-free protein synthesis reactions the
mechanism of action for PMOs is inhibition of translation (35, 36). It is unclear whether
this is due to steric blockade of the actual binding of the ribosome complex or to an
inability to continue with translation once the complex binds. We have recently shown
that for the nonessential efflux pump AcrA, there is a dose-dependent decrease in AcrA
protein when the targeted PPMO is used against E. coli (37). Methods to show decreases
in protein levels of our essential gene leads are being developed. Second, we do not
address the development of resistance in Pseudomonas to our lead PPMOs. To date, we
have not detected mutants with resistance to the (RXR)4XB-linked PMOs. The only
example of resistance to PPMOs thus far was shown to be due to the transporter SbmA
in E. coli. Interestingly, SbmA mutants were resistant to RFF-linked PMOs but retained
activity to the same PMO linked to an RXR-based peptide (38). In addition, PNAs have
been shown to be transported by SbmA in E. coli; however, certain peptide-conjugated
PNAs, including (RXR)4XB, enter through an SbmA-independent mechanism (39). Other
potential mechanisms of resistance for PPMOs could be related to sequence-related
changes of the target and efflux of the compound. Studies are ongoing to generate
(RXR)4XB-resistance-related mutants and determine the mechanism and frequency of
resistance. Third, our in vivo experiments, as well as other prior studies, show a mild but
measurable effect of the control (Scrambled) PPMO despite a lack of in vitro activity. It
is unclear whether this is related to nonspecific immune activation of the peptide itself;
however, the recently reported scavenger receptor binding of PPMOs in eukaryotic cells
(40) could make this a possible explanation. Recent studies by our group show that, at
least in a sepsis infection model, the control PPMO acts similarly to a PBS control in
terms of serum proinflammatory cytokine stimulation, and only the active PPMO
significantly reduced serum proinflammatory cytokines (interleukin-6 and tumor ne-
crosis factor alpha), presumably due to pathogen inhibition. Again, more extensive in
vivo studies will better assess the cellular response to PPMO administration in a
pulmonary setting.

The recent approval of the PMO-based Eteplirsen and the previously approved
antisense therapeutics mipomersen, fomivirsen, and pegaptanib suggest that antisense
therapeutics utilizing multiple chemistries are viable for development. In our experi-
ments, PPMOs were delivered by intranasal administration to avoid any systemic PK/PD
issues and to demonstrate inherent efficacy at the site of infection prior to studies of
antibiotic synergy with currently aerosolized antibiotics. Further, direct administration
of a PPMO to the lung is a clinically viable delivery approach, as has been done with
tobramycin (6). Prior in vivo PK/PD analyses with (RXR)4XB-conjugated 20- to 24-mers
(11-mers are used in this study) suggests that PPMOs were well tolerated in mice and
rats at doses of �30 mg/kg and that (RXR)4XB conjugation increased the tissue uptake
of PPMO compared to PMO, while prolonging the elimination half-life (41, 42). In
addition, a single dose (300 �g; �15 mg/kg) of PPMOs used in our mouse experiments
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was well within the dose (30 to 50 mg/kg/week) of PMOs (Eteplirsen) used in phase II
clinical trials, which was well tolerated (43).

MDR strains of P. aeruginosa routinely complicate the clinical treatment of infections
in immunocompromised patients. Consequently, the current paradigm in the antimi-
crobial treatment of MDR strains often must rely on antibiotics that present additional
toxicity to patients and increases the risk of developing extensively resistant or pan-
resistant strains. Our data represent a novel approach for the treatment of P. aeruginosa
infection. PPMOs (i) inhibited a large panel of clinical strains, (ii) are bactericidal, (iii)
prevent and reduce biofilm, (iv) act synergistically with currently available antibiotics,
and (v) reduce bacterial burden in vivo. Notably, similar 5=(RXR)4XB-conjugated PPMOs
had no toxicity in cell culture (37) and demonstrated low toxicity at therapeutic doses
in rodents (41, 42, 44, 45). PPMOs are a promising choice for future clinical investiga-
tions since they have now demonstrated efficacy in many Gram-negative genera.

MATERIALS AND METHODS
All MIC determinations were performed in 96-well tissue culture plates (Thermo Fisher Scientific,

Waltham, MA). All reagents were of analytical grade and were obtained from Sigma-Aldrich (St. Louis,
MO), Thermo Fisher Scientific (Waltham, MA), or Acros Organics (Geel, Belgium). MHII was obtained from
Becton Dickinson & Company (Franklin Lakes, NJ). Morpholinopropanesulfonic acid (MOPS) minimal
medium was made according to the method of Neidhardt et al. with 1 g/liter glucose and 100 �g/liter
thiamine (46). Colistin (colistimethate) and polymyxin B nonapeptide (PMBN; Sigma-Aldrich) were used
to enhance cellular uptake, where indicated, at 1 and 2 �g/ml, respectively.

Bacterial strains. The P. aeruginosa strains used in this study were obtained from the American Type
Culture Collection and are clinical isolates (the strains and sources are listed in Table S1 in the
supplemental material). Green fluorescent protein (GFP)-expressing PAO1 (pSMC2 encoding GFP) was
previously described (47).

PPMOs. PMO sequences were designed using a custom webtool that has inputs for a taxon ID, gene,
alignment region, and oligomer length. We designed PMOs to target either the Shine-Dalgarno or
translation start sites (NTG), while having the lowest off-target hits in the start sites of other genes.
Peptide-conjugated phosphorodiamidate morpholino oligomers (PPMOs), all of which are 11-mers, were
synthesized by Sarepta Therapeutics (Cambridge, MA). PPMO gene targets, sequences, peptides, and
peptide conjugation sites (5= versus 3=) are indicated in Table S2 in the supplemental material. Scrambled
(Scr) PPMO controls are 11-mer sequences conjugated to the same peptides and in the same orientation
as active PPMOs; however, they are not complementary to the essential gene target (16, 18).

Bacterial susceptibility testing. The MICs of the PPMOs were determined according to the Clinical
and Laboratory Standards Institute (CLSI) broth microdilution method, with minor modifications. Briefly,
each bacterial strain was diluted to a final concentration of approximately 5 � 105 CFU/ml in MHII or
MOPS medium, and the PPMO was serially diluted 2-fold from 16 to 0.5 �M 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 in a shaking incubator for 18 to 20 h. The optical densities at 600 nm
(OD600s) were measured using a microtiter plate reader and the lowest dose of PPMO at which the
average OD600 that measured �0.06 was recorded as the MIC. Three independent experiments were
performed for each PPMO. PPMOs were tested across multiple strains of P. aeruginosa to determine the
MIC50 of each PPMO. The MIC50 was defined as the minimum concentration at which 50% of the strains
were inhibited. The minimum bactericidal concentration (MBC), the concentration that results in a 3-log
reduction in CFU/ml, was determined by plating MIC assays for enumeration. After the MIC assay OD600

measurement, wells containing 0.5�, 1�, 2�, and sometimes 4� the MIC were serially diluted and
plated for CFU enumeration. If no detectable colonies were observed, the limit of detection was (1.3 log10

CFU/ml).
Biofilm assays. Biofilm prevention assays were performed in 96-well minimum biofilm eradication

concentration (MBEC) plates (Innovotech, Inc., Edmonton, Alberta, Canada). These plates have special lids
with 96 pegs that dip into the growth media in the wells, allowing biofilm to form on the peg surface.
P. aeruginosa PAO1-GFP was inoculated at 5 � 105 CFU/ml in 150 �l of filtered MHII per well with or
without PMBN at 2 �g/ml, followed by incubation at 37°C and 110 rpm. In prevention assays, PPMO was
added immediately after inoculation. For breakdown assays, plate lids containing pegs with formed
biofilms were moved to a new 96-well plate with fresh media treated with control or active PPMOs at 24,
32, and 40 h postinoculation. This method was chosen to avoid medium exhaustion and to model the
repeated dosing schedules often utilized in clinical settings. Biofilm growth on the peg was quantified
utilizing a crystal violet assay. For analysis at 24 h (prevention) or 48 h (breakdown), the lids containing
the pegs were removed from the 96-well plate and processed by placing the lid into new 96-well plates
in the following sequence: 1 min in 150 mM NaCl to remove any nonadherent planktonic bacteria, 15 min
in 100% methanol for fixation, air dried for a minimum of 3 h, stained for 20 min in an 80 �M crystal violet
solution with gentle rocking, and then placed in 100% acetic acid for 10 min to elute the crystal violet.
The OD of the eluted stain was then measured at 570 nm for quantitation of the biofilm.

Spinning disk confocal microscopy. For both biofilm assays described above, pegs from separate,
unstained MBEC plates were imaged by spinning disk confocal microscopy. After incubation, the lids
were washed in 150 mM NaCl as described above and then fixed in 5% glutaraldehyde at 37°C for 30 min.
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After fixation, the pegs were cleaved from the plate with a hot scalpel and stained with concanavalin
A-Alexa Fluor 647 conjugate (Life Technologies, Grand Island, NY) at 200 �g/ml. The pegs were imaged
using a 40� objective lens (Nikon; oil immersion; numerical aperture, 1.3) on an Axiovert 200M inverted
microscope (Carl Zeiss, Thornwood, NJ) equipped with an UltraVIEWERS spinning-disk confocal head
(Perkin-Elmer, Waltham, MA) and obtained with an EM-CCD C9100 (Hamamatsu, Bridgewater, NJ). The
acquired images were deconvoluted using AutoQuant X3 (Media Cybernetics, Inc., Rockville, MD) and
rendered with Imaris 7.2 (Bitplane USA, Concord, MA).

Synergy assays. Checkerboard synergy assays, originally described by Bourque et al. (48), were
performed according to CLSI guidelines similarly to the MIC determinations in MHII media. Antibiotics
were diluted 2-fold vertically in a 96-well plate and then PPMOs were diluted 2-fold horizontally. Each
plate contained antibiotic- and PPMO-only MIC controls, as well as positive- and negative-growth
controls. The plates were inoculated with bacteria at a final concentration of 5 � 105 CFU/ml, followed
by incubation for 18 h. Inhibition of growth in synergy and MIC wells was determined visually with
comparison to medium control wells. Each synergy combination was assayed in triplicate and repre-
sented as an isobologram and as the FIC index, where FIC � [(MICantibiotic in combination/MICantibiotic alone) �
(MICPPMO in combination/MICPPMO alone)]. The FIC index was considered synergistic when � 0.5 (49, 50).

Mouse experiments. Six-week-old female BALB/c mice (Jackson Laboratories, Bar Harbor, ME) were
anesthetized with a cocktail of ketamine (25 mg/ml) and xylazine (12 mg/ml) and infected by noninvasive
intratracheal instillation as previously described (51) with 3 � 104 CFU (25 �l) of P. aeruginosa PA103. At
6 h postinfection, the mice were anesthetized by isoflurane and treated intranasally with 300 �g of the
indicated PPMOs or PBS in a 25-�l volume. Mice were euthanized at 24 h postinfection, and whole lungs
were taken for CFU enumeration or histology. Lungs used for CFU determination were weighed and
homogenized for 10 s in 1 ml of PBS, followed by serial dilution and plating for CFU enumeration. Lungs
used for histology were fixed in 4% formalin overnight before transfer to PBS, embedded in paraffin, and
sectioned for hematoxylin and eosin staining (H&E). Histology images were taken on a Leica DM2000
upright compound research photomicroscope using a bright field at �4 and �40 magnifications. All
experimental procedures were carried out with the approval from the Institutional Animal Care and Use
Committee (IACUC) at Emory University (Atlanta, GA).

SUPPLEMENTAL MATERIAL
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